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Bacillus subtilis capable of producing surfactin was cultured to evaluate effects of
microbial cell mass on natural gas hydrate formation, dissociation, and stability
characteristics. The direct molecular influences of microbial cell wall polymers inhibited
gas hydrate formation significantly, decreased hydrate formation rates, and increased
dissociation rates. Upon the introduction of bentonite, significant synergy was observed
in the system in the form of a catalytic effect.
Microbes cultured from seafloor seawater-saturated sediments collected from
Mississippi Canyon 118 (MC-118) produced similar effects and generalized the observed
trends. MC-118 cultures also produced biosurfactant in several culture media, which was
shown to catalyze natural gas hydrate formation in porous media.
Microorganisms inhabit gas hydrate macrostructures and consume hydrocarbons
and other substrates from within. Sulfate reduction and anaerobic hydrocarbon oxidation
occurred within gas hydrate during incubations with MC-118 indigenous consortia. A

mathematical model was developed to explore the diffusion-reaction implications in
massive seafloor gas hydrates.
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CHAPTER 1
INTRODUCTION

1.1

Gas Hydrate Definition and History
Gas hydrates are ice-like crystalline structures in which certain smaller gas

molecules are caged within a specific lattice structure formed from hydrogen bonding of
water molecules. The water molecules form a cluster of mostly pentagonal- and
hexagonal-faced geometrical orientations that are stabilized in a cage-like inclusion
assembly by hydrogen bonds formed between water molecules and repulsive forces
exerted by the guest gas molecules. Structures that exhibit this type of arrangement and
inclusion of specific compounds were referred to as „clathrate‟ first by Powell (1948).
The particular molecules capable of stabilizing this form of gas-ice are mostly light, nonpolar gases such as the low molecular weight molecules such as methane, ethane,
propane, carbon dioxide and hydrogen sulfide. However, oxygen, argon, xenon,
nitrogen, and other acid-gases can form gas hydrates. One particular noteworthy mention
is that as a result of this unique structuring of gas and water, gas hydrates can concentrate
gases up to about 184 times the volume of the gas at standard temperature and pressure.
Gas hydrates are non-stoichiometric, and the specific gas molecules present
during hydrate formation dictate structural identity and stability at a given pressure and
temperature. The gas molecule (guest) and the cage-like structure (host) arrange in such
1

a way to provide stability through non-directional bonding. Following Powell‟s work
and naming of these inclusion-type compounds, several others identified gas hydrates as
clathrates and began to elucidate the actual structure of the materials (Claussen, 1951a,
1951b; von Stackelberg and Muller, 1951; Pauling and Marsh, 1952; Jeffrey and
McMullan, 1967). Van der Waals and Platteeuw (1959) developed a fundamental
relationship between stability and both composition and clathrate crystal structure by
applying the ideal solid solution model, and the fundamental relationship between the
change in the free energy of the empty hydrate lattice and ice is still used in some current
gas hydrate prediction models.
Chlorine gas hydrates were discovered in the laboratory in 1810 by Sir Humphry
Davy and were considered a laboratory curiosity for many years. In 1934 the realization
that natural gas pipelines were much more likely to be plugging with gas hydrate rather
than ice sparked a new era of gas hydrate interest (Hammerschmidt, 1934). This
discovery led to significant amounts of research on the stability, structure, and kinetics of
hydrocarbon gas hydrates and primarily centered on methods for inhibiting their
formation from pipelines (Hammerschmidt, 1939; Deaton and Frost, 1946; Bond and
Russell, 1949; Kobayashi et al., 1951; Woolfolk, 1952). Ultimately by the late twentieth
century, new analytical techniques including NMR spectroscopy, vibrational
spectroscopy, and Raman spectroscopy among others began to emerge that led to an
increase in the understanding of gas hydrate structural identities relative to various guest
molecules. The advent of sapphire experimental test reactors and light-scattering
analytical techniques better quantified the metastability period and kinetics of formation
and dissociation.
2

Gas hydrates are stochastic in their formation and can reside in a metastable
period for several days beyond the onset of thermodynamic stability criterion. In fact
many researchers have attempted to better quantify this mechanism of nucleation and
induction to the gas hydrate phase with some progress (Sloan, 1998, §3.1). Gas hydrate
nucleation is a probabilistic reaction phenomenon in a pure water system (Parent and
Bishnoi, 1996), although some agents have been elucidated to enhance the nucleation
process and reduce induction times considerably. Once the reaction initiates heat and
mass transfer issues arise, leading to complications in understanding the inherent kinetics
involved in gas hydrate formation. Overall, gas hydrates are a complex yet natural
molecular-bonding system important to many industrial and global processes. Note that
for a comprehensive review with volumes of compiled experimental data and theoretical
developments on natural gas hydrates, see Sloan (1998).

1.2

Gas Hydrate Significance and Occurrence
Gas hydrates received stronger research interest after the industrial issues

regarding pipeline plugging were better understood. Once natural gas hydrate
thermodynamic stability was better quantified in the twentieth century, the natural
occurrence of gas hydrate was more easily identified. As time would show, gas hydrates
are present in many natural environments (and may pre-date man‟s laboratory curiosities
by millions of years) where the basic conditions for gas hydrate formation are met: (1)
sufficiently high pressure and low temperature, although hydrates are stable well above
the freezing point of water when compensated with high pressure, (2) sufficient quantities
of the proper gas for either a free-gas phase to exist or saturated equivalents in aqueous
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solution and, (3) sufficient residence time for gas-water ordering to clathrate orientation
and subsequent clathrate clustering.
Seafloor natural gas transport pipelines are obvious locations where these
conditions are met; however, gas hydrates have been identified in two specific natural
environments where these conditions persist over geologic timescales: ocean/deep lake
sediments and arctic permafrost/deep-ice. Some researchers are recently highlighting the
possibility of gas hydrates even playing a role on Mars in the subterranean Martian
sediments (Miller, 1961; Max and Clifford, 2001; Pellenbarg et al., 2003).
The significance and implications of the particular occurrences of gas hydrates are
vast in scope and number and consequently have driven research. Research into various
types of gas hydrate inhibitors has consistently been one of the primary topics of inquiry
and was likely the earliest applied research into gas hydrates (Hammerschmidt, 1934,
1939; Deaton and Frost, 1946; Bond and Russell, 1949; Kobayashi et al., 1951;
Woolfolk, 1952). With the later availability of subsea equipment and deep drillingcoring technologies, further probing of the natural occurrences of gas hydrates in extreme
environments began to unfold and led to an understanding of gas hydrates with drastic
climatological implications for life on earth. Alternatively, massive reservoirs of natural
hydrocarbon gases sequestered as gas hydrates in the environment have been viewed as a
potential source of fuel for decades.
Gas hydrates are known to exist in several natural environments including the
arctic, Antarctica, and many tropical and sub-tropical oceans of the world (Englezos,
1993). Methane is the primary constituent gas in naturally occurring gas hydrates. In
fact, methanogenesis (biochemical production of methane) is indirectly involved in the
4

formation of a highly abundant form of gas hydrates on Earth: biogenic methane hydrate
or methane hydrate derived from biologically-produced gases (Waseda, 1998).
Thermogenic gas hydrates are produced only near active hydrocarbon venting areas, as
the nomenclature suggests. Thermogenic gases derive via a catagenesis process
characterized by high pressures, high temperatures, and long timescales beneath the crust
of the Earth. In some locations near active hydrocarbon vents, seafloor gas hydrates can
contain both biogenic and thermogenic gases.
Seafloor gas hydrates have received a great deal of international attention because
of their enormous carbon content as natural gases that offer an additional energy resource
for the world and energy-deficient countries in particular (Milkov and Sassen, 2002,
2003). Additionally, gas hydrates have been connected to past climate change events and
could be a strong positive-feedback factor in potential future climate change through the
release of vast quantities of methane gas, a much more effective greenhouse gas than
carbon dioxide (Hesselbo et al., 2000; Dickens, 2001). Seafloor instability has been
linked to gas hydrate instability as well and leads to problems ranging from oil-drilling
platform disruptions to massive subsea mudslides to massive gas releases and possibly
even tsunamis (Rogers and Yevi, 1996; Nixon and Grozic, 2007). The United States
Geological Survey (USGS) along with others have postulated that near the bottom of the
gas hydrate stability zone (GHSZ), minor temperature fluctuations convert hydratesediment to gas-sediment creating an unstable platform for the gas hydrates and
promoting seafloor instability (Nixon and Grozic, 2007). In the end gas hydrates can
have far-reaching consequences if environmental conditions are sufficiently changed to
produce a destabilizing effect.
5

1.3

Applications of Gas Hydrates
As information about the unique properties and characteristics of gas hydrates

became known, several researchers have placed emphasis on utilizing some of these
unique properties toward useful engineering ends. Applied gas hydrate research has has
been directed to safe natural gas storage and transport, desalination, gas separation, and
even carbon dioxide sequestration. By manipulating certain characteristics and properties
of gas hydrates to perform current tasks more effectively, hydrates may become a viable
alternative for some common engineering tasks.

1.3.1

Natural Gas Storage and Transport
The concept of concentrating natural gases in hydrate form for storage and

transport has potential given the lower pressures of the system relative to liquefied
natural gases, moderate storage temperatures, and the high volume of gas that can be
concentrated in the gas hydrate form. It is especially attractive for storage and
transportation because of its safety. In particular surface-active agents have been
investigated to significantly reduce induction times and to minimize un-reacted water in a
quiescent system so that a fuel storage process becomes more economically and
conceptually feasible (Yevi and Rogers, 1996; Zhong and Rogers, 2000; Rogers et al.,
2005; Rogers and Zhong, 2006;). Other researchers have investigated the topic, but
economic justification of the process is the most pressing challenge (Benesh, 1942;
Miller and Strong, 1946; Parent, 1948; Dubinin and Zhidenko, 1979; Berner, 1992;
Gudmundosson et al., 1996).
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1.3.2

Desalination
Desalination research has primarily focused on the characteristic of gas hydrates

that allows only pure water to form the clathrate cages, thus excluding electrolytes from
the structure. The agglomeration of the hydrate crystals into a full lattice structure is a
particular difficulty in achieving desalination, as the un-reacted water (containing the
salts) ultimately resides in the interstitial and capillary spaces of the gas hydrates. Thus,
the separation of hydrates and residual, un-reacted water is the primary difficulty with
this technology. However, strong research efforts over decades have been placed into
refining this process (Barduhn et al., 1962, 1967, 1968, 1969, 1975; Udall et al., 1965;
Delyannis and Delyannis, 1970, 1973, 1976, 1978). Ultimately abundant clean water
may become an issue in the near future, and gas hydrate desalination principles might be
further applied to general water purification.

1.3.3

Gas Separation
Gas separation technologies utilizing gas hydrates as a selective reaction-capture

method have been somewhat limited in scope, as gas hydrates form from many non-polar
gases making selectivity difficult; although research continues to illuminate possibilities
(Kang and Lee, 2000; Ballard and Sloan 2001; Zhang et al., 2007 b). Essentially, gases
form hydrates at a specific composition that is defined by compound-specific fugacities.
Thus, given a mixture of two hydrate-forming gases with distinctly different equilibrium
stability conditions in pure form, thermodynamic mixing rules will apply and do not
allow for simple separations.
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1.3.4

Carbon Dioxide Sequestration
Extensive research has been directed to using gas hydrates as a vehicle for carbon

dioxide sequestration in ocean sediments (Brewer et al., 1999; Kojima et al., 2002; Lee et
al., 2003). The stability of gas hydrates over geologic time in these natural environments
provides a potential to sequester large amounts of carbon dioxide from industrial
processes that would otherwise end up in the atmosphere. Some research has even
probed the possibility of extracting natural gas from seafloor or arctic hydrates by
replacing the natural gas in hydrate form with carbon dioxide (Seiya et al., 1996;
Sivaraman, 2002; Yoon et al., 2004; Tao 2004), thus making the sequestration more cost
effective and less likely to cause environmental damage. Carbon dioxide gas hydrate
formation yields a larger negative latent heat upon formation than that of natural gas
hydrates, thus leading to the possibility of the heat released from carbon dioxide gas
hydrate formation being used as the heat necessary for natural gas hydrate
decomposition.
With the metastability and stochastic nature of gas hydrates, the mass/heat
transfer limitations relative to the kinetics of formation, and the thermodynamic stability
criteria for gas hydrates, several challenges remain before utilizing any of these applied
technologies. The continued research into gas hydrate fundamentals is important for
current and future applications, as gas hydrate knowledge is still relatively limited.

1.4

Research Objective
As more information about gas hydrates in the natural environment becomes

available, clarifications of misconceptions about this unique class of materials are
obtained. Microorganisms play a substantive role within the local ecosystems in many, if
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not all of the natural environments where gas hydrates exist. In fact as previously
mentioned, much of the gas stored in environmental gas hydrates is biogenic in nature.
Thus, on a fundamental level, an interconnection between the microorganisms present in
these extreme environments and gas hydrates exists as evidenced by the occluded
biogenic gas. The objective of the research presented here was to further delineate these
relationships; specifically in marine, seafloor gas hydrate systems.
Marine microorganisms are not only present in the environment where
thermodynamic conditions for seafloor gas hydrate stability are met, they proliferate
(Sassen et al., 2004). While much research on the indirect influences of microorganisms
has been published, little information exists relative to direct microbial influences. Direct
influences are those exerted by the interface of the microbial cell with the environment,
including metabolic activity (metabolism and/or respiration of gases) and molecular
interactions between hydrate crystals and microbial cell walls. Indirect influences are
exerted through microbial byproducts such as biosurfactant production and metal
oxidation/reduction processes, or through sediment-microbe interactions.
Most existing information regarding direct microbial influences on gas hydrates
focuses on metabolic activity as measured through indirect means. The primary objective
of the research was to further illuminate direct and indirect microbial influences on gas
hydrate stability, kinetics, and environmental fate. An experimental design based on the
objectives was developed, and five classes of experiments were performed. Theoretical
concepts were applied to laboratory data where possible to better understand and
potentially model the systems and to support hypothesized mechanisms for observed
phenomena. Table 1.1 details the five classes of experiments performed. Each class of
9

experiments uncovered previously undiscovered relationships between microorganisms
and gas hydrates.

Table 1.1
General descriptions and research objectives for each experiment type
Experiment
Classification

Experiment Description

General Objective

Microbial influences on
gas hydrate formation
(Class I)

Microbial influences on the nucleation,
induction time, and kinetics of gas
hydrate formation (B. subtilis and MC118 microorganisms)

Determine any significant
influence the presence of
microorganisms exerts on gas
hydrate nucleation, induction
time, and kinetics.

Microbial influences on
gas hydrate equilibria
(Class II)

Microbial influences on the phase
equilibrium of gas hydrates (B. subtilis
only)

Determine any significant
influence of microbial cells on
hydrate equilibrium criteria.

Microbial fate in gas
hydrate systems (Class
III)

Microbial fate during gas hydrate
formation

In situ indirect microbial
influences on gas hydrates
(Class IV)

MC-118 – Biosurfactant production
potential and porous media hydrate
formation tests

Microbial metabolism
within gas hydrates (Class
V)

MC-118 – Metabolism potential within
gas hydrate macrostructures
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Provide direct evidence to
support literature claims that
microorganisms reside within
gas hydrate macrostructures
Evaluate mineral, nutrient, and
trace element effects on
biosurfactant production from
MC-118 microorganisms.
Determine effect of
biosurfactant production on gas
hydrate formation in saturated
porous media.
Determine if microorganisms
within MC-118 samples can
metabolize natural gases while
residing within hydrate
structure.

CHAPTER 2
LITERATURE SURVEY

2.1

Seafloor Gas Hydrates
Seafloor gas hydrates are located in deep seafloor sediments throughout the world

where they occur in sedimentary structures (Dickens et al., 1997) and even outcrop from
the seafloor in some locations (MacDonald et al., 1994). The conditions for gas hydrate
formation and stability involve many factors ranging from high pressures to low
temperatures, combinations of sufficient gas and water, gas composition, and sufficient
residence time for gas-water orienting and crystal nucleation. Once seafloor gas hydrates
are formed, they are relatively stable over geologic time as a result of the seawater
buffering temperature and pressure changes.
MacDonald et al. (1994) showed that transient seafloor temperature fluctuations
of nearly 2°C in the Gulf of Mexico (GOM) likely have no significant impact on gas
hydrate stability, although long term temperature shifts as a result of global warming may
promote destabilization. However, while thermodynamic state fluctuations may not be
detrimental to gas hydrate stability in the natural environment, microorganisms and
biochemical reactions likely have more impact on the stability, structure, and gas
composition of the gas hydrate system than has been previously understood (Lanoil et al.,
2001).
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Intact samples of gas hydrate recovered from multiple locations worldwide show
that the majority of gas hydrates primarily consist of biogenic methane, except for
samples from the GOM and other select locations near active vents (Waseda, 1998;
Sassen et al., 1999, 2004; Lanoil et al., 2001; Milkov et al., 2005). In 1995 the USGS
estimated the reserves of hydrocarbon gas stored in gas hydrates through locations in the
United States to be between 112,000 and 676,000 trillion cubic feet with a mean of
320,000 trillion cubic feet (Collett, 1995). Later USGS studies revised the total
downward to 200,000 trillion cubic feet, which is enormous relative to the known 1,400
trillion cubic feet of known natural gas reserves. Worldwide gas hydrate reservoirs are
thought to contain upwards of 400 million trillion cubic feet (http-methane hydrate), and
these numbers further attest to the importance of understanding how dynamics in the
seafloor environment will impact gas hydrate stability.
The conditions for hydrate formation and stability are commonly attained on the
continental slope of the GOM (MacDonald et al., 1994; Sassen et al., 1999; Rogers et al.,
2003). The GOM is of great interest to hydrate researchers due to the presence of gas
hydrates derived from both thermogenic and biogenic gas origins (Sassen et al., 1994,
1999, 2004; Lanoil et al., 2001). Sassen et al. (2004) also points to the fact that
thermogenic gases from hydrocarbon vents near gas hydrate outcrops in the GOM are
recycled and converted to biogenic gases. Thus, biochemical reactions play a significant
role in the origin and fate of gases in and around gas hydrates.
Seafloor gas hydrates typically exist in equilibrium with two or three phases
present. The degrees of freedom in the system ultimately dictate the conditions necessary
for thermodynamic stability. In a three-phase gas hydrate system, liquid water (Lw),
12

hydrate (H), and free gas (V) are present whereas a two-phase system consists of Lw-H
only. Two-phase seafloor hydrate systems are the most common since seafloor hydrates
consist mostly of biogenic gases that migrate through sediments upward through the
GHSZ. Three-phase hydrate systems primarily exist near hydrocarbon vents where free
gas is present in excess. The two- and three-phase hydrate systems are termed
“diffusion” gas hydrates and “vent” gas hydrates respectively (Chen et al., 2006).
One interesting implication of the removal of a free gas phase from the gas
hydrate system is that the resulting degree of freedom is taken up as the saturation
concentration of the gas hydrate guest in the surrounding water (Nihous and Masutani,
2005). In other words, once a free gas phase is no longer present, the stability of a pure
methane hydrate system depends on the concentration of methane at the hydrate-water
interface residing at saturation.
Chen et al. (2006) considered gas hydrate as a “precipitate” form of gas between
the saturated aqueous phase and the free gas phase. Furthermore, if the gas hydrate
accumulation contains a mixture of gases, the fugacity of each component occluded in the
gas hydrate must be equal to the fugacity of each respective component in the aqueous
phase; otherwise dissociation will occur until this inherent thermodynamic condition is
met.

2.1.1

Microorganisms Associated with Seafloor Gas Hydrates
The diversity of microorganisms in sediments overlaying gas hydrates or even

within the immediate vicinity of gas hydrates in the GOM has been documented (Lanoil
et al., 2001; Mills et al., 2003, 2004; Zhang et al., 2003). Much prior research suggests
that microbes inhabit gas hydrate interiors and take advantage of a stationary carbon
13

source for energy and growth needs (Sassen et al., 1994, 1999, 2004; Lanoil et al., 2001;
Joye et al., 2004; Orcutt et al., 2004). Until recently no direct evidence of microbes
residing within the interior of gas hydrate was available, but now some publications
provide verification of inner-hydrate microbes (Lanoil et al., 2001; Orcutt et al., 2004).
Microorganisms likely have a natural order with nature in terms of gas hydrate
association. A vast carbon source such as gas hydrate provides lifetimes of substrate for
many generations of microorganisms residing within gas hydrate structures.
Studies on lipid biomarkers and DNA/RNA sequencing conducted on samples of
gas hydrate melt retrieved from the GOM provide a glimpse into the diversity of
microorganisms inhabiting gas hydrates. Microbes within gas hydrate samples collected
from the GOM primarily consist of methanogenic archaea, methanotrophic archaea, and
sulfate reducing bacteria. Other bacteria present include Bacillus, Pseudomonas, and a
large population of proteobacteria among others (Lanoil et al., 2001; Mills et al., 2003,
2004; Zhang et al., 2003). These two bacteria, Bacillus and Pseudomonas, have strains
that are capable of producing biosurfactants, and their surface active compounds have
been shown to promote rapid and extensive gas hydrate formation in laboratory porous
media (Kothapalli, 2002; Rogers et al., 2003); likely a non-coincidental occurrence.

2.1.2

Indirect Microbial Influences on Seafloor Gas Hydrates
Indirect microbial influences on seafloor gas hydrate accumulations cause specific

changes in some property or characteristic of gas hydrates as an indirect result of
microbial presence. The indirect influences consist of biosurfactant production, metal
oxidation/reduction processes, and sediment-microbe interactions. Biosurfactant
production enhances the solubility of hydrocarbon gases and also promotes rapid hydrate
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formation (Kothapalli, 2002; Woods, 2004; Zhang et al., 2007 a). Metal oxidationreduction processes can trigger hydrate nucleation sites through microbial conversion of
the metal to an insoluble or precipitate form (Irvin et al., 2000). Lastly, sedimentmicrobe adsorption and sediment-biosurfactant interactions may promote the inclusion of
microorganisms into gas hydrates and also indirectly create heterogeneous nuclei for the
gas hydrate. Indirect influences on seafloor gas hydrate accumulations are wide-ranging
and require some background understanding.

2.1.2.1

Biosurfactants
Biosurfactants are amphiphilic compounds that contain discreet hydrophobic and

hydrophilic molecular attributes at various points within the molecular structure (Karanth
et al., 1999). They are often more complex and more effective than synthetic surfactants.
The hydrophobicity and hydrophilicity allow partitioning of the molecule between
immiscible phases such as water and oil through mechanisms of Van der Waals bonding
forces. These characteristics yield several unique properties when combined in solutions
with immiscible or low-solubility phases including emulsification, interfacial tension
reduction, and surface tension reduction. Biosurfactants have been pondered for many
industrial applications ranging from oil emulsification products to antibiotics
(Muthusamy et al., 2008).
In general biosurfactants are a diverse group of compounds synthesized by certain
microorganisms. Rhamnolipids from Psuedomonas aeruginosa, surfactin from Bacillus
subtilis, emulsan from Acinetobacter calcoaceticus, and sophorolipids from Candida
bombicola are a few examples, with each of the biosurfactants containing different
molecular characteristics and bulk properties (Muthusamy et al., 2008). In fact the
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structure and orientation of the functional groups provides unique bulk properties to each
individual class of biosurfactants. Formally, biosurfactants are usually characteristic of
hydrocarbon-degrading microorganisms; however some functionality as anti-microbial
agents removes competitive microbes from localized substrates surrounding the
biosurfactant-producing microbe (Ron and Rosenberg, 2001). However, biosurfactant
toxicity is typically several times lower than synthetic surfactants (Poremba et al., 1991;
Flasz et al., 1998). Muthusamy et al. (2008) provides a thorough review of biosurfactant
production, uses, and microbial origin.
Bacillus subtilis ATCC 21332 is known to produce the biosurfactant, surfactin.
Surfactin is grouped in the lipopeptide class of biosurfactant compounds. Surfactin is a
very effective surfactant is considered one of the most powerful biosurfactants given its
ability to lower the surface tension of water from 72 to 27.9 mN/m at concentrations as
low as 0.005% (Muthusamy et al., 2008). Surfactin is composed of a seven amino-acid
ring structure coupled to a fatty-acid chain via lactone linkage. Figure 2.1 shows the
molecular structure of surfactin.

H3C

CH

(CH2)9

CH

CH2

CO

CH3
Hydrophobic
Moiety

GLU

LEU

LEU

Hydrophilic
Moiety
O

LEU

VAL

LEU

ASP

Figure 2.1 General structure of surfactin (Bacillus subtilis) indicating charged locations
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2.1.2.2

Metal Oxidation-Reduction
Many metals commonly found in the environment can exist in more than one

oxidation state. Some oxidation states produce cations that are soluble whereas other
states may produce completely insoluble forms of the metal. Metals or metal-based
precipitates may act as good gas hydrate nucleation sites; particularly iron (Irvin et al.,
2000). In fact iron nanoparticles were synthesized using gas hydrates as a quenching
system for the growth of the iron precipitates, a result only achievable through rapid
nucleation.
Many biochemical reactions depend on electron transfer reactions from oxidized
or reduced metals, depending on the specific reaction and conditions. Research shows
that microbial polysaccharides assist in a mechanism to produce a microbially-mediated
form of nontronite, a smectite clay (Ueshima and Tazaki, 2001). Some minerals are
transformed to amorphous alumina-silicates through the removal of their inner supporting
metal such as iron in nontronite (Jaisi et al., 2005; O‟Reilly et al., 2005). The fate of the
iron removed from the inner-layer then becomes important in assessing the potential for
gas hydrate nucleation.
Once the microbial utilization of a specific metal is complete, the metal may be
in a different valence state. This new valence state may be an insoluble form of the metal
or may be more conducive to reacting with another anion (or anionic biosurfactant) in
solution such as sulfide (common to sulfate reduction zones) to form an insoluble
precipitate. Thus, biochemical transformation of soluble metal complexes to insoluble
metal complexes provides opportunities for gas hydrate nucleation to occur in seafloor
environments.
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2.1.2.3

Sediment-Microbe and Sediment-Biosurfactant Adsorption
Research on heterogeneous nucleation of gas hydrate without free gas is receiving

increased attention. For example, Bacillus subtilis is a particular microbe associated with
GOM seafloor gas hydrates and surrounding sediments (Lanoil et al., 2001). B. subtilis
produces surfactin as previously discussed, and surfactin was shown to promote gas
hydrate formation in laboratory porous media (Zhang et al., 2007 a). Smectite clays
(multi-layered clays) in particular associate with biosurfactants such as surfactin,
providing heterogeneous nucleation sites of localized high gas concentrations (Woods,
2004; Dearman, 2007). Ultimately, biosurfactants and surface-active smectite clays (both
of which have individually strong hydrocarbon gas associations) provide distinct
heterogeneous nucleation sites for gas hydrate clustering.
For example, Emulsan, a biopolymer that exhibits significant surfactant
properties, intercalates nontronite - a smectite clay - and provides multiple gasconcentrating, nanometer-size nucleation sites for gas hydrate formation. Hydrate
capillary diameters were experimentally resolved up to 450 nm with an upper bound of
1500 nm. Particles that acted as hydrate nuclei were determined to be ~80 nm (Dearman
2007).
The diameter values are similar to those reported by Kuhs et al. (2000) where
cold-stage electron microscopy was used for the determination of capillary sizes in
methane and other hydrates. Dearman (2007) further proposes a heterogeneous
nucleation mechanism for gas hydrates in saturated porous media with adsorbed
biosurfactants whereby smectite particles slough from a clay mass agglomerate, diffuse
through hydrate capillaries, and nucleate additional hydrate clusters.
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Recent research indicates that microbially-produced surfactin is effective at
catalyzing gas hydrate formation in porous media (Zhang et al., 2007 a). Surfactin was
produced under anaerobic conditions, and gas hydrate formation tests were conducted in
tandem with aerobically-produced surfactin standard obtained from Sigma Aldrich. The
anaerobically-produced surfactin catalyzed gas hydrate formation better than the aerobic
counterpart. HPLC spectra indicated different concentrations of the 5 isomers present in
the surfactin mixture, and this difference in isomer concentration was attributed to the gas
hydrate formation test results (Zhang et al., 2007 a).
Woods (2004) also confirmed that biosurfactants in general adsorb to smectite
clays and promote gas hydrate formation in porous media relative to controls. Studies
with saturated porous media and a variety of biosurfactants have shown reduced
induction times and increased formation rates relative to controls when smectite clays
were partitioned within the porous media (Kothapalli, 2002; Rogers et al., 2003; Woods,
2004; Dearman, 2007). In fact, hydrates preferentially formed on smectites relative to
sand materials used in experiments. Ultimately, a free gas phase may not necessarily be
required for hydrate nucleation, as localized sites of supersaturation of gas are likely
when surface active agents are present in seafloor sediments.
Bentonite, another smectite clay, is a gas adsorbent for industrial uses and likely
enhances dissolved gas concentrations at active surfaces (Volzone and Ortiga, 2000).
Bentonite and other smectites are readily found in seafloor sediments of the GOM due to
influx from the Mississippi River. B. subtilis is known to adsorb and geometrically order
bentonite (Lahav, 1962), and the adsorption of bentonite particles smaller than B. subtilis
enhanced respiration during metabolism of glucose (Lahav and Kenyan, 1962).
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Other evidence shows that bentonite, with its highly active surfaces, is capable of
adsorbing both anionic and cationic surfactants (Atia et al., 2006). Van der Waals forces
contribute to a full length-wise orientation of the hydrophobic tails, indicating that
surfactant charge is not necessary for adsorption to bentonite. Thus, the synthesis of this
information suggests that microorganisms order bentonite through mostly edge-face
adsorption, and bentonite adsorbs surfactant molecules with high local concentrations of
dissolved hydrocarbon gases: the ideal scenario for gas hydrate nucleation. Figure 2.2
illustrates the concept of microbe-sediment-biosurfactant interactions that are
hypothesized to create potential hydrate nuclei.

Figure 2.2 Simplified illustration showing edge-face adsorption of bentonite particles to
Bacillus subtilis and adsorption of surfactants to bentonite

The ordered adsorption of the bentonite to the B. subtilis coupled with the
secondary adsorption of the surfactant molecules to the bentonite creates superlative
conditions for gas hydrate nucleation. The ordered structure of the surface active
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material will reduce the time and energy barrier required for a critical cluster to form,
particularly given the hygroscopic and molecular-orienting nature of bentonite.
Secondly, the surfactant adsorbed to the bentonite will concentrate gas near the structure,
providing all necessary requirements for gas hydrate formation: water, gas, and order. As
an indirect implication for this model, microorganisms capable of adsorbing to smectites
or other materials conducive to gas hydrate catalysis create a vehicle for inclusion into a
vast reservoir of hydrocarbon gases.

2.1.3

Direct Microbial Influences on Seafloor Gas Hydrates
Research centered on direct microbial influences on the various aspects of gas

hydrates is limited in number and scope. Direct microbial influences are divided into two
groups consisting of metabolic influences and molecular influences. Metabolic
influences are considered those resulting from either the consumption of a specific
substrate resulting in a change in the state of gas hydrate or the production of a gas
hydrate forming molecule (or some dissolved form) such as CO2 or CH4. Molecular
influences are considered those associated with some change in some characteristic or
property of gas hydrates as a result of interfacial contact between hydrate crystals and
microbial cells. While some research has been reported relative to metabolic influences,
studies of direct molecular influences have not been reported up to this point.
Metabolic influences can transform gas hydrates in two direct ways. First,
archaea anaerobically oxidize methane (along with other bacteria oxidizing higher order
hydrocarbons) and work in concert with sulfate reducing bacteria, producing hydrogen
sulfide and carbon dioxide (Boetius et al., 2000). Not only are the hydrocarbon
concentrations decreasing as a result of microbial activity, but also the products of the
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reaction become hydrate forming gases to an extent determined by pH. Second,
methanogenic archaea produce methane as they consume organic and inorganic carbon
substrates. Since methane is the primary gas found in naturally occurring gas hydrates
and a significant portion of this methane is biogenic, methanogenesis kinetics become
important to gas hydrate stability and occurrence.

2.1.3.1

Sulfate-Reduction and Anaerobic Hydrocarbon Oxidation
Biogeochemical gas hydrate research has focused on the interactions between

bacteria, archaea, micro-fauna, chemosynthetic communities, and massive gas hydrates,
particularly those cases of hydrate mounds protruding from the seafloor with bacterial
mats overlain (Sassen et al., 1999, 2004). Synergistic combinations of anaerobic methane
oxidizing archaea and sulfate-reducing bacteria from GOM study sites influence
hydrocarbon composition and isotopic properties of hydrate-bound gas relative to vent
gas from which the gas hydrate was likely formed (Sassen et al., 1999, 2004; Milkov et
al., 2005).
Isotopic data from these GOM sites show gas hydrates that formed from
thermogenic vent gas sources contain microbial-altered hydrocarbon gases enriched in
𝛿C13. Additionally, isotopic analysis of authigenic carbonates and elemental sulfur and
sulfur minerals within gas hydrate further corroborates the metabolism of hydrate-bound
hydrocarbon gases through coupling of anaerobic oxidation and sulfate reduction,
although not always stoichiometrically (Sassen et al., 1999, 2004; Formolo et al., 2004;
van Dongen et al., 2007). Further studies indicate active sulfate reduction loosely
coupled to anaerobic methane oxidation in samples of gas hydrate and surrounding
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sediments collected from GOM study sites (Nauhaus et al., 2002; Joye et al., 2004; Orcutt
et al., 2004).

2.1.3.2

Methanogenesis
Given the evidence indicating the vast extent of gas hydrates are composed of

biogenic methane, a closer look at methanogenesis is warranted. Various organic
substrates can be used by methanogens, but isotopic evidence shows that a significant
quantity of biogenic methane hydrate is derived from carbonate reduction (Galimov and
Kvenvolden, 1983; Milkov et al., 2005). In either case the biogenic methane produced
from this reaction has a lighter isotopic signature than thermogenic gases as a result of
the inability of microorganisms to metabolize heavier isotopes of carbon. This scenario
gives way to indirect measurements of microbial influences on gas hydrate compositions.
Methanogenesis is the primary biochemical reaction occurring below the uppermost sediments of the seafloor where concomitant sulfate reduction and methane
oxidation occur. The sulfate reduction zone usually extends only a few centimeters
below the seafloor at most near active venting due to the rapid depletion of sulfate
(Lapham et al., 2008). Thus, the seafloor hydrate environment within the GHSZ is
mostly dominated by methanogenic reactions with some methanotrophic reactions
coupled with sulfate reduction occurring in the upper-most portion of the GHSZ. Figure
2.3 illustrates the various zones of microbial activity within the GHSZ.
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Figure 2.3 Various zones of microbial activity within the gas hydrate stability zone

Each reaction in its own way is important to the initiation, stability, and fate of the
gas hydrate system. The various impacts of the two reaction schemes will be investigated
further in this research, as the concept of microbial activity occurring within gas hydrate
structures holds grand implications for gas hydrate stability and dynamics.

2.1.4

Gas Hydrate Stability Zone
The GHSZ is defined as the zone within the oceans where temperatures and

pressures are within the gas hydrate stability envelope for a given hydrate type. The
GHSZ is usually considered only as distances below the seafloor, as gas concentrations
are not sufficient in the upper portion of the oceans, gulfs, and seas to support hydrate
formation. The extent of the GHSZ is a function of the depth below the water surface
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(pressure) and the hydrothermal/geothermal gradients present. Figure 2.4 is an arbitrary
illustration of the GHSZ and general methane hydrate stability envelope.

Figure 2.4

Arbitrary illustrations of methane hydrate stability envelope and GHSZ

The GHSZ is considered to begin below the seafloor boundary where gas
concentrations are sufficient for gas hydrate formation. As previously discussed,
biosurfactants and minerals can play a significant role in concentrating the amounts of
gas necessary for hydrate formation. The free water gas hydrate stability envelope is
mostly theoretical; as no indications of gas hydrate forming in free waters is documented.
The hydrothermal and geothermal gradients are specific to the local area of interest as is
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the depth to the seafloor. Dearman (2007) performs the necessary machinations for
calculating the GHSZ by using the geothermal gradient in a GOM location, Mississippi
Canyon 118 (MC-118).

2.1.5

Seafloor Gas Hydrate Morphology
Gas hydrate morphology is the basic geometric macrostructure that gas hydrates

ultimately take after formation occurs. Several morphologies have been uncovered in
deep core drilling through projects directed by the Department of Energy. Sloan (1998,
p.477) provides photographs from some of the gas hydrate samples collected, illustrating
the various morphologies discussed.
In a review of data collected over several years by the Department of Energy,
Malone (1985) postulated that seafloor gas hydrates occur in four types. The four types
are summarized below from this work.
1. Disseminated – gas hydrates formed from pore waters of packed sediments that
are finely disseminated throughout the lithology
2. Nodular – gas hydrate nodules (up to 5 cm in diameter) are slightly larger than
disseminated and may evolve as disseminated hydrates grow larger and/or
agglomerate
3. Layered – gas hydrates separated by thin layers of sediments; stratified gas
hydrate layers and sediment layers
4. Massive – bulk seafloor gas hydrate morphology where sufficient gas, water, and
nucleation sites are available to promote formation of gas hydrate
blocks/mounds/etc
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Malone (1985) also postulated a model for deep-sea gas hydrate formation
whereby the gas hydrate morphology over long timescales passes through each
successive type, ultimately evolving to a massive gas hydrate formation. Several other
researchers have questioned whether in situ generation of biogenic methane is sufficient
to form massive gas hydrates (Hyndman and Davis, 1992). Others indicate that under
optimal conditions, only 3-4% of the sediments can be filled with hydrates with gas as the
limiting factor (Minshull et al., 1994; Paull et al., 1994).
The suggestions of gas-limited systems are quenched when considering the high
concentrations of gas hydrate near no active thermogenic venting areas such as the
Cascadia Margin in ODP Leg 146. Paull et al. (1994) and Minshull et al. (1994) modeled
in situ gas hydrate formation through the upward migration of free gas. The free gas may
come from free biogenic gases or dissociated hydrates below. Hyndman and Davis
(1992) proposed that as methane-saturated water rises to shallower depths, the saturation
concentration decreases (with decreasing pressure) resulting in free gas availability. All
in all much research is needed in this area of gas hydrates, as no definitive determination
of how gas hydrates form has been uncovered.

2.2

Gas Hydrate Inhibition
Gas hydrate inhibition is of great interest given the financial implications of

catastrophic hydrate growth in natural gas pipelines. Four classical approaches exist for
gas hydrate inhibition: (1) remove a component such as water or the guest gas, (2)
increase the temperature, (3) decrease the pressure, or (4) insert a component to attract
water molecules such as alcohol, glycol, or salt (Sloan, 1998). In most industrial
applications where hydrate inhibition is desirable, the first three approaches are
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unacceptable given the natural environment (seafloor temperature) and operating
necessities (pressure, gas, and condensate); thus research has focused on compounds
capable of inhibiting gas hydrates from forming. Compounds of this type shift the
thermodynamic equilibrium of the hydrate phase primarily by interfering with the
hydrogen bonding needed to form stable clathrate with gas and water or through the
formation of solvation bonds with the ionized salt and water molecules.
Two additional approaches to gas hydrate inhibition include anti-agglomeration
and kinetic inhibition. Anti-agglomerates (AAs) work by allowing hydrate crystals to
form but not agglomerate to critical nuclei where catastrophic growth becomes
imperative. Anti-agglomerates merely create an emulsion of hydrates, gas, and water
capable of maintaining fluid properties. Kinetic inhibitors (KIs) prevent sizeable crystal
growth for a period exceeding the residence time of the mixture within the
thermodynamic envelope for hydrate stability. Both AAs and KIs are usually some type
of water soluble polymer, the anti-agglomerates being high molecular weight emulsifying
surfactants and the KIs being smaller polymers acting primarily through hydrate crystal
face adsorption and steric hindrances.

2.2.1

Thermodynamic Inhibition of Gas Hydrates
Salts, glycols, and alcohols are the traditional thermodynamic gas hydrate

inhibitors for hydrocarbon pipelines. Many inhibitors have been experimented with, but
glycols and alcohols have proven the most successful (Sloan, 1998, p.201). Some highly
polar molecules (known to form hydrogen bonds) like ammonia have been tested, but
side reactions cause more problematic effects in pipelines than the hydrates. Solid
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ammonium carbonate and carbamate are more difficult to remove than hydrate plugs
(Townsend and Reid, 1978, p.100).
Some research has attempted to draw relationships between the freezing point
depression effect of ice and gas hydrate temperature depression with salt, glycol, or
alcohol additives for quick estimates of required concentrations for a given driving force.
Nielsen and Bucklin (1983) derived an equation showing that the temperature depression
in gas hydrates will always be less than the freezing point depression in ice. Other
estimation methods for gas hydrate inhibitor dosing have been developed for backpocket, engineering estimations (Sloan, 1998, §8.1.5).
Hydrogen bonding creates many interesting properties in water, ice, and hydrates.
Luck (1973) indicates in a review that the vaporization of liquid water is inhibited by
hydrogen bonding. Stillinger (1980) discusses the many unique properties of water
(density, heat capacity, etc.) and how hydrogen bonding is the driving force behind them.
For example, methane, a compound with a similar molecular weight to that of water, has
a boiling point 260 K lower than that of water. Also, hydrogen sulfide is in the same
family of elements and is isoelectronic with the water molecule; yet the lack of hydrogen
bonding between hydrogen and sulfur yields a higher molecular weight compound that
exists as a gas rather than a liquid at standard conditions. Ultimately, the thermodynamic
inhibition of gas hydrates deals directly with disrupting the hydrogen bonds present
between molecules of water.
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2.2.1.1

Glycols and Alcohols as Thermodynamic Inhibitors
Low molecular weight, homologous alcohols hydrogen bond to water via the

hydroxyl functional group, and this hydrogen bonding is partly responsible for gas
hydrate inhibition. The alkane backbone of the alcohol may also cause a similar
clustering effect on water molecules to that of guest hydrate-forming molecules
(reviewed in Franks, 1973 and Ben-Naim, 1980). Alcohols then affect gas hydrate
stability in two ways: the hydrogen bonding disruptions created by the hydroxyl group
and the competition for water molecules between guest molecules and the alkane
backbone of the alcohol. Sloan (1998, p.201) indicates the former to be the dominant
effect.
The inhibition ability of a given alcohol is directly proportional to its volatility,
i.e. methanol > ethanol > isopropanol (Katz et al., 1959, p.218). Methanol has also been
the inhibitor of choice when financial considerations are taken into account (Nelson,
1973), although methanol is toxic in relatively small doses in general environmental
compartments. The Soviet gas industry used 0.3 kg of methanol for every 1000 cubic
meters of gas extracted (Makagon, 1981, p.133), and North Sea methanol usage may be
an order of magnitude higher (Strange et al., 1989). Methanol has been proven to be an
effective gas hydrate inhibitor in industrial applications, but high concentrations are
required.
Methanol may counter-intuitively increase the hydrate formation temperature at
less than 5 mass percent (Makogon, 1981, p.134), although further measurements have
since shown otherwise (Svartas, 1988). At low concentrations, Yousif et al. (1996)
showed that methanol enhances the rate and extent of hydrate formation and the
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adsorption of hydrates to surfaces. In fact as a result of the high concentrations of
methanol required for confident gas hydrate inhibition, methanol recovery and recycle
has become economical in the North Sea (Sloan, 1998, p.202).
Glycol inhibition of gas hydrates is very similar to that of alcohols with the
primary difference being the lack of an alkane backbone and subsequent water clustering
effects. The glycols, however, provide additional hydrogen bonding locations through
the additional oxygen atoms, particularly the di- and tri-hydroxyl glycols such as dipropylene glycol. Glycols are also easier to recover and recycle with their lower
volatility and higher molecular weight. Nonetheless, Ng and Robinson (1983) found
methanol to be more effective at gas hydrate inhibition than equivalent mass fractions of
glycols in the aqueous phase.

2.2.1.2

Salts as Thermodynamic Inhibitors
Salts ionize in solution, and the resulting cations and anions form complexes

through association with water molecules (solvation). The bonding that occurs between
the water and the ions is stronger than the hydrogen bonding experienced in the
glycol/alcohol systems. These stronger bonds inhibit the formation of hydrates because
the water is more attracted to the ions than to the hydrate structure. Also, this association
with water molecules produces a “salting-out” effect by decreasing the solubility of the
hydrate guest molecule in the aqueous phase. Much experimental data exist relative to
various salt effects on gas hydrate inhibition (Sloan, 1998).
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2.2.2

Anti-Agglomeration and Kinetic Inhibition of Gas Hydrate Formation
AAs and KIs are newer concepts in the field of gas hydrate inhibition. AAs are

large surfactant molecules that are capable of forming emulsions. The AAs in general
will suspend water within a liquid-phase hydrocarbon droplet, and when hydrate forms
within the droplet, the hydrocarbon provides a shielding layer of protection against
agglomeration with other hydrate particles by limiting mass transfer of un-reacted water
into the hydrocarbon phase (Behar et al., 1991). For the most part, AAs are dependent on
a liquid hydrocarbon phase being present in order to be truly effective as inhibitors.

2.2.2.1

Anti-Agglomeration
The AA method was initiated by Behar, Sugier, and co-workers at l‟Institut du

Petrole in 1987. Lingelem et al. (1994) and Behar et al. (1994) present both field and
experimental data showing the lack of pipeline plugging with AAs. In fact natural AAs
present as surfactants in condensate were shown to provide up to the equivalent of 10%
w/w methanol with up to a 60% fraction of water in the pipeline (Lingelem et al., 1994).
Behar et al. (1994) found that AA application in a two-inch pilot loop successfully
allowed formation of hydrates without catastrophic and flow-restrictive consequences.
The loop pressure drop (which is indicative of hydrate plugging) remained relatively low,
although above normal.
Relatively low weight percentages of the anti-agglomerate surfactants are
required compared to methanol, although the water fraction value at which these
surfactants are effective is restricted. Researchers have found that concentrations ranging
anywhere from 0.5% to 2% w/w can be effective for inhibiting catastrophic hydrate
growth (Pierrot et al., 1992). Behar et al. (1994) equates 1% w/w surfactant to 25% w/w
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methanol. Limited information exists in the literature regarding AAs, primarily as a
result of proprietary information.

2.2.2.2

Kinetic Inhibition
The mechanisms behind kinetic inhibition of gas hydrates are different from those

of anti-agglomeration. Unlike AAs, KIs do not require the presence of a liquid
hydrocarbon phase to be effective, although the presence of a liquid hydrocarbon phase
likely aids in the inhibition (Sloan, 1998, p.137). The primary function of KIs is to
reduce the crystal growth rate sufficiently to prolong catastrophic growth beyond the
residence time of the mixture in a seafloor pipeline transit. Water soluble, relatively short
polymer compounds are typical for use as KIs. KIs can also be used in tandem with AAs.
KIs function through a dual mechanism of a face-adsorption scheme and steric
hindrance. A specific functional group on the backbone of the polymer will adsorb on
the hydrate crystal face and block adsorption sites for other hydrate crystals.
Additionally, the steric constraints become inhibitory to the hydrate crystals reaching the
necessary size for catastrophic growth simply by the polymer creating the necessity of
crystal growth around the polymer branches (Larsen, 1997; Rider, 1999; Makogon and
Sloan, 2002). KIs are unique compounds that act as nucleation sites for gas hydrate
crystals without allowing agglomerate-nuclei of the critical size to form.
Many patents have been filed for specific applications of novel compounds to gas
hydrate inhibition. Certain proteins isolated from winter flounder and other arctic fish
were shown to adsorb on gas hydrate crystal faces, inhibit gas hydrate growth, and
overcome the memory effect (Zeng et al., 2003). Computer designs for kinetic inhibitors
have been unsuccessful overall, but results from polymers with pendant groups and
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appropriately positioned amide groups are encouraging. Long et al. (1994) reported
inhibition with polyvinylpyrrolidone (PVP). Others have simulated kinetic inhibition and
provided an illustrated view of the mechanism whereby the lactam pendant group from
poly(vinylcaprolactam) (PVCap) adsorbed within a partially filled hydrate cavity in
multiple formations and prevented the closure of the hydrate structure (Mullin, 1993).
Lederhos et al. (1996) investigated PVP, PVCap, and VC-713 as kinetic hydrate
inhibitors. Makogon and Sloan (2002) used dynamic molecular simulations to gain
information about the formation of kinetic hydrate inhibitors. The simulation results
validated known inhibition characteristics of controls such as vinyl-alcohol and provided
an indication of the mechanisms through which these polymer materials function during
hydrate formation. The adsorption of methane onto hydrate cavities was altered in the
presence of polymer on the hydrate surface. In general, strongly adsorbing impurities
affect the growth of hydrate crystals by preventing closure of clathrate cages and by
removing adsorption sites for guest molecule adsorption and subsequent occlusion
(Myerson, 1993).
Steric hindrances play a role in kinetic inhibition mechanisms as well. Makogon
and Sloan (2002) also show that KIs promote a shortage of localized gas and water for
rapid hydrate formation as monomers become larger. Larsen (1997) and Rider (1999)
discuss the adsorption of polymers on the hydrate crystal and how this results in the
crystal being forced to grow around and between polymer strands. Overall, larger
monomers provide steric inhibition and smaller monomers adsorb more effectively
(Makogon and Sloan, 2002). Thus, a balance between the size constraints of the
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functional groups (monomers, pentamers, octamers, etc.) garners optimum inhibition
through a dual adsorption-steric mechanism.
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CHAPTER 3
THEORETICAL BACKGROUND

3.1

Gas Hydrates
Gas hydrates exhibit unique properties and characteristics. Many subtleties play

an intricate role in determining these properties and characteristics. The theoretical
background provided in Chapter 3 is essential to the understanding of how the individual
concepts presented form a whole. A brief theoretical discussion of gas hydrate structure,
nucleation, kinetics, thermodynamics, inhibition, and enhancement is presented.
Additionally, detail is provided relative to other components present in the seafloor gas
hydrate systems studied: microorganisms (Bacillus subtilis), adsorptive clays (bentonite),
and both geo- and biochemical reactions. Lastly, theoretical formulations surrounding
gas hydrate simulation models for seafloor hydrates are discussed.

3.1.1

Gas Hydrate Structure
Naturally occurring gas hydrates typically occur in three basic structural forms:

structure I (sI), structure II (sII), and structure H (sH). Gas hydrate structure is
determined by the size of the guest molecule occluded within the cavities created by the
bonding network of water molecules, and each structure is identified by the dimensions
of the cavities and the ratios of the sizes of cavities. Guest molecules cannot occupy all
cavities as a result of entropic considerations of a perfect crystal; this results in hydrate
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non-stoichiometry. The structured water that bonds to form the cavities of a clathrate
hydrate are denoted by Xn where X is the number of sides a cage face contains and n is
the number of cages with exactly X sides (Jeffrey, 1984).
Each structure has its own unique combination of geometrical shapes found in
nature that have been shown to minimize the energy of the water molecules, primarily the
pentagonal and hexagonal structures. Pauling (1959) went so far as to propose 512 cavity
complexes exist with water molecules as the guest. Recent computer simulation studies
on water suggest that pentamers are the most common structure found to spontaneously
arise at multiple temperatures in water, followed by hexamers and squares (Stillinger and
Rahman, 1974). When water is bonded in a solid phase via hydrogen bonding, the O-OO (108°) bond angle in a pentagonal bonding pattern is approximately that of liquid water
(104.5°). Square and hexagonal bonding patterns produce similar bond angles.
The hydration number of a specific gas hydrate structure indicates the fractional
filling of the cavities within each unit cell. For example, sI hydrate has a theoretical
hydration number of 5.75 as a result of the 46 water molecules and 8 possible guest
molecules within the unit cell. The general formulas used to describe hydrate reactions
for pure gas and mixed gas hydrates and stoichiometry are given as
𝑎𝑌 + 𝑚(𝐻2 𝑂) → 𝑎𝑌 ∙ 𝑚(𝐻2 𝑂)

(3-1)

𝑎𝑌 + 𝑏𝑍 + 𝑚(𝐻2 𝑂) → 𝑎𝑌 ∙ 𝑏𝑍 ∙ 𝑚(𝐻2 𝑂)

(3-2)
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where

a denotes the number of guest molecules of type Y
b denotes the number of guest molecules of type Z
m denotes the number of water molecules

and

∙ indicates a guest-water complex

The basic building block of all gas hydrate structures is the pentagonal
dodecahedron that forms the mostly spherical 512 small cavities (present in all natural gas
hydrate structures). Other cavities are formed from combinations of pentagonal faces,
hexagonal faces, and square faces. Table 3.1 summarizes the geometric properties of
each of the naturally occurring structures (sI, sII, sH).

Table 3.1
Hydrate Crystal Structure Geometric Properties (modified from Sloan, 1998)
Hydrate Crystal Structure
Cavity
Description
Cavities/Unit Cell
Average Cavity Radius, Å

sI
Small
12

5
2
3.95

sII
Large
12 2

5 6
6
4.33

Small
12

5
16
3.91

sH

Large
12 4

5 6
8
4.73

Small

Medium

12

3 6 3

5

456
3
2
3.91* 4.06*

Large

51268
1
5.71*

*approximated from geometrical models

3.1.1.1

Structure I
Structure I gas hydrate consists of a combination of pentagonal and hexagonal

faced structures. Many smaller guest molecules such as methane, ethane, carbon dioxide,
and hydrogen sulfide form sI hydrates. Two small 512 cavities and six larger 51262 create
the full sI hydrate unit cell. The unit cell is body centered cubic, and the average cavity
radii are 3.95 and 4.33 Å for the small and large cavities, respectively.
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The ideal water/guest ratio is 5.75 with 46 water molecules and 8 cavities for the
guest molecules when the guest molecules can occupy both cavity types of sI. This ratio
increases to 7.33 when only the larger cavities of sI are occupied by the guest. Some
molecules of a transitional size such as cyclopropane (Majid et al., 1969) and
trimethylene oxidide (Hawkins and Davidson, 1966) can occupy either cavity, and
specific cavity preference is a function of the temperature and pressure.

3.1.1.2

Structure II
sII gas hydrate is of very similar structure to that of sI, the primary difference

being the number of hexagonal faces within the diamond cubic unit cell. The sII hydrate
is, in general, stable at lower pressures and higher temperatures than the sI hydrate. The
sII hydrate contains 16 of the 512 smaller cavities and 8 of the 51264 larger cavities, each
with radii of 3.91 and 4.73 Å, respectively. Slightly larger molecules such as propane and
iso-butane form sII hydrates as a result of the larger 51264 cavity compared to the 51262
cavity in sI. Thus, natural seafloor gas hydrates formed from thermogenic gases
containing these higher chain hydrocarbons are mostly sII gas hydrate.
The occupancy of smaller cavities by a sI forming guest such as a methane
molecule can help stabilize sII gas hydrates with larger guests in the larger 51264 cavities.
For example, methane (Wu et al., 1976) and hydrogen sulfide (Davidson et al., 1977)
stabilize sII hydrates with n-butane as the larger guest molecule. The n-butane would not
normally form sII hydrates because of its size. However, upon the lapse of a sufficient
driving force for the higher chained hydrocarbons (concentration decrease, etc.), sII
hydrate can be converted to sI hydrate, the latter requiring higher pressures and/or lower
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temperatures for stability. The ideal water/guest ratio assuming that the guest molecules
occupy both cavity types in sII is 5.33. This ratio increases to 17 when occupancy of
smaller cavities is absent.

3.1.1.3

Structure H
Ripmeester et al. (1987) illuminated sH hydrate using NMR spectroscopy with X-

Ray and powder diffraction techniques. The sH hydrate contains sets of three distinct
cavities: three small 512 cavities, two 435663 medium cavities, and a 51268 large cavity
with radii of 3.91, 4.06, and 5.71 Å respectively. Given the size of the medium and large
cavities, sH hydrate can accommodate guest molecules of larger size than sI and sII
hydrate formers. However, sH hydrates cannot exist as simple hydrates (only one guest
molecule present) because smaller cavities must be stabilized for larger cavity stability.
sH hydrate forms from the assistance of a help-gas such as methane, similar to
that of sII but without option. The smaller guest molecules typically occupy both the 512
and the 435663 cavities while guests larger than 7.4 Å such as neohexane occupy the large
51268 cavity. Molecular diameters upwards of 9.5 Å can stabilize this large cavity (Sloan,
1998, p.51), although molecular dimensionality is not the only consideration for sH
formation. Ripmeester and Ratcliffe (1990) indicate that trans-2-butene and the methyl
butenes are of appropriate size for sH large cavity stability but do not form hydrates.

3.1.1.4

Structure-Related Properties
The inherent structure of gas hydrates has much influence over several inherent

gas hydrate properties. Latent heats associated with formation (exothermic) and
dissociation (endothermic) of gas hydrates are directly related to the size of the guest
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molecule(s) and ultimately which cavities are occupied. The latent heat of formation or
dissociation can be thought of as the enthalpy change associated with the conversion of
liquid and vapor to hydrate or vice versa. In general the larger occupants of larger
cavities produce higher latent enthalpies (further dependent on molecular size to cavity
size ratio), and the higher the degree of fractional filling of the cavities reduces the latent
enthalpy of dissociation (Sloan, 1998, p.215).
Another structure-related property of gas hydrates is the effect of rapid reformation of hydrate macrostructures immediately following dissociation of hydrate
macrostructures. This effect is termed the „memory effect‟ and is related to the pentamer
ring structures of gas hydrates residing in the aqueous phase following hydrate
dissociation. Makogon (1981) presented evidence to support this supposition that
residual structure remained following hydrate dissociation. Molecular dynamic studies
confirmed that the pentamer rings were stable in water up to temperatures of 315 K
following hydrate dissociation.
The memory effect can be a positive or negative attribute of gas hydrates,
depending on the situation. For gas flow assurance in seafloor pipelines, the memory
effect creates more havoc than the hydrate formation itself through a scenario where once
hydrate plugging is remediated, less nucleation time is required for hydrate re-formation
and re-plugging. However, for gas storage applications, the memory effect serves a
positive purpose by allowing continual rapid hydrate dissociation and reformation upon
gas transfers. Additionally, seafloor gas hydrate resides at deeper seafloor temperatures
(5-6°C maximum), and thus even if hydrate dissociation occurs as a result of temperature
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fluctuations, rapid reformation of hydrates is possible through the memory effect,
particularly in seafloor sediments coated with bioproducts (Dearman, 2007).
Specific gas hydrate structural identity is also significant in determining the
hydrate equilibrium temperature and pressure. In general larger guest molecules provide
stability to simple gas hydrates of smaller molecules (those formed from one guest only)
by occupying the larger cavities of the sII and sH structures. The smaller sI guest
molecules (methane, carbon dioxide, etc.) should then result in higher equilibrium
pressures or lower equilibrium temperatures than sII where larger guests are occluded and
provide the additional stability. This effect can be observed through a simple review of
gas hydrate equilibrium data for simple hydrates formed from sI guest molecules and
hydrates formed from mixtures of sI and sII guest molecules (i.e. methane and propane).
This relationship can also be seen in the latent enthalpies of formation. Methane
and ethane hydrates exhibit lower enthalpies of formation than propane and other natural
gases that form sII hydrates. For example, simple methane and ethane hydrates have
enthalpies of formation of -54.2 kJ/mol and -71.8 kJ/mol, respectively, while simple
propane hydrate has an enthalpy of formation of -129.2 kJ/mol (Handa, 1986 a, b).
Interestingly, when methane or other sI guests are included with propane and mixed gas
hydrates are formed, the result is a drop in enthalpy of formation to -79 kJ/mol (Handa,
1986 a, b). Thus, relationships between the thermodynamics of the phase transitions
associated with the formation and dissociation of gas hydrates are similar to equilibrium
temperature and equilibrium pressure relationships for sI and sII stabilities.
The last relevant structure-related effect of gas hydrates is that of the interstitial
spaces and capillaries that exist within the macrostructure. Recent research has
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uncovered dimensions of these capillaries formed by nuclei and crystal structure
irregularities through multiple unit cell agglomerations. As previously reported,
Dearman (2007) measured the capillary and nuclei sizes of gas hydrate formed in porous
media saturated with seawater-biosurfactant solutions. Hydrate capillary diameters were
experimentally resolved up to 450 nm with an upper bound of 1500 nm, and nuclei sizes
were determined to be ~80 nm (Similar to Kuhs et al., 2000). Kuhs et al. (2000) also
reported up to 40% porosity and a sponge-like texture in the methane and carbon dioxide
hydrate formations.

3.1.2

Gas Hydrate Nucleation
Nucleation is a phenomena characteristic of several types of phase changes.

Bubbles must first find nucleation points in the rough bottom of a cooking pot in order to
form. Water vapor typically utilizes dust particles in the air as nucleation points for
precipitation. Ice also requires some nucleation aspect, even as simple as vibration, to
form the first seed crystal. As with these phase changes, gas hydrate formation begins
via nucleation of critically sized clusters and can also be enhanced by some
heterogeneous materials inserted into the system.

3.1.2.1

Homogeneous vs. Heterogeneous Nucleation
Homogeneous nucleation of gas hydrate primarily occurs at a gas-water interface

where high concentrations of gas are present (relative to the dissolved phase). Since gas
hydrates require substantial amounts of gas relative to saturation limits of guest
molecules and less nucleation energy at the interface, the logical result is the nucleation
of gas hydrates at this point.
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Heterogeneous nucleation catalysts are widely used, even in the laboratory as
boiling chips for high-rate boiling processes. Similar effects are observed in gas hydrate
nucleation. Certain heterogeneous materials such as smectite clays or inorganic
precipitates catalyze gas hydrate nucleation significantly (Woods, 2004). The
heterogeneous materials usually act in some way to enhance the solubility of the guest
molecule local to the nucleation center.
Nucleation theories abound for gas hydrates. The stochastic nature of the
induction period of the gas hydrates makes quantification difficult and probabilistic
estimation necessary. The driving force for nucleation is the ability of a cluster of
hydrate structures to grow beyond a critical cluster size. The interpretation of this critical
cluster size follows from the excess Gibbs free energy (ΔG) between a small solid
particle of solute and the solute in solution. Mullin (1993, p.172, 182, 183) reviewed the
quantification of crystallization processes, and the discussion for homogeneous and
heterogeneous nucleation is summarized from this work.
The total free energy is the sum of the surface excess free energy (ΔGs) and the
volume excess free energy (ΔGv).
∆𝐺 = ∆𝐺𝑠 + ∆𝐺𝑣

(3-3)

The surface excess and volume excess free energy terms are opposite in sign, creating a
maximum value for ΔG. This maximum in the free energy is considered the critical
cluster size for catastrophic gas hydrate formation. At this point the volume term
dominates and continually decreases the excess free energy after nucleation and growth
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begin. The surface and volume excess free energies for homogeneous nucleation are
given as
∆𝐺𝑠 = 4𝜋𝑟 2 𝜍

(3-4)

4

∆𝐺𝑣 = 3 𝜋𝑟 3 ∆𝑔𝑣

(3-5)

leading to
4

∆𝐺 = 4𝜋𝑟 2 𝜍 + 3 𝜋𝑟 3 ∆𝑔𝑣
where

(3-6)

r is the radius of the cluster
σ is the interfacial tension

and

Δ𝑔𝑣 is the free energy change per unit volume
Differentiation of Equation 3.6 and rearrangement leads to a relationship between

the excess free energy of the critical nucleus, the interfacial tension, and the critical
radius. ΔGcritical is directly proportional to the critical radius and the interfacial tension.
This relationship supports earlier findings regarding surfactants as gas hydrate nucleation
catalysts through the reduction of surface and interfacial tension. Equation 3-7 below
indicates that as the interfacial tension decreases, ΔGcritical decreases resulting in a lower
maximum energy requirement for clustering.
4

∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 3 𝜋𝜍𝑟𝑐3

(3-7)

For heterogeneous nucleation, a similar relation is given where a value less than
unity is used to relate the homogeneous ΔGcritical value to a ΔG‟critical value for
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heterogeneous nucleation. This value, 𝜙 in equation 3-8, takes into account the angle of
adsorption of the gas hydrate crystal onto the heterogeneous surface.

′
∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
= 𝜙 ∆𝐺𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

(3-8)

where
𝜙=

2 + cos
(𝛳) (1 − cos
(𝛳))2 /4

(3-9)

Heterogeneous nucleation is much more common than homogeneous nucleation,
as even in laboratory-prepared aqueous solutions, upwards of 106 particles per cm3 may
be present. In seafloor sediments, heterogeneous nucleation is the primary driver for gas
hydrate formation given the vast range of heterogeneous nuclei available. Overall, the
implication of a value of 𝜙 less than unity is that heterogeneous nucleation, through an
ordering effect of gas hydrate crystals, requires less energy to form a critical radius from
agglomerated hydrate particles.
Dearman (2007) proposes a gas hydrate nucleating mechanism following the
work performed on capillary and nuclei sizes.
1. Emulsan, a biopolymer with surfactant properties, intercalates nontronite, a
smectite clay.
2. The hygroscopic nature of the clay with the hydrophobic interactions of the
biosurfactant and guest molecules (hydrocarbon gases) create localized points
of supersaturated gases.
3. The water-gas proximity and orientation induces clathrate formation.

46

4. Nanometer-sized nontronite particles with intercalated emulsan slough from
the clay agglomerate, diffuse through the hydrate capillaries, and continue the
hydrate formation reaction.
The nucleation mechanism along with capillary and nuclei size determinations were
verified by scanning electron microscopy (SEM), dynamic light scattering techniques,
and the unique construction of the test apparatus.
3.1.2.2

Gas Hydrate Nucleation Theories
Two main theories relative to gas hydrate nucleation exist. The first theory,

termed the „labile-cluster hypothesis,‟ states that guest molecules in solution at conditions
conducive to hydrate stability are surrounded by clathrate-like solvation shells
(Christiansen and Sloan, 1994). The clathrate-like shells continually interchange water
molecules from the liquid phase until enough clathrate shells are formed to promote
agglomeration and induction of other water molecules to order. The labile-cluster
hypothesis is based on water molecules providing order to guest molecules during
solvation and continual rearrangement (Hawtin, 2008).
The second theory, termed the „local-structuring hypothesis,‟ focuses on the
arrangement and random ordering of the guest molecules in solution (Radhakrishnan and
Trout, 2002). The random fluctuations leads to a critical number clathrate formations
with some guest molecules in solution, and this critical number of hydrate structures
induces the water to hydrogen bond into a gas hydrate macrostructure (Hawtin, 2008).
Thus, the local-structuring hypothesis is based on guest molecules providing order to
water molecules during random molecular orientation fluctuations.
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3.1.2.3

Induction Time
The induction time is the time elapsed between the crossings of the hydrate phase

equilibrium boundary and the system pressure-temperature state and the initiation of
hydrate formation. Induction time is thought of as the time required to orient singular gas
hydrate crystals to agglomerates with radii larger than the critical radius required for
macroscopic growth. The induction time for gas hydrates is stochastic, but surfactants
have been tested that stabilize the induction time for hydrate formation at significantly
lower periods (Zhong and Rogers, 2000; Kothapalli, 2002).

3.1.3

Kinetics of Gas Hydrate Formation and Dissociation
Gas hydrate formation and dissociation kinetics are important in many ways

ranging from modeling of natural gas hydrate systems to applying gas hydrates to
industrial engineering problems.

3.1.3.1

Formation Kinetics
Once nucleation processes are complete, kinetics take over and drive the actual

formation rate of the gas hydrate structures. Mass and heat transfer processes dictate the
ultimate observed kinetics of gas hydrate formation. Since gas hydrates are highly likely
to nucleate at the gas-liquid interface rather than within the bulk solution, mass transfer
limitations become prevalent at the onset of catastrophic growth. Once the available gas
and water at the interface have reacted to form gas hydrates, more gas must then diffuse
through the hydrate lattice and react with the water phase beneath or vice versa.
Englezos et al. (1987 a, b) developed a semi-empirical kinetic model for light
hydrocarbon gases in a stirred system for the initial 200 minutes of formation. The basic
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assumption made by Englezos was that hydrate formation is a three-step process: (1)
transport of gas from vapor phase to liquid phase, (2) diffusion of gas from the bulk
phase through a boundary layer surrounding hydrate particles, and (3) gas-water reaction
at the interface to form hydrates. A total of 5 differential equations are involved in the
model, and it was a significant step in the quantification of gas hydrate kinetics. Later
developments included dynamic gas hydrate mass transfer limited systems and further
simplified models for quiescent systems with a surface-active agent (Sloan, 1998 p.115;
Zhong and Rogers, 2000).
The driving force for gas hydrate formation is the concentration gradient between
the bulk phase and the interface relative to the concentration of the guest molecules.
However, as hydrate formation progresses, mass and heat transfer become the dominant
drivers of the rate of formation. Surfactants then have a many roles in hydrate formation.
The first role is in the nucleation process by providing localized supersaturated gas
concentrations in proximity to water. The second and less obvious role of surfactants is
in the kinetics of hydrate formation and is an important one; surfactant effects on the
kinetics of gas hydrate formation in quiescent systems indirectly provide information on
the diffusion characteristics of the hydrate structure. Lastly, the most anionic surfactants
used in gas hydrate formation tests adsorb to metals, which conduct heat rapidly.

3.1.3.2

Dissociation Kinetics
Most models that have been developed to describe gas hydrate dissociation

kinetics assume that gas hydrates dissociate instantaneously and that heat transfer limits
the overall reaction. Intrinsic kinetics become important at 28% of the equilibrium
pressure, otherwise heat transfer is the driver (Jamluddin et al., 1989). The endothermic
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dissociation process requires a significant amount of heat, and a „phase gradient‟ likely
exists in proportion to the temperature gradient; the phase gradient bridging the crystal
interface of the actual hydrate-structured water to the more random solvent-solute
identity of the water and gas with mixed structures between. Upon dissociation, if
sufficient gas exists a free gas phase will be formed; otherwise a single-phase system
persists containing water and dissolved gas.
Dissociation of gas hydrates can be affected by heterogeneous nuclei. As was
shown by (Irvin et al., 2000), iron hydroxide particles nucleated gas hydrates. Smectite
clays work in concert with biosurfactants to create hydrate nuclei (Dearman, 2007).
Thus, the interior of the gas hydrate macrostructure in terms of heterogeneous nuclei can
become important in determining the continuum thermal properties, which exert strong
influence over dissociation kinetics. For example, a gas hydrate macrostructure with high
concentrations of iron nuclei may dissociate more rapidly as a result of higher heat
transfer rates within the hydrate during dissociation.

3.1.3.3

Overall Kinetics
The overall picture of hydrate kinetics is blurred by heat and mass transfer effects,

as both of these effects are dynamic during the hydrate formation and dissociation
process. However, the intrinsic ability of surfactants and surface-active materials in
general to concentrate gas and water within local proximity is important in understanding
how seafloor gas hydrates are formed and decompose; particularly those without a free
gas source such as a geothermal vent.
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3.1.4

Gas Hydrate Phase Equilibria
The basic principles guiding phase equilibria in gas hydrate systems are the same

as in all phase phenomena. The same thermodynamic criteria are used to describe the gas
hydrate equilibria as those for any phase equilibria: the temperature, pressure, and
fugacity (chemical potential/activity/etc.) equivalences for any two or more states in
equilibrium. Superscripts indicate the N phases, and the subscripts indicate the M
components present. T = temperature; P = pressure; f = fugacity.
𝑇1 = 𝑇 2 = ⋯ = 𝑇 𝑁
𝑃1 = 𝑃2 = ⋯ = 𝑃𝑁
𝑓11 = 𝑓12 = ⋯ = 𝑓1𝑁
𝑓21 = 𝑓22 = ⋯ = 𝑓2𝑁
⋮

⋮

⋮

𝑓𝑀1 = 𝑓𝑀2 = ⋯ = 𝑓𝑀𝑁
The degrees of freedom of a system are exactly the number of thermodynamic
properties that need be fixed in order to completely define the system
thermodynamically. Several gas hydrate phase equilibrium states exist between different
phases. Gas hydrates can exist in equilibrium with a liquid phase (with dissolved guest
gas), a solid phase (ice), a gas phase, or combinations of the three. A general methanewater phase diagram is provided in Figure 3.1.
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Figure 3.1 Phase diagram for methane and water in the hydrate forming region

Essentially, all of the current phase equilibria calculation models for gas hydrate
stability in multiple phases use the fundamental thermodynamic relations presented here.
Several methods for utilizing these relations have been executed, and Sloan (1998)
included a software package based on statistical thermodynamic models that is widely
used in industrial and laboratory applications.

3.1.4.1

Two-Phase Lw-H Systems
Chen et al. (2006) simulates phase equilibria for a two phase Lw-H system that

agrees with experimental data from Servio and Englezos (2002). Essentially, gas hydrate
is a supersaturated state of methane in water, although much like a precipitate form.
Nihous and Masutani (2006) ultimately arrived at a similar conclusion by deriving the
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necessary constraint for Lw-H equilibrium as the concentration of guest gas at the
interface of the hydrate and liquid water.
Looking at two phase Lw-H systems a little more closely provides a better
understanding of the stability of seafloor gas hydrates; most seafloor gas hydrates are
likely Lw-H two phase systems where biogenic gases slowly migrate and concentrate in
seafloor sediments over geologic time. Given the fugacity equivalence for gas hydrate
stability, the additional degree of freedom created by the disappearance of the free gas
phase is absorbed as the concentration of the guest gas forming the hydrates. In effect for
a pure methane Lw-H system, the concentration of methane must be at its saturation limit
at the hydrate-water interface. However, for a multicomponent Lw-H system consisting
of more than one guest gas such as those found in situ in the GOM, the fugacity
equivalence allows for stability at concentrations below saturation. The corollary to this
is that as gas concentrations in the liquid water phase increase or decrease, the
composition of the gas hydrate is affected.
A great deal of effort has been placed into obtaining experimental phase equilibria
data for pure and mixed gas hydrates as well as the development of theoretical models
capable of predicting gas hydrate phase equilibria (Lu et al., 2008; Bergeron et al., 2007;
Zhang et al., 2008; Servio and Englezos, 2001; Kim et al., 2008;). Fugacity models,
activity models, and even statistical mechanical models of gas hydrate phase equilibria
are active in the current literature. A basic understanding of two phase Lw-H equilibria is
essential to understanding the implications of some of the research findings presented in
this thesis.
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3.1.5

Mechanisms of Gas Hydrate Inhibition
As previously discussed several methods can be utilized for the inhibition of gas

hydrates in pipelines. Thermodynamic, kinetic, and anti-agglomerate inhibitors all
possess unique qualities that interact with and compete for water molecules under hydrate
forming conditions. Even though each class of gas hydrate inhibitors acts in its own way
to disrupt the hydrogen bonding required for gas hydrate formation and stability, some
classes of inhibitors can be more toxic, more expensive, or less stable than others when
applied to industrial problems. Therefore, research into gas hydrate inhibition is still
garnering significant attention. A discussion of the mechanisms behind each inhibitor is
provided.

3.1.5.1

Thermodynamic Inhibition Mechanisms
Thermodynamic inhibition of gas hydrate formation is directed by a change in

some equilibrium aspect of the system. Alcohols and glycols have been used extensively
in industrial applications for gas hydrate inhibition, but the toxicity and expense
associated with these methods has promoted several decades of computer simulations and
laboratory research to discover better alternatives. Salts can also be used to increase the
thermodynamic requirements for gas hydrate stability, but salts have a different set of
problems in practice such as corrosion, scaling, and the lack of an efficient recycle
process.
Typical thermodynamic inhibitors are appreciably soluble in water and have some
influence on the hydrogen bonds formed by water molecules. Since hydrogen bonding
plays a dominant role in the water structuring process during hydrate crystal formation,
compounds that compete for water molecules disrupt the hydrogen bonding network
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necessary for hydrate formation. This disruption creates a thermodynamic shift,
requiring lower temperatures or higher pressures to reach the hydrate stability envelope.
Using the Clapeyron equation with the data Hammerschmidt (1934) collected to
relate the slope (dlnP/dT) to the enthalpy of formation, ΔH, one finds the enthalpy of
formation is relatively constant (Sloan, 1998, p.201). Normally, a phase transition is
considered with respect to the change in Gibbs Free Energy defined as:
𝛥𝐺 = 𝛥𝐻 + 𝑇𝛥𝑆

(3-10)

The two components of the free energy change involve an energy term, ΔH, and a
structural term, ΔS. Given the constancy of the energy term with respect to inhibitors,
thermodynamic gas hydrate equilibrium shifts that require higher pressures and lower
temperatures must result from a structural disruption.
Each of the thermodynamic inhibitors acts to disrupt the hydrogen bonding
network required for gas hydrate formation and stability. Typical hydrogen bonding
schemes with pure water are provided in Figure 3.2. The hydrogen bonding disruption
mechanism of methanol is provided in Figure 3.3, and a typical salt ionization-solvation
mechanism is provided in Figure 3.4.
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Figure 3.3 Hydrogen bonding arrangement of methanol-water system. Dashed lines
represent hydrogen bonding; bond angles distorted.
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Figure 3.4 Solvation shells of water molecules surrounding ions of sodium chloride.
Ion-dipole bonds are present between ions and the water molecules.

The gas hydrate structure is maintained through hydrogen bonding networks, and
any compound present in the system that competes for water with the hydrate structure
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disrupts the hydrogen bonding network of the pure water. Essentially, thermodynamic
inhibitors do not completely inhibit hydrate formation; only shift the equilibrium
conditions at which hydrates will form. This shift is directly related to the additional
energy required to break the inhibitor-water bonds and form hydrogen bonds in a hydrate
lattice. In effect, any compound that forms a bond with water molecules theoretically
could shift the stability criteria for gas hydrates.

3.1.5.2

Kinetic and Anti-agglomerate Inhibition Mechanisms
The mechanisms of KIs and AAs will be presented together, as they are relatively

similar in makeup but differ in approach. KIs and AAs are typically some type of water
soluble, mostly synthetic polymer (although some biosurfactants may have applications
as AAs) that either adsorbs to the crystal face of gas hydrates (KIs) during formation or
forms an emulsion that limits mass transfer and catastrophic hydrate growth (AAs). KIs
also have a steric effect that limits adsorption of the guest hydrate former onto the crystal
face where the next clathrate cage is formed.
KIs usually inhibit gas hydrate formation for a specific amount of time; an
amount exceeding the residence time of the gas-water mixture in transit under hydrate
forming conditions. KIs have primarily been formulated in the laboratory as water
soluble polymers that adsorb to the face of the hydrate crystal, preventing agglomeration
to sufficient radii for catastrophic growth. The branched units of the polymer,
particularly branches with dipoles, may also interfere with the diffusion of the guest
molecule from the bulk phase to the interface where the reaction occurs. Figure 3.5
illustrates the inhibition of catastrophic gas hydrate formation through these two
mechanisms.
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Figure 3.5 Visual interpretation of kinetic inhibition of gas hydrates

Figure 3.5 can be thought of as one functional unit of kinetic inhibition. The
inhibitor blocks the diffusion pathway for the methane molecules not only by taking up
adsorption sites but also by blocking gas from making the transport from the bulk phase
to the interface. The polymer shown here is a short-type polymer inhibitor, and several
short polymers are likely to adsorb to multiple faces in a crystal. However, as the
polymer chain increases, an additional inhibition mechanism further acts to limit growth
of hydrate crystals by creating a geometrically-irregular structure for the hydrate crystals
to grow through and/or agglomerate around. In fact, once sufficient time has passed and
the KI‟s ability to inhibit catastrophic growth diminishes, the shapes and dimensions of
the nuclei and inner capillaries are likely determined by this geometrically-irregular
shape around which gas hydrate crystals agglomerated.
AAs inhibit catastrophic gas hydrate growth by limiting the water available for
hydrate formation. AAs are typically large polymers with surfactant-type properties, but
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concentration is important for AAs to be effective. Surfactants at some concentrations
are effective gas hydrate formation catalysts, particularly in combination with some
heterogeneous particles that exhibit attractive forces toward some part (hydrophobic or
hydrophilic) of the surfactant. However, as previously discussed, typically a liquid
hydrocarbon phase must be present for AAs to function effectively. The liquid
hydrocarbon phase provides sufficient hydrophobic mass to surround liquid water
droplets and limit hydrate growth upon the onset of hydrate formation. The mechanism
for AA inhibition is provided in Figure 3.6.

Liquid Hydrocarbon

Liquid Water
Liquid Water

Gas Hydrate
Anti-agglomerate

Figure 3.6 Progression of hydrate formation with anti-agglomerate inhibition. Diffusion
of water into the center of the oil droplet inhibits hydrate plugging.

Essentially, with AAs hydrate form but are water-limited. As long as the
emulsified water droplets within the hydrocarbon phase are sufficiently small, plugging
will not occur although pressure drops may increase somewhat. Just as the water is
utilized in the hydrate formation reaction, the hydrocarbon is as well. Thus, AAs are only
effective to a limited water fraction within the flow system.
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3.1.6

Surfactants as Catalysts for Gas Hydrate Formation
Surfactants have been extensively researched in recent years for their significant

alteration of the gas hydrate formation mechanisms. Surfactants were initially developed
for use in gas hydrate systems as inhibitors (AAs-emulsifiers), but notice was taken to the
catalytic effects on gas hydrate formation by certain types of surfactants. Synthetic
surfactants such as sodium dodecyl sulfate (SDS) have drastic effects on the induction
time, formation rate, and extent of formation in quiescent systems (Zhong and Rogers,
2000). Biosurfactants have also been shown to significantly reduce the induction time for
hydrate onset in porous media (Kothapalli, 2002; Woods, 2004; Dearman, 2007; Zhang et
al., 2007 a). Note the extent of hydrate formation in a quiescent system within a given
timeframe also increases with the use of surfactants, a direct indication of a decrease in
the bulk diffusion coefficient for the gas hydrate.
Surfactants typically have a three-fold effect on gas hydrate formation: (1)
localize gas and water to within a necessary proximity for clathrate formation, thereby
reducing the induction time, (2) reduce the surface tension and ultimately the energy
barrier of the critical radius for a given hydrate agglomerate, and (3) reduce the surface
tension and provide a lubrication of sorts to the inner capillaries of the hydrate system so
gas and/or liquid may diffuse through more rapidly and promote higher rates of formation
and lower hydration numbers. The formation of micelles with certain surfactants is
suspected to assist in the ordering process of clathrate formation. Micelles are spherical
structures formed through the association of hydrocarbon tails of surfactant molecules. A
normal micelle is one where a non-polar solute is surrounded by a polar solvent. A
reverse micelle is one where a polar solute is surrounded by a non-polar solvent, similar
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to the AAs presented above. Figure 3.7 illustrates the ordering and proximity effects for
both types of surfactants: those that form micelles and those that do not.

Micelle-Forming Surfactant

Elongated Surfactant
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Na+

Na+

Na+

Na+
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with hydrocarbon tail

Hydrocarbon
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Hydrophobic
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Hydrophilic
Backbone

Na+
Hydrophilic
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Concentrated Gas
Concentrated Water

Figure 3.7 Typical micelle-forming surfactant compared to a biopolymer surfactant
relative to gas and water concentration sites.

Biosurfactants produced by naturally occurring microorganisms assist in seafloor
hydrate formation in porous media (Woods, 2004; Rogers et al., 2003; Zhang et al., 2007
a). The biosurfactant production is a natural result of the presence of hydrocarbons and
the microbes that utilize them as substrates. The biosurfactants adsorb and enhance the
solubility of the hydrocarbons in the water and allow sufficient time for interactions
between water molecules and gas molecules to form clathrates; however, most
biosurfactants are large biopolymer molecules that do not form micelles. Thus, while
biosurfactants share many of the same qualitative properties as micelle-forming, synthetic
surfactants, they typically are not as powerful in terms of their ability to alter the state of
the aqueous solution of hydrocarbons, although exceptions such as surfactin exist.
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3.2

Bacillus subtilis
Since Bacillus subtilis cultures were planned to be used in laboratory experiments,

a background search for relevant and useful information was conducted. The synthesis of
the information as it later relates to gas hydrates is initiated here.

3.2.1

Structure, Morphology, Composition, and Metabolism
Bacillus subtilis is a common environmental microorganism with certain strains

capable of producing the biosurfactant, surfactin (Muthasey, 2008). B. subtilis has also
been identified as one of many organisms present in samples collected from areas of the
GOM where gas hydrates are present (Lanoil et al., 2001). This microbe often plays a
role in many laboratory exercises as a model organism because of its natural existence
and relative safety in terms of typical microorganisms. The structural and cell wall
characteristics, lipid composition, and metabolic observations will be discussed to later
emphasize these properties in relationship to the interpretation of the results of the
research.

3.2.1.1

Morphology and Structural/Cell Wall Characteristics
B. subtilis morphology is primarily a rod-shape through most of its life cycle, as

the title Bacillus suggests. B. subtilis is also a spore former. Spore-forming microbes
have an inherent design that allows for something similar to a hibernation period upon the
sensing of reduced substrate and/or nutrient availability. The spore is ruptured and
growth is initiated relatively quickly upon the re-introduction of the limiting factor for
sustainability. B. subtilis can also change morphology, which is usually initiated by some
environmental factor.
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The cell wall of B. subtilis consists of teichoic acid (TA) and peptidoglycan
(PGN) in dry weight proportions of 54% and 46% respectively (Spizizen, 1958; Tempest,
1969; Beveridge and Murray, 1980). Chemical modification of the cell walls indicated
an overall anionic nature associated with the cellular interface. This negative charge
associated with the polymer linkages in the cell wall was attributed to the carboxyl
groups of muramyl peptides (PGN) and phosphate groups of the TAs (Sonnenfeld et al.,
1985). Interestingly enough the net negative charge appears to be more concentrated at
certain regions of the cell, particularly the poles.
TA and PGN are interlinked polymers, and TAs have previously been shown to
orient perpendicularly from the external cell wall surface (Birdsell et al., 1975). Several
laboratories have shown that the phosphate groups associated with TAs form ligand
bonds with cations (Heptinstall et al., 1970; Matthews et al., 1979; Beveridge and
Murray, 1980; Doyle et al., 1980). Graham and Beveridge (1994) showed thin sectioned
envelope profiles that revealed a “fibrous cell wall 30 to 40 nm in thickness extending
perpendicularly away from the plasma membrane.” The charges on PGN and TA remain
viable once the cell generates new PGN and TA and sheds the old. In fact Koch and
Doyle (1985) indicate that upwards of 50% of the older cell wall material is turned over
per generation.
The mechanism behind cellular wall material regeneration during growth
highlighted by Koch and Doyle (1985) is important in that fragments of cell wall material
are constantly pushed outward, away from the cell, by newly formed cell wall material.
Thus, with each generation of newly synthesized microbial cells, significant quantities of
the PGN-TA inter-linkages are expelled to the environment. Essentially, the newly
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synthesized wall material is parallel to the membrane and during this pushing effect some
PGN-TA linkages become broken, sending strands of biopolymer protruding
perpendicularly from the membrane.
The negative charges distributed on the cell wall may also have implications for
metabolism, as heavy metals and other cations bind to the surface (Beveridge and
Murray, 1980; Doyle et al., 1980; Matthews et al., 1979). Most of the research on the
cell wall charge distribution has been conducted using certain fluorescing or conductive
cations to bind to the anionic charges on the cell surface.
Lahav (1967) showed the adsorption of bentonite to B. subtilis cells, and this
effect must be a result of the anionic charges of the B. subtilis and the localized cationic
charges of the bentonite. Furthermore, Walker et al. (1989) showed that this adsorption
of clays immobilizes heavy metals, suggesting B. subtilis may actually utilize this
adsorption mechanism for the localization of nutrients and or other metal complexes.
Thus, the charged surfaces of this microorganism play a role in metal bindings, mineral
surface adsorption, and even respiration. The hypothesis put forth is that these charged
surfaces will bind with bentonite and catalyze gas hydrate formation through a
mechanism similar to that illustrated in Figure 2.2.

3.2.1.2

Lipid Composition
Most microorganisms contain a phospholipid bilayer within the cell makeup that

functions as a semi-permeable membrane. The phospholipid bilayer of B. subtilis
consists of at least five phospholipids, four of which have been identified as polyglycerol
phospholipid, phosphatidylglycerol, phosphatidylethanolamine, and
lysylphosphatidylglycerol; the lipid makeup is dependent on the growth medium and pH
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(OP den Kamp et al., 1969). Growth of B. subtilis in an acidic medium also showed
more resilient cellular structures upon removal of the outer cellular material (protoplasts)
when compared to a neutral pH medium.
The phospholipid makeup of B. subtilis is important because the phospholipids
are similar in structure to surfactant molecules. Phospholipids have phosphate end
groups with fatty-acid tails consisting of a long chain hydrocarbon. Molecules of this
type contain the characteristics discussed earlier relative to gas concentrating on the
hydrophobic tail and water concentrating on the hydrophilic head. As B. subtilis
multiplies and old cellular material is turned over, some phospholipids are likely to end
up in solution.

3.2.1.3

Metabolism
B. subtilis was initially considered an obligate aerobe, but later evidence indicated

facultative qualities in the respiration of this microbe. B. subtilis is capable of using
nitrate or nitrite as terminal electron acceptors in anaerobic respiration and can also use
fermentation pathways (Nakano and Zuber, 1998). Evidence points to the cell wall
becoming somewhat protonated during respiration (Calamita et al., 2001), and Lahav
(1962) pointed out some respiration effects while the cells were adsorbed to bentonite. In
effect the aggregation of bentonite particles around B. subtilis creates bacterial
agglomerates and reduces respiration. However, when agitation was supplied, respiration
increased and agglomeration decreased.
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3.2.2

Surfactin Production
The Bacillus subtilis strain ATC21332 is known to produce surfactin, an anionic

biosurfactant with higher surface activity than the synthetic SDS (Arima et al., 1968;
Bernheimer and Avigad, 1970). Surfactin is a lipopeptide with several amino acids and
homologous series of hydroxy fatty acids. Several natural isomers exist with variations
in chain length, branching of the hydroxy fatty acids, and substitutions of amino acids
within the peptide ring (Oka et al., 1993; Itokawa et al., 1994; Peypoux et al., 1994;
Kowall et al., 1998). Aerobic surfactin isomers (commercially produced) were shown to
catalyze gas hydrate formation effectively (Kothapalli, 2002). Zhang et al. (2007 a)
produced surfactin isomers anaerobically using this strain of B. subtilis, and the anaerobic
isomers were more catalytic to gas hydrate formation than commercially-produced
aerobic surfactin isomers.
Surfactin also forms micelles in solution with water and does so at concentrations
orders of magnitude below that of SDS. At 5°C and ambient air pressure, the critical
micelle concentration (CMC) of surfactin was reported to be 17.2 ppm in distilled water
(Heerklotz and Seelig, 2001). Micelles are thought to enhance gas hydrate formation by
localizing gas and water as shown previously in Figure 3.7. Given the presence of this
bacterium in GOM sediments analyzed by Lanoil et al. (2001) among others associated
with biosurfactant production, microbes are directly responsible for the production of
compounds known to catalyze gas hydrate formation in saturated porous media
experiments.
Certain elements enhance surfactin production in B. subtilis. Ferrous iron and
manganese salts stimulate the growth of the B. subtilis as well as the production of
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surfactin (Cooper et al., 1981). In fact surfactin production was greatly reduced in a
control flask without either iron or manganese. The presence of hexadecane actually
inhibited surfactin production in the experiments even though microbial growth
proceeded. This inhibition is likely a result of the specific nature of the hydrocarbon used
either acting on the B. subtilis or on the uptake mechanism for the iron and manganese, as
many believe that biosurfactants are produced to aid in hydrocarbon availability for
metabolism.
3.3

Bentonite
Bentonite, also known as montmorillonite, is tri-layer smectite clay. Bentonite is

considered tri-layer because of the alumina octahedral sheets layered between silica
tetrahedral sheets bonded together through oxygen. Anionic charges persist between the
sheets as a result of the tetrahedral and octahedral oxygen bonds. Cations stabilize the
interlayer negative charges and support the material, and this is where the distinction
between sodium montmorillonite and calcium montmorillonite is derived.
Prior research shows that smectite clays, in particular bentonite, adsorb
biosurfactants and catalyze gas hydrate formation in porous media while kaolinite clays
and sands do not (Kothapalli, 2002; Woods, 2004). Bentonite has a characteristic ability
to order water with its active mineral surfaces, and some results indicate that this ordering
of water may reduce the pressure and increase the temperature required for hydrate
formation when compared to methane and water systems (Reistenberg et al., 2003).
Nonetheless, smectite clays such as nontronite, bentonite, and saponite are found in
marine sediments (Cole and Shaw, 1983).
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Bentonite is primarily composed of sodium, calcium, aluminum, silicon,
hydrogen, and oxygen (Mineralogy Database). Strictly sodium or strictly calcium
bentonite can be prepared through ion exchange reactions. The general composition of
bentonite is provided in Table 3.2.

Table 3.2
General composition of montmorillonite (http-webmineral)
Element

Elemental Form Percentage Mineral Form Percentage

Sodium

Na

0.84 %

Na2O

1.13 %

Calcium

Ca

0.73 %

CaO

1.02 %

Aluminum

Al

9.83 %

Al2O3

18.57 %

Silicon

Si

20.46 %

SiO2

43.77 %

Hydrogen

H

4.04 %

H2O

36.09 %

Oxygen

O

64.10 %

-

The presence of an interlayer in smectite clays can enhance gas hydrate formation
nucleation and kinetics by the intercalation of anionic biosurfactants. Additionally, prior
discussion established that bentonite is known to adsorb synthetic surfactants to the
surface and within the interlayer has gas adsorption properties as well. Therefore,
bentonite contains all of the ingredients of a compound capable of catalyzing gas hydrate
formation, particularly through the adsorption of biosurfactants, ordering of water
molecules, and by providing a heterogeneous nucleation surface. Furthermore, the
heterogeneous charge distribution associated with the respective components in the
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mineral creates multiple locations around and within the bentonite for surfactant, gas, and
water affiliations.

3.4

Biochemical Reactions
Many biochemical reactions are associated with seafloor sediments and marine

ecosystems. Sulfate is reduced to sulfide within the uppermost portion of the sediments
(sulfate reduction zone, see Figure 2.3) while carbonate and residual organic carbon
compounds are converted to methane in deeper zones. Sulfide is oxidized back to sulfate
or elemental sulfur near the seafloor surface. The reaction mechanisms, energetics, and
reaction products are indirectly important to seafloor gas hydrates in many ways. The
reactions discussed are sulfate reduction (coupled with oxidation of hydrocarbons),
sulfide oxidation, and methanogenesis.

3.4.1

Syntrophic Sulfate-Reduction and Hydrocarbon Oxidation
Sulfate-reduction is thought to be an extremely important biochemical reaction

when coupled to the oxidation of hydrocarbons in seafloor sediments. The strength of
sulfate-reduction, even in high methane flux areas, ultimately limits the total release of
methane to the atmosphere at less than 2% (Cicerone and Oremland, 1988). The sulfate
zone near methane seeps or gas hydrate deposits recedes to only a few centimeters below
seafloor (Boetius et al., 2000; Kastner et al., 2005; Lapham et al., 2008), but in areas
absent of high concentrations of hydrocarbons, the sulfate zone may extend 50 m
(Borowski et al., 1999). The oxidation of hydrocarbons, particularly methane, is
important in understanding the fate of gas contained within gas hydrates should
catastrophic releases of gas ever be triggered.
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Several researchers have investigated the thermodynamics of anaerobic oxidation
of methane (AOM) and sulfate reduction coupling (Hoehler et al., 1994; Valentine and
Reeburgh, 2000; Thauer and Shima, 2008). Some research has been produced using
samples of seafloor sediments associated with cold seeps and gas hydrates that show rates
of AOM similar to those measured in situ at various locations (Nauhaus et al., 2002; Joye
et al., 2004; Orcutt et al., 2004). Indirect analysis of lipid biomarkers verifies AOM is a
major reaction occurring in these areas (Hinrichs et al., 1999; Zhang et al., 2003; Orcutt
et al., 2005). Note that one recurring theme within the research surrounding AOM and
sulfate reduction is that methanogens somehow mediate this syntrophic reaction scheme
through reverse methanogenesis.
The energetics of AOM (and most small chain hydrocarbons) are not favorable in
general, but when this reaction is coupled with sulfate reduction through an electron
transport chain, the process becomes slightly favorable. Thauer and Shima (2008) dissect
the energy changes and potentials involved in several theoretical reactions that may
contribute to AOM. The AOM and sulfate reduction were coupled in syntrophy as
follows:
(𝛥𝐺 0 = +131

𝐶𝐻4 + 2𝐻2 𝑂 → 𝐶𝑂2 + 2𝐻2

𝑘𝐽

4𝐻2 + 𝑆𝑂42− + 2𝐻 + → 𝐻2 𝑆 + 4𝐻2 𝑂

(𝛥𝐺 0 = −152 𝑚𝑜𝑙 )

𝑘𝐽
𝑚𝑜𝑙

)

(3-15)
(3-16)

Valentine and Reeburgh (2000 and references therein) presented similar reactions
with the exception of hydrogen sulfide taking the dissociated form of HS-. The combined
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net reaction was provided by Valentine and Reeburgh (2000) as (net energy change
calculated from above):
𝑆𝑂42− + 𝐶𝐻4 → 𝐻𝐶𝑂3− + 𝐻𝑆 − + 𝐻2 𝑂

𝑘𝐽

(𝛥𝐺 0 = −21 𝑚𝑜𝑙 )

(3-17)

Other short-chain hydrocarbons can be used as substrates in sulfate reduction in
marine sediments. Some research suggests that propane and other hydrocarbons
preferentially degrade via sulfate reduction more readily than methane (Hinrichs et al.,
1999). However, other data collected In situ shows methane and/or ethane oxidation is
preferable (Sassen et al., 1999, 2004). Overall, sulfate reduction mechanisms and rates
become important in determining the fate of the massive amounts of hydrocarbon gases
released from cold seeps, active vents, and methanogenesis throughout the world‟s
seafloor sediments, as many of the gases are thought to end up as carbonate deposits
(Joye et al., 2004).

3.4.2

Sulfide Oxidation
Sulfide oxidation is carried out by specific microbes found as mats overlain on the

seafloor and, in particular, gas hydrate mounds protruding from the seafloor (Sassen et
al., 1994, 1999, 2004; Joye et al., 2004). The oxidation of the sulfide proceeds by
Beggiatoa microorganisms. These microbes contain oxygen sacs within that allow for
sulfide re-oxidation within the sulfate reduction zone (Nelson et al., 1986; McHatton et
al., 1996). This re-oxidation of sulfate is an important part of the bigger ecosystem
present in these unique environments. The replenishment of sulfate to the sulfate-
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reducing microbes allows for a continual loop of sulfur cycling which supports microbes,
chemosynthetic communities, and microfauna in many ways.
Qualitatively, the sulfide oxidation reaction will be important to understand the
fate of sulfate reduction reaction products. H2S is a molecule capable of forming gas
hydrates, and therefore the sulfide concentration, pH, and presence of Beggiatoa becomes
important in predicting the most likely fate of the molecule. This also has implications
for gas hydrate stability and will be discussed later.

3.4.3

Methanogenesis
Methanogenesis is the process by which methanogenic archaea utilize either

carbonate or organic carbon as an energy source and produce methane as the product.
Biogenic methane is considered the primary gas contained in gas hydrate formations in
many ocean sediments throughout the world. Where free gas does not vent from faults
beneath the seafloor, biogenic methane becomes the only source for hydrocarbon gas.
Methanogenesis substrates are readily available in seafloor sediments as a result of
soluble carbonates and residual organic carbon from biomass accumulations. However,
other elements may be controlling factors for the rate at which methane is generated by
these microbial cells.
Methanogenic substrates range from CO2 (including dissolved carbonate form),
formate, methanol, methylamines, and acetate (Fenchel and Finlay, 1995, p.82). The
energetics of each reaction are important in assessing the most energetically-favorable
reaction for the methanogens. The evaluation of free energy changes in each reaction
mechanism provides a theoretical ranking of substrate preference and utilization. Four
reactions and the energy changes for each are summarized below from (summarized from
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Fenchel and Finlay, 1995, p.82). The reactions are in order of decreasing free energy
change.
1.

CO2 reduction to include carbonates and CO
𝑘𝐽

(∆𝐺 0 = −136 𝑚𝑜𝑙 𝐶𝐻4 )

𝐶𝑂2 + 𝐻2 → 𝐶𝐻4 + 2𝐻2 𝑂

(3-11)

2. Formate reduction
𝑘𝐽

(∆𝐺 0 = −130 𝑚𝑜𝑙 𝐶𝐻4

4𝐻𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 3𝐶𝑂2 + 2𝐻2 𝑂

(3-12)

3. Reduction of the methyl group of methanol and methylamines
𝑘𝐽

(∆𝐺 0 = −105 𝑚𝑜𝑙 𝐶𝐻4 )

4𝐶𝐻3 𝑂𝐻 → 3𝐶𝐻4 + 𝐶𝑂2 + 2𝐻2 𝑂

(3-13)

4. Disproportionation of acetate
𝑘𝐽

(∆𝐺 0 = −31 𝑚𝑜𝑙 𝐶𝐻4 )

𝐶𝐻3 𝐶𝑂𝑂𝐻 → 𝐶𝐻4 + 𝐶𝑂2

(3-14)

As can be seen from the free energy changes associated with each reaction,
carbonate reduction mechanisms are most favorable from a thermodynamic standpoint
for methanogens as long as sufficient hydrogen is present. The actual use of the energy
generated in methanogenic reactions is still unclear, as there is no known biochemical
mechanism to link methanogenesis to substrate-level phosphorylation (Fenchel and
Finlay, 1995, p.82).

3.5

Geochemical Reactions
Geochemical reactions such as carbonate precipitation, sulfide precipitation, and

oxidation-reduction reactions associated with soluble metals are important in gas hydrate
systems. Both carbon and sulfur were found to be biologically cycled through areas in
seafloor sediments containing gas hydrates (Orcutt et al., 2004), but the pH is ultimately
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the director of the fate of the carbon and sulfur. Oxidation-reduction reactions can
indirectly influence gas hydrates through the conversion of a soluble metal ion to an
insoluble metal ion or complex that precipitates. Essentially, all significant influences on
gas hydrates from geochemical reactions can be related to precipitation.
Precipitates of iron nucleate gas hydrates and result in immediate gas hydrate
crystallization (Irvin et al., 2000). As soluble Fe2+ is oxidized to Fe3+ and combines to
form some oxide, hydroxide or other insoluble iron compound, precipitation will occur
and provide nucleation points for structured water and gas. Iron sulfide is a potential
precipitate on the seafloor, as nodules of iron sulfide have been found at select GOM
locations (van Dongen et al., 2007).
Carbonates precipitate as calcium carbonate in alkaline conditions at the seafloor
near high sulfate reduction rates due to increases in carbonate (alkalinity). Carbonates in
the form of aragonite (CaCO3) also enhanced gas hydrate formation in the laboratory
(Woods, 2004). Carbonates are also important to chemosynthetic communities and
microfauna for support, as the precipitates provide a hard surface for burrowing, etc.
(Sassen et al., 2004).

3.6

Mississippi Canyon 118 (MC-118)
The Mississippi Canyon is located off the coasts of Mississippi and Louisiana in

the GOM. The National Oceanic and Atmospheric Administration (NOAA) in
conjunction with the Mississippi Minerals Resource Institute and the U.S. Department of
energy have begun a massive project to place a seafloor observatory at MC-118 for the
study of a gas hydrate-containing marine environment. The MSU Gas Hydrate Research
Laboratory has played an integral role in providing laboratory data toward the efforts.
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MC-118 is located 150 miles offshore in over 2900 ft of water and provides a
microcosm of GOM activity. Numerous sediment samples taken from the site were
analyzed in the MSU laboratory. Samples came from box core and push core; hydrates
from outcrops were retrieved by submersible.
MC-118 is characterized by massive amounts of authigenic carbonate rock,
bacterial mats (Beggiatoa), and bivalves (Sassen et al., 2006). Microbial activity varies
across the site with the highest levels of activity occurring near active hydrocarbon vents
and gas hydrate outcrops (Lapham et al., 2008). At MC-118 the pressure, temperature,
and salinity conditions are ~10 MPa, 5.5°C, and 3.5%, respectively. Figure 3.8 is a map
showing the location of MC-118.
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MC-118

Mississippi Canyon 118
Location:

28°51'07.0983"N;

Depth:

883 m

Temperature:

5.5°C

Salinity:

~3.5%

88°29'31.0727"W

Figure 3.8 Map of the Gulf of Mexico showing the location of MC-118
[http://www.gomr.mms.gov/homepg/lsesale/mau_gom_pa.pdf]

3.7

Mathematical Simulations of Seafloor Gas Hydrates
Several mathematical models derived from thermodynamic and fluid flow

governing equations attempt to predict gas hydrate formation, accumulation, and stability
using multiple inputs of geological, biological, and geochemical parameters (Gering,
2003; Bhatnagar et al., 2007; Sun and Duan, 2007). Sediment compaction, gas diffusion
and advection, salinity, and even recently methanogenesis are some of the inputs utilized
in these numerical simulation models. The models require numerical solutions and

76

involve many parameters to effectively model complex phenomena such as seafloor gas
hydrate formation, accumulation, and dissociation.
The models do not address the effects of inner-hydrate biochemical reactions and
the subsequent implications of concentration-driven diffusion into and out of the gas
hydrate interior via capillaries. Gases generated or consumed from within gas hydrate
structures are not subject to additional transport mechanisms as gases outside the hydrate
structure such as advection or convection; diffusion is the only likely transport scenario
given the capillary sizes reported. Thus, gas hydrate composition inputs are considered
to be constant in the current models whereas biochemical transformation of occluded
gases could alter gas composition of the hydrate, depending on the reaction schemes and
the fate of biochemical reaction products. Additionally, methanogens may produce
methane from within the gas hydrate interior, supplying additional gas to the system and
enhancing the stability.
Modeling of a complex natural system such as subsea gas hydrate accumulations
must be a cumulative process that refines inputs, parameters, and equations as more
becomes known about the governing phenomena. The implications of the theoretical
background summarized in this chapter combined with historical data and laboratory data
presented in this thesis are presented in CHAPTER 6 in the form of a mathematical
model formulated to supplement the current models for stability predictions.
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CHAPTER 4
EXPERIMENTAL METHODS AND DESIGN

4.1

Selection of Experimental Scope
The scope of the work performed was based on several considerations, primarily

the lack of data regarding direct microbial influences on seafloor gas hydrates. Samples
collected from MC-118 were available as an in situ source of microorganisms from a
well-established area of gas hydrate proliferation. Additionally, previous work in the Gas
Hydrates Research Laboratory at Mississippi State University unveiled many microbial
and sediment/mineral influences on gas hydrate formation; albeit the microbial influences
are of an indirect nature. Thus, a general direction was set to uncover additional
relationships regarding direct microbial influences on seafloor gas hydrates. The primary
topics of interest were how microbial interactions with water may influence the
structuring of water to form gas hydrates and whether microbes were able to reside within
the gas hydrate structure and take advantage of a stationary carbon source for growth and
energy requirements.

4.2

Selection of Experimental Conditions
The experimental conditions selected for the respective tests executed over the

duration of the project were based on prior research at the MSU Gas Hydrates
Laboratory, in situ conditions at MC-118, and general laboratory safety considerations.
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For example, incubation temperatures for some cultures were performed at 18°C, a higher
temperature than one might expect at the seafloor; however, the GHSZ extends to
temperatures up to 20°C near the bottom of the stability zone within deep sediments
(Zhang et al., 2007 a). Additionally, aerobic and anaerobic culturing techniques were
utilized to minimize incubation times for microbes and to diversify microbially-produced
compounds such as biosurfactants. A general discussion of techniques is provided,
followed by a more thorough accounting of specific operating procedures.
Bacillus subtilis-produced surfactin has been utilized in the past in experiments in
hydrate formation tests as previously discussed. Also, bentonite was shown to be an
effective smectite clay for catalyzing gas hydrate formation. The experiments conducted
drew from optimal agents from past research findings relative to gas hydrate formation
testing to eliminate control testing on these agents.

4.2.1

General Microorganism Culturing and Experiments
Cultures of select microorganisms utilized for experiments and as experiments

alone were incubated at 18°C. The temperature was selected based on maintaining some
element of in situ conditions while balancing the growth rate (dependent on temperature
in many cases) of the microorganisms. Mixed cultures grown from samples collected at
MC-118 may have some selectivity in the species of the proliferating microorganisms
given the specific conditions used in the culturing, but realistic timeframe constraints are
typical of most laboratory studies.
Agitation was provided in the form of a gyratory shaker table when agitation was
applicable. Culturing experiments with B. subtilis were conducted with agitation while
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those with MC-118 microbes were not. Microbial mobility preference or origin was
taken into account in determining whether or not to agitate cultures during growth.
The specific media used to culture the various microorganisms was selected based
on prior research (B. subtilis) or in situ conditions (MC-118). B. subtilis culture media
followed the work of Zhang et al. (2007 a) with one modification as part of the
experimental design. The modification required the removal of the iron (II) sulfate in
aerobic tests to prevent precipitation of iron oxides and/or hydroxides during cooling of
the test reactor. MC-118 microorganisms, with the exception of the hydrate formation
tests following work with B. subtilis, were cultured using synthetic seawater (SigmaAldrich) as the base media or a specific sulfate-reducer medium used by Nauhuas et al.,
(2002). Other additions for specific experiments are noted below in the specific
experimental descriptions. B. subtilis was cultured only for hydrate formation tests, and
MC-118 microorganisms were cultured for biosurfactant production measurements and
hydrate formation tests.
B. subtilis cultures were incubated under a mix of aerobic and anaerobic
conditions to minimize the lag phase of growth and to diversify surfactin production
(Zhang et al., 2007 a). MC-118 cultures were incubated under aerobic conditions to
determine the ability of aerobic metabolism and anaerobic conditions (95% N2, 5% H2) in
attempts to simulate the natural seafloor environment.

4.2.2

General Gas Hydrate Nucleation, Kinetics, and Phase Equilibria Experiments
A balance between representative temperatures on the seafloor and safe operating

pressures in the laboratory led to the selection of gas hydrate experimental conditions.
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For B. subtilis hydrate kinetics experiments (with the exception of selected nucleation
experiments), a temperature of 0.5°C and pressure of 440 psig (at 20°C) were selected.
The T-P conditions established sufficient driving force for rapid nucleation (in a
catalyzed, control test) and formation extent (sufficient separation between initial and
equilibrium pressures). Additionally, 0.5°C is a typical minimum for extreme seafloor
depths and is therefore still within realistic conditions. The pressures on the seafloor are
much higher where gas hydrates typically form, but driving force (combination of T and
P) ultimately is more important than absolute conditions when measuring hydrate
formation characteristics.
Phase equilibria data were determined using B. subtilis culture and cell-free broth
from the culture to evaluate the influence of cell mass on the hydrate equilibrium pressure
at various temperatures. The phase equilibria experimental pressure was the same as the
kinetics experiments; 440 psig (20°C). The temperature was varied while equilibrium
pressures were recorded.
In general most of the microbiological influences tested in the past have been of
an indirect nature, primarily involving biosurfactants and various minerals/clays.
Previous tests were executed in saturated porous media rather than having a full liquid
phase present. Additionally, although much past research has focused on these indirect
microbial influences, no research directly involving the microorganisms is available.
Therefore, liquid phase testing, slurry testing, and saturated porous media testing were
utilized in gas hydrate formation experiments.
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4.2.3

General Gas Hydrate Metabolism Experiments
Experiments were conducted to evaluate the potential for microbial metabolism

within a gas hydrate macrostructure. These experiments required careful consideration of
the procedures used to ensure the microbial metabolism occurred after hydrate formation
and within the hydrate structure. Experimental conditions for this set of experiments
were driven by the need for rapid nucleation and formation and a high extent of hydrate
formation to remove free water from the bottom of the high pressure test reactor.
The temperature selected for metabolism experiments is common to that found at
MC-118; typically 5-6°C. Again, pressures were limited by safety considerations within
the laboratory but were sufficiently high to produce a driving force capable of rapidly
nucleating the gas hydrate formation process and converting sufficient water to hydrate
prior to reaching the equilibrium pressure. All cultures used in hydrate metabolism tests
were incubated under anaerobic conditions prior to introduction to the test cell (when
applicable) and within the test cell containing natural gas.

4.2.4

General Classification of Experiments
The experiments executed for the project are subdivided into classifications.

Table 4.1 summarizes the experiments conducted during the project. General
descriptions of the experiments as well as the objectives are provided.
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Table 4.1
General descriptions and research objectives for each experiment type
Experiment
Classification

Experiment Description

General Objective

Microbial influences on
gas hydrate formation
(Class I)

Microbial influences on the nucleation,
induction time, and kinetics of gas
hydrate formation (B. subtilis and MC118 microorganisms)

Determine any significant
influence the presence of
microorganisms exerts on gas
hydrate nucleation, induction
time, and kinetics.

Microbial influences on
gas hydrate equilibria
(Class II)

Microbial influences on the phase
equilibrium of gas hydrates (B. subtilis
only)

Determine any significant
influence of microbial cells on
hydrate equilibrium criteria.

Microbial fate in gas
hydrate systems (Class
III)

Microbial fate during gas hydrate
formation

In situ indirect microbial
influences on gas hydrates
(Class IV)

MC-118 – Biosurfactant production
potential and porous media hydrate
formation tests

Microbial metabolism
within gas hydrates (Class
V)

MC-118 – Metabolism potential within
gas hydrate macrostructures

4.3

Experimental Designs and Procedures

4.3.1

Gas Hydrate Test Reactor Setup (GENERAL)

Provide direct evidence to
support literature claims that
microorganisms reside within
gas hydrate macrostructures
Evaluate mineral, nutrient, and
trace element effects on
biosurfactant production from
MC-118 microorganisms.
Determine effect of
biosurfactant production on gas
hydrate formation in saturated
porous media.
Determine if microorganisms
within MC-118 samples can
metabolize natural gases while
residing within hydrate structure.

The gas hydrate formation tests were conducted in two stainless steel high
pressure reaction vessels and are identified as Reactor A and Reactor B. The details of
the equipment used in the hydrate tests are provided in the equipment section below. The
general setup procedures and apparatus descriptions will be provided in this section.
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4.3.1.1

High Pressure Reactors for Hydrate Tests
Two reactors were used for various hydrate tests, depending on the utility of the

vessel for the specific application. Reactor A is a 494-mL Parr Instrument Company
Model 4762 high pressure reactor (rated at 2950 psig) constructed of 316 stainless steel.
The reactor inner diameter is 2.5 inches; height is 5.94 inches. The reactor contains three
female nominal pipe thread (FNPT) ports, two 7/8th inch and one 9/16th inch, all located
on the top end of the reactor.
The 9/16th inch port contained a branched fitting with a 3-wire platinum resistance
temperature device (RTD) inserted through the top for monitoring the system
temperature, a pressure transducer and valve on one end, and a pressure relief valve set at
700 psig on the opposite end. The 7/8th inch ports are fitted with clear sapphire crystals
1/4th inch thick inserted into the reactor through FNTP for insertion of a light source and
Borescope camera. This setup allows for monitoring and photographing of the reactor
interior. For some tests with Reactor A, a copper tube XYZ inches in diameter and XYZ
inches tall was used as a conductive surface to enhance the heat transfer (of the
exothermic reaction) from the liquid/hydrate phase to the gas phase. Figure 4.1 is a
digital photograph of Reactor A.
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Figure 4.1 Digital photograph of Reactor A with pressure and temperature connections
Reactor B is a 300-mL Parr Model 4760 high pressure reactor (3000 psig)
constructed from 316 stainless steel. The reactor has an inner diameter of 2.5 inches and
is 4 inches tall. Reactor B was modified by Parr to include a side viewing sapphire
window, a heat exchanger coil fitted into the bottom of the reactor for cooling and
heating the reactor contents, and a valve protruding from the bottom of the reactor for
draining contents. Reactor B contains three FNPT ports, two 7/8th inch ports and one
9/16th inch port.
One 7/8th inch port is fitted with a 3-wire platinum RTD. The other 7/8th inch port
contains a branched fitting with a pressure tranducer/valve on one end along with a
pressure relief valve set at 700 psig on the other. The 9/16th inch port is occupied by a
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clear sapphire crystal 1/4th inch in diameter for insertion of a light source and/or
Borescope. Figure 4.2 shows the exterior and interior of Reactor B.

Figure 4.2 Digital photographs of the exterior and interior of Reactor B

4.3.1.2

Reactor Cleaning, Setup, and Deconstruction Procedures
Prior to use in hydrate tests, the reactor pieces were thoroughly cleaned with

detergent and hot water. The pieces were then triple-rinsed with distilled water, rinsed
once with ultra pure water, covered with aluminum foil, and the reactor body was placed
in a drying oven at 105°C until dry. A copper tube used in some hydrate tests was
covered with aluminum foil and allowed to dry as well following the wash cycle.
After charging the reactor with the applicable contents, the reactor cover was
bolted in place along with the safety ring. The reactor outlet valve was connected to the
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gas charging unit hose, and a vacuum pump was used to remove air from the reactor
headspace for approximately 10 seconds. The vacuum pump valve was closed, and the
reactor was then purged with natural gas (90% CH4, 6% C2H6 4% C3H8) to 250 psig
twice to remove residual air. Finally, the reactor was charged to the desired pressure with
natural gas, and the valve was closed.
The reactor was thoroughly checked for leaks using a soap solution while looking
for bubbles. Remaining natural gas in the hoses was directed to a purge tank where
nitrogen was used to inert the gas mixture prior to discharging to the hood. Figure 4.3
illustrates the gas charging unit in the laboratory for high pressure reactors.

Figure 4.3 Diagram of gas charging unit for gas hydrate high pressure reactor

After gas hydrate testing was completed, the reactor was reconnected to the gas
charging unit. The natural gas in the test cell was evacuated to the purge tank at a
sufficiently low rate to prevent foaming in surfactant-based tests. The test cell valve was
closed, and nitrogen was then used to inert the gas in the purge tank. The inert mixture
was then released to the exhaust along with residual gas in the reactor.
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4.3.1.3

Test Initiation, Execution, and Termination
Once the reactor was charged with natural gas to the desired pressure, it was

placed into a recirculating water bath previously set at 20°C. The RTD temperature
sensing probe and the pressure transducer, both mounted on the test cell, were connected
to the computer interface. LabView software was configured to record measurements in
1 second intervals, and the pressure was adjusted to the experimental value. The reactor
was left for a minimum of 1 hour for thermodynamic equilibration with the cooling
liquid, and further adjustments were made as necessary. A new file readily identifying
the experiment was created, and LabView was configured to record measurements in 30
second intervals. Last, the temperature was adjusted on the recirculator to the applicable
temperature for the test. Figure 4.4 indicates the apparatus setup for test execution in
experiments conducted with Reactor A.
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Figure 4.4 Cross-section of experimental setup for Reactor A

During test execution, daily monitoring of the pressure and temperature
recordings of the reactor headspace was performed to ensure the test was proceeding as
planned. Temperature adjustments were made when necessary using the digital interface
on the recirculator. When the test was complete, a new file was created with an identical
label to the initial file with the addition of REHEAT. The recirculator temperature was
set to 20°C, and the reactor was left until initial T-P conditions were reached.

4.3.2

Culture Handling and General Aseptic Procedures
All glassware, utensils, and other equipment used in preparing, storing, or

handling microbial cultures were sterilized in an autoclave at 121°C and 15 psig for a
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minimum of 15 minutes prior to use. Aseptic techniques were utilized when handling
cultures, including the use of flame and sterile pipettes, etc. Distilled water was used to
prepare all culture media. Extra care was taken when transferring cultures to fresh media
to prevent inclusion of air-borne microbes and other potential laboratory bench
organisms.
A Coy anaerobic glove chamber was used for preparing, handling, and sampling
anaerobic cultures. The glove chamber was purged with a N2/H2 mixture (95%/5%) and
contained a purge chamber where partitioning of the aerobic atmosphere and anaerobic
interior was assisted during glove chamber loading.

4.3.3

Analytical Methods
Several analytical methods were utilized to measure parameters of interest.

Scanning electron microscopy (SEM) was used to evaluate morphologies and sizes of
bacteria used in hydrate tests, along with the identification of microorganisms from
within gas hydrates. SEM was also used to view bentonite-B.subtilis slurry and the
sediment characteristics of MC-118 samples.
Standard Methods for the Examination of Water and Wastewater (Standard
Methods), 18th edition was used to analyze sulfate and sulfide concentrations in gas
hydrate metabolism tests via Standard Methods 4500-S2- and Standard Methods 4500SO42- respectively. Standard Methods 9215 was used for bacteria enumeration. Total
and dissolved inorganic carbon concentrations were measured following the guidelines in
Standard Methods 5310-TOC. Surface tension, pH, and optical density measurements
were performed via standard protocols dictated by the instruments used.
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A Hewlett-Packard Gas Chromatograph (GC) equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID) was used to analyze
gases for hydrocarbon and/or carbon dioxide content. Methods developed and calibrated
previously by Dr. G. Zhang, a member of the gas hydrate research group at MSU, were
used in the quantification of gases. A 50 μL gas-tight syringe was used to sample gas
from 1-L Tedlar collection bags and inject gas into the GC.

4.3.3.1

Scanning Electron Microscopy
Biological samples are prepared differently for SEM than non-biological samples

that require less preservation from artifact. Once the sample of interest was collected, it
was placed into a primary fixative-buffer solution containing sodium phosphate buffer
(0.1 M) and glutaraldehyde (2%). The sample was placed in the chiller at 4°C overnight
to allow penetration of fixative.
The next day the sample was poured into several 3-mL micro centrifuge vials, and
the vials were centrifuged at 500 relative centrifugal force (RCF) for 15 minutes. The
supernatant was removed, and the vial contents were concentrated into at least half the
number of vials with 0.1 M phosphate buffer. The vials were centrifuged again under the
same conditions.
Once the sample was concentrated sufficiently to maintain a pellet structure upon
centrifugation, six rinses for 10 minutes each in 0.1 M phosphate buffer were performed
carefully in order not to disrupt the pellet. Following this the sample was placed into a
secondary fixative-buffer solution containing 0.1 M sodium phosphate buffer and 2%

91

osmium tetraoxide (OsO4). The sample was left in the OsO4 buffer solution for 2 hours
at lab ambient conditions.
Following secondary fixation, six rinses for 10 minutes each in distilled water
were performed, after which a gradient-rinse procedure with mixtures of distilled water
and ethanol was executed. The gradient-rinse procedure initiated with two rinses for 10
minutes each with 35% ethanol (65% distilled water), followed by two rinses for 10
minutes each with 50% ethanol and 70% ethanol. The last 70% ethanol rinse remained
stored at 4°C overnight, followed by two rinses for 10 minutes each with 95% ethanol.
Once the alcohol dehydration of the sample was complete, the sample pellet was
removed from the vial and placed into a Polaron CO2 critical point dryer system. The
pressure was increased until a liquid phase of carbon dioxide was present halfway up the
viewing window and was maintained at this level for 15 minutes to extract any residual
ethanol in the sample. Finally, the pressure was slowly decreased to atmospheric, and the
sample pellet was removed and mounted on a stub using carbon tape. Some samples
(depending on the experiment) were placed under a light microscope and sectioned
before coating. The stubs were stored in Fisher Scientific low-humidity storage vessels
for later coating.
A Polaron plasma sputter coating system equipped with argon gas and goldpalladium metal coating substrate was used to coat samples for viewing under the
microscope. Samples were loaded into the coating system, the gas was turned on, and the
chamber was pumped and purged several times before reaching an absolute pressure of
0.07 mbar. Samples were coated for 90 seconds at 2.4 kV and 20 mA. Stubs were
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removed from the coating system and returned to the low-humidity vessels for storage
until later viewing.
Preparations for sample viewing included loading the microscope viewing
chamber with the stub containing the sample, evacuating the chamber to the necessary
microscope operating conditions, and turning on the view function of the microscope
software. Microscope settings typically ranged from 5 kV to 15 kV on mode 3. Working
distances were selected after viewing proceeded to achieve the best resolution of the
sample aspect of interest.

4.3.3.2

Sulfide Analysis
Sulfide was measured in the aqueous phase of gas hydrate metabolism tests

following Standard Methods 4500-S2- D, Methylene Blue Method. Matched test tubes
125 mm long and 15 mm in diameter were used, and a plastic transfer pipette was cut to
dispense 20 drops/mL of liquid. Visual observations were made in assessing the final
concentration of sulfide. Applicable range of analysis: 1 – 20 mg/L sulfide.
Concentrated amine-sulfuric acid stock was prepared by dissolving 27 g N,N-dimethyl-p-phenylenediamine oxalate in an iced mixture of 50 mL concentrated H2SO4 and
20 mL distilled water. The amine-sulfuric acid reagent was prepared by diluting 25 mL
of amine-sulfuric acid stock with 975 mL of 1+1 H2SO4 (equivalent proportions of water
and concentrated sulfuric acid). The stock and reagent were stored in the dark at 4°C
when not in use.
Ferric chloride solution was prepared by dissolving 100 g FeCl3∙6H2O in 40 mL
of water. Sulfuric acid solution was prepared by mixing 500 mL concentrated sulfuric
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acid with 500 mL of distilled water. Diammonium hydrogen phosphate solution was
prepared by dissolving 400 g (NH4)2HPO4 in 800 mL of distilled water. Finally, the
methylene blue solution I was prepared by dissolving 1.0 g methylene blue USP grade
dye (86%) in 1 L of distilled water. Methylene blue solution II was prepared by diluting
10 mL of methylene blue solution I to 100 mL with distilled water.
The procedure is as follows:
1. Transfer 7.5 mL of sample to each of the two matched test tubes
2. Add to tube A 0.5 mL amine-sulfuric acid reagent and 0.15 mL of FeCl3 solution.
Mix immediately by inverting only once.
3. Add to tube B 0.5 mL of 1+1 H2SO4 and 0.15 mL of FeCl3 solution. Mix
immediately by inverting only once.
4. Wait 5 minutes and add 1.6 mL of (NH4)2HPO4 solution to each tube.
5. Wait 10 minutes and make visual comparisons of color. Blue color in tube A
indicates the presence of sulfide.
6. If tube A is blue, add methylene blue solution I dropwise to tube B until color
closely matches that of tube A. Use methylene blue solution II to make minor
color adjustments to tube B until the colors match.
mg S2-/L = # drops solution I + 0.1*(# drops solution II)

4.3.3.3

Sulfate Analysis
Sulfate was measured in the aqueous phase of gas hydrate metabolism tests using

Standard Methods 4500-SO4 E, Turbidimetric Method. The turbidimetric method uses
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barium chloride to precipitate barium sulfate into suspension. A calibration curve was
developed to correlate the optical density of the turbid barium sulfate solution to the
sulfate concentration.
A standard sulfate solution was prepared for calibration by dissolving 0.1479 g
anhydrous Na2SO4 in distilled water and diluting to 1 L. This standard yields 0.1 mg
SO42- per 1.0 mL of solution. Concentrations of 0, 1, 5, 10, 20, 25, 30, 35, and 40 mg/L
were prepared for the calibration. The sulfate calibration curve and data is provided in
Appendix A.
A Gensys spectrophotometer was used to measure optical density at 420 nm, and
a magnetic stirrer was used to stir the solution during precipitation at 300 RPM. The
spectrophotometer was blanked using distilled water. One 250-mL Erlenmeyer flask was
used to prepare samples.
Buffer solution A was prepared by dissolving 30 g magnesium chloride,
MgCl2∙6H2O, 5 g sodium acetate, CH3COONa∙3H2O, 1.0 g potassium nitrate, KNO3, and
20 mL acetic acid, CH3COOH (99%), in 500 mL distilled water and making up to 1 L.
Buffer solution B (concentrations less than 10 mg/L SO42-) was prepared in an identical
manner with the exception of adding 0.111 g sodium sulfate, Na2SO4.
A 100-mL portion of sample is required, and all samples analyzed were diluted by
dispensing 1 mL of sample into 99 mL of distilled water measured with a 100-mL
volumetric flask. The 100 mL is contained in the 250-mL flask with a stir bar. A stir-bar
was added along with 20 mL of buffer solution A, and the flask was placed on the stir
plate at 300 RPM. A spoonful of barium chloride crystals was added, and the solution
was stirred for 60 ± 2 s, after which ~2 mL of contents were added to the
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spectrophotometer vial. The optical density was measured after 5 ± 0.5 min at 420 nm,
and the measurement was compared to the calibration curve. The precision for the
method was determined to be 0.13 mg/L testing a sulfate concentration of 7.45 mg/L.

4.3.3.4

Total and Dissolved Inorganic Carbon Analysis
The total and dissolved inorganic carbon analyses followed the basic guidelines of

Standard Methods 5310-TOC. The concept of driving off carbon dioxide at pH values
below 2 provided a method for quantifying increases in the inorganic carbon content of
the water samples tested. The only difference in total and dissolved inorganic carbon is
whether suspended solids exist in the sample. Clarified sample analyses are quantified as
dissolved inorganic carbon; turbid samples as total.
Sample vials (70 mL volume, pre-determined for each vial prior to testing) were
used in the analysis. The applicable sample was removed from the system and carefully
dispensed into the sample vial. The sample vial was then flushed with N2 gas and sealed
immediately, after which 0.5 mL of 5 N standardized HCl was injected through the septa
cap of the vial using a 20-1/2 gauge needle connected to a 5 mL Luer-Lok tip syringe.
The vial was placed on the gyratory shaker table and was agitated for 30 minutes at 140
RPM. The concentration of CO2 was determined via GC injection, and the value was
used in conjunction with the volume of gas in the vial to calculate the number of moles of
CO2 evolved and ultimately the inorganic carbon concentration in the aqueous phase.
4.3.4

MC-118 Sample Collection and Descriptions
The sample ID NW and SW abbreviates northwest and southwest in reference to

the study location within Mississippi Canyon 118. The northwest section contains
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outcropping gas hydrates, and the southwest section contains active gas vents. The
reference mud samples were collected from the non-active areas of the site. The samples
were stored at 4°C until used for experiments. Further information regarding sample
collection and descriptions, see Appendix B.

4.3.5

Microbial Influences on Gas Hydrate Formation (Class I)

4.3.5.1

Batch Tests with Bacillus subtilis, Surfactin, and Bentonite
Bacillus subtilis strain ATCC21332, purchased from ATCC was initially cultured

aerobically in a 70 mL vial using 8 g/L nutrient broth. The vial was incubated at 18±2°C
and agitated at 140 RPM on a gyratory shaker table for approximately 48 hours until
significant cloudiness appeared. Samples from this vial were then used to inoculate
slants, plates, and 3 mL vials for storage and subsequent use. Slants and plates were
inoculated and incubated at 37°C for 48 hours in an Isotemp incubator, after which they
were stored in a chiller at 4°C. Pure culture verification was made by observation. The
storage vials were sterilized prior to use, and sterile glycerol was used as a freeze
protectant. The vials were stored in a deep freeze at -81°C for later use.
The nutrient medium used for culturing B. subtilis for hydrate tests utilized the
findings by Cooper et al. (1981) regarding enhanced surfactin production and was
prepared following Zhang et al. (2007 a) (ferrous sulfate was left out of aerobicallyprepared batches). The nutrient medium contained glucose (4%), NH4NO3 (0.05 M),
KH2PO4 (0.03 M), Na2HPO4 (0.04 M), MgSO4 (8.0 x 10-4 M), CaCl2 (7.0 x 10-6 M),
FeSO4 (4.0 x 10-6 M), MnSO4 (1.0 x 10-6 M), and Na2-ethylene diaminetetraacetic acid
EDTA (4.0 x 10-6 M). Nutrient medium (excluding glucose and ferrous sulfate) was also
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prepared in a 10:1 concentrated form to allow for rapid preparation of fresh batches of the
same media for all tests.
Nutrient medium for anaerobic tests was prepared separately in distilled water
purged with nitrogen for 1 hour. The sterilized solution was cooled and inoculated in an
anaerobic glove chamber, and any removal of sample from the anaerobic culture was
performed in the chamber as well. Anaerobic cultures included ferrous sulfate.
Approximately 10 mL of retained nutrient broth culture was used to inoculate 500
mL of nutrient medium for optical density and cell mass correlations. The culture was
incubated at 18°C under aerobic conditions until the optical density peaked (~72 hours).
At this point the cells were centrifuged at 1000 RCF and resuspended in 50 mL of
medium. Dilutions were made in 1:0, 1:1, 1:2, 1:3, 1:4, 1:5 proportions using 10 mL of
sample, and the optical density of each dilution, including cell-free medium, was
measured at 580 nm using a Gensys spectrophotometer.
Additional tenfold dilutions were made with remaining media for heterotrophic
plate count testing. The plate counts were performed following the guidelines set forth in
Standard Methods 9215. Plate count agar was prepared and sterilized, and sterile 100 x
15 mm plates were labeled according to dilution. Plates were prepared in duplicate.
Once the agar cooled, 1 mL aliquots of each dilution were added to the appropriate plates
followed by 20 mL of agar. The agar solidified and was incubated at 37°C for 96 hours.
Dilution-plates containing between 30 and 300 colonies were analyzed for enumeration.
Lastly, 30 mL of the 50 mL suspension was used to determine, in three 10 mL
replicates, the cell mass concentrations. The mass of six empty weigh boats was
recorded, and 10 mL aliquots were removed from the 30 mL after significant agitation to
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promote homoegeneity and dispensed into the appropriately-labeled weigh boat. Three
additional aliquots of the cell-free broth were dispensed into the remaining three weigh
boats. The weigh boats were placed into a drying oven at 80°C until no residual water
remained. Finally, the masses of the dried residues were weighed and recorded, and the
difference between the weigh boats containing cells and those not was used to correlate
cell mass to optical density measurements.
The calibration curve relating optical density to cell mass and cell number is
provided in Appendix C. Additionally, a sample of the B. subtilis culture during the
growth phase was fixed and viewed with SEM to verify size and morphology.

4.3.5.1.1

Gas Hydrate Kinetics Experiments

Once optical density correlations were complete, a vial from deep-freeze storage
was used to inoculate 50 mL of fresh aerobic nutrient media in a sterile 70 mL vial. This
vial was incubated at 18°C and agitated at 140 RPM until cloudiness was observed. This
50 mL of B. subtilis culture was then used to inoculate a 1-L batch of sterile medium in a
2-L Erlenmeyer culture flask. Initial optical density measurements were recorded, and
the flask was incubated at 18°C and agitated at 140 RPM.
The first samples were removed for hydrate formation tests once sufficient growth
occurred as evidenced through an increase in optical density. Reactor A was charged
with culture or cell-free broth from the culture; either individually or in concert with 10%
w/v bentonite to create slurry. This volume of sample created a liquid occupancy of
~25% of the volume of the reactor with the other ~75% occupied by the natural gas. In
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all, gas hydrate induction time, formation kinetics, dissociation kinetics, and extent of
formation were calculated from the data collected.
Figure 4.5 shows the reactor interior for the B. subtilis, surfactin, and bentonite
test designs.

Figure 4.5 Sectional view of Reactor A interior for B. subtilis, surfactin, and bentonite
tests.

A 100 mL portion of the culture was removed for hydrate formation tests, and 100
mL of fresh media was added immediately following to replenish nutrients and glucose
and to extend the ultimate life of the culture over the duration of the experiments. The
surface tension and optical density of the sample was measured prior to introduction to
the reactor. A copper tube was used in this series of tests to maximize heat transfer for
removal of the latent heat released upon gas hydrate formation.

100

Once the sample was transferred to Reactor A and other preparations were
complete, the reactor was bolted closed, brought to the gas charging unit, and test setup
procedures were initiated. The culture flask was not opened to the atmosphere except
when removing sample for hydrate formation tests. Sufficient terminal electron acceptors
and micronutrients were present to promote anaerobic activity with B. subtilis in the
flask; particularly given the 3-5 day timeframes associated with hydrate formation tests.

4.3.5.1.2

Control Experiments

Control tests were conducted following identical procedures (including Reactor
A) used in previously described experiments using a variety of liquids. Ultra pure water
(HPLC grade), nutrient medium (with and without iron), nutrient broth (8 g/L), peptone
solution (8 g/L), and SDS solution (1000 ppm) were tested. The objective behind
running control experiments of this type was to get a sense of calibration to the test
conditions and apparatus using substances of known hydrate effects, such as SDS and
pure water. The nutrient medium and nutrient broth were tested out of necessity to
evaluate their respective effects without any influence of microbial culture. The peptone
(major component of nutrient broth) was tested following the results of the nutrient broth
test to further understand the mechanisms behind the nutrient broth tests.

4.3.5.2

Batch Tests with MC-118 Culture and Generated Biosurfactant
Additional testing was performed following identical incubation procedures used

with B. subtilis to culture MC-118 indigenous microbes for hydrate formation tests. The
kinetics and gas hydrate formation extent were compared to the B. subtilis data in an
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attempt to generalize the findings. The gas hydrate induction time, formation rate,
dissociation rate, and extent of formation were calculated from the data collected.

4.3.5.2.1

Gas Hydrate Kinetics Experiments

Samples collected from MC-118 were used to culture indigenous microorganisms
using the nutrient medium under a mixture of aerobic and anaerobic conditions similar to
that of B. subtilis culturing. The primary sample location used for this phase of testing
was labeled SWBC-1110-01 on the sample container and is an area of active hydrocarbon
venting. The sample container included approximately 400 mL of in situ seawater and a
large mass of sediment.
A 3-mL aliquot was removed from the clarified seawater on the upper portion of
the container or from the sample container after agitation to create slurry and was used to
inoculate 50 mL of nutrient medium in a 70 mL vial. Once cloudiness appeared, the
contents of the vial were transferred to a 2-L Erlenmeyer culture flask containing 1-L of
fresh nutrient medium (aerobic). The culture was incubated at 18°C and agitated at 140
RPM for a minimum of 1 week without opening the flask to allow for oxygen depletion
and the manifestation of anaerobic conditions. Optical density measurements were
recorded over time to account for empirical increases in cell mass, although no
calibration was performed for cell mass and optical density correlation.
A 100 mL aliquot of sample was used in hydrate formation tests with MC-118
culture to match the conditions used with B. subtilis, and fresh medium was returned in
equivalent proportions. The hydrate formation test conditions were chosen as 0.5°C with
an initial pressure of 440 psig (20°C), the same as prior tests with B. subtilis. The
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objective was to evaluate the effect of the MC-118 microorganisms relative to the
experimental conditions of the B. subtilis kinetics tests.
The copper tube was also removed from this series of tests to incorporate heat
transfer limitations as would be exhibited in situ. Once the sample was transferred to
Reactor A and other preparations were complete, the reactor was bolted closed, brought
to the gas charging unit, and test setup procedures were initiated.

4.3.5.2.2

Gas Hydrate Inhibition Experiments

Gas hydrate formation tests were initiated to evaluate the potential of microbial
cell-wall polymers (PGN/TA) as gas hydrate inhibitors. Two solutions, one containing
1% NaCl and one containing 5% NaCl, were used as hypertonic solutions to squeeze the
microbial bodies, leaving non-geometrical, distorted shapes containing primarily cell wall
polymer material in smaller, concentrated forms. The cell mass was centrifuged at 1000
RCF, suspended in the salt solutions for 30 minutes, centrifuged, washed several times
with ultra pure water, centrifuged again, and finally resuspended in 100 mL cell-free
broth from which the cells were centrifuged initially. Hydrate formation tests were
carried out at 0.5°C and 440 psig (20°C) with 100 mL aliquots of sample, just as in prior
tests with MC-118 cultures. A sample of the 5% NaCl treatment was fixed and viewed
using SEM.

4.3.6

Microbial Influences on Gas Hydrate Phase Equilibria (Class II)
Retained B. subtilis culture was utilized to evaluate any thermodynamic influence

the cell mass may have on gas hydrates. A 100-mL sample was removed from the
culture flask for the test. Optical density and surface tension measurements were
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recorded, and the sample was transferred to Reactor A along with the copper tube. The
initial pressure was 440 psig (20°C), and the temperature was varied over the course of
several days to establish equilibrium pressures for each temperature. Having conducted
prior hydrate formation tests with the B. subtilis culture, the behavior of the hydrate
formation was somewhat understood and assisted in knowing approximately where the
phase equilibrium boundary was.
Once the sample was transferred to the reactor and other preparations were
complete, the reactor was bolted closed, brought to the gas-charging unit, and test setup
procedures were initiated.
When hydrates began to form, the pressure of the system was observed daily until
the pressure remained constant (within ± 1 psig). This pressure was recorded as the
equilibrium pressure, and the temperature was adjusted on the recirculator to the next
temperature of interest. The temperatures selected on the recirculator were 3°C, 5°C,
7°C, and 9°C.

4.3.7

Microbial Fate in Gas Hydrate Systems (Class III)
An experiment was conducted to evaluate the fate of seafloor microbes in seafloor

gas hydrate formations. One hydrate test was executed using the polypropylene (PP) cup
constructed by Woods (2004). The cup has a diameter of 2 inches at the top opening, a
capacity of 50 mL, and 1/16th inch diameter holes were drilled every 45° to maximize
heat/mass transfer during testing. Vertical spacing of the holes was 1/2 inch with 1/4th
inch staggering. Figure 4.6 shows the PP cup used in saturated porous media tests.
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Figure 4.6 Polypropylene cup used in saturated porous media tests (After Woods, 2004)

The PP cup was packed with in situ seawater-saturated sediment removed from
the sample container labeled SWBC-1110-01. The PP cup was placed inside Reactor A
on a tripod-type stand for easy insertion and removal. The reactor was bolted closed,
purged, and setup according to standard protocols. The initial pressure was 440 psig
(20°C) and the incubation temperature was 5°C.
Once hydrate formation was evident through a pressure drop and visual
observations made with the borescope camera, the reactor was quickly removed from the
water bath, depressurized, and a small section of hydrate was collected from the top layer
of hydrate that had formed over the top of the PP cup. Sterile utensils were used to
remove the hydrate, after scraping away surface hydrate that may contain microbes on the
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surface, and a sterile 40 mL vial was used to store the sample. The sample was fixed,
sectioned, and viewed using SEM.

4.3.8

In situ Indirect Microbial Influences on Gas Hydrates (Class IV)
Three experiments were performed to evaluate the biosurfactant production

characteristics of the MC-118 microorganisms as well as to determine if biosurfactants
produced catalyze hydrate formation in porous media. The first experiment focuses
primarily on the lag phases associated with biosurfactant production from
microorganisms at varying sample locations across MC-118. The second experiment
investigates the influences of various nutrients on biosurfactant production. The third
experiment evaluates the effect of the produced biosurfactant on gas hydrate formation in
porous media.

4.3.8.1

Determination of Biosurfactant Production Rates
Biosurfactant production rates in synthetic seawater medium were of interest prior

to initiating further biosurfactant production tests. The synthetic seawater (SigmaAldrich) was prepared aerobically at 3.4 g/100 mL of distilled water with glucose as the
carbon source (4%). The medium was filter sterilized using a Stericup vacuum driven
filtration system, and 50 mL was dispensed each into four 70-mL sterile vials. Each vial
was labeled A, B, C, and D and was inoculated with 1 mL of slurry from each of the
following samples: NWBC 1107-02 ref core (A), NWBC 1101-02 enrichment (B),
SWBC 1110-01 (C), and SWBC 1107-01 (D). The vials were incubated at 18°C without
agitation for 6 days, and the surface tension was measured three times to determine the
lag phase and biosurfactant-production capacity for each specific location.
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4.3.8.2

Evaluation of Nutrient Influences on Biosurfactant Production
The influences of various macro and micronutrients on biosurfactant production

by microorganisms indigenous to MC-118 were investigated. Treatments of iron sulfate,
manganese sulfate, trace elements, and nitrogen nutrients were used in the experiment.
The design for the experiment is listed in Table 4.2.

Table 4.2
Experimental design for biosurfactant production test

1

Base
Media
X

2

X

3

X

4

X

5

X

6

X

7

X

8

X

9

X

X

10

X

X

11

X

12

X

Reactor ID

FeSO4

MnSO4

Trace
Elements

Nitrogen
Nutrients

X
X
X
X
X

X
X

X
X

X

X

X

X

X
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X

X

X

X

X

X

X

The concentrations for the specific treatments used were extracted from those
found to be effective in Pruthi and Cameotra (2002) for Pseudomonas putida and in
Rashedi et al. (2006) for Pseudomonas aeruginosa MM1001. Some concentrations were
slightly changed to avoid precipitation effects in solution.
The inoculums used in the test were pre-prepared in a 70-mL vial using 50 mL of
synthetic seawater (Sigma-Aldrich) solution prepared at 3.4 g/100 mL with glucose as the
carbon source (4%). Nutrient broth, yeast extract, and oily water from the MC-118
sample container labeled SWBC 1110-07 were used as additional carbon sources to
maximize microbial diversity. The seawater medium was inoculated with 3 mL of the
SWBC 1110-01 sediment + water. The culture was prepared anaerobically and incubated
under anaerobic conditions for 1 week without agitation until microbial colonies were
observed on the glass walls.
The base media was prepared in a batch by dissolving 48 g glucose (0.046 M),
183.84 g NaCl (0.52 M), 45.72 g MgSO4∙7H2O (0.031 M), 1.65 g NaHCO3 (0.0033 M),
and 6.65 g CaCl2 (0.01 M) in 6 L of distilled water. The iron treatment stock was
prepared by dissolving 7.47 g in 200 mL distilled water. The manganese treatment stock
was prepared by dissolving 0.461 g in 200 mL distilled water. The trace element stock
was prepared to contain (in mg/L): ZnSO4∙7H2O (150), MnSO4∙4H2O (200),
CuSO4∙5H2O (705), Na2MoO4∙2H2O (15), CoCl2∙6H2O (200), H3BO3 (15), and
NiSO4∙6H2O in 200 mL distilled water. The base stock was sterilized in an autoclave,
and the treatment stocks were filter sterilized using Stericup vacuum-driven filters with a
250-mL media storage capacity to avoid heat-induced transformations of sensitive
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compounds. All distilled water used to prepare stock solutions was purged with N2 for at
least 1 hour prior to use.
Once sterilization was complete the stocks and all equipment and utensils were
placed into the anaerobic glove chamber. The base stock was left slightly opened to cool
under the anaerobic atmosphere and prevent oxygen dissolution. When the base stock
was cool, sterile 50-mL pipettes were used to transfer 150 mL of base media to each of
the labeled reactors. Further additions of treatments to reactors were made in 1 mL
aliquots according to the experimental design in Table 4.2. Reactors were 160-mL
Hypovials with gas-tight aluminum crimp caps and were setup in duplicate.
Finally, 3-mL aliquots of the homogenized pre-prepared culture were used to
inoculate the individual reactors. Immediately following the dispensing of the aliquot to
the reactor, the crimp caps were placed on the bottles and crimped closed with a crimping
tool. The reactors were shaken vigorously to mix all contents of each respective bottle,
and the reactors were then incubated at 18°C without agitation. Samples were collected
intermittently to determine the surface tension and pH of the contents of each reactor.
Samples were collected in the anaerobic glove chamber by injecting 10 mL of N2/H2
mixture (95%/5%) into the respective bottle and subsequently removing 10 mL of liquid.

4.3.8.3

Saturated Porous Media Hydrate Formation Tests
New cultures were prepared using the original starter cultures (A, B, C, D) for

biosurfactant production and utilization in hydrate formation tests. Incidentally along the
way, the realization occurred that the MC-118 cultures produced biosurfactant that is
centrifuged out of the seawater at the typical RCF used. Therefore, one culture was
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prepared from the four previous vials (A, B, C, and D) using 300 mL of the typical
seawater medium with iron and manganese added. The culture was incubated at the
standard experimental conditions, without agitation, in a 500-mL Erlenmeyer culture
flask.
Once the surface tension dropped and maintained a relatively constant value, the
culture and biosurfactant were centrifuged and resuspended in 30 mL of the medium.
The surface tension of the discarded medium was measured to verify removal of
biosurfactant. The 30 mL of retained seawater medium with concentrated biosurfactant
was diluted in 25% and 50% proportions with fresh seawater medium and used in porous
media hydrate formation tests.
The porous media was a mixture of Ottawa sand and sodium bentonite (purchased
from Sigma-Aldrich), and the bentonite was 33.3% w/w in the mixture. The sand was
used to increase the porosity and permeability of the mixture to reduce mass transfer
limitations during gas hydrate formation. A 45 g homogenous portion of the mixture was
weighed into the PP cup and was saturated with 35 mL of seawater medium solution
prepared from concentrated biosurfactant. The saturated mixture was stirred well within
the cup to ensure proper wetting, and the PP cup was placed into Reactor A and
pressurized to 450 psig with natural gas.
The reactor was left for 24 hours to allow the high pressure to squeeze any water
from the porous media and into the bottom of the reactor. The water was removed from
the reactor and measured. The reactor was bolted closed, brought to the gas charging
unit, and test procedures began. The experimental temperature and pressure were 0.5°C
and 440 psig (20°C), and the induction time, formation rate, and dissociation rate were
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calculated and compared to control tests without biosurfactant and to a control test using
saturated seafloor sediment from SWBC 1110-01.

4.3.9

Microbial Metabolism within Gas Hydrates (Class V)
Multiple experiments were conducted to evaluate the potential for

microorganisms to metabolize substrates from within the gas hydrate macrostructure.
Differentiation between microbes adhered to clathrates and those suspended in interstitial
waters within the hydrate structure is not of interest. Other researchers have collected
indirect evidence through isotopic analyses of gas collected from dissociated seafloor
hydrates and made inferences from these data that microbes are active within the seafloor
gas hydrates (Sassen et al., 1994, 1999, 2004; Lanoil et al., 2001; Joye et al., 2004; Orcutt
et al., 2004). Some researchers have even collected hydrate samples in situ and measured
rates of sulfate reduction and anaerobic oxidation of methane occurring within the melt of
the hydrate samples (Orcutt et al., 2004). The primary objective of the experiments was
to determine in a controlled laboratory setting whether microbial metabolism from within
the macrostructure of seafloor gas hydrates is possible.
Three different inner-hydrate metabolic experiments were conducted over the
course of the project. The first experiment was conducted using the MC-118 culture
grown in nutrient medium, with the caveat that the culture had been left incubating for
two weeks beyond the addition of any carbon source to remove residual glucose
substrate. The second experiment was conducted immediately following the first
experiment with the exception that nutrient broth was used to culture the MC-118
microbes from SWBC 1110-01. The last experiment was conducted using the sulfatereducer medium in Nauhaus et al. (2002) and natural gas as the carbon source. The final
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experiment was setup to simulate in situ conditions as closely as possible to evaluate the
potential for anaerobic oxidation of hydrocarbons and syntrophic sulfate reduction within
the hydrate matrix.

4.3.9.1

Nutrient Medium Culture
Following hydrate formation tests with the MC-118 culture in nutrient medium

(containing water-only from SWBC 1110-01), 50 mL of culture was added to Reactor A.
The reactor initial pressure was increased to 500 psig (20°C) to react most residual water
from within interstitial spaces, and the final temperature was chosen as 5°C to match in
situ conditions. The culture was used following a two week incubation period where no
fresh medium was added to the culture flask. The idea was to determine, preliminarily, if
the microbes cultured in the nutrient medium could metabolize the natural gas
hydrocarbons. Gas consumption and total inorganic carbon analyses were conducted to
evaluate qualitatively if any microbial activity occurred. SEM analyses were conducted.

4.3.9.2

Nutrient Broth Culture
Nutrient broth was shown to promote rapid and extensive gas hydrate formation

in control tests (similar to SDS), so these characteristics assisted in forming hydrates
rapidly and being certain of minimal microbial activity between reactor charging and
hydrate formation; not to mention the nutrient broth provides a carbon source as well.
The nutrient broth culture was prepared by inoculating 100 mL of sterile nutrient broth (8
g/L) in a 250 mL Erlenmeyer culture flask.
The culture was prepared on the laboratory bench, but the flask was not reopened
after incubation began. The culture was incubated at 18°C and agitated at 140 RPM for 1
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week, after which a baseline total inorganic carbon analysis was performed. Then, 50
mL of culture was measured and dispensed aseptically into the hydrate test reactor. The
initial pressure was 500 psig (20°C), and the final incubation temperature was 5°C. The
reactor was incubated for 1 week, after which the contents were analyzed for total
inorganic carbon. SEM analyses were conducted on a sample of the inoculums.

4.3.9.3

Sulfate-Reducer Medium Culture
The final metabolic experiment performed to investigate metabolic activity within

gas hydrate macrostructures was a culmination of previous experiments and a tie-in of
many metabolic experiments reported in the literature. The primary objective was to
establish whether microbial activity, namely sulfate reduction and concomitant oxidation
of hydrocarbons, could occur within the gas hydrate macrostructure.
A specific sulfate-reducer medium inoculated with organisms from MC-118
stored samples was incubated at MC-118 seafloor temperature under pressures just below
the gas hydrate equilibrium pressure for 21 days and in hydrate form at the equilibrium
pressure for an additional 11 days. Liquid or slurry samples were removed intermittently
and analyzed for sulfate, sulfide, surface tension, pH, and total/dissolved inorganic
carbon. Gases were analyzed via GC injection during all sample events.

4.3.9.3.1

Inoculums Preparation

A 20 mL composite sample was collected from sample ID: NWBC 1107-02
Enrichment (5 mL), NWBC 1107-02 #2 Core 1 Ref Core (5 mL), SWBC 1110-01 (5
mL), and SWBC 1107-01 (5 mL) and mixed with 120 g of sediment (clayey consistency)
collected from the remaining 8 containers labeled REF and was used as the inoculums
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source for the test. The NW and SW samples contained significant quantities of water
relative to other samples, and both of these locations are near gas hydrate outcrops or
active hydrocarbon vents.
Microbiological analyses were subcontracted to Microbial Insights, Inc.
(Rockford, TN), and the analyses consisted of quantitative polymerase chain reaction
(qPCR) targeting iron-reducing and sulfate-reducing bacteria, methanogens, and
anaerobic methane oxidizing bacteria, and denaturing gradient gel electrophoresis
(DGGE) to identify the dominant species present. Sample collected from SW 1110-01
was shipped for analysis; this location likely being the most representative of the full
consortia present at MC-118 since it is within the area where literature shows microbial
activity and diversity is prolific.

4.3.9.3.2

Medium Preparation

The media used in the test was prepared directly from Widdel and Bak (1992) and
was developed to isolate and enrich various strains of sulfate-reducing bacteria. As
previously mentioned, Nauhaus et al. (2002) was successful in culturing sulfate-reducers
and anaerobic methane oxidizers from samples collected near gas hydrates. The medium
contained trace elements, vitamins, nutrients, buffers, and sodium chloride for salinity.
The medium was prepared by first purging 4 L of distilled water with N2 for 12
hours. The medium required the preparation of several stock solutions listed below.
1. Trace element mixture (500 mL): sodium-EDTA (15.5 mM), FeSO4∙H2O (7.5
mM), H3BO3 (0.5 mM), MnCl2∙4H2O (0.5 mM), CoCl2∙6H2O (0.8 mM),
NiCl2∙6H2O (0.1 mM), CuCl2∙2H2O (0.01 mM), ZnSO4∙7H2O (0.5 mM),
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Na2MoO4∙2H2O (0.15 mM). Autoclaved in 160 mL Hypovials with gas-tight
crimp caps and N2 headspace.
2. Selenite-tungstate solution (1 L): NaOH (10 mM), Na2SeO3∙5H2O (0.02 mM),
Na2WO4∙2H2O (0.02 mM). Autoclaved in 160 mL Hypovials with gas-tight
crimp caps and N2 headspace.
3. Bicarbonate solution (100 mL): NaHCO3 (1.0 M). Autoclaved in 160 mL
Hypovials with gas-tight crimp caps and N2 headspace.
4. Phosphate buffer I (100 mL): NaHPO4 (10 mM; pH 7.1)
5. Phosphate buffer II (100 mL): NaHPO4 (25 mM; pH 3.4)
6. Vitamin mixture (100 mL phosphate buffer I): 4-Aminobenzoic acid (40 mg/L),
D(+)-Biotin (10 mg/L), Nicotinic acid (100 mg/L), Calcium D(+)-pantothenate
(50 mg/L), Pyridoxine dihydrochloride (150 mg/L). Filter sterilized with MillexHV Durapore (0.2 μm) and Luer-lok syringe. Stored in sterile 160 mL Hypovial.
7. Thiamine solution (100 mL phosphate buffer II): Thiamine chloride
dihydrochloride (100 mg/L). Filter sterilized with Millex-HV Durapore (0.2 μm)
and Luer-lok syringe. Stored in sterile 160 mL Hypovial.
8. Vitamin B12 solution (100 mL): cyanocobalamine (50 mg/L). Filter sterilized
with Millex-HV Durapore (0.2 μm) and Luer-lok syringe. Stored in sterile 160
mL Hypovial.
9. Sulfide solution (100 mL): Na2S∙9H2O (0.2 M). Autoclaved in 160 mL
Hypovials with gas-tight crimp caps and N2 headspace.
10. Carbonate solution (100 mL): Na2CO3 (1 M). Autoclaved in 160 mL Hypovials
with gas-tight crimp caps and N2 headspace.
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11. Basal media (500 mL): NaCl (20 g/L), MgCl2∙6H2O (3 g/L), CaCl2∙2H2O (0.15
g/L), Na2SO4 (4 g/L), NH4Cl (0.25 g/L), KH2PO4 (0.2 g/L), KCl (0.5 g/L).
Prepared and autoclaved in 2-L Erlenmeyer culture flask with screw-top. Cooled
under N2.
The stocks were added to the basal media (500 mL) as follows:
Trace element mixture
Selenite-tungstate solution
Bicarbonate solution
Vitamin mixture
Thiamin solution
Vitamin B12 solution
Sulfide solution

4.3.9.3.3

0.5 mL
0.5 mL
15 mL
0.5 mL
0.5 mL
0.5 mL
3.75 mL

Test Setup and Execution

The inoculums were composited as previously discussed and mixed with
additional mud in a sterile beaker with N2 purged constantly while stored in the exhaust
hood. The inoculums were mixed into the final medium and were agitated lightly to
disperse the sample through the media. A total volume of 235 mL of slurry was
transferred to Reactor B for the test. The nitrogen purge tube was supplanted just under
the lid of the reactor but above the water level to maintain anoxic conditions while
transfers were made. Reactor setup and gas charging procedures were initiated.
The reactor was incubated in a dedicated laboratory refrigerator retrofitted to act
as a cooling apparatus for hydrate tests. A recirculator was used to deliver cooling fluid
through the copper coil within the reactor, but the refrigerator prevents temperature
gradients within the contents of the reactor. The incubation temperature was 5.5°C (set
on the recirculator and refrigerator). The reactor was pressurized to just below an
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estimated gas hydrate equilibrium pressure calculated from Sloan (1998) using total
concentrations of salt as the concentration of NaCl in the program. The final pressure
after cooling ranged from 200 psig to 235 psig, and the total incubation time pre-hydrates
was 21 days with three interim sampling events.
After 21 days of acclimation, the reactor was setup to form gas hydrates
immediately following the collection of the third interim sample by pressurizing to 526
psig (20°C) with natural gas. Digital photographs were taken following hydrate
formation, and the hydrate formation reaction was stopped after reaching a hydrate
number of ~50 (34 being the lowest attainable value in the laboratory with biosurfactants
but without free water). The pressure was decreased to 210 psig and allowed to
equilibrate. The final equilibrium pressure was reached within 10 hours at 244.5 psig.
Forming hydrates in this manner for this experiment achieved two means:
sufficient hydrates are formed to remove free water from everywhere but within the
interstitial and capillary spaces of the hydrates and residual water remains within the
hydrate macrostructure, similar to that of seafloor (two-phase) hydrate systems with
networks of small channels and capillaries filled with seawater in equilibrium with the
hydrates.

4.3.9.3.4

Interim Sampling

Interim samples were collected using sterile 50-mL pipettes, usually in the order
of 40-50 mL aliquots. Equivalent volume of sample was replaced during the first event
to ensure sufficient sample for the duration of the test and to replenish the medium. The
collected sample was transferred to a 150 mL beaker from which smaller aliquots were
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removed and dispensed accordingly to various test vessels for the various analytical
methods. The reactor was continually purged with N2 during sample collection to
maintain anoxic conditions. Gas samples were collected and analyzed during each event.

4.3.9.3.5

Control Experiments

Three control experiments were performed to: (1) evaluate the extent of hydrate
formation possible in the laboratory with MC-118 produced biosurfactant, (2) determine
the extent of hydrate formation in Reactor B that would leave only interstitial water but a
relatively low hydrate number (compared to results in 1), and (3) ensure there were no
leaks in the reactor so that inferences could be made about reductions in gas pressure
over time.

4.4

Equipment and Materials

4.4.1

Equipment
Multiple pieces of equipment were used that were calibrated by other competent

researchers within the specific area of analysis. For example, gas hydrate research for
gas separation properties has been active at MSU, and the calibrations performed for this
research were used in the analysis of GC data for gases analyzed in the experiments
presented.

4.4.1.1

Mass Balances
The mass balances used to weigh all materials were both Mettler Toledo balances,

one a model AG285 balance and the other a model XS204, acquired from Mettler-
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Toledo, Inc. of Columbus, OH. The balances have an accuracy of ±0.01 mg for weights
up to 81 g and ±0.1 mg for weights up to 210 g.

4.4.1.2

Constant Temperature Baths/Circulator
The two submersible constant temperature baths used for maintaining test

temperatures for gas hydrate reactions were manufactured by ThermoNESLAB and were
both models RTE-17 Digital Plus. The baths have a temperature range of -22°C to
+150°C with a control precision of ±0.01, and a pumping system circulates the cooling
fluid constantly to maintain isothermal conditions. The baths contain a 4.5 gallon
reservoir in which a mixture of distilled water and propylene glycol were used as the
coolant.
An additional constant temperature circulator was used to control the temperature
of the cooling fluid pumped through the copper coil fixed in Reactor B. The bath was a
VWR model 1196 purchased from VWR Scientific Products in West Chester, PA. The
operating range of the circulator is -40°C to +200°C, and a mixture of distilled water and
propylene glycol was used as the cooling fluid. A 1/4th HP GE Commercial Motors
pump, model P0101X-25M, was used to circulate the fluid through the reactor.

4.4.1.3

High Pressure Reactors
The high pressure reactor labeled Reactor A used for hydrate tests was a Parr

model 4762 reactor constructed of 316 stainless steel by Parr Instrument Company in
Moline, IL. The reactor had a working pressure of 2950 psig at 350°C. A PTFE gasket
sealed the reactor once bolted together. The reactor contained two 7/8th inch FNPT ports
and one 9/16th inch FNPT port. The reactor has a volume capacity of 490 mL.
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The high pressure reactor labeled Reactor B used for hydrate tests was a Parr
model 4760 high pressure reactor (3000 psig) constructed from 316 stainless steel with a
300-mL volume capacity. Reactor B was modified by Parr to include a side viewing
sapphire window, a heat exchanger coil fitted into the bottom of the reactor for cooling
and heating the reactor contents, and a valve protruding from the bottom of the reactor for
draining contents. Reactor B contains three FNPT ports, two 7/8th inch ports and one
9/16th inch port.

4.4.1.4

Vacuum Pumps
A Welch model GEM 8890 Oil Vacuum Pump was used in the gas charging unit

to pump down the atmospheric air prior to purging with natural gas. The pump is a twostage, direct-drive pump with capacity of 1 cubic feet per minute and an ultimate pressure
of 0.1 mm Hg.
A Gast model DOA-P704-AA vacuum pump/compressor manufactured by Gast
Manufacturing, Inc. in Benton Harbor, MI was used to evacuate Tedlar bags prior to
sampling for gases from the hydrate reactor. The pump/compressor is 1/8th HP with 1/4th
inch inlet and outlet and can pump 0.86 cubic feet per minute at 10 inches of vacuum.

4.4.1.5

Stirrer-Hotplate
The stirrer-hotplate used to prepare media and conduct analytical tests was a

Corning model PC-620D purchased from Corning Life Sciences in Lowell, MA. The
surface was 10 inches x 10 inches and was prepared from a pyroceram glass-ceramic.
A maximum stir rate of 1150 RPM and a maximum temperature of 550°C were
obtainable with the plate.
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4.4.1.6

Gyratory Shaker Table
The gyratory shaker used during incubation of motile cultures was an Innova

model 2000 Platform Shaker manufactured by New Brunswick Scientific in Edison, NJ.
The shaker frequency ranges from 25 to 500 RPM with a 3/4th inch orbit. A digital
display and control interface allows adjustment of agitation to within 1 RPM. The
control precision is ±1 RPM.

4.4.1.7

Mixers
Mixers were used in the constant temperature baths to assist in maintaining as

close to isothermal conditions as possible. The mixers were manufactured by Arrow
Engineering Co., Inc. and were models Arrow 1750. The mixers are direct drive with
1/15th HP motors and can provide 2000 RPM mixing at 2.43 in-lb torque. The mixer was
held in position with a ring stand, and the paddles were inserted directly into the bath.

4.4.1.8

Data Collection Software and Interface
The interface used to connect the RTD and pressure transducer to the computer

for data recording was a National Instruments Corporation RS-232/RS-485/FP-1000
Network Interface. The computer was connected to the interface through a 9-pin serial
cable. The power supply was a model FP-PS-4; the RTD a FP-RTD-122; the analog
input a FP-AI-110. The FP-RTD-122 has a typical accuracy of ±0.15°C, and the FP-AI110 has a resolution of ±190μV and gain error of 0.1% full scale output. LabVIEW
software from National Instruments was used to interface with the hardware.
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4.4.1.9

RTD Probes
The RTDs used in the experiments were manufactured by Omega. The probes

were model 100Ω with 3-wire platinum connections. The probes were previously
calibrated by the Diagnostic Instrumentation Analytical Laboratory (DIAL) using NIST
traceable equipment. The probes were calibrated again using a traceable thermometer
purchased from Fisher Scientific with accuracy of 0.01°C.

4.4.1.10

Pressure Transducer

A model PX02C1-700G pressure transducer from Omegadyne, Inc. of Sunbury,
OH was used in high pressure tests. The transducer was previously calibrated by DIAL
to NIST traceable equipment and has a range of 0 – 500 psi with repeatability and
hysteresis at ±0.05% FSO. The linearity was 0.15% FSO.

4.4.1.11

Pressure Relief Valve

An adjustable Swagelok model R3A pressure relief valve was used to ensure safe
operation of the high pressure reactor. The valve was set to relieve at 700 psig and was
previously tested with a positive displacement pump.

4.4.1.12

pH Meter

An Orion model 620 pH meter was used to measure the pH of select samples.
The instrument was manufactured by Thermo Fisher Scientific in Waltham, MA. The
instrument was calibrated with standard buffer solutions at pH 4, 7, and 10. Computer
interfacing and printing capabilities were equipped, and the instrument can also measure
oxidative-reductive potential (mV) and temperature. Accuracy (pH) ±0.1 units.
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4.4.1.13

Surface Tensiometer

A surface tensiometer was used to measure the surface tension of various liquids
and slurries for specific experiments. The surface tensiometer was a Tantec ST-PLUS
model purchased from Tantec, Inc. of Schaumburg, IL. The instrument is capable of
Wilhelmy Plate, Wilhelmy Plate Detach, and DuNouy Ring measurement methods.
Wilhelmy Plate Detach mode was used for all measurements. The instrument had a
measurement range of 0-100 mN/m with accuracy of ±0.01 mN/m.

4.4.1.14

Gas Chromatograph

All gas analyses were performed on a Hewlett-Packard 6890 Series GC System
purchased from Hewlett-Packard, headquartered in Palo Alto, CA. The GC was
equipped with a TCD and FID detector and contained a XYZ column. An HP Vectra XA
model PC was connected to the GC, and Chemstation software (from Hewlett-Packard)
was installed for data acquisition. The software allowed direct control over the operating
parameters of the instrument such as the purge condition, oven temperature, injector
temperature, and column gas flow rate. Gas analyses were initiated, and the software
automatically named and stored the data. Ultra-pure quality gases were used for
analytical testing, and the instrument was calibrated twice for accurate detection of CO2,
CH4, C2H6, and C3H8. Figure 4.7 is a digital photograph of the GC.
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Figure 4.7 Digital photograph of the gas chromatograph used in gas analyses

4.4.1.15

Drying Oven

A Cole Parmer StableTemp Utility Gravity Convection Oven model 05012-00
was used to determine percent solids on MC-118 samples or to dry cleaned pieces of
equipment. The oven was purchased from Cole Parmer, Inc in Vernon Hills, IL. The
operating temperature range is 30 to 200°C.

4.4.1.16

Borescope Camera

A UXR (Borescopes, NTD Equipment) Genwac model GW-202D DIGITAL
borescope camera purchased from UXR in Simi Valley, CA was used to take digital
photographs of the interior of the Parr reactors. The borescope was capable of video and
still-frame imaging, contained a backlight option, and had shutter speeds of 1/250 s-1 to
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1/4000 s-1. The borescope contained a tunneling tube that connected to the camera, and a
light input near the top of the tunnel allowed for lighted viewing.

4.4.1.17

Borescope Light Source

The light source used to illuminate the interior of the Parr reactors was an
Instrument Technology model 125010 purchased from Instrument Technology, Inc in
Westfield, MA. The light source was of variable intensity with a maximum of 150 W,
and the light source extended 3 ft. from the source to allow for mobility.

4.4.1.18

Digital Video Camera

Video images were taken through the viewing window of Reactor B using a
Phillips model SPC900NC-27 digital video camera, manufactured by Phillips Consumer
Electronics in Atlanta, GA. The camera was capable of 90 frames per second with 1.3
megapixel snapshot quality. The Instrument Technology light source was used to
illuminate the interior of the reactor from the top while the video camera was mounted at
the viewing window.

4.4.1.19

Spectrophotometer

A Genesys 20 model 4001/4 spectrophotometer manufactured by Thermo
Electron Corporation in Rochester, NY was used to evaluate percent absorbance of
samples for analytical determinations of cell mass and sulfate. The instrument contained
a 1-cm glass wall through which the light was directed, and the wavelengths available for
testing were 325 nm to 1100 nm. The light source was a tungsten-halogen lamp, and the
instrument was capable of measuring percent absorbance or percent transmittance.
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4.4.1.20

Deep Freeze Storage

Samples prepared for later use as inoculums sources were stored in a Revco
model ULT1090 deep freezer manufactured by Thermo Fisher Scientific in Waltham,
MA. The operating range of the freezer is -86°C to -40°C, and the freezer has a 291-L
storage compartment.

4.4.1.21

Autoclave Sterilizer

Cultures, media, equipment, and utensils were sterilized in a Steris Amsco
Century model SG-120 Scientific Gravity Sterilizer manufactured by Steris International
in Mentor, OH. The sterilizer is steam-jacketed and has a maximum operating pressure
of 50 psig at 300°F. A digital interface allowed complete control and real-time
monitoring of the system before and during sterilization. The “media” setting was used
for culture media or water, and the “glassware” setting was used for any other materials.

4.4.1.22

Incubator

A Fisher Scientific model 625D Isotemp Incubator was used to incubate cultures
on plates for enumeration and morphology testing. The operating range for the incubator
was 30°C to 75°C with an accuracy of ±0.7°C, and the chamber was 2.5 cubic feet.

4.4.1.23

Centrifuges

The primary centrifuge used to spin down all cultures and/or sediment was a
Sorvall model RT 6000D centrifuge. A swinging-bucket type rotor with a 4 inch radius
was installed. The centrifuge has a speed range of 100 to 6000 RPM with temperature
control between -5°C to +25°C. Corning 50 mL sterile centrifuge tubes were used with
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the centrifuge. The equipment was manufactured by Sorvall, now Fisher Thermo
Scientific in Waltham, MA.
The micro centrifuge used to prepare samples for viewing with SEM was an IEC
Centra-4B Centrifuge capable of speeds ranging from 1000 to 10,000 RPM. The
centrifuge was manufactured by International Equipment Company, Inc in Nashville, TN.
Smaller, 3-mL micro tubes were used with the centrifuge.

4.4.1.24

Critical Point Dryer

A Polaron Critical Point Dryer system was used to remove residuals from samples
prepared for SEM viewing. The CPD was connected to an ultra-pure carbon dioxide gas
cylinder to provide the gas necessary for extraction. The CPD was manufactured by
Quorum Technologies in UK.

4.4.1.25

SEM Coating System

A Polaron SEM Coating System seires 11HD sputter coater was used to coat
samples with conductive gold-palladium metal prior to SEM viewing. The coating
system operated from 0-3 kV, with 2.4 kV used to coat samples. Argon gas was used as
the plasma medium, and the coating current was 20 mA. The sputter coater was
manufactured by Quorum Technologies in UK.

4.4.1.26

Scanning Electron Microscope

A JEOL model JSM-6500F Field Emission scanning electron microscope was
utilized to image surfaces relevant to the study. The microscope was manufactured by
JEOL, USA and contained backscattered and secondary electron detectors. An X-EDS
and WDS spectrometer and an electron backscatter diffraction detector (EBSD) were
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attached to the scope. The resolution of the scope is 1.5 nm at an accelerating voltage of
15 kV and 5.0 nm at 1 kV with a magnification of 10X to 50,000X.

4.4.1.27

Anaerobic Glove Chamber

A Coy Laboratory Products anaerobic glove chamber was used to prepare and
sample cultures under anaerobic conditions. A vacuum chamber was attached to the
glove chamber to insertion and removal of materials under anaerobic conditions. The
chamber atmosphere was maintained with a specially-prepared gas mixture purchased
from Nexair, Inc. of Memphis, TN. The gas contained 95% N2 and 5% H2. Figure 4.8 is
a digital photograph of the anaerobic glove chamber used for anaerobic preparations.
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Figure 4.8 Digital photograph of the Coy anaerobic glove and evacuation chambers

4.4.2

Materials
The materials used in all tests were from the same lots. Given the number of

various chemicals used for the entire project, importance was placed on using chemicals
from the same source during the project.

4.4.2.1

Purified Microbial Culture
The Bacillus subtilis ATCC 21132 purified microbial culture was purchased from

ATCC. The culture was in dehydrated form, and the supplier‟s instructions were
followed in preparing the initial culture from which slants and frozen culture was
prepared and stored.
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4.4.2.2

Bentonite Clay
Purified sodium montmorillonite clay (bentonite) was purchased from Sigma-

Aldrich. The bentonite clay has a molecular formula of Al2O3∙4SiO2∙H2O and CAS
number of 1302-78-9.

4.4.2.3

Ottawa Sand
Purified silica sand (Ottawa sand) was purchased from Spectrum Chemicals in

Gardena, CA. The chemical formula of the sand is SiO2 (99.0-99.9% purity), and the
CAS number is 14808-60-7. Impurities may consist of iron oxide, titanium oxide, and
aluminum oxide.

4.4.2.4

Chemicals
All chemicals used in the preparation of hydrate tests, media, or stocks for

analytical testing were purchased from Sigma-Aldrich, Cole Parmer, Alfa Aesar, or
Fisher Scientific chemical suppliers. The same lots were used throughout the project.
Ultra pure water for hydrate control tests and reactor cleaning was purchased from Alfa
Aesar chemical supplier in 4-L amber bottles. The water is HPLC grade.
Chemicals used in the preparation of samples for SEM viewing were purchased
by the Mississippi State University Electron Microscope Center and were stored onsite.
All chemicals used for SEM preparations were EM grade chemicals.

4.4.2.5

Filter Sterilizers
For large sample volumes, Stericup Vacuum Driven Disposable Filtration System

filter sterilizers were used. The filters were sterile and included a 250-mL sterile
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container to capture filtered liquid. The filters were 0.45 μm HV Durapore Membrane
filters.
Syringe filters were used to sterilize stock solutions containing heat-sensitive
compounds. The syringe filters were Millex-HV PVDF Durapore Sterile filters with 0.2
μm pore sizes and a diameter of 25 mm.

4.4.2.6

Sample Transfer Devices
CP Disposable Plastic Serological pipette tips (sterile, 5 mL), Cole Parmer 50 mL

transfer pipette tips, and Samco Transfer Pipettes (Cat. No. 273) were used to transfer
media, samples, and other liquids as needed. BD Luer-Lok Tip Sterile Syringes (10 mL,
5 mL) were used with Beckton-Dickinson 20-1/2G needles for transfers from and to vials
with septa caps.

4.4.2.7

Sampling and Testing Vials
Sample vials were acquired from Environmental Sampling Supply with volumes

ranging from 40 mL to 70 mL. Screw caps with Teflon septa were used to contain
samples. Vials used for microbiological testing were 160 mL Hypovials and were
purchased from Pierce Chemical Company. The Hypovials contained a 15 mm opening
on which a gas-tight crimp cap could be fastened. Aluminum crimp caps were purchased
from Fisher Scientific.
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CHAPTER 5
RESULTS AND DISCUSSION

5.1

Scope of Experimental Results
The project executed entails a wide range of experimental topics including

nucleation, kinetics, phase equilibria, and microbial metabolism. Bacillus subtilis
cultures along with MC-118 cultures were used in hydrate formation tests where
induction time, maximum formation rate, and maximum dissociation rate were measured.
The extent of hydrate formation was also determined over given lengths of cooling time.
Phase equilibria data was collected to establish microbial cell mass effects on the
equilibrium pressure of the gas hydrates at various temperatures. Finally, microbial
metabolism was an integral part of the experiments throughout the test, but importance
was placed on determining whether microbes could metabolize substrates from within the
hydrate macrostructure interior.
A lack of experimental data on the direct effects of microbial cell mass opened up
wide possibilities of experimental permutations, with some experiments leading to the
development of further testing. Essentially, direct microbial effects on gas hydrate
formation are probably the least investigated influences to date, particularly from a
nucleation, kinetics, and phase equilibria perspective. The direct effects of microbial
metabolism have been investigated in situ by several researchers, but no direct laboratory
evidence exists showing that microbes inhabit gas hydrate macrostructures or that
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microbes metabolize substrate from within. Therefore, a cumulative design of
experiments shows from the beginning the basic effects of microbial cell mass on the
formation of gas hydrates and how microbes are encased within the macrostructure to the
end result of microbial metabolism from within.
Indirect influences were also studied, mostly to determine the potential for MC118 microbial cultures to produce biosurfactants. Once the production of biosurfactant
was established, hydrate formation tests with saturated porous media were performed to
compare results to previous work in this area. The hydrate formation tests included
measurements of induction time, maximum formation rate, maximum dissociation rate,
and the extent of hydrate formation over a given period of time. When average values
are provided in graphical format, error bars indicate standard deviations.
The experimental results show that both direct and indirect microbial influences
on seafloor gas hydrates can be significant. Furthermore, a mathematical model was
developed to describe microbial metabolism processes from within the gas hydrate
macrostructure. This model along with other theoretical implications of the research is
presented in CHAPTER 6.

5.2

Microbial Influences on Gas Hydrate Formation and Dissociation
The microbial influences on gas hydrate formation investigated were direct

molecular influences from the microbial cell wall and indirect microbial influences in
slurry solution with bentonite. The hypothesis resulting from the literature survey was
that B. subtilis would adsorb the bentonite, the bentonite would adsorb the biosurfactant,
and gas hydrate formation would be promoted as a result of this ordering effect. MC-118
cultures were tested as well, but without bentonite. Overall, the direct molecular
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influences exerted on the system were of an inhibitory nature while the indirect
influences associated with the bentonite slurry showed catalytic effects.

5.2.1

Bacillus subtilis Influences on Gas Hydrate Formation and Dissociation

5.2.1.1

SEM Analysis of Bacillus subtilis
The first objective of the batch testing with B. subtilis was to evaluate the size and

morphology of the culture used in the hydrate formation tests. The B. subtilis culture
prepared for SEM viewing showed the expected rod-shaped bacteria with a diameter of
150-200 nm and length of 1500 nm. Figure 5.1 shows an SEM image of fixed B. subtilis.
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Figure 5.1 SEM micrograph of B. subtilis culture grown in nutrient medium

Further images indicate areas identified as highly charged (the pole ends of the
bacteria: Sonnenfeld et al., 1985) with small specs of matter adsorbed. Additionally,
discarded cell material as a result of reproduction can be observed in the culture. Figures
5.2 through 5.4 show both effects.
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Figure 5.2 Adsorbed particle masses located on the bodies of B. subtilis. Particles are
concentrated near the charge-concentrated ends of the rod.

The particulate matter could be surfactin adsorbed to the cell wall to assist in the
metabolic processes of the B. subtilis, presumably one of the reasons for the production
of the biosurfactant. Additionally, surfactin acts as an anti-microbial agent by piercing its
hydrocarbon tail into other microbial cells and inducing autolysis (Muthusamy et al.,
2008). The B. subtilis may not be immune to the attack by the surfactin, but may be
immune to the response.
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Figure 5.3 Spent cell mass is present in the culture from growth of B. subtilis and
turnover of cell wall material. The cell wall material structure is a rough,
fibrous polymeric material.
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Figure 5.4 SEM micrograph of shed cell wall and particulate matter adsorption.

Given the images taken with the B. subtilis culture, the dimensions of the bacteria
were of sufficient size to expect that the bacteria would fit inside the cluster agglomerates
during hydrate formation. Additionally, the fibrous material that makes up the cell wall
is thought to be the PGN/TA inter-linkages. The roughness associated with this fibrous
material is thought to be the protruding breakages in cell wall that are pushed outward
during growth (Koch and Doyle, 1985). Intriguing effects were observed from the
culture during hydrate formation, and the shape and size of the bacteria were useful in
drawing meaningful conclusions from the data.
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5.2.1.2

B. subtilis Gas Hydrate Experiments Summary
The hydrate experiments were conducted to evaluate the induction time,

maximum formation rate, maximum dissociation rate, and the extent of hydrate formation
using B. subtilis, the surfactin produced by the B. subtilis culture, and intermittent
treatments of bentonite. Cell mass and surface tension measurements were taken prior to
the initiation of each experiment. Table 5.1 summarizes the experimental conditions for
the B. subtilis experiments.

Table 5.1
Experimental conditions for B. subtilis gas hydrate batch experiments
Experiment ID

Initial Pressure
(psig @ 0.5 C)

Surface Tension
(mN/m)

Optical Density

Notes

ST NM-a
ST NM-b
ST NM*-a
ST NM*-b
B+S+NM
B+S+NM
B+S+NM
B+S+NM
B+S+NM
B+S+NM*
B+S+NM*
S+NM-a
S+NM-b
B+S+NM+Ben
B+S+NM+Ben
S+NM+Ben-a
S+NM+Ben-b

401.8
402.3
401.3
401
402.1
399.6
402.1
379
402.6
398.7
403.6
390.4
402.1
403.6
403
401.3
404.2

73.4
72.7
73.7
73.5
30.2
28.4
29.7
28.7
28.7
28.1
28.3
28.5
28.4
29.2
30.2
28.9
29.4

0.643
0.401
0.446
0.479
0.288
0.166
0.719
0.177
0.176
-

No Fe/Mn
No Fe/Mn
Fe/Mn included
Fe/Mn included
Cell mass
Cell mass
Cell mass
Cell mass
Cell mass
Fe/Mn included
Fe/Mn included
Broth only
Broth only
Bentonite + cell mass
Bentonite + cell mass
Bentonite + broth only
Bentonite + broth only

* indicates culture was prepared anaerobically with iron and manganese compounds
Abbreviations: B - Bacillus subtilis ; S - surfactin; NM - nutrient medium; Ben - bentonite; a,b - replicates, ST - sterile

The B. subtilis culture is listed in the table in a time-series. The culture was
initiated, maintained, and allowed to subside into the endogenous area where spore
formation begins and old cell mass accumulates. The iron and manganese were added
139

only to strictly anaerobic cultures in an attempt to prevent precipitation during cooling.
Even without these additions, some precipitation was evident in the control tests.

5.2.1.2.1

B. subtilis Effect on Induction Time

The effect of the cell mass on induction time for gas hydrate formation was
significant relative to controls. The induction time was calculated as the time elapsed
between the point where system conditions crossed the equilibrium conditions (calculated
using Sloan 1998 program) and the point where hydrate formation began. The latter
point was determined by a decrease in pressure coupled with an increase in temperature.
Figure 5.5 shows the effect of the B. subtilis cell mass and surfactin in nutrient medium
on the hydrate induction time.
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Induction Time and Cell Mass Relationships
140
Culture Incubation Time

0.355 mg/mL

120

100
Induction Time (h)

Anaerobic Incubation

80

Aerobic Incubation
0.391 mg/mL
0.415 mg/mL

Culture Death and
Sporulation

60

40

0.405 mg/mL

20
0.466 mg/mL

0
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34

37

43

62

Incubation Time (days)

Figure 5.5 Cell mass and induction time relationship for B. subtilis culture. The test
medium contained surfactin and cell mass only with mixed aerobic and
anaerobic incubation conditions.

The relationship between induction time and cell mass is complex and requires
careful interpretation. The culture began as an aerobic incubation for the initial 8 days.
One replenishment of the culture was performed at day 8 and one at day 34. From day 37
to day 62, fresh medium was not added and the culture was considered to be anaerobic
with the exception of the 10 second openings for sample collection. Thus, the cell mass
started at the highest level of 0.466 mg/mL, proceeded to 0.391 mg/mL as substrate was
depleted, increased to 0.405 mg/mL after 3 days of incubation with fresh medium,
increased further to 0.415 mg/mL after another 6 days, and finally ended at 0.355 mg/mL
as the culture began to diminish with depleted substrate.
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The results indicate that as cell mass is turned over and PGN/TA polymer is
discarded to the solution, the induction time increases. Lower induction times at 0.466
and 0.405 mg/mL follow replenishment of aerobically-prepared media. This suggests
that the longer the culture incubated anaerobically, the more the induction time increased.
The turn-over and accumulation of the cell wall polymers is assumed responsible for the
inhibitory effect.
The hydrate induction time of the culture without cell mass (broth only) is much
different. In fact the control tests without cell mass but with surfactin showed marked
decreases in induction time with high reproducibility. Figure 5.6 shows the all control
tests in comparison to the B. subtilis hydrate tests.
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B. subtilis Induction Time vs. Control Tests
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Figure 5.6 Average induction times for B. subtilis relative to controls

The B. subtilis appears to be inhibiting gas hydrate induction for extended periods
of time relative to control tests. The surfactin only test is the most comparative control
test performed as the only difference in this setup and the B. subtilis setup is the absence
of the cell mass per centrifugation. Therefore, analyzing the induction time of the culture
with respect to the control tests strongly suggests that the microbial cell mass is
producing an inhibitory effect on gas hydrate formation relative to induction times. In
calculating the average induction time and standard deviation, the first and last tests
performed with B. subtilis were removed and an average was calculated over the tests
from day 34 to day 43 of incubation; essentially removing end effects of culture
initialization and culture deterioration.
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Again, the accumulation of cell wall polymer material in addition to the cell wall
material of the actual live microbes is likely the direct influence driving the hydrate
induction time. The cell wall material may be following a similar mechanism to kinetic
hydrate inhibitors. The water-soluble polymers from the cell wall are highly branched
and linked and protrude from the microbial cell. Additionally, the discarded cellular
material during growth is oblong and non-geometric, forcing any clustering to occur
around and through these irregularities.
The charged phosphodiester linkages and other groups in the PGN/TA complex
may even contribute to some competition for water through Van der Waals forces,
ultimately providing some thermodynamic inhibition as well. The B. subtilis likely
interact with this water in such a way as to always keep itself surrounded by free water to
prevent death upon crystal formations and agglomerations, a rapid phenomenon when
surfactin is present. This layer of water would serve to protect the cell in such a way and
would also make the formation of a critical cluster more difficult by removing both the
layer of water surrounding the bacteria from the available water for hydrate formation
and by removing a heterogeneous surface (the cell) from acting as a nucleation site.
Either way the results show a drastic increase in hydrate induction times upon
introduction of cell mass to the system.
The addition of bentonite to the system exceeded expectations. Given the
previously discussed findings regarding the adsorption of surfactants to bentonite, gas
adsorption to bentonite, and bentonite adsorption to B. subtilis, the expectation was that
the microbial edge-face adsorption scheme would structure the bentonite and produce an
ordered arrangement of heterogeneous nucleation sites with the microbes at the center.
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At the same time, the ordered structure this synergetic system creates was thought to have
the potential for lowering the overall energy required for cluster formation and
agglomeration, thereby catalyzing gas hydrate formation.
Upon addition, the bentonite was stirred and given sufficient time for wetting
prior to initiation of hydrate testing. Also, as depicted in Figure 4.5 the bentonite was
settled prior to initiating hydrate-forming conditions to simulate the generally quiescent
nature of the seafloor. Figure 5.7 shows the effect of the bentonite addition to the
culture.
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B. subtilis Induction Time vs. Control Tests
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Figure 5.7 Effect of bentonite addition to B. subtilis culture and to cell-free broth
relative to tests without bentonite previously shown.

As is apparent from Figure 5.7, the addition of bentonite to the system has an
extraordinary effect compared to the tests with B. subtilis suspended in the medium. The
results confirm the suspicion of the adsorption mechanism‟s capability to catalyze gas
hydrate formation. Looking further into the data shows an additional stability provided
by the presence of the microbial culture with the bentonite when compared to the
bentonite slurry with no culture. Figure 5.8 shows induction times for bentonite
treatments only.

146

B. subtilis Induction Time vs. Control Tests
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Figure 5.8 Effect of bentonite addition on hydrate induction with and without B. subtilis.
(B. subtilis cell mass concentration, 0.305 mg/mL)

The error bars depict the stability aspect of the microbe-sediment synergy. The
reproducibility of the tests with B. subtilis attests to the power ordering mechanisms have
in catalyzing gas hydrate formation. Interestingly enough, Dearman (2007) produced
SEM photos of sediment from dissociated hydrate collected from MC-118. Figure 5.9
depicts an ordered structure similar to what is envisioned in this discussion of bentoniteB. subtilis adsorption patterns. Recall Figure 2.2 illustrates this conceptually.
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Clay platelets

Platelets are structured
around a central nucleus

Rod-shapes:
potentially bacteria

Figure 5.9 SEM micrograph of particles within dissociated hydrate from MC-118. The
platelets in the image are ordered around a central nucleus, postulated to be
bacterial colonies. SEM Photo: Dearman (2007)

The image speaks volumes to support the hypothesis placed forward. The clusters
of sediment in the photo are purported to be hydrate nuclei. The structuring of sediment
and organization of the platelets in such a fashion creates a high surface-area to volume
ratio, an ideal geometrical scenario for concentrating the adsorbed species (water and
gas). Some bacteria appear to be present on one of the sediment protrusions, as indicated
in the figure. The sample processing for the SEM image taken by Dearman (2007) was
not the same as the fixation process performed on the biological samples analyzed in this
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work. This would result in some artifact in the size and shape of the bacteria, as without
fixation biological samples will shrink during dehydration.
SEM images were taken of a sample of slurry used in the hydrate formation tests
with B. subtilis and bentonite. The texture and surface of the bentonite is very similar to
that in Figure 5.9, but no bacteria were located. The B. subtilis are thought to have
adsorbed to the bentonite and encased themselves within bentonite agglomerates. Figure
5.10 shows the surface of the bentonite structure in 10% w/w slurry with B. subtilis and
surfactin.
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Figure 5.10 SEM micrograph of bentonite-B. subtilis slurry used in hydrate formation
tests (prior to hydrate formation)
The bentonite agglomerates in the micrograph range anywhere from 1 μm to 40
μm in the largest dimension. The structure and high surface-area of the bentonite is
evident from its arrangement in the slurry. In comparison to the previous image in Figure
5.9, the smooth surface is present in both images, but the observed effect of hydrate
formation Figure 5.9 is evident in the positioning of the plates in a nearly spherically
symmetrical orientation.
When hydrate formation initiates following the mechanism put forth by Dearman
(2007), the clay mass agglomerates are broken down and transported through the
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capillaries of the hydrate. This perpetuates the hydrate formation, particularly in the
presence of biosurfactants where surface tension reduction would yield lower capillary
pressures and higher diffusion rates for gas or gas-saturated water. The marked
difference in the macrostructure of the particles in Figure 5.9 and the bentonite in Figure
5.10 is therefore attributed to gas hydrate formation similar to that which Dearman (2007)
describes.

5.2.1.2.2

B. subtilis Effect on Formation Rate

The effect of the cell mass on formation rate for the gas hydrate system varied
depending on the nature of the culture. The formation rate was calculated with the use of
the Peng-Robinson equation of state. Essentially, the equation was used to calculate the
number of moles of gas at multiple data points (using temperature and pressure data)
soon after hydrate formation initiated. The maximum formation rate typically occurred
near the maximum temperature recorded during hydrate formation (recall the temperature
increases due to the exothermic hydrate formation reaction). Thus, the change in the
number of moles of gas in the vapor-phase of the reactor was calculated between the data
collection points and divided by the data collection interval (30 second data collection
interval) to calculate the rate as the moles of natural gas disappearing over time. The
method assumes that all gas lost from the vapor-phase is converted to gas hydrate in the
solid phase. Woods (2004) and others have used this algorithm, and the data was
analyzed in this project using the same.
The maximum formation rate is relatively reproducible and is the likely rate of
hydrate formation in the case of no mass-transfer limitations. Ultimately the rate begins
tapering off after a maximum is reached as the hydrate-lattice formation begins to force
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gas and water to diffuse through the capillaries for further hydrate formation. The
maximum rate of formation does not always tell the complete story as will be seen
eventually. However, it serves a purpose of providing a maximum value for comparison
between hydrate formation tests.
The results show a trend of decreasing maximum formation rates with increases in
the time of culture incubation. Broken down further the maximum formation rate was
highest in the initial aerobic culture taken as the first sample tested. As the culture
became anaerobic, cell mass increases led directly to decreases in the maximum rates
observed. However, as the culture was allowed to diminish without substrate, the
maximum formation rate increased above the minimum observed. Figure 5.11 illustrates
the relationships between cell mass, incubation period, and maximum formation rate.
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Maximum Formation Rate and Incubation Time
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Figure 5.11 Relationships between maximum formation rate, cell mass, and incubation
time.

Figure 5.11 suggests that cell mass is not the only factor to consider when
analyzing the relationship with the maximum rate of formation. The results inciate that
even though cell mass was relatively high at 0.466 mg/mL and exhibited the highest
maximum formation rate of 5.0 mmol/min, the aerobic incubation of the culture had
some effect. This is evident in considering that the following three points were incubated
anaerobically, and a true inverse relationship is observed between cell mass and
maximum formation rate with rates calculated at 3.31, 2.38, and 1.23 mmol/min,
respectively. Then after the culture was allowed to rest without further addition of fresh
medium for 19 additional days, the formation rate increased to 2.31 mmol/min.
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The maximum formation rate was impeded by increases in cell mass during
anaerobic reproduction of B. subtilis. However, aerobically-produced culture exhibited a
higher formation rate with the highest mass of cellular material present. The cell wall
polymers are likely in differing proportions during aerobic and anaerobic growth and may
have contributed to this phenomenon. Additionally, as Zhang et al. (2007 a) pointed out,
aerobic surfactin isomers are produced in different proportions compared to anaerobic
surfactin isomers. The varying proportions of surfactin may have influenced the
observed rate relationships. A final consideration is the fact that the minimal amount of
cell wall material turned over during growth was present in the initial test when the
culture was young.
Ultimately, the decreases in maximum formation rate with increases in cell mass
are a result of further strain being applied to the hydrate nucleation and agglomeration
process by increasing the number of oblong, rod shaped bacteria. This increase in
bacteria is of course coupled with an increase in shed cell wall material over time. The
hydrate crystals must then agglomerate around these structures to reach a critical radius.
The starvation of the culture and ultimate cell death brings back an increase in the
maximum rate. Assuming the bacteria went into a spore formation once sufficient
substrate was not available for consumption (typical of spore-forming bacteria such as B.
subtilis), the spherical shape of the spores would theoretically yield a lower energy
barrier for the formation of a symmetrical hydrate nuclei. Additionally, cell mass
material shed during growth was likely re-metabolized by this point, further reducing the
concentration of odd-shaped polymer structures around which hydrates would necessarily
grow during formation.
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The general trend of decreasing maximum formation rates is likely not related to
surfactin concentrations. First of all, the surface tension of the medium used in each test
was relatively constant, a result pointing to the continual formation of micelles and thus
implying the concentration of surfactin remaining beyond the CMC. Secondly, if the
concentration of surfactin was decreasing over the duration of incubation, the lowest
concentration would have been observed after cell starvation and death, as the surfactin
would have been targeted by the microbes as a carbon substrate. However, the increase
in the formation rate during this period suggests otherwise. The role of surfactin in the
rate of hydrate formation is still unclear in general.
Bentonite additions to the formation tests did not produce any significant
influence on the maximum formation rate. The presence of the microbes increased the
average maximum rate compared to broth only with bentonite. A higher standard
deviation was observed with the B. subtilis present as well. Precise ordering such as that
indicated in Figure 5.9 would be expected to result in a higher rate of formation, although
significant scatter exists within the duplicate tests. Table 5.2 summarizes the maximum
formation rates for the bentonite slurry tests.
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Table 5.2
Bentonite slurry maximum hydrate formation rate summary

Experiment ID

Cell Mass (mg/mL)

Maximum Formation
Rate (mmol/min)

B+S+NM+Ben-a

0.305

2.59

B+S+NM+Ben-b

0.305

4.03

S+NM+Ben-a

-

2.67

S+NM+Ben-b

-

3.49

Average

Standard Deviation

3.31

1.02

3.08

0.58

When the overall hydrate formation rate is analyzed in the B. subtilis and broth
only tests, it becomes apparent that the maximum formation rate is not always
representative of the overall picture. Recall that the rate of hydrate formation is directly
related to the pressure of the gas in the reactor (temperature is relatively constant with
minor increases as hydrate formation initiates). Figure 5.12 is a plot of the change in
pressure of the reactor during the hydrate formation periods. The changes in pressure are
considered a measure of gas consumption.
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Kinetic Profiles of B. subtilis and Broth Only
Experiments
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Figure 5.12 Overall rate of hydrate formation in B. subtilis and broth only experiments.
The pressure drop as a function of time is directly related to the gas
consumed during the hydrate formation reaction.

Figure 5.12 indiates what appears to be a threshold value for accumulations of cell
mass. The B+S+NM-0.415 test was the equivalent 0.415 mg/mL cell mass
concentration; the highest concentration tested anaerobically and with cell mass buildup.
The stark difference in the gas consumption rate after the first two hours of hydrate
formation is indicative of some type of kinetic inhibition effect by the 0.415 mg/mL
concentration where clusters are formed slowly enough to suppress catastrophic hydrate
formation beyond some residence time. Furthermore, this suggests that the buildup of the
cell wall material as well as the increased concentration of live cells makes it more
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difficult for gas hydrate nucleation to occur as rapidly (beyond the onset of formation) as
the other tests provided for comparison.
In analyzing the overall rate in the bentonite slurry tests, the data validates the
higher average maximum formation rate in Table 5.2 even though the scatter of the
maximum rates was high. The bentonite slurry containing B. subtilis produced more gas
hydrate in the initial 2 hours of formation than the slurry with broth only. Figure 5.13 is a
plot in the change in pressure observed over time in the bentonite slurry tests.

Kinetic Profiles of B. subtilis and Broth Only
Experiments with Bentonite
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Figure 5.13 Effect of bentonite addition on the overall kinetics of the gas hydrate
systems tested with culture and cell-free broth.
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The results suggest that the initial 2 hours of formation proceeds more rapidly
with B. subtilis present than without. The further validation of a higher rate in the overall
kinetics with the culture present supports the supposition that the ordering effects
provided by the culture catalyze gas hydrate formation in multiple ways. The further
implication of this supposition is that as a result of hydrate formation around these central
nuclei created by the edge-face adsorption of the B. subtilis and bentonite, inclusion of
the bacteria into the hydrate structure appears certain.

5.2.1.2.3

B. subtilis Effect on Dissociation Rate

The dissociation rate of the gas hydrates in the B. subtilis experiments were of
interest. Gas hydrate dissociation is an often overlooked aspect of gas hydrate research.
Since the project focused around microbial influences on gas hydrates, laboratory hydrate
dissociation data were collected and analyzed. The data were analyzed in two ways.
First, the time elapsed between the changing of the bath temperature to 20°C and the
increase in headspace pressure by 100 psi was calculated. Second, the maximum
dissociation rate was calculated in the same manner as before for formation kinetics.
The results indicate a subtle increase in dissociation rates with the presence of cell
mass relative to controls, but no direct correlation between rate and cell mass was
evident. The presence of surfactin did, however, decrease the dissociation rate. When
bentonite was present higher dissociation rates persisted with the presence of the B.
subtilis relative to broth only dissociation rates. This finding is similar to tests without
bentonite. Table 5.3 summarizes the dissociation results.
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Table 5.3
Summary of dissociation data and conditions

B+S+NM-0.355
B+S+NM-0.391
B+S+NM-0.405
B+S+NM-0.415
S+NM-a
S+NM-b
NM-a
NM-b
B+S+NM+Ben-0.305
S+NM+Ben

Po (psi)

Pf (psi)

dP (psi)

Elapsed Time
(min)

dP/dt

Rate
(mmol/min)

307
304
307
273
297
307
306
320
313
320

407
404
407
373
397
407
406
420
413
420

100
100
100
100
100
100
100
100
100
100

32.5
31.5
34.5
33
39.5
37.5
29.5
31.5
32
47.5

3.08
3.17
2.90
3.03
2.53
2.67
3.39
3.17
3.13
2.11

8.83
5.93
7.23
4.9
4.85
5.97
6.05
5.62
6.69
5.27

Values for dissociation kinetics are difficult to calculate, as each test proceeded to
a slightly different extent once hydrate formation was slowed to the point of decreasing
less than 1 psi per day. If calculations are based on the entire dissociation period,
experiments starting at a lower pressure will have a higher driving force for dissociation
and vice versa. If calculations are based on a starting pressure slightly above the highest
ending pressure, those with lower ending pressures will have inherently higher rates of
dissociation once the chosen pressure is passed.
For example, an experiment with an ending pressure of 290 psig will already have
a significant dissociation rate by the time the system passes 320 psig, an arbitrary value at
which timing begins. An experiment with an ending pressure of 310 psig will not have
the advantage of the higher rate at the time the system pressure passes through 320 psig.
Therefore, the time elapsed between a pressure increase of 100 psi in the headspace of the
reactor was considered the best choice and was used to calculate the rate of dissociation.
The average values over successive dissociation events were calculated along
with standard deviations. These values indicate a preference to microbial cell mass for
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higher overall dissociation rates. The surfactin on the other hand appears to impede
dissociation rates beyond those of the pure medium. The average rates with standard
deviations are provided in Figure 5.14.

Average Dissociation Rates: B. subtilis
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Figure 5.14 Summary of average dissociation rates for hydrate formation tests with B.
subtilis. (Bentonite slurry tests are only one replicate)

If the cell mass-water interface has some chemical effect on a hypothetical layer
of water surrounding the cell mass that prevents this layer of water from forming hydrate,
this would cause a localized shift in thermal and mass transport properties possibly
leading to a higher dissociation rate. The same phenomenon is present with bentonite as
well, and the bentonite hydrate nuclei may further alter these transport properties. The
surfactin may on the other hand add stability to the gas-water structure for a longer period
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of time once thermodynamic conditions for hydrate stability cease, leading to a generally
slower dissociation route.

5.2.1.2.4

B. subtilis Effect on Gas Hydrate Formation Extent

The extent of gas hydrate formation was measured using the pressure drop as an
indicator of gas consumption. The extent of hydrate formation for this work is
considered the total drop in pressure of the reactor headspace during hydrate formation.
The final pressure taken in the calculations was the value from which the pressure ceased
to change more than 1 psi in a 24 hour time period. This value is not taken as the
equilibrium pressure, only the pressure where sufficient mass transfer limitations prohibit
a practically-sustainable rate of formation. This final pressure is a function of the
inherent characteristics of the specific solution tested.
The extent of hydrate formation was significant in all tests containing the
microbially-produced surfactin. Such high extents of hydrate formation are not common
to pure water systems. The surfactants or other surface-active materials promote
localized supersaturated areas of gas and ultimately allow the gas hydrates to rely less on
gas and water diffusion through capillaries during the formation process in a laboratory
test cell (Lw-H-V system). A video was taken during a hydrate formation test with
surfactin in Reactor B to illustrate the concept of natural gas saturated-water phase
nucleation. Nucleation of hydrate crystals in the bulk water phase occurred visually for
upwards of 20 minutes prior to catastrophic hydrate formation. Figure 5.15 is a timeseries of frames from the video showing this nucleation process.
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Initial Condition
First Nucleus (4:24)
Copper coil

Liquid phase

Gas phase

Nuclei Multiplying
(6:30)

Catastrophic Formation
(27:00)

Nuclei Multiplying

Nuclei Present
Figure 5.15 Time-series images from video of nucleation in the bulk aqueous phase.
Video taken from sapphire window with light source from above.
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The time-series images illustrate the subsurface nucleation of gas hydrate crystals.
The agglomeration of these crystals occurred between the final two images. The gas
water interface was the primary point for the initiation of the catastrophic growth, but the
extent of hydrate formation in the tests with surfactin is thought to be a result of the
subsurface supersaturation of gas in the water. Additionally, the anionic nature of the
surfactin promotes adsorption of hydrate crystals to the walls and a clearing of the
interface for further gas dissolution and hydrate formation. Figure 5.16 shows the
relationship between the extent of hydrate formation and culture incubation time.

Hydrate Formation Extent
104
0.415 mg/mL

102
Anaerobic Incubation

Aerobic Incubation

Pressure Drop (psi)

100

Culture Death and
Sporulation

98
0.466 mg/mL

96
94

0.355 mg/mL

0.391 mg/mL

0.405 mg/mL

92
90

88
86
8

34

37

43

62

Incubation Time (d)

Figure 5.16 Hydrate formation extents to a rate of less than 1 psi/d following the
incubation period of the B. subtilis culture. Cell mass indicated in figure.
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The results indicate a higher extent of formation with anaerobic culture, and the
extent of formation increases with increasing cell mass during this period. Aerobic
incubation during culture initiation produced the lowest live-biomass extent of hydrate
formation. The extent of hydrate formation captured after starvation of the culture
decreased significantly from the peak with 0.415 mg/mL anaerobic biomass.
The extent of formation relationship with cell mass during the anaerobic
incubations may be related to the varying isomers of surfactin produced during anaerobic
incubations. Ultimately the extent of formation is dictated by mass transfer limitations,
and the anaerobic surfactin may decrease this limitation more than aerobic isomers.
Additionally, the size of the nucleus is of consideration.
The addition of viable cell mass coupled with the anaerobic surfactin isomers may
have produced a two-fold effect: decrease the resistance to diffusion in gas hydrate
capillaries and created larger nuclei through the agglomeration of the bacteria into larger
masses, thus promoting more varying nuclei sizes and a less perfect crystal structure with
larger interstitial and capillary spaces. Smaller nuclei as a result of increased microbial
cell mass may have similar effects when considering the smaller nuclei may promote
higher numbers of nuclei and allow for higher gas consumption.
The effect of the bacteria in this two-fold process becomes clear upon
examination of the average extents of formation in comparison to the broth only tests.
The addition of bentonite to the system also had a significant effect on the formation
extent. Figure 5.17 compares the average formation extents over all of the combinations
of testing: B+S+NM, S+NM, B+S+NM+Ben, S+NM+Ben.
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B. subtilis Extent of Hydrate Formation
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Figure 5.17 Hydrate formation extents for tests with and without B. subtilis and
bentonite

In both cases with B. subtilis present, the extent of hydrate formation was greater
than the control scenario with cell-free broth. The bentonite in general exerts some
influence on decreasing the water available for hydrate formation. This theory follows
closely to the hypothesized water layer surrounding the B. subtilis cell bodies. The
bentonite is very hygroscopic and would likely resist the inclusion of all water into
hydrate form. The bentonite forms very strong associations with water, particularly in
the inner-layers. Thus, the B. subtilis may use the bentonite adsorption scheme to further
isolate itself from extremes associated with hydrate formation (heat, crystallization) while
still being included in a vast gas reservoir.
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5.2.1.2.5

B. subtilis Anaerobic Culture Hydrate Formation Results

The results of the hydrate formation tests using cultures prepared anaerobically
with the inclusion of iron and manganese compounds provided no additional information
relative to the phenomena observed in tests without the additions. However, cell growth
proceeded to much higher levels in anaerobic incubations, a result also noted by Cooper
et al. (1981).
A total of two hydrate formation tests were performed with the strictly anaerobic
culture. The induction times were rapid with no true distinction of an initiation point for
hydrate formation in one test and a minimal 3 hour induction time for the other. These
results are suspect and still suggest some form of precipitation occurred during the
temperature shift from 20°C to 0.5°C, and this explains the rapid gas hydrate nucleation
observed in the tests following the mechanism presented by Irvin et al. (2000). No
further testing was initiated with this culture.

5.2.2

MC-118 Culture Influences on Gas Hydrate Formation and Dissociation

5.2.2.1

SEM Analysis of MC-118 Sample and Culture
Again, the initial objective of the hydrate formation tests with MC-118 cultures

was to analyze the culture and the sediment from within the samples using SEM. A
sample was removed from the initial culture of MC-118 microbes with nutrient broth as
well as from the sample used to inoculate the nutrient broth (SWBC 1110-01). Limited
selectivity was expected in the culture given the singular conditions for culturing relative
to seafloor conditions (which are much more diverse). Figure 5.18 shows the sample
fixed from the MC-118 initial culture (used to inoculate hydrate test cultures).
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Biofilm coating

Cracking

Figure 5.18 SEM micrograph of MC-118 culture grown in nutrient broth

The micrograph shows the rod-shaped bacteria present in the sample used to
inoculate the nutrient broth had proliferated extensively beyond conclusive recognition of
any diversity of the organisms. The image also depicts what appears to be a bio-film or
bio-slime coating the surface of the organisms. This film would have been fixed to the
bacteria during the primary fixation step with glutaraldehye, and the stress of the vacuum
in the viewing chamber of the microscope presented as cracking in the image.
The surface tension of the medium dropped to 57.3 during the initial culturing,
indicating the production of some surface-active agent during growth. Given the
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morphology of the bacteria proliferating at the incubation conditions used along with the
decrease in surface tension observed during incubation, similar results in hydrate
formation tests were expected with the MC-118 culture as was observed with the B.
subtilis culture.
The SEM analysis of the sample used to inoculate the nutrient broth initial culture
showed a wide array of clayey mineralogy along with what Dearman (2007) identified as
coccoliths- individual plates of calcium carbonate formed by coccolithophores. No
bacteria were visible in the samples, a result attributed to the limited surfaces available
for viewing along with the likelihood of microbial encasement within sediments. Figures
5.19, 5.20, and 5.21 show the coccoliths and other sediment characteristics.
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Figure 5.19 MC-118 sample ID SWBC 1110-01: Coccolith formation amongst clays

Note the clayey material in Figure 5.19 similar to the SEM images of the
bentonite slurry samples in Figure 5.10.
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Figure 5.20 MC-118 sample ID SWBC 1110-01: Coccolith distal shield amongst clays
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Figure 5.21 MC-118 sample ID SWBC 1110-01: Symmetrical arrangement of a
biologically-driven formation

5.2.2.2

MC-118 Culture Gas Hydrate Experiments Summary
The experiments performed with MC-118 cultures were conducted to establish

whether the results found with the B. subtilis could be applied to seafloor microbial
cultures, particularly the inhibitory effect by the cell mass. Upon verification of this
inhibitory effect with MC-118 culture in hydrate formation tests, the culture was
synthetically processed using a hypertonic solution of NaCl, sampled for morphology
analysis using SEM, and used in further hydrate tests to determine inhibitory qualities of

172

the external cell wall without microbial life. The experiments and experimental
conditions are summarized in Table 5.4.

Table 5.4
Experimental conditions for MC-118 gas hydrate batch experiments

Experiment ID
MC+S+NM
MC+S+NM
MC+S+NM
MC+S+NM
S+NM
CM+NM-1%
CM+NM-5%

Initial Pressure
(psig @ 0.5 C)

Surface Tension
(mN/m)

Optical Density

402.1
411.9
400.1
398.4
404.5
401.4
402.3

59.1
62.7
68.8
67.9
68.4
68.4

0.303
0.391
0.329
-

Notes
MC-118 inoculums
MC-118 inoculums
MC-118 inoculums
Memory Test
Broth only
1% NaCl
5% NaCl

* indicates culture was prepared anaerobically with iron and manganese compounds
Abbreviations: MC - MC-118 inoculums; S - produced biosurfactant; NM - nutrient medium; CM - cell mass;
1% - percentage of NaCl in hypertonic solution

The MC-118 culture is listed in the table in a time-series. The culture was
initiated, maintained, and allowed to subside into the endogenous area where cell mass
accumulates. The iron and manganese medium was not used in any of the MC-118
hydrate formation tests. Optical density measurements were recorded and the previous
calibration curve was used to estimate cell mass. Given that the medium was the same,
only small deviations in cell mass measurements relative to the actual cell mass present
were expected. Surface tension measurements were also recorded prior to hydrate test
initiation.

5.2.2.2.1

MC-118 Culture Effect on Induction Times

The presence of cell mass again produced significant effects on the hydrate
induction time relative to a control test without cell mass. The culture indicated
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biosurfactant-production potential during the culturing process, as surface tension
measurements implied the production of surface-active agent over the incubation time.
The lack of the copper tube in the system to promote heat transfer also affected the
induction times observed in the tests. The induction time was calculated following the
same algorithm mentioned previously for B. subtilis hydrate tests. Figure 5.21 shows the
induction time as a function of incubation time (and cell mass).

Induction Time and Cell Mass Relationships
200.00
180.00

Culture Incubation Time
0.387 mg/mL

160.00

Induction Time (h)

140.00

0.368 mg/mL

120.00
100.00
80.00
60.00
40.00
0.360 mg/mL

20.00
0.00
0

8

42

Incubation Time (days)

Figure 5.22 Cell mass and incubation time relationship for MC-118 culture. The culture
was setup under aerobic conditions but was allowed to incubate
anaerobically for the duration of the culture life (to simulate seafloor
conditions).

The induction time results presented in Figure 5.22 are somewhat similar to the
results observed in the B. subtilis tests following the anaerobic incubation period.
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However, the cell mass present in the MC-118 cultures appears to increase the induction
times beyond those observed in previous tests with B. subtilis. The much higher surface
tension (and implied lower concentration of biosurfactant) may also be responsible for
this increase in induction times. Average induction times calculated from MC-118 cell
mass tests are compared to a broth only hydrate test in Figure 5.23.

Average MC-118 Culture Induction Times
250.00

Induction Time (h)

200.00

150.00

100.00

50.00

0.00
MC+S+NM

S+NM

Figure 5.23 MC-118 culture average induction times for hydrate formation relative to
cell-free broth

One interesting observation of the results in Figure 5.23 is the higher induction
time in the broth only test. The primary difference between this broth only test and the B.
subtilis broth only tests is the lower surface tension with the presence of surfactin. This
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evidence then suggests that surface tension and that the nature of the biosurfactants
present in solution have some effect on hydrate induction time.
Additionally, recall that the copper tube was removed from the reactor for this
series of hydrate tests to mimic in situ heat transfer limitations. The overall higher
induction times for the MC-118 hydrate formation tests implies that heat transfer likely
plays a role in induction time, a result also reported by Woods (2004).
The rapid heat transfer rate promoted by the introduction of the copper tube
assists in removing the heat of formation upon hydrate nucleation. Otherwise, lower heat
transfer rates would create resistance and exaggerate the stochastic nature of the hydrate
induction by the residual heat increasing the overall energy required to overcome the
critical cluster size. Essentially, as was observed in the still-frame nucleation images, the
nuclei form and disappear rapidly during the induction period, and with additional
residual heat present during this probabilistic process, induction times are extended.

5.2.2.2.2

MC-118 Culture Effect on Formation Rate

An identical trend of decreased maximum formation rate with increased cell mass
was evident in the MC-118 hydrate formation tests as well as the B. subtilis tests. Again,
the MC-118 culture was maintained under anaerobic conditions throughout the
incubation period. The removal of the copper tube from the reactor showed further
effects relative to the previous tests when analyzing the formation rates. The maximum
rates of formation were calculated in the same manner as before. Table 5.5 summarizes
the maximum formation rate data with respect to cell mass produced anaerobically for
both the MC-118 and B. subtilis cultures.
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Table 5.5
Summary of MC-118 and B. subtilis maximum formation rates relative to cell mass
concentrations

Cell Mass (mg/mL)

Maximum Formation
Rate (mmol/min)

B+S+NM

0.391

3.74

B+S+NM

0.405

2.69

B+S+NM

0.415

1.4

MC+S+NM

0.36

2.15

MC+S+NM

0.368

1.62

MC+S+NM

0.387

1.57

Experiment ID

Average

Standard Deviation

2.61

1.17

1.78

0.321

The inverse relationship between cell mass concentration and maximum
formation rates is present in both cultures tested. The first two concentrations shown in
Table 5.4 for MC-118 culture cell mass produced significantly lower maximum rates of
formation than the B. subtilis counterparts; even though the B. subtilis cell mass was
higher in general.
This result may arise from the ability of the copper tube to transfer the heat
release during the hydrate formation process to the vapor phase of the reactor and away
from continuing crystal formations. Without the copper tube present, all maximum rates
observed were lower than the B. subtilis counterparts with the exception of the highest
concentrations of cell mass. Even at this value, the calculated rates are very similar.

5.2.2.2.3

MC-118 Culture Effect on Dissociation Rate

No significant trend in the dissociation data collected during MC-118 hydrate
formation experiments was detected. The data shows less consistency in the rates of
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dissociation without the copper tube present to assist in the heat transfer during
decomposition. Recall the dissociation reaction is endothermic and requires heat input
into the system to proceed. Dissociation primarily occurs at the interface, and thus heat
transfer becomes a much stronger driver than mass transfer. Table 5.6 shows the
maximum dissociation rates as well as the overall dissociation rate for the initial 100 psi
decomposition stage.

Table 5.6
Summary of MC-118 hydrate dissociation kinetics

MC+S+NM-0.368
MC+S+NM-0.387
S+NM

Po (psi)

Pf (psi)

dP (psi)

Elapsed Time
(min)

dP/dt

Rate
(mmol/min)

326
317
320

426
417
420

100
100
100

48
40
34

2.08
2.50
2.94

4.01
6.08
5.81

The broth only test exhibited the highest overall rate of dissociation with only 34
minutes elapsed between dissociation measurement points. Again the trend is evident in
the culture tests where increases in cell mass increase the overall rate. The maximum
dissociation rates show no realistic trend, and this is likely an effect of the lack of
consistent heat transfer rate without the copper tube present. Overall, this is a positive
finding, as heat transfer would proceed in situ without any conductive rod to assist in heat
dissipation which means lower dissociation rates in response to temperature fluctuations.

5.2.2.2.4

MC-118 Culture Effect on Gas Hydrate Formation Extent

The extent of hydrate formation was calculated for the MC-118 culture hydrate
formation tests for comparison to the B. subtilis hydrate tests. Similar results arise again
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upon examination. As the cell mass concentration increases, higher formation extents are
observed. Figure 5.24 shows the hydrate formation extent with the MC-118 culture as a
function of incubation time. Cell mass concentrations are indicated.

Hydrate Formation Extent
88.0
0.387 mg/mL

86.0

Pressure Drop (psi)

84.0

82.0
0.368 mg/mL

80.0

78.0

0.360 mg/mL
Culture Incubation Time

76.0

74.0
0

8

42

Incubation Time (d)

Figure 5.24 MC-118 culture hydrate formation extents. Cell mass concentrations are
indicated at each point.

The extent of hydrate formation in MC-118 culture increased with increasing cell
mass concentrations as previously observed with B. subtilis during anaerobic incubations.
The presence of the cell mass likely affected the nuclei in some manner to allow for
reduced mass transfer limitations and higher extents of formation. The mechanism
responsible for this phenomenon is unclear and was previously pondered.
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When the extent of hydrate formation is compared amongst the B. subtilis and
MC-118 cultures, the B. subtilis showed higher extents of formation overall. The cell
mass concentrations of the B. subtilis were higher in general than the MC-118 cultures,
but the presence of the surfactin in the B. subtilis cultures likely promotes a higher extent
of hydrate formation through decreased diffusion rates (through decreased surface tension
and capillary pressures) and through higher localized supersaturation of gas in the water
phase, assuming that this supersaturation is related to surface tension. Figure 5.25
compares the average extents of hydrate formation by both the B. subtilis and the MC118 cultures and their respective broths.
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Comparison of Extents of Hydrate Formation
120.0

Pressure Drop (psi)
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Figure 5.25 Comparison of hydrate formation extents from MC-118 and B. subtilis
cultures. S+NM (MC-118) was a standalone test
.
5.2.2.2.5

Gas Hydrate Inhibition with MC-118 Cell Mass

Once the data for the MC-118 gas hydrate experiments were analyzed, further
experimentation was performed to evaluate the potential to use microbial cell mass as a
gas hydrate inhibitor. The MC-118 cultures were selected for the experiments as a result
of the increased induction times observed relative to the B. subtilis tests, even though heat
transfer was thought to be the driver in the difference. Additionally, the use of an
indigenous culture provides a more general approach with general cellular material rather
than a specific organisms‟ cell-makeup. PGN/TA cell walls are common to many
environmental bacteria.
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The idea was to place the cells into a 1% and 5% NaCl solution to shrink the cell
and squeeze the cell inward through the osmotic pressure acting on the cell wall, leaving
only PGN/TA in a tightly condensed form. Once the cells were prepared, a sample was
collected for SEM analysis from the 5% treatment, and hydrate formation tests were
conducted to evaluate the induction time and formation rate. Figures 5.26 and 5.27 show
the 5% NaCl treatment effects on the MC-118 cell mass at different magnifications.

Figure 5.26 Hypertonic treatment (5% NaCl) of MC-118 cell mass grown in
nutrient medium (1,600X magnification)
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Figure 5.27 Hypertonic treatment (5% NaCl) of MC-118 cell mass grown in nutrient
Medium (13,000X magnification)

The treatment with 5% NaCl provided sufficient osmotic pressure to drive the cell
inward into small masses of cell wall. The hydrate formation tests with the 1% and 5%
treatments were successful in preventing hydrates from forming for extended periods of
time. In fact the 5% treatment test was terminated after 235 hours (~10 days), preventing
the collection of rate data. Table 5.7 shows the results of the inhibition tests.
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Table 5.7
Effect of MC-118 cell treatments on gas hydrate formation characteristics

Cell Mass

Induction Time
(h)

Maximum
Formation Rate
(mmol/min)

MC+S+NM-0.36

0.36

18.38

2.15

MC+S+NM-0.387

0.387

174.83

1.62

MC+S+NM-0.368

0.368

151.97

1.58

NMZ+S+W Broth

-

8.28

1.53

Hypertonic-1%

0.35

80.50

1.38

Hypertonic-5%

0.35

>235

N/A

The hypertonic treatments proved to be successful in inhibiting gas hydrate
formation. The 1% treatment fell within range of previous tests (as shown in Table 5.6),
but the 5% treatment prevented hydrate formation for almost 10 days before the test was
terminated. Even the maximum rate of formation in the 1% treatment was the lowest
observed rate in all hydrate formation tests conducted with cell mass. The fact that the
treated cell mass was able to inhibit the hydrate formation, even with surfactant present,
for such long periods of time supports the hypothesized theory of PGN/TA polymer
acting as an inhibitor to gas hydrate formation in aqueous solutions.

5.2.3

Control Experiments
Control experiments were conducted to establish baseline hydrate formation data

for the apparatus, thermodynamic conditions chosen, and setup procedures. In summary,
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quiescent ultra pure water does not form hydrates to any appreciable extent as a result of
extreme limitations to mass transfer upon the formation of the initial hydrate layer at the
gas-water interface. This result is significant because it allows for an appreciation of the
extent to which the biosurfactants reduce the resistance to diffusion in gas hydrate
capillaries. Also the anionic nature of the surfactin allows for adsorption to the reactor
walls (stainless steel) and a clearing of the interface.
Another very significant finding was that nutrient broth (sterile) promoted hydrate
formation significantly; similar to what would be expected of a surfactant. Relatively
little detailed information is available for specific molecular compounds in a complex
media such as nutrient broth; however, the surface tension of the nutrient broth solution
ranged from 49 mN/m to 57 mN/m, a significant drop from 72 mN/m for pure water.
This drop in surface tension suggested the presence of large protein-type molecules with
various hydrophilic and hydrophobic points acting as a surface-active agent. Further
testing was performed with peptone, a key component of the nutrient broth. The control
data for Class I experiments are summarized in Appendix E.

5.2.4

Synthesis of Class I Experiments
The presence of the cell mass in solution without any other materials (such as

bentonite) showed a strong inhibitory effect toward gas hydrate nucleation. The PGN/TA
cell wall polymers are thought to play a significant role in this delayed nucleation
response as a result of the protrusions of the polymer chains at perpendicular angles to
the cell wall. Furthermore, these polymers contain charged groups within the structure
that would promote associations with water and may even produce a thermodynamic
inhibition effect. The kinetic profiles of the B. subtilis experiments suggest that a kinetic
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inhibition mechanism is responsible. These data assist in explaining why gas hydrate
formation may be limited directly above the seafloor where aqueous suspensions of
microorganisms are present without sediment.
The addition of bentonite to the B. subtilis culture produced the desired effect of
gas hydrate formation catalysis. The adsorption scheme derived for the B. subtilisbentonite interactions as well as that for the bentonite-surfactant and even bentonite-gas
interactions proved a reliable mechanism for producing an ordered effect and catalyzing
gas hydrate formation as well as stabilizing induction times. Curiously, the SEM
micrograph produced by Dearman (2007) illustrates the hypothesis of microorganisms
acting to order platelets of smectite into gas hydrate nuclei.
When anaerobic cell mass concentrations increased in solution, the maximum gas
hydrate formation rate decreased. The higher numbers of cells in suspension as well as
the accumulation of spent cell mass over time are postulated to contribute to this decrease
in maximum rate as a result of either higher numbers of nuclei or a change in heat
transfer properties. The initial aerobic culture used in the experiments produced the
highest maximum rate; a period when cell mass accumulation was minimal. Finally,
during the starvation period the formation of spores is hypothesized to contribute to the
increase in formation rate. This is purely a geometrical consideration, as the spores
would be mostly symmetrical spheres.
The dissociation rates for the gas hydrates in the experiments increased generally
with the presence of cell mass but no trend was observed directly with increasing
concentrations of the cell mass. Surfactin inhibited gas hydrate dissociation rates relative
to nutrient medium control tests, suggesting that surfactin may in fact act as an adhesive
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holding the gas and water in hydrate structures for longer periods of time. Moreover, the
surfactin may adsorb to the surface of the hydrate crystals and work to adhere the cavities
in this manner as well. This surfactant-effect on dissociation was not observed in the
MC-118 culture and is likely a result of the reduced capacity of the biosurfactant
produced by the MC-118 culture to lower the surface tension of water and adsorb gas.
Hydrate formation extent showed a clear preference to higher gas consumption
with higher anaerobic cell mass concentrations. The presence of the cell mass may act to
create additional nucleation points, which would reduce the size of the nuclei present in
the structure and create higher numbers of smaller nuclei. Conversely, the creation of
larger nuclei through microbial colonization may promote higher diffusion rates through
larger hydrate capillaries created as a result of a less perfect crystalline structure. Lastly,
the adsorption of surfactant on the metal wall of the reactor may influence the hydrate
extent by clearing the gas-water interface and allowing further direct gas-water contact.
The inhibition experiments with MC-118 cell mass further validated the
consistent result of gas hydrate inhibition. The 5% treatment produced the desired results
by forming small irregularities of PGN/TA material, which gas hydrates would have to
adsorb to and grow around in order to form macroscopically.

5.3

Microbial Influences on Gas Hydrate Phase Equilibria
The objective of the second class of experiments was to further investigate the

influence of the Bacillus subtilis on gas hydrates. The experiments focused on shifts in
the equilibrium pressure of the gas hydrate system as a result of the presence of cell mass.
Additional findings were uncovered along the way relative to the equilibrium pressure of
the tests containing surfactin without cell mass when compared to theoretical predictions
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and experimental results from nearly-identical gas compositions in pure water hydrate
tests.

5.3.1

B. subtilis Effects on Gas Hydrate Equilibrium Pressure
The phase equilibria experiments were performed to evaluate any thermodynamic

shift in the equilibrium pressure of the natural gas hydrates upon the introduction of cell
mass. Similar to thermodynamic inhibitors discussed previously, the cell wall has a high
potential for interaction with the surrounding water molecules just by the very nature of
biochemistry. But this interaction was speculated to have some effect on the
thermodynamic equilibrium of the gas hydrate system, particularly following the
induction time results obtained in Class I experiments.
Figure 5.28 shows a plot of equilibrium pressure as a function of bath
temperature. Bath temperature was expected to give the most accurate result (using a
traceable thermometer inserted directly into the bath near the reactor wall) once hydrate
formation ceased by eliminating any potential error introduced through the RTD or
processing of the signal. Measurements of equilibrium pressure were taken upon the
observation of fluctuations in pressure, suggestive of an equilibrium process.
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Cell Mass Effect on Hydrate Equilibrium Pressure
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Figure 5.28 Natural gas (90% CH4, 6% C2H6, 4% C3H8) hydrate equilibrium pressures
with B. subtilis with surfactin, surfactin only, and using CSMHYD from
Sloan (1998)

The results are striking in comparison to the predictions by CSMHYD. The
CSMHYD results, however, are backed up by data collected for several gases within
close proximity to the concentrations used in the natural gas hydrate tests (Sloan, 1998,
p.394). The other conclusion is that the surfactin exerts some thermodynamic shift on the
hydrate equilibrium as well as the B. subtilis. The anions and cations in the nutrient
medium used to culture the bacteria also surely influence the equilibrium pressure in an
inhibitory manner, as all electrolyte solutions will to some extent. However, the
CSMHYD calculations were performed by inputting the percentage of salts used in the
medium as percent NaCl in the software program.
189

The cell mass concentration in the test was 0.489 mg/mL, and the surface tension
was 28.4 mN/m. The results indicate a thermodynamic inhibition effect by the bacteria,
in addition to that mentioned by the surfactant. The equilibrium pressures were
consistently higher in the tests with B. subtilis relative to the broth only tests. The
PGA/TA polymers are again thought to be responsible for this shift, as the charged areas
of the cell wall surface must be bonding in some way to the water.
As the temperature of the system increases, the equilibrium pressure prediction
from CSMHYD as well as the broth only equilibrium pressure approaches that of the B.
subtilis pressure. Natural gas solubility is inversely related to pressure and temperature in
this region (Servio and Englezos, 2002), and this convergence in equilibrium pressures at
higher temperatures is likely related to the concentration of gas present in the aqueous
phase at each respective temperature and pressure.

5.3.2

Synthesis of Class II Experiments
The shift in equilibrium pressure brought about by the microbial cell mass is

explained through the interactions of the charged areas of the cell wall protrusions with
water molecules. Any compound that competes for water molecules with other water
molecules should theoretically shift the thermodynamic equilibria of the gas hydrate
system. When water forms associations with other compounds, more energy is required
to break these bonds and form the hydrogen bonds of the gas hydrate network.
The very nature of the interface between the cell and the aqueous phase is
biochemical and acts as a vehicle for substrate uptake at the very least. The complex Van
der Waals bonding schemes responsible for the very biochemistry that allows the
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microorganisms to function are likely acting to disrupt the hydrogen bonding schemes of
the hydrate crystals similar to thermodynamic gas hydrate inhibitors.
The difference in the equilibrium pressures obtained in the broth only tests
compared to the calculated equilibrium pressures was surprisingly large. The presence of
the surfactant and the increased hydrocarbon solubility as a result at first blush would
lead one to believe that the equilibrium pressure would be lower than theoretical
calculations. However, this is not the case.
One explanation for this increase in equilibrium pressure is that the hydrophilic
areas of the surfactant molecule are associating with water molecules and are then
competing with other water molecules for hydrate formation. Additionally, the clustering
of hydrocarbon gas near the hydrophobic end of the surfactant would create a sphere of
influence of hydrophobicity. This influence coupled with the associated water at the
hydrophilic end of the surfactant would produce some repulsive effects at the interface of
this sphere of influence that may create a shift to a higher equilibrium pressure.
This result uncovers an interesting piece of the underlying mechanisms directing
gas hydrate catalysis with surfactants. The surfactant reduces the energy barrier at this
interface created by repulsive electrostatic forces between the non-polar hydrocarbons
and water; this much is known. The change in energy is absorbed by the surfactant
molecule, and this creates a full association with the surfactant molecule, the water
molecules, and the gas molecule. Thus, a new, larger energy barrier must be overcome
that is ultimately produced by the presence of the surfactant and the bonds formed
between it and the other two components.
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A noteworthy mention is that in hydrate formation control experiments, the SDS
controls showed an approximate value of the equilibrium pressure at 1000 mg/L to be
302.12 psia at 0.5°C. This is much higher than the value of 122.1 psia provided by
CSMHYD.
This energy barrier represents the unexpectedly higher shift in equilibrium
pressure with surfactin present (compared to theoretical calculations and experimental
data as previously mentioned). The full implication of this is that surfactants provide the
necessary concentrations of gas molecules in the bulk liquid phase to form hydrates
without a free gas present; however, thermodynamic barriers are the cost for this
proximity-based catalytic effect.
The in situ implications to seafloor hydrates are that the presence of biosurfactants
and microbial cell mass in hydrate formations will influence the hydrate equilibrium
pressure in uncertain ways relative to predictions. In fact with the thermodynamic shifts
noted in this work, current prediction models for seafloor gas hydrate accumulations may
be deficient in accurately predicting the depth at which the hydrates will form. In turn
the depth-temperature relationship may be skewed towards giving the hydrates more
stability than they may actually have.

5.4

Microbial Fate in Gas Hydrate Systems
One important objective of the research was to provide some direct evidence from

a controlled laboratory setting that microbes can be located within the macrostructure of
the gas hydrates. The laboratory setting allows for additional confidence in sampling the
gas hydrate. Sterility is much more easily contained in the laboratory than on a research
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vessel on the ocean. Also, a small high pressure reactor can be depressurized quickly,
opened, and hydrates can be collected directly from the PP cup used to hold the saturated
sediment. Thus, confidence is furthered in that all that is seen in the SEM analysis of the
sample can be considered to have originated from the interstitial and capillary spaces of
the hydrate formation.

5.4.1

Fate of MC-118 Indigenous Microorganisms in Saturated Sediments
Once the hydrate sample was collected from the top of the PP cup upon reactor

depressurization and opening, the sample was fixed and viewed under the SEM. Given
the failed past attempts at locating the B. subtilis in the bentonite slurry SEM images, the
fixed sample was sectioned with a sterile scalpel under a basic light microscope to
uncover any microorganisms within agglomerations of clayey materials. Two SEM
images of the same area of interest on the surface of the sample are provided as Figure
5.29.
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Figure 5.29 SEM micrographs of adjacent locations on a sectioned piece of material.
Bacteria are uncovered at the break in the clay particle.

The images show the bacteria present in the hydrate samples collected. Some
artifact in orientations of cells and clay particles is likely with the biological route of
fixation given the necessity for centrifugation. Dearman (2007) did not proceed with this
fixation route and would have more representative hydrate nuclei structures. Either way
the images show the adsorption of the cells to the clay agglomerates. In fact the large
clay mass that was viewed in the images is probably a compaction and smashing of
several smaller particle agglomerations similar to Dearman‟s.

5.4.2

Synthesis of Class III Experiments
The results of the first class of experiments indicated a high likelihood of locating

the microbes in the hydrate structure given the high extents of formation observed. The
mechanism by which the microbes enter the hydrate structure has been explored, but the
implications are just as intriguing. With microorganisms present within gas hydrate
macrostructures, seafloor gas hydrates are subject to the direct metabolic exerted by these
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organisms. The implications of these metabolic influences are explored further in
subsequent experiments and in CHAPTER 6.

5.5

In situ Indirect Microbial Influences on Gas Hydrates
The objective of the fourth class of experiments was to investigate the

biosurfactant production characteristics of the microbial consortia within select MC-118
samples. The first experiment performed assessed the rate at which biosurfactants are
produced. The second experiment evaluated the impact select nutrients had on the
production of biosurfactant from the sample exhibiting the most biosurfactant-producing
activity from the first experiment.
This class of experiments dealt with indirect microbial influences on gas hydrates
by determining lag phases and nutrient stimulations relative to biosurfactant production
by indigenous MC-118 cultures. Additionally, biosurfactant produced by this consortium
was used in varying concentrations to evaluate gas hydrate formation characteristics in
saturated porous media (bentonite-Ottawa sand). The experiments further previous work
with biosurfactants and gas hydrates by using indigenous microorganisms to an area in
the GOM where gas hydrates are prolific.

5.5.1

Biosurfactant Production Rates Relative to MC-118 Location
The samples NWBC 1107-02 ref core (A), NWBC 1101-02 enrichment (B),

SWBC 1110-01 (C), and SWBC 1107-01 (D) were used to evaluate the rate of
biosurfactant production in synthetic seawater medium. The cultures were incubated
aerobically to maximize the rates of production (aerobic incubations previously showed
biosurfactant production, implying facultative anaerobes were responsible), and the rates
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of biosurfactant production were measured over the duration of 6 days. Note the
northwest (NW) samples were collected near gas hydrate outcroppings, and the southwest
(SW) samples were collected near active hydrocarbon venting.
The results indicate that a slight lag phase was present in the consortia in samples
collected from the NW while the SW consortia began producing biosurfactant almost
immediately. This is a logical result, as biosurfactant-producing microbes are typical in
areas of high concentrations of hydrocarbons. The natural mechanism by which the
microbes make the hydrocarbon substrates more accessible is through the production of
biosurfactant, which simply increases the amount of hydrocarbon present in the water.
Thus, in areas of active venting where hydrocarbon concentrations are high enough to
promote free gas bubbles, hydrocarbon-degrading microbes are expected to be active and
produce little-to-no lag phase in biosurfactant production. Figure 5.30 shows the surface
tension of the medium as a function of time.
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Biosurfactant Lag Phase and Kinetics
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Figure 5.30 MC-118 microbial consortia biosurfactant production kinetic profile

The interesting revelation of this experiment is that all of the samples showed
evidence of biosurfactant production after 6 days. The primary difference in the samples
was the lag phase. Vents constantly shift on the seafloor in response to new faults or
prior faults becoming plugged (with carbonate or hydrates) over geologic timescales.
The potential for biosurfactant production is likely all across the entire site, but higher
numbers of active biosurfactant producers are present near active vents.
The active microbes then, in the SW samples for example, take less time to
respond to the presence of substrate and the production of biosurfactant. The lower
numbers of dormant biosurfactant producers in NW samples, where venting has resulted
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in hydrate accumulations and less available gas in the water phase, increased the
observed lag phase but are still active and waiting for new gas sources to emerge.
As a last note about the kinetic results, the surface tension in the SWBC 1107-01
culture increased slightly between days 3 and 6. The increase in surface tension is
attributable to the volume of the medium used to culture the microbes. The 50-mL
aliquot of medium restricted the available substrate on a simple mass basis. The substrate
depletion would lead to a starvation mode which may have caused the consortia to begin
consuming the biosurfactant (possibly the only available carbonaceous substrate other
than cell mass). Other members of this consortium that do not produce biosurfactants
may have targeted the biosurfactant as a substrate as well.
Overall, sample SWBC 1110-01 exhibited the highest production rate of
biosurfactant relative to surface tension changes, and this sample was used for further
biosurfactant-production experiments. The sustained lower surface tension in this sample
also suggested strong viability of biosurfactants and their respective producers.

5.5.2

Biosurfactant Production Potential Relative to Nutrient Availability
The influence of various treatments of macro- and micronutrients on the

biosurfactant-producing consortia identified in sample SWBC 1110-01 was determined
under strict anaerobic conditions. Anaerobic production of biosurfactants was expected
to be a much slower process, as oxygen is always the most thermodynamically-favorable
terminal electron acceptor for metabolism. The experiment was conducted under
anaerobic conditions from initiation to termination, including the use of N2-sparged water
for medium preparation.
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The results of the anaerobic incubations are mixed but do suggest some treatments
influence biosurfactant production more than others. Surface tension and pH were
monitored in the reactors to provide two indicators of microbial activity as well as
provide indications of changes in pH in response to the presence of specific treatments.
The pH of the seafloor system where hydrates are present becomes important in assessing
potential for precipitation of water-reactive gases such as CO2 and H2S. The results of
the experiment are summarized in Table 5.8.

Table 5.8
Summary of nutrient influences on SWBC 1110-01 biosurfactant production
Experimental ID
B
B Fe
B Mn
B Te
BN
BN Fe
BN Mn
BN Te
BN Fe Te
BN Fe Mn
BN Mn Te
BN Fe Mn Te

Day 0
73.8
73.1
73.3
73.6
73.4
73
70.75
72.7
73.2
73.55
73.2
73.6

[Surface Tension]
Day 2
73.35
73.35
72.8
73.25
73.4
73.75
73.55
73.4
73.5
73.25
73.55
73.5

Day 26
63.77
63.83
63.70
67.63
70.47
64.47
68.67
69.33
71.73
67.07
63.87
68.33

% Change
13.60
12.68
13.10
8.11
4.00
11.69
2.94
4.63
2.00
8.81
12.75
7.16

Day 0
7.165
6.885
7.545
7.755
8.72
7.74
8.67
8.6
7.44
7.395
8.44
7.495

[pH]
Day 26
6.96
6.475
7.115
6.915
8.13
6.845
7.97
7.925
6.705
6.66
8.015
6.75

% Change
2.86
5.95
5.70
10.83
6.77
11.56
8.07
7.85
9.88
9.94
5.04
9.94

*Note: B – base medium; Fe – iron (II) sulfate; Mn – manganese sulfate; Te – trace
elements; N – nitrogen nutrients

The results suggest a strong preference with manganese and iron compounds; not
surprising given that Cooper et al. (1981) showed these two compounds enhance
surfactin production in B. subtilis. The mechanism of biosurfactant production may be
guided by these two compounds more than realized. Of further interest is the notion that
the base medium produced the lowest surface tension of all treatments: a testament to the
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low-requirements of the biosurfactant-producers and to the robustness of the mechanism
to rely so little on external nutrient sources.
The presence of nitrogen nutrients in general decreased the biosurfactant
production. Even when enhancements were noted in the BN Fe and BN Mn Te
treatments, the surface tension never dropped as significantly as the treatments without
nitrogen. This finding is in contrast to literature on the topic that suggests nitrogen, in
particular nitrate, typically enhances biosurfactant production.
The presence of trace elements only enhanced biosurfactant production in
combination with nitrogen and manganese. In fact the trace elements appeared to inhibit
biosurfactant production, particularly in combination with iron or as the standalone
treatment.
The pH values in all of the treatments, and the highlighted values indicate the
highest percent changes observed in the reactors. The decrease in pH is thought to be a
response either to the presence of biosurfactant (and subsequent molecular interactions
with water) or to the biochemical metabolic processes of the consortium. The trend
toward a more acidic pH is contrary to the alkaline pH values typically associated with
seafloor hydrate formations that ultimately lead to vast deposits of carbonate precipitates
(Joye et al., 2004).

5.5.3

Biosurfactant Potential for Gas Hydrate Formation in Porous Media
Additional cultures were grown to produce high quantities of biosurfactant. The

observation was stumbled upon that upon centrifugation of the cell mass from the
seawater medium, the biosurfactant was removed from the liquid supernatant as well
(evidenced by measuring surface tension of sample following centrifugation). This
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observation led to the idea of concentrating all biosurfactant produced in the incubations
of this experiment into one 40-mL, highly concentrated sample. The microorganisms
would necessarily be present as a result of this phenomenon. Note that the removal of the
biosurfactant from solution during centrifugation is attributed to a salting-out effect.
The concentrated biosurfactant solution was tested in varying proportions along
with control tests with seawater medium only. Additionally, another interesting
observation was noted during the project and further validates the data in 5.5.1. Sample
SWBC 1110-01 liquid-phase surface tension was measured at 57.2 mN/m; a result
attributed to the location of sample collection residing at a hydrocarbon vent. This result
provided an additional control to the saturated porous media tests with biosurfactant
produced from the MC-118 indigenous cultures by conducting a hydrate formation test
using the seawater-saturated sediments from the sample container. The results of the
hydrate formation tests are provided in Table 5.9.
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Table 5.9
Summary of hydrate formation test data in porous media using biosurfactant produced
from MC-118 culture

Exp. ID

Surface
Tension
(mN/m)

Po

Pf

dP

Te (h)

Ti (h)

Td (min)

Maximum Formation
Rate (mmol/min)

SW Only

71.5

402.1

350.7

51.4

72.0

15.7

112.0

1.6

SW Only

71.4

400.8

352.8

48

99.1

37.0

114.5

1.52

SW + 25% BC

69.3

401.1

350.4

50.7

47.9

15.3

64.5

1.81

SW + 50% BC

47.7

401.4

329.5

71.9

38.1

0.4

94.0

3.21

SWBC 1110-01

57.2

402.6

346.3

56.3

15.6

4.5

-

1.35

*Note: SW – seawater; BC – biosurfactant concentrate; Te – time elapsed from hydrate
initiation until test termination; Ti – induction time; Td – dissociation time; All
tests performed with 33% bentonite and balance Ottawa sand except SWBC
1110-01

The first obvious relationship in the results summary is the effect the biosurfactant
has on induction time. The average induction time for the seawater controls was 26.4 h
with significant scatter between data points. The 25% treatment yielded a slight decrease
in surface tension and induction time with a slight increase in the observed maximum
formation rate; however, the dissociation time was greatly reduced from an average of
113.3 min in the controls to 64.5 min in this treatment suggesting the presence of the
surfactant decreased the mass transfer limitations in the porous media. Hydrate
formation extent for the 25% treatment was within the average of the controls but took
place in significantly less time. The overall formation rate for this treatment was 1.06
psi/h compared with an average of 0.31 psi/h for the controls.
The 50% treatment changed the system dramatically in all measurements,
including surface tension. In fact the surface tension of 47.7 mN/m was the lowest ever
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recorded with MC-118 biosurfactant, suggesting the “concentrating” procedure was
effective. The induction time was a mere 0.4 h, and the maximum rate of formation was
doubled over the highest rate in all other tests. The extent of hydrate formation was the
highest observed, but taking into account the elapsed time yielded a rate of 1.89 psi/h.
Nonetheless, the dissociation time was increased above the 25% treatment, a result
similar to that of Woods (2004) that showed higher concentrations of Rhammnolipid
biosurfactant hampered dissociation in porous media tests.
The indigenous seawater-saturated sediment from SWBC 1110-01 performed well
relative to other tests, although direct comparisons are difficult because the specific
composition of the water and sediment is unknown. However, the induction time was
significantly lower than the seawater only controls, and the extent of formation was
higher than most other treatments with the exception of the 50% treatment. This result is
further clarified when analyzed in conjunction with the elapsed time of 15.6 hours, which
gives a rate of 3.61 psi/h. Table 5.10 summarizes the overall formation and dissociation
kinetic rates in terms of observed pressure drop.
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Table 5.10
Summary of averaged kinetic data for hydrate formation tests with porous media

Experiment ID

dP

Te (h)

Ti (h)

Td (min)

Overall
Formation Rate
(psi/h)

Overall
Dissociation Rate
(psi/h)

SW Only

51.4

72.0

15.7

112.0

0.7

27.5

SW Only

48

99.1

37.0

114.5

0.5

25.2

SW + 25% BC

50.7

47.9

15.3

64.5

1.1

47.2

SW + 50% BC

71.9

38.1

0.4

94.0

1.9

45.9

SWBC 1110-01

56.3

15.6

4.5

-

3.6

-

The test with SWBC 1110-01 was depressurized rapidly following hydrate
formation, and the PP cup from within was removed and photographed to illustrate the
mechanism of hydrate formation proposed by Dearman (2007) whereby diffusion of
water, sediment, biosurfactant, and gas through the gas ports of the PP cup formed gas
hydrates on the exterior of the cup. Figure 5.31 shows the side view and top view of the
PP cup after hydrate formation.
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Figure 5.31 Side and top view of gas hydrate formations with SWBC 1110-01

5.5.4

Synthesis of Class IV Experiments
Overall the fourth class of experiments met the objectives of evaluating the

biosurfactant production potential of the MC-118 microbial consortia as well as
determining the effects of any biosurfactant produced in cultures on hydrate formation in
saturated porous media. The biosurfactant was not as powerful as surfactin or synthetic
surfactants in terms of the ability to lower the surface tension of the water, but upon
concentration of the biosurfactant a significant decrease in surface tension was observed.
The maximum rate of formation calculated with the 50% treatment further validates the
notion of surfactants changing the mass transfer characteristics of the hydrate mass,
ultimately allowing for more rapid hydrate formation.
Microbial Insights, Inc. in Rockford, TN performed a denatured gradient gel
electrophoresis (DGGE) analysis on the SWBC 1110-01 MC-118 raw sample (sedimentseawater slurry prepared for analysis). Only one microbial band was definitively
identified as a result of the numerous species of organisms present in the sample. The
identification was of Clavibacter spp., a common soil microbe that causes potato rot. A
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literature search for information relative to biosurfactant production with Clavibacter
yielded two relevant research efforts: one associated with culturing Clavibacter isolated
from an oil field for biosurfactant production and the other identifying the production of
tetrahydroxyfuranyl fatty acids by a strain of Clavibacter, molecules with both
hydrophobic and hydrophilic moetities that may act as biosurfactants.
The lack of any separation in bands due to the high diversity of microbes present
in the sample submitted for testing made the identification of other microorganisms
responsible for biosurfactant production difficult. This identification would have been an
additional piece of the research puzzle, but no significant deficiency in the data exists
relative to the objectives from this lack of distinguishable microbial identification.
The kinetic data obtained relative to the lag phases associated with samples
collected over different regions of MC-118 suggest the consortia furthest from the active
vents are in a hibernation mode of sorts but still contain the potential to rapidly begin
producing biosurfactant. This result implies that upon the shift of a hydrocarbon vent to a
new location, microbial lag times become important in predicting the onset of gas hydrate
accumulations resulting from the vent gas.
The nutrient influences further supplement this information by identifying
potentially inhibitory nutrients and minerals relative to biosurfactant production. The
base media surfactant production influence was more significant than all other treatments.
The seafloor environment is possibly deficient in the nutrients and minerals tested,
leading the microorganisms there to adapt to these conditions. Even if the nutrients are
available in the MC-118 seafloor environment, they may not be present in biologicallyuseful forms.
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5.6

Microbial Metabolism within Gas Hydrates
The objective of the last class of experiments was to evaluate the potential for

microbial metabolism from within the macrostructure of the gas hydrates. This
experiment required careful consideration to ensure that free water was not present in the
reactor, allowing for the conclusion that observed microbial activity was from within the
gas hydrates. The formation characteristics of gas hydrates previously observed in the
presence of sediment and biosurfactant provided additional confidence that free water
would only be contained within the hydrate interstitial and capillary spaces.
Three separate experiments were performed to evaluate microbial activity within
the gas hydrate structure. The first experiment was initiated to investigate the potential
for metabolism of hydrocarbons within the hydrate formation, whether they were
dissolved in the interstitial water or obtained from the hydrate cavity. The second
experiment was more basic in approach and utilized the hydrate formation characteristics
of nutrient broth to form hydrates rapidly in the presence of readily available substrate.
The rapid hydrate formation prevented metabolism of nutrient broth during cooling and
hydrate induction. The third experiment utilized a defined sulfate-reducer medium to
promote anaerobic oxidation of hydrocarbons coupled with sulfate-reduction following
the work of Nauhaus et al. (2002). All cultures were incubated in hydrate form at 5-6°C.

5.6.1

Quantitative Polymerase Chain Reaction (qPCR) Results
As previously mentioned in CHAPTER 4, qPCR analysis was performed on the

SWBC 1110-01 MC-118 sample by Microbial Insights, Inc. in Rockford, TN. This
sample was used as the inoculums source for all gas hydrate metabolism tests; thus the
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importance of knowing the potential quantities of specific microorganisms present
relative to significant biochemical reactions associated with gas hydrates was paramount.
The sample was analyzed for sulfate and iron reducing bacteria (SRB/IRB), methanogens
(MGN), and methane oxidizing bacteria (MOB). Table 5.11 summarizes the results.

Table 5.11
qPCR results for microbial groups of interest in SWBC 1110-01 sample

Phylogenetic Group

IRB/SRB

Quantity
cells/mL
4.14E+03

Methanogen

MGN

4.68E+07

Methane Oxidizing Bacteria

MOB

4.77E+06

Iron and Sulfate Recuding

ID

The presence of methanogens in such high numbers was an intriguing result given
that the samples were collected basically from the surface sediments at MC-118 where
methane oxidation and sulfate reduction dominate (Lapham et al., 2008). Given the
previously mentioned connection that continues to surface regarding methanogenmediated anaerobic oxidation of methane, the high concentration of methanogens at this
sample location further suggests such a mechanism.
The presence of the microbes provided confidence in hydrate metabolism testing,
even though qPCR reports quantities of live and dead organisms. The samples had been
preserved until use, and the petroleum present in the samples likely assisted in keeping
the consortia sufficiently active until testing was performed. Care was taken during
sample removal to prevent the introduction of oxygen to the sample containers.
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5.6.2

Metabolism in Nutrient Medium
This experiment was conducted in nutrient medium following an extended

incubation period allowing for the complete reduction of glucose from the medium. The
biosurfactants produced during this time were used to assist in a high extent of formation,
and the lack of glucose in the medium left only the hydrocarbons in the reactor for
substrate. The total inorganic carbon (TIC) concentration of the medium was measured
initially and upon test termination to evaluate the production of CO2 as the end-product of
hydrocarbon metabolism. The induction time for the test was over 18 hours, and this
complicated the experiment by removing confidence that any microbial activity observed
was within the gas hydrate structure. Table 5.12 shows the results following 1 week of
incubation.
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Table 5.12
TIC data summary for nutrient medium culture

Sample ID: GOM MC118 Sediment Decant (3 mL + 150 mL NMZ)
Incubated: 7 days @ 5 degrees C
Test Cell: 50 mL
Surface Tension (Post-Incubation)
2
55.7 mN/m
2

54 mN/m
2
54.7 mN/m
2
54.8 mN/m

TIC Analysis
V(Vial)
V(sample)
V(gas)

Average

66.5 mL
26.5 mL
40 mL

Initial CO2 Composition
8.75 %
3992.D
7.26 %
3993.D
8.005 %
Average

Gas Phase Analyses
Type

CO2 %

Identification

Hydrate

0

3991.D

Post-Hydrate

0

4009.D

Post-Hydrate
Post-Hydrate

0
0
0

4010.D
4011.D
Average

TIC Analysis
V(Vial)
V(sample)
V(gas)

72 mL
26.5 mL
45.5 mL

Final CO2 Composition
0
4012.D
0
4013.D
0
4014.D
0
4015.D
0 Average

Initial TIC Concentration
PV=ZnRT
Compressibility Factor 0.9949
Pressure
0.08005 atm
Volume
0.04
L
Gas Constant
0.082058 L-atm/mol-K
Temperature
293
K
Moles
0.000134 mol
Mass
0.00589 g CO2
Concentration
5.051 mM
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Final TIC Concentration
0.9949
0
0.04
0.08205784
293
0
0
0.000

atm
L
L-atm/mol-K
K
mol
g CO2
mM

As can be observed from the initial and final TIC data, the CO2 present in the
initial sample of the culture used in the experiment was undetectable after 1 week of
incubation at 5°C. The immediate hypothesis is that the methanogens present in the
sample converted the CO2 dissolved in the aqueous phase to CH4. A mass balance was
performed to evaluate any increase in gas upon dissociation, but the relatively small
amount of CO2 present initially complicated efforts; particularly given the gas samples
collected during the incubation period. Furthermore, the source of hydrogen required for
the reaction to proceed is not readily evident.

5.6.3

Metabolism in Nutrient Broth Medium
The next experiment performed used nutrient broth as the medium for growth and

hydrate formation. The nutrient broth was incubated until sufficient growth was
observed, after which a sample was collected for initial TIC analysis. Upon collection of
the TIC sample, the culture was introduced to the reactor, and hydrate formation was
initiated immediately and ceased following sufficient gas consumption to provide
minimal free water in the reactor, primarily in the interstitial spaces. The induction time
was less than 1 hour with this culture, and any microbial activity observed was inferred to
be after hydrate formation. Table 5.13 shows the results following 1 week of incubation.
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Table 5.13
TIC data summary for nutrient broth culture

Sample ID: GOM MC118 Decant (3 mL + 150 mL NB)
Incubated: 5 days @ 5 degrees C
Test Cell: 50 mL
Surface Tension (Post-Incubation)
2
59.5 mN/m

Gas Phase Analyses
Type

2

58.2 mN/m
2
58.4 mN/m
2
58.7 mN/m

Average

CO2 %

Identification

Pre-hydrate

0

4016.D

Pre-hydrate

0

4017.D

Hydrate
…
Hydrate
Post-Hydrate
Post-Hydrate

0
0
0
0
0

4023.D
…
4030.D
4031.D
4032.D

Initial TIC Analysis
V(Vial)
66.5 mL
V(sample)
25 mL
V(gas)
41.5 mL

Ending TIC Analysis
V(Vial)
66.5 mL
V(sample)
25 mL
V(gas)
41.5 mL

CO2 Composition
1.82 %
2.33 %
2.59 %
2.25 %

4018.D
4019.D
4020.D
Average

CO2 Composition
4.86 %
5.27 %
5.51 %
5.21 %

Initial TIC Concentration

Ending TIC Concentration

PV=ZnRT
Compressibility Factor
Pressure
Volume
Gas Constant
Temperature
Moles
Mass
Concentration

0.9949
0.02247
0.0415
0.08206
293
3.9E-05
0.00172
1.559

0.9949
0.052133333
0.0415
0.08205784
293
9.04475E-05
0.003979689
3.618

atm
L
L-atm/mol-K
K
mol
g
mM
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atm
L
L-atm/mol-K
K
mol
mM

4034.D
4035.D
4036.D
Average

The increase in TIC concentration over the duration of the 1 week incubation
period suggests the microbial consortia was continuing to metabolize the nutrient broth
substrate while within the interstitial and capillary spaces of the hydrate formation. The
increase in TIC concentration provided an empirical confirmation of microbial activity
occurring within the gas hydrate formation. This confirmation ultimately led to the setup
of the third and final metabolic experiment: that of hydrocarbon oxidation coupled with
sulfate reduction.

5.6.4

Metabolism in Sulfate-Reducer Medium
The next experiment was based on the findings of Nauhaus et al. (2002) where

sulfate reduction and methane oxidation were measured in vitro from samples collected
near outcropping gas hydrates on the seafloor. The modification, of course, was to
measure the metabolic activity of the indigenous MC-118 consortia within the
macrostructure of gas hydrates.
The basic approach was to prepare a sulfate-reducer medium shown to promote
the reactions of interest using seafloor samples in a laboratory setting, acclimate the MC118 consortia to the medium, form gas hydrates upon acclimation, and measure
parameters of interest (gas composition, TIC, DIC, SO42-, S2-, pH, and surface tension)
during the course of the experiment. Table 5.14 summarizes the analytical data with the
exception of gas compositions.

213

Table 5.14
Analytical summary of sulfate-reducer metabolism test over the incubation period
Incubation
Time (d)

DIC (mM)

TIC (mM)

Sulfate (mg/L)

Sulfide (mg/L)

Surface Tension
(mN/m)

pH

0

N/A

52.13

2625

23.5

73.6

7.5

5

N/A

293.47

2860

<1

72.4

N/A

MEDIA REPLENISHED
5

N/A

527.5

2860

11

73.2

8

11

90.33

N/A

3109

<1

73.2

N/A

20

92.9

N/A

2244

<1

68.2

9.5

<1

67.7

10.5

HYDRATES FORMED
33

71.4

>2000

2317

The analytical data alone is suggestive of microbial activity occurring,
particularly the increases in DIC and TIC at select sampling points. The surface tension
decreases are further indicative of microbial activity, particularly the biosurfactant
producers cultured in prior experiments. The sulfate and sulfide data both implied the
presence of sulfate reducers along with the sulfide-oxidizing bacteria, Beggiatoa. Lastly,
the increases in pH are in agreement with the generally-accepted notion of alkaline pH
values on the seafloor as a result of the degradation of hydrocarbons to DIC (carbonate,
bicarbonate).
Gas composition did not change much during the initial 11 days of incubation.
By day 20 the propane concentration had dropped significantly from 4.46% at day 11 to
0.6% at day 20. Upon test termination and reactor deconstruction, all gas was collected
in Tedlar bags for analysis. The final gas composition results indicated a shift from
propane to methane in terms of the target substrate. These results are provided in Table
5.15.
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Table 5.15
Gas composition data collected over the incubation period with sulfate-reducer medium

Incubation
Time (d)

CH4

C2H6

C3H8

CO2

0

89.38

6.34

4.29

0

5

89.35

6.43

4.23

0

MEDIA REPLENISHED
5

88.83

6.91

4.25

0

11

89.76

5.78

4.46

0

20

94.83

4.57

0.60

0

6.78

0

HYDRATES FORMED
33

86.18

7.05

The last and most important calculation is that of the consumed gases. The PengRobinson equation of state was used to evaluate the number of moles of gas at any
particular time, pressure, and temperature. Then, the moles of gas at a given sampling
point were subtracted from the moles of gas upon initiation of that particular incubation
period (gases were evacuated for each sampling event) and divided by the time during
that incubation period to obtain the average rate of gas consumption. (Gas pressure
decreases were confirmed to be a result of microbial consumption rather than reactor
leaks by performing a N2 pressure test just prior to forming hydrates in this experiment.
The results of this tests are provided in Appendix F.) Table 5.16 provides a summary of
the gas consumption rates during the experiment.

215

Table 5.16
Summary of gas consumption during the sulfate-reducer medium test

Temperature ( C ) Pressure (psig)
5.55
234.11
5.55
207.78

n (moles)
0.077704332
0.068848848

dn (moles)
0.008855484

dt (days)

dn/dt

3.769456019

2.35

mmol/day

5.55
5.55

204.33
181.26

0.067695048
0.05997959

0.007715458

5.53025463

1.39

mmol/day

5.55
5.55

234.53
220.63

0.113187312
0.106406511

0.006780801

7.691354167

0.9

mmol/day

20.23
5.55

526.04
399.69

0.301561649
0.144479017

0.157082632

1.977453704 ***Hydrates formed

5.55
5.55

399.69
208.93

0.241204752
0.125872556

**Pressure reduced equilibrium
0.115332197

5.55
20.23

244.9
313.81

0.147792149
0.179593985

**Temperature increased to 20 C
-0.031801836

*Gas Hydrate dP

85.37

*Hydrate Number

36.8

Gas Consumed in Hydrate

0.516

mmol/day

The results show that the MC-118 indigenous consortia were active in consuming
hydrocarbon gases during incubations. The consistent decrease in rate during the
experiment was thought to be a result of the depletion of nutrients in the medium and/or a
toggling effect whereby microbes fluctuate between heavier liquid hydrocarbons
dissolved naturally in the water (SWBC 1110-01 sample) and hydrocarbon gases. In fact
this concept should be taken into account when analyzing the gas consumption rates: that
more substrate potentially exists (albeit in low concentrations due to dilution) beyond the
natural gases in the reactor.
The extent of hydrate formation and calculated hydrate number were comparative
to prior experiments and suggested that all free water was reacted (leaving interstitial
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water only). When the pressure was decreased from 399.69 psig to 208.93 psig, the valve
at the bottom of the test cell was opened to drain off any free water. No free water was
present. The pressure ultimately increased back to 244.9 psig, the system-specific
equilibrium pressure, and this provided a small bit of additional free water within the
hydrate structure to simulate seafloor hydrate conditions.
When the sulfate and sulfide data are analyzed together, the picture becomes
clearer. The sulfate concentrations increased at most sampling points, mostly in
conjunction with decreases in sulfide concentration. Sulfide was only present when fresh
medium was added (sulfide was included in the medium as a reductant), and after each
fresh addition sulfide was not detected at the following sampling event. The presence of
Beggiatoa in vast quantities at MC-118 suggests that the sulfide is being oxidized to
sulfate and is responsible for the observed increases in sulfate concentration. The sulfate
concentration did decrease from day 11 to day 20 but increased during the hydrate
incubation period.
The TIC is a measure of the total inorganic carbon, including precipitates of
carbonate and such. The DIC is simply a measure of the soluble inorganic carbon. The
DIC concentration increased between day 11 and day 20 but increased from day 20 to
day 33. The TIC increased at every sampling event that it was measured. The decrease
in DIC occurred with an increase in pH, suggesting the potential for precipitation of
carbonate increased and is likely where additional CO2 ended up.
Finally, the gas composition data shows a toggling effect between methane and
propane targeting after acclimation was complete. Ethane concentrations decreased at
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days 5 and 11 but increased by the end of the study. This increase of course is a result of
decreased methane concentrations at day 33 since the concentrations are normalized.
Digital photos were taken upon hydrate formation and just prior to reheating the
reactor in preparation for test termination. The photos show the remarkable effect the
microbial activity had on the gas hydrates. Once the pressure was equilibrated at 244.9
psig, no changes in pressure were observed during incubation. This was expected given
that the hydrates were in equilibrium with the vapor and water phases. As gas was
consumed at the equilibrium point, gas dissociated from the hydrate and re-equilibrated
the system. Figure 5.32 illustrates this concept.

Gas Hydrate Mass

Residual Gas Hydrate Crystals

Liquid Water Level

Figure 5.32 Digital photographs of the interior of Reactor B showing the time
progression of hydrate decomposition as a result of microbial consumption
of natural gas

The photos suggest that microbes within gas hydrates consume hydrocarbon gases
from within the interior of the structure and that without additional gas to supplement the
gas consumed, hydrates will decompose. Joye et al. (2004) discusses carbonate reefs and
other carbonate structures, and the data presented here complements this discussion. As
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microorganisms oxidize hydrocarbons from within gas hydrate structures, the alkaline
conditions present push the equilibrium to carbonate which ultimately leads to
precipitation. Furthermore, the data suggests that enormous reservoirs of greenhouses
gases such as methane may be converted to carbonates through microbial oxidation
processes over geologic timescales.

5.6.5

Synthesis of Class V Experiments
The implications of the microbial activity occurring within gas hydrates are vast

in scope and number. First of all as was mentioned, the microbial metabolism of
hydrocarbons from within gas hydrate structures provides a mechanism to sequester the
large amounts of gases present on the seafloor in hydrate form by converting the gases to
solid carbonates. Secondly, the presence of microbial activity from within the gas
hydrate structure has implications to the stability of the gas hydrates, particularly if a sII
gas hydrate former such as propane is targeted at a depth where sI hydrate is not stable.
Lastly, the biogenic generation of methane from within the hydrate structure would
promote additional stability to biogenic methane hydrate by providing additional gas to
the system from within the structure.
The mechanism by which microbes access gases from within the gas hydrate
structure is hypothesized as follows:
1. Gas hydrate in the experiment exists in equilibrium with interstitial water and the
gas in the headspace (Lw-H-V).
2. Microbes are encased within the macroporous structure of the gas hydrate.
3. Microbes access hydrocarbons dissolved in the interstitial water.
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4. A change in fugacity of the hydrocarbon component is brought about by a
decrease in the concentration of this component in the water phase caused by
substrate uptake into the cell and subsequent biochemical transformation.
5. This change in fugacity results in localized dissociation of gas from hydrate
cavities until the fugacity of the component in the water phase is again equal to
the fugacity of the component in the hydrate and gas phases.
6. The localized dissociation of gas provides additional substrate to the
microorganisms.
The mechanism presented is more realistic than a scenario where microbes
directly access the gas from the hydrate cavities. The hydrogen bonding networks and
such are not likely to be destabilized directly by microbes. This mechanism applies for
two-phase (Lw-H) seafloor hydrates as well.
For example consider a two-phase hydrate system composed of a multicomponent natural gas from a nearby vent. Assuming no microbial activity is present;
the specific concentrations of the soluble natural gases in the surrounding and interstitial
water will dictate the composition of the gas within the hydrate. Then, upon the
introduction of microbial activity, the oxidation of the soluble hydrocarbons within the
interstitial spaces promotes localized dissociation of hydrocarbon from the hydrate and
continually replenishes the carbon source until the hydrate is converted to some form of
carbon dioxide. When active vents are present, the replenishment of the soluble
hydrocarbon gases to the interstitial spaces proceeds via a diffusion mechanism, and the
hydrate remains stable (although dynamic) until the hydrocarbon concentrations begin to
decrease in the bulk phase as a result of a shift in the vent or lower hydrocarbon flux.
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This mechanism requires careful consideration in terms of the implications for
seafloor gas hydrate stability and ultimate fate. The full synthesis of the theoretical
implications of this microbial metabolic phenomenon will be presented in CHAPTER 6.
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CHAPTER 6
THEORETICAL IMPLICATIONS

The objective of this chapter is to present a mathematical model describing the
relationship between bulk concentrations of key compounds and transport-kinetic values
related to biochemical reactions occurring within gas hydrates and how these phenomena
direct hydrate stability. Laboratory experimental research presented in this thesis
supports this model in addition to numerous field studies with samples collected from in
situ gas hydrate outcroppings. A one-dimensional relationship common to the study of
kinetics and transport phenomena (with some modifications) illustrates this concept. The
goal is to relate biochemical reactions to concentration-driven diffusion in an attempt to
understand how these relationships affect gas hydrate stability.
The model provides a mechanism by which microbes may enhance two-phase
methane hydrate stability by supplying additional methane from the hydrate interior to
the hydrate-water interface where saturation concentrations are necessary for stability.
Microbes may also destabilize natural gas hydrates where temperature and pressure (T-P)
conditions are at the hydrate phase boundary by transforming occluded gases within gas
hydrates. On the other hand, microbes may ultimately sequester the carbon in hydrates as
solid precipitated carbonates. The model is adapted to qualitatively and quantitatively
provide a mechanism to better understand microbial and hydrate synergies on the
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seafloor. The development could benefit future extended simulations of hydrate
formation, stability, and dissociation.

6.1

Model Development
Two possible scenarios occurring within massive seafloor gas hydrates are

analyzed. The first scenario where gas hydrate resides within the carbonate reduction
zone (typically the majority of the GHSZ) is defined as beginning immediately below the
terminal point of the sulfate reduction zone. The second scenario occurs where the
massive hydrate extends through the sulfate reduction zone near the seafloor. Figure 2.3
(CHAPTER 2) illustrates the respective biochemical reaction zones commonly associated
with sub-seafloor microbial activity.
Scenario 1 focuses on the relationship between the bulk concentration of methane
in the sediment pore-waters and the necessary values of methanogenesis-diffusion
parameters for hydrate stability. The flux of methane through the pores at the interface as
a result of methanogenesis from within the hydrate interior provides a small boundary
layer of saturated methane at the surface. The bicarbonate reduction reaction catalyzed
by methanogenic archaea is given as (Fenchel and Finlay, 1995, p.82):
𝐻𝐶𝑂3− + 4𝐻2 + 𝐻 + → 𝐶𝐻4 + 3𝐻2 𝑂

(6-1)

Sufficient hydrogen is assumed present for the reaction to proceed without
limitations. Other possible substrates for methanogenesis could be modeled as well, but
the bicarbonate reaction is of primary interest.
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Scenario 2 focuses on two major reactions, one biochemical and one geochemical.
The first reaction is sulfate reduction coupled with anaerobic oxidation of hydrocarbon
gases occluded within the hydrate cages (primarily methane), where sulfate is the
diffusing component of interest. The net biochemical reaction for sulfate reduction
coupled with anaerobic oxidation of methane in synergistic consortia is given as
(Valentine and Reeburgh, 2000):
𝐶𝐻4 + 𝑆𝑂42− → 𝐻𝐶𝑂3− + 𝐻𝑆 − + 𝐻2 𝑂

(6-2)

It follows that under alkaline conditions, the bicarbonate product acts as a weak
acid by dissociating further to CO32-, which forms authigenic carbonates through
precipitation primarily with available calcium ions found in seawater (Formolo et al.,
2004; Joye et al., 2004; Sassen et al., 2004). However, when H+ ions are available,
dissociation can be driven from bicarbonate to carbonic acid and even further to
dissolved CO2.
6.2

Model Derivation
The model corresponds to an equimolar counter diffusion system of a spherical

porous catalyst particle. Bird, et al. (2006) and Fogler (2005) perform the basic elements
of the derivation. The porous gas hydrate is represented by the catalyst pellet with
hydrate-interior microbes considered “active sites,” and the medium through which
diffusion takes place is the seawater within the hydrate capillaries of the hydrate.
Convective forces are neglected within the hydrate as a result of the capillary diameters
reported by Dearman (2007). Additionally, bacterial mats located along the top of
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protruding hydrate mounds are thought to block fluid flows at the hydrate surface (Sassen
et al., 1999, 2004; Lanoil et al, 2001).
Correlating solute diffusion in a continuum to gas diffusion in a spherical porous
catalyst pellet is phenomenologically relevant although the diffusivities of the solutes will
be strong functions of concentration in comparison to gases due to higher solute-solute
and solute-solvent collision frequencies. The diffusion process within the gas hydrate
capillaries is likely governed by many factors other than concentration. Nonetheless, the
generation and consumption of dissolved compounds in gas hydrate interstitial water
would lead to a strong enough concentration gradient over time for concentration-driven
diffusion to occur beyond other considerations.
The temperature gradient beneath the seafloor in the GOM has been approximated
to be 0.78 K/100 meters below seafloor, and equation (3) shows the relationship between
temperature and depth (Dearman, 2007).
𝑑𝑇

𝑇𝐵𝑆𝐹 = 𝑇𝑆𝐹 − 𝑑𝑧 𝛥𝑧

(6-3)

where
TBSF is the temperature below seafloor (K)
TSF is the temperature at the seafloor (K)
𝑑𝑇
𝑑𝑧

and

is the temperature gradient in the positive z-direction, -0.78 K/100 m

Δz is the depth below seafloor in the negative z-direction (m).

The reaction and diffusion coefficients are both likely proportional to temperature
at temperatures such as those where gas hydrates exist on the seafloor. However, for the
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purpose of the analysis, temperature effects will be neglected due to the low rate of
change in temperature with depth relative to estimates of the gas hydrate stability zone
(GHSZ) depth and the respective coefficients‟ symmetric relationships with temperature.
The diffusion and reaction processes will be described by the model through the
following postulates and restrictions:
1. The reaction rate, RA, can be modeled as a pseudo-first order reaction with respect
to the compound of interest. (Other kinetic models apply but mostly require
numerical solutions. An analytical solution is desired for illustrative purposes.)
𝑅𝐴 = −𝑘 𝑇 𝐶𝐴 𝑟

(6-4)

k(T) is the rate constant with units of [L/s-g microbes] modified for the microbial
mass density, CA(r) is the concentration of species A with respect to the hydrate
radius, r. Microbes located in the gas hydrate interior, are in a stationary phase
where no net increase in viable cell mass is observed, and are distributed
homogeneously throughout the hydrate mass. No nutrient limitations exist.
2. An effective diffusion coefficient, 𝔒eff, relates diffusion through the porous
hydrate system to the average concentration over a small shell of radius Δr. The
diffusion coefficient is a function of temperature, pressure, concentration,
tortuosity and fraction of void space in the hydrate mound. The void space will
be considered the cumulative volume of all capillary and interstitial spaces within
the hydrate system. Thus, neglecting convection, Fick‟s Law becomes:

𝐽𝐴𝑟 = −𝔒𝑒𝑓𝑓 ,𝐴

𝑑𝐶𝐴

(6-5)

𝑑𝑟
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for the molar flux of species A in the r-direction. The effective diffusivity used is
related to continuum diffusion where solute particles are much smaller than the
diameter of the capillary spaces but is not a binary diffusivity.
3. The concentrations of species A and B at the hydrate-water interface are given as
CAs and CBs respectively.
4. The diffusion and reaction are at steady state. Interactions with solid nuclei
particles (i.e. smectities) are considered to be in equilibrium and are integrated
into the diffusivity values.
5. The presence of other species does not affect the diffusion of any species.
Through the standard shell balance process, the following governing equation for
the diffusion-reaction system is given as
𝑑 2 𝐶𝐴
𝑑𝑟 2

2 𝑑𝐶𝐴

+𝑟

𝑑𝑟

𝑘𝜌 𝑚

−𝔒

eff ,A

𝐶𝐴 = 0

(6-6)

with the boundary conditions
Boundary Condition 1:

At r = R

CA = CAs

Boundary Condition 2:

At r = 0

CA = finite

The modification of the mole balance includes the reaction constant in a form
where dependence of the mass density of active microorganisms is incorporated (mass of
microbes per volume of hydrate). Dimensionless variables are defined to normalize the
concentration and radial distance terms. The dimensionless variables are chosen as
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𝐶

𝜓 = 𝐶𝐴

(6-7)

𝐴𝑠

𝑟

𝜆=𝑅

(6-8)

where ψ is a dimensionless concentration and λ is a dimensionless radial coordinate. The
boundary conditions then become

Boundary Condition 1:

At λ = 1

ψ=1

Boundary Condition 2:

At λ = 0

ψ = finite.

When Equation 6 is transformed through the appropriate steps, the governing
equation becomes
𝑑2𝜓
𝑑𝜆 2

2 𝑑𝜓

+𝜆

𝑑𝜆

𝑘𝜌 𝑅 2

−𝔒𝑚

𝑒𝑓𝑓 ,𝐴

𝜓=0

(6-9)

The modified Thiele Modulus is defined as (bulk modulus, non-spherical: R = 3*Vp/Sp)

ϕ2 =

𝑘𝜌 𝑚 𝑅 2
𝔒𝑒𝑓𝑓 ,𝐴

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒

= 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

𝑅𝑎𝑡𝑒

(6-10)

which leads to the final form of the equation
𝑑2𝜓
𝑑𝜆 2

2 𝑑𝜓

+𝜆

𝑑𝜆

− ϕ2 𝜓 = 0

(6-11)

Equation 11 is solved through a common variable transformation. After applying
boundary conditions and making appropriate substitutions for the transformed variables,
the solution is
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r

𝐶𝐴 = 𝐶𝐴𝑠

sinh (ϕ ) 𝑅
R

(6-12)

sinh (𝜙 ) 𝑟

The stoichiometric relationship of CA to CB can be written in terms of conversion, x, for
both species as
𝐶𝐵 = 𝐶𝐴𝑠 𝑥

(6-13)

𝐶𝐴 = 𝐶𝐴𝑠 1 − 𝑥

(6-14)

A relationship between the two surface concentrations is needed to relate 𝜙 to the
concentration of species B at the surface. The effectiveness factor from Fogler (2005) is
used as a modified conversion that relates the two surface concentrations. The
relationship is given as
𝐶𝐵𝑠 = 𝐶𝐴𝑠 (1 − 𝜂)

(6-15)

where 𝜂 is the effectiveness factor (0 < 𝜂 < 1). Thus, Eq. 15 implies that as 𝜂  1, 𝜙 
0, and CBs  0 where CBs is the „contribution‟ of species B to the bulk, hydrate-external
concentration. When 𝜂 0, 𝜙  ∞, and CBs  CAs as species A is completely
converted to species B. 𝜂 is effectively a measure of the diffusion dominance in the
porous structure (Fogler, 2005; Bird et al., 2006).
Conversion with respect to r is found by substitution of Eq. 14 into Eq. 12. After
rearrangement, the conversion profile is given as
r

𝑥 = 1−

sinh (ϕ ) 𝑅
R

(6-16)

sinh (ϕ) 𝑟

229

Finally, the concentration profile of species B (when species B is a dissolved constituent)
is derived from the constant flux condition with CB = CBs at r = R.
𝑟

𝐶𝐵 = 𝐶𝐴𝑠 1 −

6.3

𝑅 sinh 𝜙 𝑅
𝑟 sinh 𝜙

+ 𝐶𝐵𝑠

(6-17)

Model Input
The analysis will use input values collected from reported research deployments

to various sites along the continental margins of the world. The major parameters of
interest are dissolved inorganic carbon, dissolved methane, dissolved sulfides, and
dissolved sulfate. Other parameters likely influence hydrate stability, formation, and
dissociation; however, the scope of the analysis will focus on these key compounds and
their possible influences on the gas hydrate system.
Pressure-temperature values for the analysis will be derived from the major study
area in the GOM by this laboratory, Mississippi Canyon 118 (MC-118). At MC-118 the
P-T and salinity conditions are ~10 MPa and 279K and ~3.5% respectively. Gas hydrates
outcrop at the seafloor ~900 meters below the surface of the Gulf.
An upper-bound bicarbonate concentration of 50 mM (Balut, 2004; Joye et al.,
2004) and methane saturation concentration of 71 mM (Davie et al, 2004) are used in
Scenario 1. Orcutt et al. (2004) reported values for sulfate concentrations will be used for
the analysis of Scenario 2, including dissolved sulfate data at the hydrate interface and
within the massive hydrate macrostructure.
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6.4

Model Output
As expected, the conversion of species A increases with increasing 𝜙 since

increasing values of 𝜙 represent an increase in the reaction rate. As 𝜙 increases, the
value of the effectiveness factor 𝜂 decreases, implying increasing dominance of diffusion
limitations and a steep concentration gradient. Therefore, for high values of 𝜙 and low
values of 𝜂, the reaction would progress stoichiometrically (or to equilibrium). When
reaction rate is limiting, biochemical reaction products quickly diffuse back to the surface
from the center of the mound resulting in a low concentration gradient. In Scenario 1 a
relationship between the surface concentration of methane and values of 𝜙 is desired. In
Scenario 2 sulfate is of more interest, as it will dictate the rate of methane oxidation and,
potentially, carbonate precipitation.

6.4.1

Scenario 1 – Carbonate Reduction Zone Gas Hydrate Accumulations
For Scenario 1 species A becomes bicarbonate and species B methane. In order

to relate values of 𝜙 for a given bicarbonate concentration at the surface of the gas
hydrate to the bulk concentration of methane, CB,bulk, required for hydrate stability, the
three hydrate exterior concentrations are equated as
𝐶𝐵,𝑏𝑢𝑙𝑘 ,𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝐶𝐵𝑠,𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 − 𝐶𝐵𝑠,𝑚𝑜𝑑𝑒𝑙

(6-18)

where CBs, required, the concentration of methane required for hydrate stability, is constant
at the saturation concentration. CBs,model is the result calculated by the model for a given
CAs. Using 71 mM for methane saturation and 50 mM as the concentration of
bicarbonate, the relationship between required bulk concentrations of methane, surface
concentrations of methane, and values of 𝜙 is shown in Figure 6.1.
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Figure 6.1 Relationship between required bulk concentrations of methane, surface
concentrations of methane, and values of 𝜙 necessary for gas hydrate
stability.

6.4.2

Scenario 2 – Sulfate Reduction Zone Gas Hydrate Accumulations
In Scenario 2, sulfate is taken as species A, and bicarbonate or bisulfide becomes

species B. Diffusion of sulfate into gas hydrate interior is limited to the vicinity below
the seafloor where the GHSZ and the sulfate reduction zone overlap. Analysis of the
diffusion-reaction processes within the sulfate reduction zone is limited to the
determination of a value of 𝜙 representative of the concentration gradient found between
the gas hydrate surface and the interior samples collected from ~5 cm below the surface
(Orcutt et al., 2004). A sharp gradient was present in the sulfate concentrations during
initial sample collection in 2001 (12.4 mM interface; 3.5 mM @ 5 cm depth interior
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hydrate). The model calculates 𝜙 = 13.7 to describe this process in terms of reaction and
diffusion mechanisms where the 5 cm depth is taken as r/R = 0.9.
When a second sampling event in 2002 was conducted (Orcutt et al., 2004), the
sulfate concentration at the interface was less than half the 2001 value (12.4 mM in 2001;
5.5 mM in 2002). Interior sulfate concentration was relatively unchanged (3.2 mM),
resulting in 𝜙 = 6.47. Since samples were not collected from identical locations,
variations at the surface are possible, particularly due to hydrocarbon-vent flux variations
and microbial distribution heterogeneity.
The data are consistent with a decreasing 𝜙 value over time, suggesting the
reaction rate is decreasing over time as a result of reduced bulk sulfate concentrations
from hydrocarbon-oxidation and sulfate-reduction coupling. Figure 3 shows the
concentration profiles for 𝜙 = 13.7 and 𝜙 = 6.47 in terms of sulfate (species A) with a
surface concentrations of 12.4 and 5.5 mM respectively.
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Figure 6.2 Model calculations for 𝜙 using sulfate data collected by Orcutt et al. (2004)
showing the concentration profile of sulfate as a function of depth within the
hydrate mass.

6.5

Synthesis

6.5.1

Scenario 1 – Carbonate Reduction Zone Gas Hydrate Accumulations
The basis of the analysis in Scenario 1 is to provide a mechanism juxtaposing

methanogenic biochemical reactions within the hydrate interior with two-phase Lw-H
stability condition criterion. The conversion of bicarbonate (and others) to methane via
methanogenesis within hydrate interior coupled with subsequent diffusion of methane to
the surface of the hydrate explains why some massive hydrates are stable relative to
theoretical predictions based on methane pore water concentration measurements
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(Lapham, personal communication). More powerful transport mechanisms such as
convection eddies, advection, etc. dominate outside of hydrate interior, possibly reducing
the saturated boundary layer to insufficient size for measurement with in-situ analytical
equipment.
Essentially, for a given bulk bicarbonate and methane concentration, a value of 𝜙
is established that will result in gas hydrate stability. Values greater than this 𝜙 promote
hydrate outgrowth while values less than this 𝜙 would result in hydrate dissociation.
Other methanogenic substrates are not considered and would only contribute additional
methane sources and higher values of 𝜙.
When bicarbonate is considered alone without methane present, even the limiting
case where 𝜙  ∞ would not be sufficient to maintain gas hydrate stability since the
stoichiometric coefficients for HCO32- and CH4 equal unity and [HCO32-]surface <
[CH4]saturated. Thus, a theoretical minimum bulk concentration of 21 mM methane is
required for hydrate stability when 50 mM bicarbonate concentrations are modeled at the
hydrate surface. Without bulk methane, gas hydrate will not be stable unless additional
methanogenic substrates within the hydrate facilitate biogenic methane generation and
subsequent diffusion of methane back to the surface.
As bulk concentrations of methane decrease, local hydrate-interior
methanogenesis rates become the dominant factor in dictating size and geometric
structure of the gas hydrate mound. Limitations of essential nutrients or hydrogen for
biochemical reactions can arise over time, and this would result in hydrate decomposition
until a boundary layer of saturated methane can be reestablished at the surface as shown
in Eq. 18. Decomposition of methanogenesis-stabilized hydrates may also provide
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insight into the formation of disseminated biogenic hydrates in sediments. The reduction
of a massive hydrate system over geologic time to disseminated hydrates through an
internal decomposition mechanism driven by scattered depletion of localized biochemical
reaction needs might be plausible.
Small changes in gas composition of either Lw or H phase result in hydrate
equilibrium shifts. The equilibrium conditions considered are for pure methane hydrate.
When other components such as carbon dioxide or C3+ hydrocarbons are found in
conjunction with two-phase methane hydrate, an equilibrium shift occurs due to
concentration dependent fugacities and hydrate structural considerations. The stability
requirements relative only to P-T conditions decrease considerably when CO2 or C3+ are
introduced into the hydrate with methane (sI hydrate  sII hydrate). Generally, the
percentage of the saturation concentration required would depend on the respective
component fugacity contributions to each of the two phases, Lw and H.

6.5.2

Scenario 2 – Sulfate Reduction Zone Gas Hydrate Accumulations
Gas hydrate stability within the sulfate reduction zone can be affected many ways

through biochemical reactions and diffusion processes. First, the fate of biochemical end
products will affect hydrate stability. The major products of sulfate reduction-methane
oxidation reactions are hydrogen sulfide and bicarbonate as shown in Eq. 2. The
availability of hydrogen ions (pH) dictates the fate of the dissolved ionic products from
the reaction. The presence or lack of hydrogen ions is likely determined by several
factors including the microbial diversity, local alkalinity values, and the presence of oil
and gas seepage. Ultimately, many biogeochemical factors would influence seafloor and
vicinity pH conditions, so limiting cases are analyzed.
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When hydrogen ions are in excess, bicarbonate and hydrogen sulfide dissociation
can be driven backwards to CO2 and H2S respectively, increasing dissolved gas
constituents within hydrate interstitial water. This would result in an equilibrium shift of
the gas hydrate and would promote the replacement of CH4 or other hydrocarbons with
CO2 and/or H2S, which are commonly found in hydrate samples collected from the
sulfate reduction zone. The addition of CO2 and/or H2S to the gas hydrate accumulation
may result in additional stability relative to seafloor pressure and temperature fluctuations
since the inclusion of both compounds likely reduces necessary P-T conditions for
hydrate stability relative to gas hydrates containing mixed natural gases.
When hydrogen ions are not available to push the equilibrium of the dissolved
bicarbonate and hydrogen sulfide ions to dissolved gas, alkaline conditions persist and
result in the precipitation of carbonates and potentially sulfides (Joye et al., 2004; van
Dongen et al., 2007). In alkaline conditions the gas hydrate mound could be completely
transformed to a carbonate reef over geologic time through metabolism of occluded gases
and resulting precipitation of carbonate byproducts (primarily calcium carbonates), thus
sequestering a vast greenhouse gas to solid carbonate precipitate.
Isotopic analysis of precipitates within gas hydrate interior verifies origins of a
microbial nature (Sassen et al., 2004). Additionally, changes to the effective diffusivity
of the hydrate may occur as a result of carbonate precipitation. The precipitates can
reduce diffusivity by blocking channels through which compounds diffuse. Calcium and
other cation diffusion rates relative to the diffusion rates of the anions produced from the
reaction become important in predicting the rate of precipitation.
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Most protruding gas hydrates in the GOM are covered with mats of Beggiatoa, a
type of sulfide oxidizing bacteria (Sassen et al., 1999, 2004; Joye et al., 2004; Orcutt et
al., 2004). The cycling of both carbon and sulfur was reported by Formolo et al. (2004).
It is no coincidence that these bacterial mats overlay massive hydrate accumulations in
the sulfate reduction zone where dissolved sulfates are plentiful and sulfate reduction
rates are high. This model provides a mechanism where the sulfide reaction product
resulting from sulfate-reduction diffuses to the surface of the mound where it is oxidized
by the Beggiatoa, creating a syntrophic relationship among microorganisms within and at
the interface of gas hydrates.

6.5.3

Other Stability Considerations
The mechanism by which microbes access occluded hydrocarbon gases has been

discussed previously in CHAPTER 5. Essentially, many hydrocarbon gases in various
concentrations are proposed to reside in a dissolved state in the interstitial waters of the
capillary spaces of the gas hydrate accumulation and dictate hydrate gas composition.
Microbes metabolize dissolved gases found in the water phase of the hydrate capillary
network, and since fugacity equivalence implies stability, a decrease in the concentration
of any one component in the interstitial water of a Lw-H system will result in a decrease
in fugacity in the aqueous phase resulting in spontaneous dissociation of that component
from the hydrate phase until equilibrium is re-established.
Microbial metabolism of occluded gases is then an indirect process whereby the
thermodynamic stability is altered locally through consumption of dissolved hydrocarbon
gas in the interstitial water, creating a driving force for transport of the consumed gas
species from the hydrate phase to the dissolved phase.
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Gas hydrate structural transformations resulting from metabolism of occluded
hydrocarbon gases influence hydrate stability. Some evidence shows that higher order
hydrocarbons such as propane and butane are oxidized more readily via sulfate reduction
than ethane and methane (Formolo et al., 2004; Kniemeyer et al., 2007). Other research
directly associated with sulfate reduction and concomitant oxidation of hydrocarbon
gases originating from within gas hydrate show isotopic enrichment of 𝛿C13 in methane
only (Sassen et al., 1999). Prolific hydrocarbon oxidation is likely occurring external and
internal of the hydrate simultaneously.
Gas hydrates containing hydrocarbon gases such as methane and ethane (sI)
require, in general, higher pressures and lower temperatures for stability than sII hydrate
with higher order hydrocarbons. Therefore, sII gas hydrate residing at or near
thermodynamic equilibrium conditions (i.e. shallow depth thermogenic gas hydrate) may
be destabilized as C3+ hydrocarbons external from the hydrate are microbially oxidized.
This would result in lower bulk C3+ hydrocarbon concentrations, subsequent diffusion of
C3+ hydrocarbons from the interstitial waters of the hydrate capillaries, dissociation of
C3+ gases from hydrate cages, and a shift from sII to sI hydrate containing only methane
and ethane and possibly carbon dioxide (depending on the pH). In most cases, sI hydrate
will not be stable at the sII hydrate phase boundary, leading to further dissociation of
hydrate in a chain-reaction effect.

239

CHAPTER 7
CONCLUSIONS

The overall effect of the research contributes to a more thorough understanding of
naturally occurring, seafloor gas hydrates; particularly the direct and indirect microbial
influences exerted by the microorganisms present in this environment. Never before
have direct molecular influences by microorganisms been studied, particularly with
samples collected from areas where gas hydrates outcrop from the seafloor in numerous
places. Additionally, the research effort validates other findings previously discussed.

7.1

Microbial Effects on Gas Hydrate Formation and Dissociation
In summary, the presence of cell mass affects gas hydrate induction time, kinetics,

and extent of formation. Biosurfactants produced by the cell mass used in the tests
altered the hydrate characteristics as well, but these changes have been studied in more
depth previously and were not the focus of the experiments. The introduction of
bentonite to the experiments created a synergistic effect between the microbial cells, the
heterogeneous surface-active clay materials, and the biosurfactants. In turn, gas hydrate
induction times were stabilized and formation was catalyzed significantly with the
presence of all three components.
MC-118 microbial cell mass and B. subtilis cell mass showed similar effects in
the hydrate formation tests. The PGN/TA polymers in the cell walls of various bacteria
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are thought to be responsible for the inhibitory effects observed in the tests. The charged
areas of the PGN/TA protrusions from the cell walls potentially play a dual-role in the
inhibition observed in the experiments: (1) thermodynamically alter the gas hydrate
equilibrium by preventing microbially-associated water (at the interface of the cell) from
forming gas hydrates and (2) kinetically inhibit the hydrate induction by forcing crystal
agglomerations to surround the microbe and the hypothetical layer of water associating
with the cell wall as well as by forcing the crystal to grow around discarded cell mass
irregularities. The adsorption of the gas hydrate crystal to the microbial cell wall or
discarded cell wall is necessary for the kinetic mechanism.
All of these molecular associations between the microorganism and the water are
removed from the local system upon the introduction of bentonite and a sedimentmicrobe adsorption scheme between bentonite-B. subtilis. The sediment-microbe
adsorption scheme works to the advantage of the microbe by protecting the cell from the
exterior environment, particularly during the actual process of gas hydrate formation
when heat is released in relatively significant quantities and may be injurious to the
microbes. Most clayey materials are also very hygroscopic and may assist in providing
the water necessary for proper cell functioning and metabolism. Lastly, smectite clays
such as the bentonite used in the experiments have diverse adsorption capabilities in
general and may even act as a catalyst for the biochemical reactions performed by the
microorganisms. Indirectly, the adsorption of biosurfactants on these heterogeneous
materials potentially catalyzes microbial metabolism by concentrating the substrate
(hydrocarbon gas) within the necessary proximity of the microbe.
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The presence of the cell mass enhanced the dissociation rate of the gas hydrates,
and this further supports the hypothesis that microbes are surrounded by a layer of water
unavailable for hydrate formation. The additional water in the system with the
microorganisms would affect the bulk thermal transport properties of the hydrate
structure, and higher dissociation rates would be expected as a result of the higher
thermal conductivity of water. For reference, Sloan (1998, p.62) indicates that the
thermal conductivities of water and hydrate are 0.605 W/m-K and 0.5 W/m-K,
respectively. Other research provided in the same summary by Sloan indicates hydrate
thermal conductivity is even lower than this.
The extents of hydrate formation followed the same general trend as well in both
sets of experiments with cell mass. Increases in cell mass promoted higher extents of
hydrate formation prior to debilitating mass transfer limitations (less than 1 psi/d change).
The cell mass increases are thought to provide additional nucleation sites either by
individually forming smaller, more numerous nuclei or by colonizing, increasing the size
of the nuclei, and promoting irregularities and faults in the crystal agglomerations that
allow for continued gas-water diffusion prior to reaching the point of extreme mass
transfer limitation. The anionic nature of surfactin likely enhanced the extent of
formation by adsorbing to the metal walls of the reactor and subsequently clearing the
gas-water interface.
One significant finding in the research that may present future opportunities for
discovery was the inhibitory effect of the cell mass after hypertonic treatment. Methanol
and glycols, now used commercially for gas hydrate inhibition in pipelines, are toxic to
environmental organisms, including humans for that matter. The anti-agglomerates and
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kinetic inhibitors currently undergoing testing for potential industrial-scale use are
relatively uncharacterized in terms of these ecological effects. However, the use of a
biological polymeric material for gas hydrate inhibition would be optimal from two
standpoints: cost and toxicity.
The costs associated with processing old cell mass into some purified form of
wall polymers are likely insignificant, given that raw materials typically contribute
significantly to a process cost. The raw materials in this case would be relatively easy to
come by. The benefits of no toxicity are also of significance in the use of biological
materials in gas pipelines passing through sensitive ecosystems on the seafloors of the
world.
The inhibition data must be taken with consideration to the apparatus and setup
used in the testing. The primary difference in the inhibitory effects observed in the
testing performed in this study and the inhibition results published in the literature is the
lack of agitation. The results obtained in this study are for a quiescent system.
Agitation likely provides a significant system influence by assisting in a crucial
step in the nucleation process: the diffusion of the gas from the bulk to the hydrate face.
Additionally, crystal agglomeration would theoretically be enhanced through some
mixing and agitation of the system. However, note the experiments conducted contained
surfactant that reproducibly reduced induction times to less than 1 hour when cell mass
was not present. Even pure medium used formed hydrates with relatively small induction
periods. All in all, this topic should be investigated further for commercial applications.
Most importantly the correlations developed with the B. subtilis and the MC-118
microorganisms in terms of hydrate formation tests show that B. subtilis is a model
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organism for future laboratory studies when indigenous cultures from seafloor sediment
samples are not readily available. The similar trends and general results from each batch
of microorganisms verify the applicability of the B. subtilis to the modeling of other
seafloor organisms; not to mention that B. subtilis was identified on the seafloor in
sediments surrounding outcropping gas hydrates (Lanoil et al., 2001).

7.2

Microbial Effects on Gas Hydrate Phase Equilibria
The increases observed in the gas hydrate equilibrium pressures in experiments

with B. subtilis relative to control experiments without cell mass, and relative to
CSMHYD calculations, suggest that the microbes are associating in some way with water
molecules and driving up the energy (pressure) required for gas hydrate stability at a
given temperature. This supports the postulated hypothetical layer of water surrounding
the cell through these associations. The thermodynamic shifts in the experiments may
also have contributed to the extended induction times observed in the formation tests.
Surfactin alone contributed to an increase in equilibrium pressures at the selected
temperatures for the experiments when compared to CSMHYD predictions. This result
was somewhat unexpected, given the multitudes of research published on the catalytic
effects surfactants have on gas hydrate formation. However, the surfactant may increase
the equilibrium pressure through a thermodynamic shift caused by associations with
water molecules and still catalyze hydrate formation once thermodynamic equilibrium
conditions are met.
The mechanism by which surfactants are acting to catalyze gas hydrate formation
is primarily through proximity effects. The hydrate formation energy barrier appears to
increase with the use of a surfactant as a result of the surfactant absorbing some of the
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repulsive energy between the hydrocarbon gases concentrated around the hydrophobic
moieties and the water molecules concentrated around the hydrophilic ones. The
absorbed energy is conserved and is realized as an additional energy requirement to form
hydrates. This increase in the energy required for hydrate formation is realized in the
experiments conducted as an increase in equilibrium pressure.
The phase equilibria data suggests that the results from Class I relative to hydrate
inhibition testing may also be related to thermodynamic inhibition as well as kinetic
inhibition. The thermodynamic inhibition by the cell mass is a result of the polar regions
of the PGN/TA complex where water molecules associate with these polymers. The
competition for water molecules drives the equilibrium pressure higher as a result of the
higher energy required to stabilize the hydrogen bonds in the hydrate lattice.

7.3

Microbial Fate in Gas Hydrate Systems
Identifying microorganisms present in the gas hydrate sample from MC-118 used

to form hydrates collected from the PP cup offered assurances to what appeared to be a
straight-forward concept. Without directly accessing and observing the microorganisms,
only ponderings can be offered as evidence for microbial inclusion within the gas hydrate
macrostructure. The previous experience in analyzing bentonite-B. subtilis slurry with
SEM and finding only agglomerations of bentonite with no bacteria present suggested a
sectioning of the sediment particles collected from the hydrate provided the best chance
of actually locating the microbes in the sample.
The presence of microorganisms in gas hydrates implies that microorganisms take
advantage of the massive carbon source surrounding them.
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7.4

In situ Indirect Microbial Influences on Gas Hydrates
The results of the biosurfactant production tests were intriguing but logical. The

kinetic experiments showed that essentially no lag phase is present in cultured MC-118
microbes taken from areas on the seafloor of active venting, whereas MC-118 microbes
from areas where gas hydrates outcrop were slower to respond suggesting dormancy.
The active venting areas include free gas; thus hydrocarbons are at saturation in the
water. The microorganisms near these active venting areas are likely to be present in
higher numbers, actively producing biosurfactant, and consuming these hydrocarbons.
Nutrient effects in general were only inhibitory to biosurfactant production
relative to the base medium used. However, noteworthy performers included iron and
manganese, preferably without nitrogen sources, and trace elements only with
manganese. The conclusion is that microbes capable of producing biosurfactants in situ
at MC-118 do so in an extreme environment that requires adaptability to limiting
conditions. Thus, the biosurfactant production was strongest in the base medium because
no acclimation to limiting conditions was required.
Hydrate formation tests with saturated porous media were successful in
identifying the basic formation-dissociation characteristics of the gas hydrates with
biosurfactants produced by MC-118 microbes used in increasing proportions. In fact the
highest concentration of biosurfactant used in the test produced a decrease in the
dissociation rate of the hydrates, a finding that supports conclusions drawn in Woods
(2004). Additionally, the digital photos taken of the PP cup after hydrate formation
validated Dearman‟s (2007) nucleation mechanism for gas hydrates in seawater saturated
porous media under the influence of biosurfactants.
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In all, the most important aspect of the results from the Class IV experiments is
the fact that biosurfactant-producing microorganisms are present on the seafloor in
associations with gas hydrates, and these microbially-produced biosurfactants catalyze
gas hydrate formation.

7.5

Microbial Metabolism within Gas Hydrates
The final experiments performed produced findings that synergized the entire

spectrum of results obtained over the duration of the project. The synthesis of microbial
influences tested in this work is as follows:
1. Active seafloor venting eventually shifts to a previously-inactive area where
hydrocarbons have historically been low.
2. Biosurfactant-producing microorganisms sense the new hydrocarbon flux and
begin producing biosurfactant to increase substrate availability.
3. Biosurfactants adsorb to smectite clays within the seafloor sediments.
4.

Microbes adsorb clay platelets that interact with biosurfactants. The
biosurfactants then associate with gas and water.

5. Hydrate formation initiates, and microbes are encased within the nuclei of
agglomerations of hydrate crystals.
6. Microbes oxidize hydrocarbons dissolved in the interstitial water of the hydrate
mass and lower gas concentrations in interstitial waters below equilibrium levels.
This promotes localized dissociation of hydrocarbons from the gas hydrate
structure and/or diffusion of hydrocarbons into the hydrate structure from the
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exterior seawater. Microbes may sequester hydrocarbon gases as precipitated
carbonates.
7. Methanogens within gas hydrates produce methane and provide stability to
methane hydrate masses through the consequent diffusion of the methane to the
surface where concentrations must be at saturation. Advection, gas migration,
and convective eddies are non-existent within the hydrate structure; thus the
stationary microbes within the structure contribute independently to the methane
concentration at the surface where the other transport mechanisms dominate.
Overall, many interesting phenomena were uncovered during the course of the
research project. The analysis presented in this thesis pulls from extensive laboratory
research performed in the MSU Gas Hydrate Research Laboratory, but also incorporates
much other data collected by a diverse group of researchers focusing on the same basic
topic: seafloor gas hydrates. On the other hand, some research used in this thesis was not
related at all to gas hydrates; only individual components of the full project such as
microorganisms, smectite clays, etc. Therefore, hopefully this synthesis of ideas and
data pulled from several multidisciplinary fields will push the understanding of and direct
further research efforts toward microbial and seafloor hydrate synergies.
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APPENDIX A
SM4500-SO42- E: SULFATE ANALYSIS CALIBRATION
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Table A.1
Sulfate calibration data
Sulfate Calibration
Concentration (mg/L)
0
1
5
10
20
25
30
35
40
Blank (<10)

OD
0
0.078
0.098
0.031
0.087
0.116
0.153
0.196
0.232
0.065

Sulfate Calibration
45
40
35
30
y = 146.55x + 6.7605
R² = 0.9915

25

Sulfate
Calibration

20

Linear (Sulfate
Calibration)

15
10
5
0
0

0.05

0.1

0.15

0.2

0.25

Figure A.1 Sulfate calibration with barium sulfate suspension: SM4500-SO42- E
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APPENDIX B
MC-118 FIELD NOTES FOR SAMPLE COLLECTION AND DESCRIPTION
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Core Number:
2007; core 1)
Date:

SWBC1107-01(SW crater complex; box core; November

10 November, 2007

Time
Deployed:

17:52

On bottom:

18:16

On deck:

18:

Location:

28°51'07.0983"N;

88°29'31.0727"W

Depth:

883m (+2m from USBL to sea-floor)

Description:
Some beggiatoa evident.
Sulfur smell is quite strong.
Samples are brown, fine, unconsolidated mud on top with grey just
beneath the surface (1-2cm) that is mixed with dark grey, stiff carbonate lumps.
Abundant oil in sediments greater than 20cm down into the core; some
shallower.
Lots of black streaks.
Mud is very cold.

Sampling:
The box corer was full. We emplaced push-cores – 2 of Mandy Joye’s and
2 of Charlotte Brunner’s – into the corer. Retrieved Mandy’s capped them and
placed them in the refrigerator. We decided to bag Charlotte’s cores for Rudy
Rogers and Roger Sassen as oily samples are appropriate to their studies and
not to Charlotte’s.
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Core Number:
2007; core 1)
Date:

NWBC1107-01(NW crater complex; box core; November

10 November, 2007

Time
Deployed:

19:53

On bottom:

20:18

On deck:

20:

Location:

28°51'30.0017"N;

88°29'36.1608"W

Depth:

876m (+2m for USBL)

Description:
Box corer ~1/2 full.
Top material is light in color with Beggiatoa and forams evident. Just
beneath this (1cm?), very fine watery mud is grey to dark grey. Farther down the
core, the color distinction is more profound with light grey, dry carbonate nodules
and stiffer mud. Pockets of water are evident. Farther down the core, carbonate
rock is abundant. Laura photographed the second core for Charlotte as we
sampled downward.

Sampling:
The box corer was half full. We collected no samples for Mandy.
Collected 2 push cores for Charlotte: Beggiatoa at NW vent site; 5cm sampled at
1cm intervals. Laura mixed w/
took pH and froze to check for living
forams. Bagged samples for Rudy and Roger: 2 large bags and 1 of Charlotte’s
cores, less the top 5cm for each of them. Collected rocks from this core to send
to Roger Sassen.
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Core Number:
2007; core 2)
Date:

NWBC1107-02 (NW crater complex; box core; November

10 November, 2007

Time
Deployed:

21:30

On bottom:

21:45

On deck:

21:56

Location:

28°51'35.2375"N;

88°29'35.6136"W

Depth:

862m (+2m from USBL to sea-floor)

Description:
Very soupy loose, brown sediment to ~3cm. Transitions to grey, less
watery though still very fine-grained material. Grey sediments may pull apart
when a spatula is scraped across the exposed surface.

Sampling:
Collected 2 samples for Charlotte, as for NWBC1107-01. Bagged the
remainders of these push-core samples for Rudy and Roger. In addition, we
collected a large bag of sample top-bottom for each.
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Core Number:
2007; core 3)
Date:

NWBC1107-03(NW crater complex; box core; November

12 November, 2007

Time
Deployed:

16:00

On bottom:

16:27

On deck:

16:34

Location:

28.857956°N;

88.493895°W

Depth:

878m (+2m from USBL to sea-floor)

(from Hi-Pack)

Description:
Fine-grained light brown material grades to grey. Material is notably
coarser than that from the cores from the SW vent site. Many carbonate nodules
and much shell material present, especially near the base of the box at ~.5m.
The shell material is diverse both in size and in species.

Sampling:
Six push-core samples collected for Mandy Joye: NWBC110703a,b,c,d,e,and f. Surface water was added to fill each core tube.
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Core Number:
2007; core 2)
Date:

SWBC1107-02(SW crater complex; box core; November

12 November, 2007

Time
Deployed:

17:21

On bottom:

18:16

On deck:

17:34

Location:

28.851996°N;

88.492130°"W

Depth:

882m (+2m from USBL to sea-floor)

(from Hi-Pack)

Description:
Very fine-grained material. Top brown flocculated layer (~4cm) overlies
homogenous remainder which is medium grey and very fine. Very few shells are
present. No grit at all in this sample. Oil throughout but not abundant. Fairly
strong petroleum odor.

Sampling:
Five push-cores collected for Mandy Joye: SWBC1107-02a,b,c,d and e.
Surface water was added to fill tubes. Bagged samples for Rudy and Roger as
well as for John Noakes (rocks and shells).
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APPENDIX C
OPTICAL DENSITY-CELL MASS CALIBRATION
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Table C.1
Optical density-cell mass calibration data
Dilution
1
0.5
0.33
0.25
0.2
0.17

Cell Mass Determination
10 mL Medium
10 mL Medium + Culture
Cell Mass (mg/mL)

OD
1.033
0.624
0.446
0.325
0.27
0.219

CFU/mL
840,000,000
420,000,000
140,000,000
35,000,000
7,000,000
1,166,667

Cell Mass
(mg/mL)
2.4633
1.2317
0.4106
0.1026
0.0205
0.0034

Replicate 1
0.1631
0.1861
2.3

Replicate 2
0.1598
0.183
2.32

Replicate 3
0.1609
0.1886
2.77

Average
0.1613
0.1859
2.4633

Colony Forming Units
840,000,000

Optical Density @ 580 nm with B. subtilis
3.0

2.5

Cell Mass (mg/mL)

2.0

1.5

Optical Density @ 580
nm

y = 3.1882x - 0.8446
R² = 0.9862

Linear (Optical Density @
580 nm)

1.0

0.5

0.0
0

0.2

0.4

0.6

0.8

1

1.2

Optical Density (580 nm)
-0.5

Figure C.1 Optical density vs. B. subtilis cell mass at 580 nm wavelength
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APPENDIX D
EXAMPLE KINETIC RATE CALCULATION USING THE
PENG-ROBINSON EQUATION OF STATE
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Temperature Increase Associated with Maximum
Rate of Hydrate Formation
8
7

Temperature (C)

6
5
4
3
2
1
0
0

50

100

150
Time (min)

200

250

Figure D.1 Illustration of maximum formation rate (typically coincident with maximum
temperature increase observed in the gas phase of the reactor.
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Table D.1
Maximum kinetic rate calculation algorithm using the Peng-Robinson equation of state.
Parameters are combined for each gas component using simple weighted averages
(appropriate for the absolute operating pressure of the reactor).
EOS - Peng Robinson
W
0.01916
Tc
204.656 K
Pc
45.43 ATM
Time min Temperature C Pressure psig
81.5
1.723541 408.193981
82
2.764969 407.356925
82.5
3.518002 405.972585
83
4.271034 403.976535
83.5
4.799759 401.400989
84
5.568814 398.519612
84.5
6.033452 395.428947
85
6.417979 391.790998
85.5
6.722396 388.088671
86
6.882616 384.241458
86.5
6.962726 380.056225
87
6.91466
375.80659
87.5
6.818528 371.766195
88
6.658309 367.661447
88.5
6.514111 363.862529
89
6.289803 360.305065
89.5
6.065496 356.892486
90
5.85721 353.560368
90.5
5.584836
350.71118
91
5.312463 348.055173
91.5
5.136221 345.399142
92
5.008045 342.871891
92.5
4.87987 340.441231
93
4.751694
337.91398
93.5
4.591474
335.48332
94
4.39921 333.374597
94.5
4.206946 331.346359
95
3.982639 329.495195
95.5
3.806398 327.869403
96
3.6622 326.243586
96.5
3.550046 324.521202
97
3.453914 322.927574
97.5
3.357782 321.350076
98
3.26165 319.901335
98.5
3.133474 318.452593
99
3.005299 317.068229

Pr
0.611233
0.609979
0.607906
0.604917
0.601061
0.596746
0.592118
0.586671
0.581127
0.575366
0.569099
0.562736
0.556685
0.550539
0.54485
0.539523
0.534413
0.529424
0.525157
0.52118
0.517203
0.513419
0.509779
0.505995
0.502355
0.499198
0.49616
0.493388
0.490954
0.48852
0.48594
0.483554
0.481192
0.479023
0.476853
0.47478

Tr
1.342367
1.347456
1.351136
1.354815
1.357399
1.361156
1.363427
1.365306
1.366793
1.367576
1.367967
1.367732
1.367263
1.36648
1.365775
1.364679
1.363583
1.362566
1.361235
1.359904
1.359043
1.358416
1.35779
1.357164
1.356381
1.355441
1.354502
1.353406
1.352545
1.35184
1.351292
1.350822
1.350353
1.349883
1.349257
1.34863

alpha
0.875867
0.874207
0.87301
0.871816
0.870978
0.869763
0.869029
0.868423
0.867944
0.867692
0.867566
0.867641
0.867793
0.868045
0.868272
0.868625
0.868979
0.869307
0.869737
0.870168
0.870446
0.870649
0.870852
0.871054
0.871308
0.871613
0.871917
0.872273
0.872552
0.872781
0.872959
0.873112
0.873265
0.873417
0.873621
0.873825

alpha = [1+(0.37464+1.54226w+0.26992w^2)(1-Tr^0.5)]^2
A = (0.45724(alpha)(Pr))/Tr^2
V = 0.394 L
R = 0.08206 L-atm/mol-K
B = (0.0778(Pr))/Tr
n = PV/ZRT
A
0.135846
0.13429
0.132924
0.131373
0.129914
0.128091
0.126568
0.124971
0.123453
0.122054
0.120638
0.11934
0.118159
0.117022
0.115963
0.11506
0.1142
0.113346
0.112708
0.112129
0.11145
0.110763
0.110105
0.109414
0.108784
0.108288
0.107816
0.107431
0.107071
0.106679
0.106224
0.105794
0.105369
0.104986
0.104632
0.104298
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B
Z
EOS:
n
0.035425 0.976895 0.000445 0.496787
0.035219 0.978369 0.000967 0.493152
0.035004 0.978986 0.000922 0.489829
0.034737 0.979615 0.000877 0.485785
0.03445 0.980089 0.000843 0.481536
0.034108 0.980739 0.000799 0.476443
0.033788 0.981169
0.00077 0.471754
0.033431 0.981554 0.000744 0.466588
0.033079 0.981881 0.000722 0.461522
0.032732
0.98211 0.000705 0.456579
0.032366 0.982295 0.000691 0.451391
0.03201 0.982397 0.000683 0.446374
0.031677 0.982462 0.000676 0.441698
0.031345 0.982489 0.000671 0.437059
0.031037 0.982521 0.000667 0.432752
0.030758 0.982494 0.000666 0.428877
0.030491 0.982466 0.000665 0.425168
0.030229 0.982449 0.000663 0.421521
0.030015 0.982376 0.000666 0.418564
0.029817 0.982299 0.000668 0.415833
0.029608 0.982285 0.000667 0.412927
0.029405 0.982298 0.000665
0.41009
0.02921 0.982309 0.000662 0.407366
0.029006 0.982325 0.000659 0.404521
0.028814 0.982319 0.000658 0.401846
0.028653 0.982283 0.000659 0.399612
0.028499 0.982244 0.000659 0.397472
0.028362
0.98218 0.000662 0.395597
0.02824 0.982137 0.000663 0.393913
0.028115 0.982116 0.000663 0.392172
0.027978 0.982118 0.000662 0.390259
0.02785 0.982126
0.00066 0.388475
0.027724 0.982134 0.000659 0.386708
0.027608 0.982137 0.000658 0.385098
0.027496 0.982121 0.000657 0.383538
0.027389 0.982103 0.000657 0.382055
Maximum Formation Rate (mmol/min)

d(n)/dt
7.270244
6.646381
8.088227
8.497829
10.18523
9.377708
10.33276
10.1315
9.886961
10.37476
10.03362
9.35334
9.277797
8.6131
7.750796
7.41695
7.294913
5.913977
5.461194
5.811745
5.675858
5.44796
5.688322
5.35111
4.46822
4.280276
3.749397
3.368589
3.480588
3.826575
3.568987
3.532578
3.221215
3.119782
2.966027
10.37476

mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min
mmol/min

APPENDIX E
SUMMARY OF CONTROL DATA FOR
CLASS I EXPERIMENTS
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Table E.1
Summary of Class I control experiments
Experiment

Po (psig)

Pf (psig)

ΔP

Induction Time (h)

Maximum Rate
(mmol/min)

UPH2O-a
UPH2O-b
SDS-a
SDS-b
NB-a
NB-b
NB-c
ST NM-a
ST NM-b
ST Peptone-a*
ST NM-a
ST NM-b

400
405.1
409.5
403.3
404.4
403.5
401.2
346.1
339.8
400.6
401.3
401

397.6
404.3
290.1
285.1
299.5
298
293.1
340.3
327.5
292.3
307.4
320

2.4
0.8
119.4
118.2
104.9
105.5
108.1
5.8
12.3
108.3
93.9
81

N/A
N/A
0.9
0.9
0.7
2.3
1.6
4.2
4.0
12.6
<0.5
<0.5

N/A
N/A
9.19
10.51
7.1
7.83
9.18
N/A
N/A
11.1
2
2.44
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Notes
Hydrate Film
Hydrate Film

Fe/Mn
Fe/Mn

APPENDIX F
SUMMARY OF CONTROL DATA FOR
CLASS V EXPERIMENTS
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Table F.1
Summary of Class V control experiments

Time (h)

Nitrogen
Pressure (psig)

Natural Gas
Pressure (psig)

Time 0 h

251.13

234.11

Time 24 h

250.98

226.83

0.15

7.28

Change

The significant decreases in gas pressure observed when natural gases were used
to pressurize the reactor were attributed to microbial consumption of gases. Nitrogen was
used to test the reactor seal during the execution of the sulfate-reducer medium test to
ensure that the decreases in gas pressure of the natural gas could be attributed to
biochemical conversion.
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