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ABSTRACT

Hydrates formed from CH4/C,H¢ gas mixtures have a practical significance since these
gases are the main components of natural gas. Microsecond molecular dynamics simulations
were performed to study hydrate nucleation and growth from CH4/C,;Hg gas mixtures under
600, 700 and 800 bar pressure and focused on the incipient stages of hydrate nucleation.
Some aspects of the hydrate nucleation mechanism from CH4/C,H¢ mixtures can be observed
from our results: the first cages to be formed are predominantly the 5'* cages with CHy, with
C,Hg cages forming later. Increasing CH4 concentration decreases the induction time,
consistent with the observation that the first cage formed is usually with CHy4. By contrast, no
strong effect of C,H¢ concentration on induction time was observed. Higher pressure
increases the nucleation rate, the cage diversity, the number of C,Hs molecules incorporated
in the early cages and decrease the time to form the incipient hydrate cluster. Moreover, the
stability of the cages with CH4 increases with pressure, while the opposite trend is observed

for cages with C,Hg.
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CHAPTER 1
INTRODUCTION

Clathrate hydrates (commonly referred to as gas hydrates, or simply hydrates) are
ice-like solids that form when "guest" molecules such as methane (CH4), ethane (C,Hg),
carbon dioxide (CO,) and hydrogen (H») are trapped (enclathrated) inside hydrogen-bonded
"host" water cages in a crystal lattice."® Low temperatures and high pressures are usually the
conditions for hydration formation, though the formation conditions vary depending on the
guest molecule. '

Scientific curiosity, economic realities and environmental considerations have made
research in gas hydrates draw the attention from scientists of different backgrounds, including
geology, chemistry, environmental, chemical and petroleum engineering. The huge amount of
natural gas in hydrate reservoirs in nature not only might have huge effects on the global
climate, but also can be considered as a promising kind of potential clean energy resource. In
the oil industry, crude oil pipelines are commonly operated under low temperatures and high
pressures, which are thermodynamic conditions for hydrate formation. As a result, the
formation of hydrate from natural gas and water contained in crude oil is a significant threat
in flow assurance. Some new technologies are also based on the formation of hydrate, such as
gas separation and gas transportation. Considering the wide interdisciplinary aspects of gas
hydrates, only one paper or one thesis certainly cannot cover them all. This thesis helps to
answer two fundamental questions regarding hydrates from a chemistry perspective with the

help of computer simulation: what is the mechanism of hydrate formation from a gas mixture,



and how does the hydrate formation vary under different conditions.

In the remainder of this chapter, I will introduce the history and the motivation of
hydrate study. After that, the structure of gas hydrates will be introduced. I will then give an
overview of the application of computer simulation in the study of hydrates. Finally I will

review previous theoretical and experimental studies on hydrate formation from gas mixtures.

1.1 History of Hydrate Research

The research history of hydrate spans more than two hundred years. Sir Humphry Davy
is believed to be the first person who discovered hydrate in the early 1800s.” He observed an
ice-like solid forming at temperatures above the freezing point of water composed of more
than just water. In 1823, the first quantitative investigations of hydrate were made by Michael
Faraday by measuring the composition of chlorine hydrates.'”

Following the the introduction by Sloan, ' research efforts on natural gas hydrates can be
classified into three landmark phases. The first period starting from their discovery, includes
gas hydrates as a scientific curiosity. Early efforts in this period were mainly focused on
searching for different kinds of hydrate formers and the conditions for hydrate formation. The
second period, starting from 1934, predominantly concerns man-made gas hydrate as a
hindrance to the natural gas industry. The third period, from the mid-1960s till the present,
began with the discovery that nature predated man's fabrication of hydrates by millions of
years, in situ in both the deep oceans and the permafrost regions as well as in extraterrestrial

environments.



1.2 Motivation

The research of gas hydrate has drawn the attention from a considerable number of
scientists in different fields. Natural reserves of gas hydrate in the earth can supply natural
gas as a source of energy. Large quantities of gas hydrates exist in the world's permafrost
areas and continental margins, where the temperature, pressure and chemical conditions are
appropriate for hydrate formation.* Even by the most conservative estimates, the energy
dormant in terrestrial deposits of gas hydrates (predominantly in the form of enclathrated
methane) is approximately double that of all known conventional fossil fuel (coal, oil and
conventional natural gas) combined. The amount of methane estimated to be in situ gas

. . 16 310,11
reserves is approximately 10" m’.™

The energy demands of the United States for the next
eight decades could be satisfied by only 1% of the estimated reserves of methane hydrate.
Thus hydrates have been widely considered as a potential source of energy. *°

Gas hydrate in nature may have a huge effect on the earth’s environment.® Since
methane hydrates can be stable only under very specific conditions, it is conceivable that
global warming, which as a matter of fact includes the temperature increase of the oceans,
could affect the stability of gas hydrates. Climatic changes in the past could have led to the
destabilization of methane hydrates and thus to the feedback release of methane, a potent
greenhouse gas. Evidence of this global climate change period in earth’s history was reported
by Kenett et al.”

In the oil and gas industries, hydrocarbon transportation pipelines containing oil, natural

gas, condensate and water, are regularly operated at low temperatures and high pressures that

are thermodynamically suitable for hydrate formation. The formation of hydrate is the main
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obstacle to uninterrupted fluid flow in oil and gas pipelines. Thus, the task of eliminating or
controlling hydrate formation is among the costliest in the growing field of flow assurance
engineering. Current practice is to add sufficient amounts of thermodynamic inhibitors such
as methanol and ethylene glycol into the water phase to increase the temperature of hydrate
formation, i.e. by shifting the phase boundary. But due to the large volumes of
thermodynamic inhibitor that are needed, the cost is high and becoming more and more
economically untenable."® As a result, controlling the time-dependent properties of hydrate
formation by adding low dosage hydrate inhibitors (LDHIs) is becoming a new way that can
potentially replace the traditional method of injecting huge amounts of thermodynamic
inhibitor. The LDHIs that have been developed can be divided into two basic categories:
kinetics inhibitors, that retard the formation or growth of gas hydrates, and anti-agglomerants,
that prevent small hydrate particles from coalescing into larger agglomerates."® Compared to
the study of time-independent thermodynamics properties, studies on time-dependent
properties of hydrate formation are more complicated. As a result, developing relevant
functional molecules that will be appropriate additives that can affect the time-dependent
properties of hydrate has become an important area of research.

Other than in pipeline flow assurance, gas hydrate has many potential applications such
as gas storage, gas transportation and gas separation.l’é’ls’15 Several studies have shown that
the gas hydrate structures have considerable potential as storage media for various gases (for
instance, they can be used for natural gas/hydrogen storage and transportation), as well as the
cooling storage media in air conditioning systems, etc.'+? Compared with conventional
means of gas storage methods such as liquefaction, storage and transportation in the form of

4



gas hydrate have a safety advantage for the corresponding processes, as well as much lower
process volumes in comparison with other methods.?’ Because of the lower investment
needed in infrastructure and equipment, the capital cost for natural gas transportation in the
form of gas hydrates is projected in detailed economic studies to be lower than that for
liquefied natural gas (LNG) over a significant range of transportation distances.”>*> However,
the transportation of gas as LNG is currently preferred for long distance markets or
transportation of natural gases produced from huge gas fields.”* On the other hand, there is
evidence, for instance from the Mitsui Ship Building & Engineering Company Pilot Plant in
Hiroshima, Japan, that gas hydrate can in some conditions be economically more cost
effective for storage and transportation of standard gas compared to the LNG methods.”” In
particular, this new method of gas transportation using the formation of hydrate is
advantageous when the position of delivery is far from the pipeline and the required quantity
is not too large. Strobel and coworkers published a comprehensive review on the application
of gas hydrate for hydrogen storage®® and Chatti et al have discussed the use of gas hydrates
as a thermal working medium in air conditioning processes.27

Gas separation is another potential application for gas hydrate, such as CO, separation
and CO; capture. The capture and sequestration of CO, (CCS) has become an important area

28-30

of research to mitigate CO, worldwide. Evaluating and developing energy efficient and

environmental friendly technologies to capture the CO; produced in large scale power-plants
remains a challenge, where CO, and N, are the main components in the flue gas. Hydrate
crystallization techniques can be one novel approach to separate CO, from combustion flue

28,29

gas When hydrate crystals are formed from a binary mixture of these gases, due to the



difference in affinity between CO, and other gases, the hydrate phase is enriched in CO,
while other gas species are enriched in the gas phase. Depressurization and heating can later
be used to dissociate the hydrate phase and recover CO, CO; selectivity in the hydrate phase
could be more than four times higher than that in the previous gas phase based on the results
of experimental studies.”’ Hydrate formation based gas separation processes usually need
chemical additives as promoters. The function of these promoters are generally to reduce the
required hydrate formation pressure and increase the formation rate and/or temperature, as
well as modifying the selectivity of hydrate cages to absorb various gas molecules. Gas
hydrate formation promoters can be categorized into two groups based on whether or not the
chemical additives can change the hydrate structure. Tetrahydrofuran (THF),
anionic/non-ionic surfactants, cyclopentane, acetone etc. belong to the first category which

32,33

does not affect the structure of water cages, while tetra-n-butylammonium salts and

[(n-C4Hy)sNBH4] belong to a second category that do change the water cages in the
traditional clathrate structures.**’

All these potential environmentally friendly hydrate-based technologies rely on the
formation of hydrates for their implementation. Besides, a comprehensive understanding of
the time-dependent properties of hydrate can provide a basis for the molecular design of new
generations of LDHIs. As a result, a comprehensive understanding of the mechanism of how
hydrates form, especially from gas mixtures, could help engineers and scientists to
manipulate these processes and bring them to reality with economic viability.

In this thesis, the nucleation mechanism of binary hydrate from CH4 and C,Hg was

studied by molecular dynamics simulation. The composition of typical natural gases has been



1687 more than 85 mol% is CHy, with

quantified in oil and gas production by several studies:
C,Hg and higher paraffins comprising the balance. Since CH4 and C,H¢ are the two major
components of natural gases, hydrates formed from these gases are of practical significance.

Understanding the nucleation mechanism of binary hydrate from CH4 and C,Hg will be

helpful to provide some potential strategies for the development of future LDHIs.

1.3 The Structures of Clathrate Hydrates

Depending on the guest molecules present and the local thermodynamic conditions, gas
hydrates form a variety of crystalline structures. Similar to ice, the hydrogen bond is the basis
for water molecules bonding in tetrahedral structures. Pentagonal and hexagonal water
clusters formed by hydrogen bonds are also frequently found in water. All common natural
gas hydrates belong to the three crystal structures, cubic structure I (sI), cubic structure II
(sIl), or hexagonal structure H (SH).1 The sl unit cell is composed of two pentagonal
12¢2

dodecahedron (5'%) cages and six tetradecahedron (5'26%) cages; the sII unit cell contains

sixteen 5'% and eight hexadecahedron (5'26%) cages and the sH unit cell contains three 5'%, two
4°5%6°, and one 5'°6" cage.! The cages in the common structures of gas hydrates all contain
even numbers of water molecules and obey Euler's formula for convex polyhedra,®” in which
the Euler Characteristic X (X =F + V - E, or number of faces (F) plus number of vertices (V)
minus number of edges (E)) is equal to two. For example, the 5'? cage contains 12 faces, 20

vertices (water molecules), and 30 edges (hydrogen bonds), and thus its Euler Characteristic

is two (12 + 20 - 30 = 2). Figure 1.1 shows the cages comprising the three most common



types of gas hydrates.

A cavity common to these hydrate structures is the pentagonal dodecahedron 5'* cage,
which is connected through its vertices to form sl hydrate, through face-sharing in three
dimensions to form sII hydrate, or through face-sharing in two dimensions to form

connecting layers in structure H. The spaces between the 5'2 cages are the larger cages: oblate

5'26% cages in sl hydrate or the spherical 5'26* cages in sII. In sH hydrate, both 5'%6" and
4°5°6 cages form between layers of 5 cages.
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Figure 1.1 Cages and crystal structures of the most common clathrate hydrates; the 5'* cavity is
common to all three structures as the "small cage", and is often called the building block of gas
hydrates. The numbers adjacent to the various cages and setting off the arrows leading towards
the different crystal structures indicate the number of each type of cage in one unit cell of the
respective crystals. For example, a unit cell of sI hydrate contains two 5'% cages and six 5'%6°

("large sI") cages, while a unit cell of sII hydrate contains sixteen 5'* cages and eight 5'%6
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("large sII") cages. (Figure reproduced from Matt Walsh's Ph.D thesis)

Different molecules can fit different cages. The hydrate structure is determined by the
guest size to a large degree. The size ratio of the guest to cavity guides the determination of
crystal structure and cage occupancy, which in turn, determines equilibrium pressures and
temperatures for the hydrate phase. Small molecules usually occupy the small cages, but can
also occupy the large ones. By occupying the large cavity, large molecules (such as propane
or carbon dioxide) can stabilize sl or sII hydrates, while leaving the smaller cavity vacant.
Both large and small cavities must be occupied for sH hydrate. The hydrate cage structure is
stabilized by the repulsive interactions (hydrophobic property of guest molecules) between

guests and hosts molecules. '

1.4 Simulation Studies on Hydrate

Due to its fine resolution in both time and space and its ability to follow the nanoscale

trajectories of individual molecules, computer simulation is a powerful tool in the

36-39 40-44

investigation of hydrate in many aspects such as nucleation, surface phenomena™ " and

hydrate growth.***°

Studies on the formation mechanism have been carried out from experiments to
computer simulations. Radhakrishnan and Trout proposed the “local structure” hypothesis
that suggested guest molecules arrange into a hydrate-like configuration and perturb the

structure of water molecules nearby.** Hydrate formation can then occur when the number of

locally ordered guest molecules exceeds the critical nucleus. A free energy calculation



showed it is thermodynamically more favorable for the labile clusters to disintegrate than to
agglomerate, contradicting the previous hypothesis by Sloan and coworkers which suggested
that “labile clusters” of water formed around guest molecules in solution agglomerate into a
critical hydrate nucleus.*®*” Moon et al. proposed a similar model on the basis of a short
timescale molecular dynamics (MD) simulation of CH, hydrate nucleation,™ and supported
the locally structuring hypothesis. Other mechanisms such as cage adsorption®' and the blob

mechanism>>°*

were also proposed. The cage adsorption mechanism indicated an important
role for a completed water cage in terms of attracting more methane molecules, with the
method of the calculation of the potential of mean force (PMF). The proposed blob
mechanism involves the reversible formation of a long-lived amorphous cluster of
water-separated guests (blob), wherein the blob of hydrate cages reaches a critical size that
prompts hydrate growth. Walsh et al. reported the first unconstrained MD simulation of CH4
hydrate nucleation on a microsecond timescale in 2009. The locally ordered structure with the
CH,4 absorbed on the bowl-like and face-sharing partial cages formed by water molecules
initiates the hydrate formation.™ The cooperative adsorption mechanism was also proposed.
Order parameters (OPs) are used to quantify the hydrate nucleation and growth. The most
commonly used OPs are the potential energy, the angular order parameter (AOP), the
four-body structural order parameter (F4) and the number of water molecules in the largest
cluster (H-COP).””’ Based on the observations made by Walsh et al,” a new order
parameter that combined both guest and host molecules called “mutually coordinated guests”
(MCG)*® was developed and used to determine the critical nucleus size by advanced

sampling methods such as pg histogram and equilibrium path sampling.”* MCG-1 was used as
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an accurate quantitative descriptor for the molecular mechanism for methane hydrate
nucleation at 255 K and 500 bar. A nucleation pathway was observed in which initial
structures leading to the critical nucleus contain both partial and complete hydrate cages but
are not defined by a crystalline structure. From equilibrium path sampling calculations,
MCG-1=16 was determined to be the critical nucleus under the conditions of the
simulation.”

It 1s worthwhile noting that, while experimental investigations are thought likely to
investigate heterogeneous nucleation due to impurities which cannot be totally removed as
well as due to experimental apparatus surfaces, the simulation studies on hydrate nucleation
mentioned above occur in the absence of a surface or impurities. There is the gas-liquid
interface, but it is still unclear whether it plays a role in the nucleation process, and so the
simulation studies may correspond to homogeneous nucleation. A study by Bai et al.
reported the kinetic pathway of CO, hydrate formation triggered by hydroxylated silica
surfaces.”” The process of CO, hydrate formation on the surface was characterized by three
stages, including the formation of an ice-like layer near the substrate, followed by the
formation of an intermediate structure layer. Based on this intermediate layer sharing
similarities with both ice and hydrate that formed during stage two, CO, hydrate is then
generated. The presence of an existing solid template may encourage the formation of
immediate crystallinity, which provides a possible explanation for the gap (the conditions of
hydrate formation) between the experimental studies and the simulation, since much higher
driving forces are necessary to form hydrate in the simulation studies.

One primary goal of simulation studies on hydrate surfaces and hydrate growth is to

11



investigate the mechanism of hydrate inhibitor or the effects of other chemicals on hydrates.
Anderson et al. studied the effects of four common types of hydrate kinetic inhibitors
(poly(N-vinyl-2-caprolactam) or PVCap, polyvinyl pyrollidone (PVP], polyethylene oxide
(PEO) and N-methyl-N-vinylacetamide (VIMA) on hydrate interfaces.”” The results
suggested that, the mechanism of kinetic inhibitors can be attributed to their disruption of the
organization of water molecules nearby the hydrate interface, which defers the growth of
hydrate from the existing surface. The effectiveness of different inhibitors can be evaluated
by how strong the interactions are between the inhibitor and the liquid water phase under
hydrate-forming conditions. In other words, the formation of strong hydrogen bonding
between the inhibitor molecule and the hydrate surface is crucial. In terms of molecular
structure, strong bonding can be expected when the inhibitor has a charge distribution on the
edge similar to the charge separation in the water molecules on the surface of the hydrate as
well as having a similar size to the available space at the hydrate-surface binding site. This
conclusion could be a useful guide to future kinetic hydrate inhibitor design. Yagasaki and
coworkers studied a commonly used hydrate kinetic inhibitor, PVcap. Strong bonding can be
observed when PVcap monomer adsorbs on the hydrate surface, which supported the
previous discovery by Anderson et al* The simulation results indicated that entropic
stabilization arising from the presence of cavities at the hydrate surface is a possible reason
for the preference of PVcap on the hydrate surface. 4

Vatamanu et al. studied CH4 hydrate growth in the presence of an appropriate crystal
template. A strong tendency for water molecules to organize into cages around CHy at the
growing interface was observed and the interface also demonstrated a strong affinity for CHy

12



molecules.”' Yagasaki ef al. studied the growth of ethylene oxide (EO) and tetrahydrofuran
(THF) hydrate.* The growth rate of THF hydrate is even slower than ice because THF
molecules prefer the open small cages at the hydrate surface, which is the reason for the
inhibition of the growth of THF hydrate. By contrast, the growth rate of EO hydrate is an
order of magnitude higher than that of THF hydrate.*®

The interfacial curvature of the gas phase in coexistence with liquid has been found to
have a profound effect on the concentration of dissolved CHy4 and can thus greatly affect the
nucleation rate.®” For instance, much higher applied pressure (at least one order of magnitude
higher) is needed for simulations with a flat methane-water interface compared with curved
(spherical or cylindrical) interfaces at the same temperature under the same ensemble. While
the fluctuations involving surface cage destruction and reformation are expected given the
highly dynamic nature of hydrogen-bonded systems, the cage transformation is pretty
common in the hydrate system.” Two types of mechanism of cage transformation were
concluded by Walsh ef al.: water molecule insertion/removal, which increases or decreases
the number of water molecules in a cage, and water rotation, which does not change the total
number of water molecules in the cage. Compared to systems with little long-range hydrate
order , trajectories with long-range hydrate order have higher 5'26%/5'* and 5'26°/4'5'%6* cage
ratios. > Multiple pathways of hydrate nucleation can be observed. Liang ef al. studied H,S
hydrate formation in a constant energy simulation and found rapid formation of amorphous
hydrate-like structures that could subsequently anneal to crystalline solids.** However, Zhang
et al. studied CHy hydrate nucleation in the microcanonical ensemble in the absence of a
thermostat. sl-like hydrate structure with long-range order spanning the simulation box across

13



the periodic boundaries was observed, which indicated that, gas hydrate can nucleate not only
to amorphous solids, but can also nucleate directly to the ordered solid with a high degree of
crystallinity,®® which provided another possible pathway for hydrate nucleation.

All the papers reviewed above are for hydrate formation from CH4, while Wilson et al.
studied hydrate formation from C,He.*® Due to the difference in size, comparing with CHy,
C,Hg molecules tend to occupy larger cages (such as 4'5'°6% 5'26%) rather than the 5'* cage
10¢2

which is the most prevalent cage in the methane hydrate system. The 4'5 metastable

cage with an oblong shape, though not the type of cage in the hydrate crystal structure, can be
found frequently in the system. The 4'5'%” metastable cage prefers to be the first cage to
appear in the formation of C,Hs hydrate. Cage transformation phenomena can also be
observed similar to the observations made by Walsh previously. The kinetically favorable
cages such as the 4'5'°6% cage can transform into thermodynamically favorable cages such as
5'%6% and 5'2. The 4'5'°6* cage tends to transform into 5'26” more often than 5'2 because the
volume of the 5" cage is too small to accommodate C,Hs. The 5 12 empty cage can also be
found. The orientation of the guest C,;Hg molecule displays a clear preference for an
orientation along the axis of the square face, undergoing hindered rotation with 180 degree
flips, and following the square face location if it relocates due to cage reorganization.
Published simulation articles on hydrates are mainly based on molecular dynamics
simulations. Studies based on other computational methods such as Monte Carlo or first
principle methods are not that common. Brumby et al. performed isobaric-isothermal Gibbs
ensemble Monte Carlo simulations of sI CH4 hydrates in equilibrium with bulk CH4 to

calculate the large and small cage occupancies.®® The cage occupancy results showed good
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agreement with the cage occupancy predictions obtained using CSMGem, which was based
on the solid solution model by van der Waals and Platteeuw. Liu et al. performed ab initio
calculations to investigate the formation process of clathrate cages of sI CH4 hydrate.®” In
accord with the results of a previous molecular dynamics study,”® the cage precursor of the
hydrate formation is one pentagonal ring of water molecules plus one guest molecules for the
small cages. From the stabilization energy calculations, the formation of larger cages (larger
than a 5'% cage) is more thermodynamically favorable than that of 5'* cages, which contain

only 20 water molecules, due to the higher number of hydrogen bonds.

1.5 Cooperative Adsorption Mechanism

As mentioned above, Walsh et al. first reported the first unconstrained MD simulation of
CH4 nucleation on a microsecond timescale in 2009.% Figure 4.7, reproduced from the
publication of Walsh et al., illustrates the nucleation process of methane hydrate, which is
useful to understand the cooperative adsorption mechanism.

From snapshot A, at 1.139 us, we can see five water molecules absorb two orange
methane molecules which is the initial structure of the hydrate formation. With the methane
molecules adsorbed on opposite sides of a single planar pentagonal ring composed by five
water molecules, due to their hydrophobic property, more methane molecules nearby can be
more ordered. The ordered water molecules can form cage-like patterns which will absorb
more methane molecules and protect the incipient hydrate cluster from dissociation. The

lifetime of the faces of bowl-like partial hydrate cages will be prolonged by the more
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Figure 1.2 The formation process of methane hydrate. (A to C) A pentagon formed by five
water molecules attracts two methane molecules. The initial structure formed by water and
methane later grows into bowl-like partial cage patterns. This bowl-like partial cage patterns
are not stable, and it dissociate after several nanoseconds. (D and E) The first cage which is a
5'2 cage forms with eleven to twelve methane molecules adsorbed on the surface. (F and G)
The 5'% cage opens to the formation of a network of face-sharing cages, which favors the
growth of hydrate. (H) A snapshot of the system after hydrate growth. (Figure comes from
Walsh et.al >*)

methane molecules. Surrounded by a bowl-like pattern in the first shell of adsorbed methane
molecules, that process leads to the gradual formation of a first completed small 5'* cage at
1.225 ps. However, that newly formed cage is not stable with a lifetime only about 30 ns.
The newly formed 512 cage opens and breaks. With the formation of more and more newly
formed cages, the hydrate cluster becomes more stable and forms a non-disappearing hydrate
phase in the end.

Based on the process of hydrate formation, the cooperative adsorption mechanism was
proposed and has been reported in many studies. In this mechanism, at the beginning, the
planar water faces connected by hydrogen bonds absorb guest molecules, due to the

hydrophobic property of methane, water molecules will form cage-like rearrangement around
16



these adsorbed guests, which in turn protect the incipient hydrate cluster from dissociation
and favor the further growth of hydrate. This process eventually leads to the formation of a
full cage which provides more guest adsorption sites and promote the hydrate formation. This
positive-feedback mechanism is the reason why the process is called "cooperative", which

can lead to the formation of a large enough solid under the conditions of interest in the end.

1.6 Simulation Studies on Hydrate from Gas Mixtures

Recently, more simulation studies have focused on hydrate nucleation from a gas
mixture rather than a single component. He et al. studied hydrate nucleation from a CO, and
CH, gas mixture.”® Similar to the CH4 hydrate nucleation mechanism made by Walsh et al.,>*
CO, and CHy4 cooperatively adsorb to hydrogen bonded water rings leading to hydrate-like
ordering and cage formation and the 5'* small cage with CH, initiates the formation. Due to
the difference in sizes, CO, and CH4 prefer to occupy different cages: in the incipient hydrate,
CH,4 prefers to occupy 52, 4'51%? and 5'%6* cages, while CO; prefers to occupy 4'51%? and
5'%6> cages. Short-range order of sI and sII motifs can also be found. CO, can increase the
hydrate formation rate due to its high solubility. Wu ef al. studied the hydrate formation from
THF and CH, and a comparison was made with the pure system.®” Mutual cooperative effects
of THF and CH4 can be observed. Though the high solubility of THF provides enough guest
molecules in the aqueous phase, due to the highly dynamical nature of hydrogen bonding

between THF and water, hydrate cage structure cannot be easily formed. In contrast, the

presence of CHy in the THF solution can more readily form hydrate cages. These cages
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formed by CH,4 (mainly 5'%), can provide support for THF to form large 5'26* cages. The
introduction of CHy4 provides stable 5'% cages, and as a result, a non-disappearing cluster of
cages can be formed within a significantly shorter amount of time. Hall ef al. studied hydrate
nucleation from a CH4 and hydrogen sulfide (H,S) gas mixture and demonstrated, in an
analogy to protein folding and self-assembly, the potential energy landscape of hydrate
nucleation is also funnel-shaped with multiple pathways and kinetics traps.””’" The solution
composition was shown to not be the sole determinant of guest enclathration rates. Due to the
highly dynamical nature of aqueous phase, non-standard cages were revealed at the interface
between the hydrate nucleus core of the aqueous phase with a key factor affecting guest
enclathration rates. Hydrates formed from all the above four binary hydrate systems have
practical significance: studies on hydrate formation from CH4/CO, system will be helpful to
understand the mechanism for using CO; to replace natural gas in a hydrate reservoir under
the sea or providing strategies for hydrate based technologies for CO, separation. THF is not
only a common addictive as a thermodynamic promoter in hydrate studies, but also can form
sII hydrate by itself. Thus, the study of hydrate formation from this binary mixture can be
useful to illuminate how a second molecule may affect the nucleation process. H,S is the
main component in high sulphur containing gas fields, such as those in Alberta, Canada. As
a result, the study of hydrate formation from CH4/H,S is important for gas production from
high sulphur containing natural gas fields. In this thesis, hydrate formation from CH4/C;Hg
mixtures, which are the main components of natural gas, will be helpful to understand the
hydrate formation mechanism in pipelines and could potentially provide guidelines for the

development of LDHIs.
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1.7 Experimental Studies on Hydrate from CH4/C,H¢ Mixtures

Both experimental and modeling are important for future hydrate research.
Understanding the nature of CH4 and C,Hg binary hydrate formation, including metastability,
is important for the oil and gas industry since the formation of sI and sII mixtures and the
subsequent interconversion from a metastable to a stable structure are likely to occur in the
pipelines. Experimental tools, both microscopic (X-ray diffraction, Raman, NMR etc) and
macroscopic (gas uptake measurements, morphology etc), are useful to identify and analyze

the relevant phases.”

Subramaninan ef al. used Raman and NMR spectroscopic
measurements on CH4 and C,Hg mixture hydrates and found evidence of sII hydrates forming
within certain composition ranges. Later, they demonstrated a trace amount of C,He (about
0.005-0.008 mole fraction in the gas phase) can be sufficient to drive the hydrate structure
from s to sIL. ”* Moreover, the coexistence of multiple structures at pressures above incipient
formation conditions can be found from the phase diagram. CH4-C,Hs gas mixtures can form
sI hydrate with the CH4 concentration up to 75% or higher than 99% in the gas phase. The
mixtures can also form sII structure with the CH4 concentration ranging from 75%-99%."*
The formation of sII hydrate from two sl hydrate formers can be attributed to the abundance
of small cavities in sII hydrate that can be stabilized by CH4 and the reduced competition
between CH4 and C;Hg for the occupation of large cavities in the hydrate. The two structures
usually coexist as a metastable state when the gas composition is close to the sI/sIl phase
boundaries."”*™* Ohno et al. studied the metastability of CH, and C,H, mixture hydrate and

found out that a commonly used kinetic hydrate inhibitor, PVcap, had the opposite effect in

terms of affecting the metastability of sI and sII hydrate.” The faster conversion of hydrate
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structure can be observed at higher CH4 concentration. Naeiji et al. studied the hydrate
separation effects from CH4 and C,Hg gas mixtures and demonstrated the two gases were
fully separated at low and high mole fractions of CHy in the gas phase.”®

Schicks and coworkers used in situ Raman spectroscopy, microscopic observation, and
in situ X-ray diffraction to observe the formation process of CHj hydrate and mixed
hydrate.”””” In accord with the simulation result,”* the first step to initialize the hydrate is the
formation of a pentagonal dodecahedron cage (5'%) with CH4, while the formation of all other
cavity types with other guest molecules (in this study, CO,, H,S, C3Hs, 2-methylpropane and
2-methylbutane) occurs later. The incipient hydrate phase is not highly crystalline, which

>33 which suggests the amorphous structure

may be consistent with the blob hypothesis
could be a precursor of hydrate. However, we emphasize that nucleation occurs at a much
smaller size scale than is detectable by experiment, and so these parallels can only be
suggestive. The composition of the hydrate phase differs from the gas phase, reflecting gas
separation effects of the formation of hydrate.”” The cage occupancy of different molecules
was also studied with time-resolved Raman spectroscopy. Different molecules preferred
incorporation into different cavities in the various hydrate structures. Competition in cage
occupancy between different molecules were observed, for instance, H,S seemed to inhibit
12¢2

the incorporation of CHy into the 5 cavities.”®

1.8 Thesis Outline

In this thesis, we performed microsecond MD simulations to study the nucleation and
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growth of CH4/C,Hg mixture hydrate and focus on the initial stage of hydrate formation.
Based on the previous simulation results on pure CH4 and C,Hg hydrate system, difference in
cage preference can be found out and the oblong shaped 4'5'°6% cage is the first one formed
and most prevalent in the pure C,Hg system which is different from the pure CHy system,™
where 5' cage is most prevalent and initializes hydrate formation.’*** Some similarities and
differences can be compared between the mixture system and the pure system. Our
simulation results will be helpful to understand the hydrate nucleation mechanisms of gas
mixtures as well as the role of different guest molecules.

The outline of the thesis is presented as follows. Chapter 2 introduces molecular
dynamics simulation, which is the main tool used in this thesis, and its application to the
study of gas hydrate formation, with all the simulations details. The MCG order parameter
will also be introduced. Chapter 3 presents the results of the effect of aqueous guest
concentrations on the induction time. In Chapter 4, we focus on the effect of pressure on the

incipient cages and their stabilities. In Chapter 5, the conclusions of this thesis are revisited

along with suggestions for future study.
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CHAPTER 2

SIMULATION METHODS

2.1. Introduction

Due to its fine resolution in both time and space and its ability to follow the nanoscale
trajectories of individual atoms, molecular dynamics (MD) simulation is the main method
used in this thesis to study hydrate nucleation. As mentioned in Chapter 1, MD simulation
has been a popular technique for gaining insight into hydrate nucleation, surface phenomena
as well as hydrate growth. In this chapter, we first compare the differences between the two
most common simulation methods: molecular dynamics and Monte Carlo (MC) simulation,
and later, provide details of the MD simulation methods that were used through this study.
Some further technical details in this study are also clarified, such as how to determine the
hydrate cluster and how to determine the induction time. The Mutually Coordinated Guests
(MCQG) order parameter, which involves both guest and host molecules in the hydrate, can be
used to quantify hydrate nucleation and growth. The algorithm defining the MCG order
parameter is also presented in this chapter. By using the idea of the MCG order parameter,
the hydrate phase can be identified by searching for MCG monomers in the box and the result

of this part will be shown in Chapter 4.

2.2. Molecular Dynamics Simulation

Molecular dynamics (MD) is a computer simulation method for studying the physical

movements of atoms and molecules based on Newtonian Mechanics. The method was
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originally developed within the field of theoretical physics in the late 1950s, but is applied
today mostly in chemical physics, materials science and the modeling of biomolecules.

MC and MD simulations are the two main types of molecular simulation methods. The
basic idea of MC simulation is to generate a series of random configurations to compute
average properties. Each configuration is weighted with the normalized Boltzmann factor.
The criterion for the system to "accept" or "reject" a new configuration is mostly based on the
potential energy. MC simulation is a powerful tool to investigate time-independent
thermodynamics properties, however, does not faithfully describe the time evolution of a
system. MD simulation, on the other hand, is appropriate to investigate time-dependent
physical phenomenon such as phase transition kinetics, which in this thesis concerns hydrate
nucleation. We neglect quantum effects in this study and the MD simulations here are
classical. The positions and velocities will be generated after each time step by solving
Newton's equations of motion based on the mass of different molecules, the former positions
and the inter-molecular potentials. After setting the initial configuration of each molecule and
selecting the ensemble (such as the canonical ensemble), the positions and velocities of each
molecule will be renewed after each time step and the trajectory can thus be recorded and

visualized. Figure 2.1 shows a simplified schematic algorithm of classical MD simulation.
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Figure 2.1 A simplified description of the standard classical molecular dynamics simulation
algorithm. The flow chart is designed from the description by Frenkel and Smit.”

The MD simulations were performed using Gromacs 5.1.*' 2944 TIP4P/Ice®® water
molecules, 182 CH4 molecules and 182 C,H¢ molecules using the OPLS-UA® force-field
model were randomly placed in a cubic box with a length of 4.8 nm. The leap-frog algorithm

was used to integrate the equations of motion with full periodic boundary conditions in all
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directions. Since the interfacial curvatures have a large effect on the induction time of the
simulation due to the Laplace-Young pressure,”” it is necessary to keep the initial
configuration of the two phase system the same. We performed NVT simulations at 350K for
2 ns at first to make the gas phase assume a cylindrical shape in the box. The configuration of
molecules after the NVT simulation was later used in the hydrate nucleation simulation under
the NPT ensemble.

The NPT simulations were performed under 255 K and 600,700, and 800 bar pressures
respectively. For each condition, 10 simulations were performed with the same initial
configuration for 1 microsecond with a time step of 0.002 ps. A Nose-Hoover thermostat with
a time constant of 2 ps was used to control the temperature, and the isotropic
Parrinello-Rahman barostat was used to keep the pressure with the time constant of 4 ps. The
Lorentz-Berthelot combining rules were used for the interactions between the water and
CH4/C,Hg molecules. The short-range interactions were truncated at 1 nm and the long-range
electrostatics were calculated using the smooth Particle Mesh Ewald (PME) summation
algorithm with a Fourier spacing of 0.12 nm. VMD® was used to visualize the trajectories. In
order to analyze and visualize the trajectory more efficiently while keep the accuracy and the
main information contained in every trajectory, each trajectory was compressed to make each
frame represents 0.1 ns length of time. In other words, each trajectory is composed by ten
thousand frames. By smoothing the trajectories, the position of each molecule showing on
VMD is the averaged position of 10 frames, which means that trajectories were smoothed by
averaging Ins.

Finding the initial hydrate cluster that forms in the simulation box is tricky due to the
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very small size of the incipient hydrate nucleus and the disordered motion of molecules in the
system. In order to identify the point when the new hydrate phase formed from a disordered
two-phase (water and gas) system, the trajectory was run backwards from the end of the
simulation till the hydrate cluster became invisible. Later, I found the last 'MCG' structure
that disappears, which means, the first 'MCG' structure formed in the system which ultimately
grew into hydrate. The induction time is defined as the period before the formation of that

first 'hydrate-forming' 'MCG' structure.

2.4 MCG Order Parameter

Unlike the commonly used OPs, such as AOP and F4, which just consider the positions
of water molecules (more details can be found in Chapter 4), the Mutually Coordinated
Guests (MCG) OP developed by Barnes et al*** quantifies the appearance and connectivity
of molecular clusters composed of guests separated by a water cluster, which is the first
two-component OP used for quantifying hydrate nucleation and growth.”® MCG-1 was used
as an accurate quantitative descriptor for the molecular mechanism for methane hydrate. pg
histogram and equilibrium path sampling methods were used to determined the critical
nucleus (MCG-1=16, under 255 K, 500 bar). For simplicity of illustration, a two-dimensional
version of the geometry that the algorithm detects is shown in Figure 2.2 and the specific

algorithm for identifying MCG monomers and clusters is listed as follows:
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Figure 2.2 Left: Two-dimensional example of one MCG monomer. A given minimum number
of water molecules. N,, must be within a specified angle ¢ of the guest-guest vector. The
guests must be within distance R;™ of each other, and the water molecules must be within
distance R,,*" of each guest. Right: A typical structure that the MCG OP seeks to identify.
Guests are represented in green and hydrogen bonds are represented in light red lines. (Figure
comes from Barnes et al.,’>”)

1. Searching the guest molecules: for each candidate guest, searching the guest molecules
within a given cutoff distance (R,™ =9 A).
2. Searching the host molecules: Set the sweep angles ¢ = 45° about the guest-guest vector;
water molecules that are within a cutoff distance (R = 6 A) from both the candidate guest
molecules are considered. We determine if those waters lie within an intersection of cones
projected bidirectionally between the candidate guest and its neighbor guest. If there are at
least 5 water molecules satisfying these constraints, we successfully indentify a 'MCG'
monomer.

All the cutoff values were developed based on the structure of hydrate and the radial
distribution functions of methane dissolved in water. A schematic representation of the
algorithm to identify the MCG clusters for a 2-D non-periodic system is provided in Figure

2.3.
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Figure 2.3 Schematic of MCG OP algorithm for a 2-D non-periodic system: (a) The black dots
are used to represent the initial guest molecules and the blue lines are used for qualifying
clusters while the blue dots for non-qualifying clusters. (b) Mutually Coordinated Guest (MCG)
monomers identified (green dots). (c) By searching the MCG monomers, the neighboring
monomers are linked into clusters. (d) An Example of clusters that we are going to identify
after searching the MCG monomer. (Figure comes from Barnes et al.,”>”)

In Figure 2.3, initial MCG monomers are identified and then linked into clusters through
their neighboring MCG monomers, according to the algorithm introduced above. Graph
theory algorithm (e.g. depth-first search for cluster identification) was later used to find the
largest MCG cluster. This largest MCG cluster was used to represent the predominant
growing hydrate phase. The MCG monomer can be considered as a basic element composing
hydrate. By searching for the MCG monomer in hydrate, guest molecules can be detected not
only 'in' the hydrate (i.e., enclathrated in the cages), but also on the surface. The results of the

composition of hydrate are presented in Chapter 4.
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CHAPTER 3

EFFECT OF GAS CONCENTRATION ON THE INDUCTION TIME

3.1 Abstract

In order to understand the pre-nucleation stage of CH4 and C,Hg mixture hydrate, CH4
and C,Hg concentrations are measured under different conditions by analyzing the results
from MD simulations. The temperature, interfacial curvature and force field are kept the
same while the pressure varies. Higher pressure increases the concentration of dissolved gas
molecules (especially C,Hg) and thus increases the kinetics, such as increasing the nucleation
rate, and lowering the time to form incipient hydrate, which will be covered in more detail in
Chapter 4. Increasing CH4 concentration has a clearer trend in terms of decreasing the
induction time than for C,Hg, consistent with the later observation that the first cage formed

is usually with CH4. Moreover, the formation of cages with CH4 is more kinetically favorable.

3.2 Introduction

A metastable liquid exists under conditions where the thermodynamic phase diagram
indicates a more stable phase, with examples such as supercooled and superheated water
illustrating their great significance in nature. Another important example is the aqueous
solution of hydrophobic gases under high pressure and low temperature, with the liquid being
metastable with respect to gas hydrate. As mentioned in the previous chapter, gas hydrate is
the main threat to flow assurance in pipelines for the oil and gas industries; as a result,

understanding the pre-nucleation stage of hydrate is potentially important to guide strategies
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for inhibiting hydrate formation. The thermodynamic globally stable state often cannot be
reached immediately (for instance, supercooled water cannot form ice even though the
temperature is below the freezing point). As a result, the creation of a phase from the
previous phase is characterized by an induction time. The method and the technical details of
determining the induction time have been discussed before. Previous studies have shown that
temperature, pressure and the interfacial curvature have a great effect on the concentration of
CH4, and thus influence kinetics such as the nucleation rate.®> To shed new light on
metastable CH4/C,Hg solutions, the CH4 and C,Hg concentrations under different metastable
conditions using MD simulations are examined. In this chapter, the calculation method is first
introduced and followed by the results. Our results show that the induction time is shorter in

trajectories with a higher CH4 concentration, consistent with earlier studies.

3.3 Calculation Methods

To calculate the concentrations of CH4 and C,Hgunder different metastable conditions,
10 independent simulations were performed under each pressure of interest, and 5 trajectories,
8 trajectories and 10 trajectories formed hydrate under 600 bar, 700 bar, and 800 bar pressure
respectively. A schematic of the steps implemented to obtain nucleation trajectories is given

in Figure 3.1.
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Figure 3.1 Schematic of the steps implemented to obtain nucleation simulations (Figure
reproduced from Matt Walsh's Ph.D thesis)

The globally-stable phase cannot be created immediately when entering a new
thermodynamic region of the phase diagram, (for instance, the supercooled water cannot form
ice immediately although the temperature is below the freezing point), instead, the creation of
a new phase is characterized by induction time. In this thesis, we define hydrate induction
time as the period from the beginning of the metastable conditions to the moment of
formation of the first MCG structure that ultimately grows into non-disappearing hydrate.
Although the induction time depends on some factors such as the surface tension between the
newly formed phase and the old phase, and the conditions such as the temperature, pressure
and aqueous concentration, the length of the induction time is still stochastic.

Order parameters (OPs) are used to monitor and visualize the hydrate nucleation, which
is represented on the y-axis in Figure 3.1. Commonly, OPs are numerical functions of the
positions of the system's guest and host molecules serving as quantitative indications of
different phases. More details on different order parameters will be discussed in the

introduction part on Chapter 4. The potential energy of the system can serve as a simple OP
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and will drop down when the hydrate forms in the NPT ensemble. Figure 3.2 shows an
example of how the potential energy curve varies with simulation time. The potential energy
curve is fluctuating but keeping relatively flat overall before hydrate appears. The simulation
box remains in two phases while the gas phase keeps a cylindrical shape, as shown in Figure
3.2 (a). The potential energy curve begins to drop down with the appearance of the hydrate.
Figure 3.2 (b) and Figure 3.2 (c) show the appearance of the first cage and the first 10 cages
respectively. A significant decrease in the potential energy curve can be observed with the
increasing size of the newly formed hydrate phase, as shown in the two snapshots Figure 3.2
(d) and (e). Figure 3.3 to Figure 3.5 show the potential energy graphs for all the hydrate

formation trajectories under different pressures.

x10°

-1.60

200 400 600 800
Simulation Time (ns)
Rt 1L ?_"‘ra . :.

Figure 3.2 An example of the potential energy curve of a hydrate formation trajectory: The
snapshots from (a) to (e) show the evolution of the system (red and green dots represent the
CH,4 and C,Hg molecules respectively. Red lines, green lines and yellow lines represent the
cages with CH4, C,Hg and empty cages. Water molecules are represented by the short gray
lines). Before point a, the system was cooled down from the end of the previous NVT
simulation and reached a metastable equlibrium condition under an NPT simulation. (a) the
initial configuration for the system; (b) the first cage was formed; (c) the first 10 cages were
formed. (d) and (e) the hydrate continues to grow through to the end of the simulation.
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Figure 3.3 Potential energy curve for all the hydrate formation runs under 255 K 600 bar
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Figure 3.4 Potential energy curve for all the hydrate formation runs under 255 K 700 bar
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Figure 3.5 Potential energy curve for all the hydrate formation runs under 255 K 800 bar

When the simulations were performed, the cylinder shaped interface between gas
mixture and water formed, which can be seen in Figure 3.2. Gas molecules then gradually
begin to dissolve into the liquid water. In order to monitor the concentration profile of the
system, we divided the z-dimension (which is perpendicular to the interfaces) into 50 parallel
slabs with thickness about 0.1 nm. Later, the numbers of CH4 and C,Hg in each slab were
calculated for every frame (each frame represents 0.1 ns) within the whole induction period.
The results in all the frames were averaged and the typical profiles for the number density of

CH4 and C,Hg are shown in Figure 3.6.

Ethane Number Density (/nm?3)

2 3 4 2 3 4 5
Coordinate {nm) Coordinate (nm}

Figure 3.6 Typical profiles across the interface of the system showing the number density of
CHy (left) and C,Hg (right)
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From Figure 3.6, the density profiles of CH4 and C,Hg are similar: from the gas phase to
solution phase, the density of gas molecules shows a sharp and monotonic decrease into a
lower flat region with small fluctuations, as the region indicated as 'AB' that is the liquid
phase in the system. All the data within this region were averaged to get the number density

of CH4 and C,Hg. The results will be shown in the next part.

3.4 Results and Discussions

Previous simulation studies showed that gas concentration in solution could be a key
factor increasing the nucleation rate and decreasing the induction time.”*™ A recent
simulation study based on the gas mixture (CH4/CO,) stated that, there was not a clear trend
between the induction time and the gas concentration in water,”® showing the stochastic
nature of hydrate formation. We calculated the concentrations of CH4 and C,Hs in water
separately during the whole induction period to compare the difference. The concentration
results of CH4 and C,He for all the hydrate formation and non hydrate formation runs are

listed from Table 3.1 to Table 3.5

Table 3.1 Hydrate formation runs under 255 k, 600 bar

Run # 1 2 3 4 5

CH,4 mol/L 0.9566 1.2479 1.0282 1.4245 0.9980
C,Hg mol/L 0.5718 0.6852 0.8063 0.7056 0.6038
Induction time(ns) 692.2 178.5 415.9 78.2 659.4

Table 3.2 Non hydrate formation runs under 255 k, 600 bar

Run # 6 7 8 9 10

CH, mol/L 1.1210 1.0345 1.0165 1.0396 1.1323
C,Hg mol/L 0.6084 0.5345 0.6112 0.5449 0.5863
Induction time(ns) >1000 >1000 >1000 >1000 >1000
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Table 3.3 Hydrate formation runs under 255 k, 700 bar

1 2 3 4 5 6 7 8
CH4 mol/L 0.9407 0.8809 1.1227  1.023 1.0239 1.1893 0.978  0.9701
C,He mol/L 0.4870 0.7742 0.8452 0.5114  0.5282  0.7428  0.7073  0.6194
Induction time(ns) 654.5 253.2 204.0 610.1 280.4 507.4 469.8 479.2
Table 3.4 Non hydrate formation runs under 255 k, 700 bar
Run # 9 10
CH,; mol/L 1.1611 1.1410
C,Hg mol/L 0.6238 0.5751
Induction time(ns) >1000 >1000
Table 3.5 Hydrate formation runs under 255 k, 800 bar
Run # 1 2 3 4 5
CH, mol/L 1.1714 1.1295 1.2194 1.2842 1.091
C,Hg mol/L 0.8365 0.8151 0.6804 0.9133 0.5118
Induction time(ns) 667.0 632.3 258.6 183.3 258.6
Run # 6 7 8 9 10
CH,4 mol/L 1.1485 1.2531 1.2847 1.0597 1.111
C,Hg mol/L 0.5874 0.4862 0.6870 0.683 0.7371
Induction time(ns) 892.9 279.6 251.5 605.4 170.7

The bar plot in Fig.3.7 shows the range of induction times of all the trajectories within

the specified concentration range. Comparing Figure 3.7 (a) and (b), we can find trajectories

with higher CH4 concentrations in water have a clearer trend (especially clear in the

trajectories of 600 bar) in terms of lowering the induction time than those with C,Hg, which is

constant with the later observation that, the first cage formed in the system is predominately

the 52 cage with CHg,
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Figure 3.7 Bar plots showing the range of induction time within different ranges of methane (a)
or ethane (b) concentration in water.

Not all the trajectories with high CH4 concentration can ultimately form hydrate in the
end. For some non-hydrate forming trajectories, although the CH4 concentration is high, the
C,Hg concentration is low, indicating there might be a mutual effect of these two kinds of gas
molecules forming the incipient hydrate nucleus. Also, the stochastic nature of hydrate
nucleation can also be relevant. However, note that I calculated the aqueous gas
concentration in the liquid phase of the whole box, which is not the local concentration. For

some non-nucleation trajectories, there might be a lack of a local high concentration place.

3.5 Conclusions

30 microsecond MD simulations were performed to study the hydrate nucleation of CH,4
and C,Hg¢ mixture and the investigation of the concentrations of different guest molecules is
crucial in the pre-nucleation stage. By analyzing the hydrate formation trajectories, the
concentration of different guest molecules in water has been determined. The interfacial

curvature was kept the same for all the simulations to avoid the effects from the interface on
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the concentrations. After comparing all these results, we found higher CH4 concentrations in
water decrease the induction time, consistent with the later observation that the first cage
formed is usually with CHy4. By contrast, no strong effect of C,Hg concentration on induction
time was observed. The stochastic nature of hydrate nucleation can be observed from all the
results, wherein some trajectories do not form hydrate despite a relatively high guest
concentration. Finally, high aqueous CH4 concentration may not be the only relevant factor
for the short induction time, indicating there might be a mutual effect of both the guest

molecules. This question remains open and requires future work.
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CHAPTER 4

THE INITIAL CAGES AND THE CAGE STABILITY

4.1 Abstract

In this chapter, the incipient hydrate structure was analyzed by analyzing the first ten
cages formed in the system. Our results show that the majority of the incipient cages are 5'
cages with CHy4. The formation of cages with CHy4 is more kinetically favorable (independent
from the concentration in the hydrate phase), especially the early formation of 5'? cages with
CH4 can provide a hydrate-like cage structure for C,Hg, which has otherwise a larger
difficulty to form hydrate. In addition, increasing CH4 concentration decreases the induction
time, which is the main conclusion made in the previous chapter, consistent with the
observation that the first cage formed is usually the 5'* cage with CH,. Higher pressure
increases the nucleation rate, the cage diversity and C;Hg involvement. Moreover, the
stability of the cages with CHy increases with pressure, while the opposite trend can be found

for cages with C,Hg.

4.2 Introduction

Gas hydrates have a crystalline structure composed of different cages formed by
hydrogen bonded water molecules that trap guest molecules. The three common clathrate
hydrate structures are structure I (sI), structure II (sII) and structure H (sH). Both pure CHy4

and C,Hg can form sl hydrate. The sI unit cell is composed of two pentagonal dodecahedron

(5'%) cages and six tetradecahedron (5"%6%) cages.
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Order parameters (OPs) are numerical functions of the positions of the system's guest
and host molecules serving as quantitative indications of different phases. Bi et al. developed
the H-COP order parameter, which used the number of water molecules in the largest cluster
to quantify hydrate nucleation and growth.”> The angular order parameter (AOP) and
four-body structural order parameter (F4), are the most commonly used OPs in many
publications.***® The AOP defined as follows describes the local angular ordering of water
molecules

AOP = (Y [(|cos 6 cos 0+ cos’ (109.47°)]") (1)
where 4 is the inclusion angle for the oxygen atom of the water molecule of interest and any
two oxygen atoms of neighboring water molecules. The summation runs over all possible &
values of water molecules within a radius of 0.35 nm from the central oxygen atom of interest.
The value of AOP is about 0.8 for liquid water, 0 for ice and 0.1 for hydrate.

The F4 OP measures the planarity of water pairs as follows
F4={(cos(3¢)) ()

where ¢ is the dihedral angle H'-O'...0%-H* formed by two neighboring water molecules
within 0.35 nm, with H' and H* being the farthest hydrogen atoms on each of the water
molecules. Typical F4 values are 0.1 for liquid water, 0.89 for sI hydrate, 0.96 for sII hydrate
and -0.5 for ice.

Although AOP and F4 can be two convenient OPs to distinguish hydrate from water and
ice, these two OPs do not account for guest molecules. Barnes et al. developed a new OP
combing both guest and host molecules called the mutually coordinated guests (MCG) OP.”®
> The details and the algorithm have been introduced above. In this thesis, MCG is the OP
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used to identify hydrate nucleation and growth. The largest MCG cluster is used to represent
the hydrate phase.

Cage preferences are different for CHy and C,Hg molecules in hydrate due to their
1042

different sizes. Compared with the 5'* cage, the 4'5 cage with an oblong shape fits the

size of a C,H¢ molecule. With only 22 water molecules, the formation of the 415192 cage is
kinetically favorable and is the first cage formed. In contrast to the pure CH,4 system, where
the 5'% cage is the most prevalent and initiates hydrate formation,*** the 4'5'°6* cage is
most prevalent in the pure C,Hg system, indicating the important role of this metastable cage.
In the mixture system, the formation of cages with CH4 is more kinetically favorable,
especially the small pentagonal dodecahedron (5'%) cages. The formation of the cages with
CH4 can provide hydrate-like cage structure for C,Hg, and can thus form hydrate under a
relatively lower driving force.

A cooperative adsorption mechanism has been reported in many studies and the details
have been introduced before. In a nutshell, this mechanism provides positive feedback for
ordering of guest molecules and host molecules: at the beginning, the planar water faces
connected by hydrogen bonds absorb guest molecules, due to the hydrophobic property of
methane, water molecules will form cage-like rearrangement around these adsorbed guests,
which in turn protect the incipient hydrate cluster from dissociation and favor the further
growth of hydrate. This process eventually leads to the formation of a full cage which
provides more guest adsorption sites and promote the hydrate formation. This process
eventually leads to the formation of a full cage which provides more guest adsorption sites

and promotes hydrate formation. Based on this mechanism, one expects that a cage with a
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higher stability should have favor the growth of a hydrate cluster, especially when the hydrate
is newly formed since a cage with high integrity can provide more faces to absorb guest

molecules.

4.3 The Incipient Cages and Pressure Effects

This study focused on the early stage behavior of hydrate nucleation and studied the first
10 cages that formed in the system. My observations suggest that if the size of the hydrate
cluster can successfully form 10 cages, it is apparently larger than the critical nucleus size
under these conditions, as hydrate then grows spontaneously. Two water molecules are
considered connected if their two oxygen atoms are within 0.35 nm and the cage
identification geometry is the same as proposed by Jacobson ez al.”® The cage transformation
and destruction-recovery phenomenon is very common,” since parts of the incipient cages
are exposed to the rapidly fluctuating water phase. Not all the initial cages can survive to the
end, but at the early stages of hydrate formation, a completed cage is observed to be very
effective in terms of attracting more gas molecules, and prolonging the lifetime of the faces
of unconstrained cages.”'”* As a result, I counted a cage as an 'initial cage' in this study if that
cage can exist for longer than 1 ns.

Figure 4.1 shows the fraction of different types of incipient cages (the first 10 cages)
under different pressures. The majority of the initial cages are 512 cages with CHy, and this
type of cage is always the first one that forms in the system (with only one exception under

800 bar, where the first cage is a 4'5'%6” cage with C,Hs, which will be discussed later). This
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observation is in accord with the experimental study by Schick et al,”"™ suggesting an
important role for the 5'* cages with CHy to initialize hydrate formation. The fraction of
cages with C,Hs increases with pressure, especially the 4'5'°6% cage. Higher pressure can also

increase the diversity of cages, as we can see from the red bars in Figure 4.1, and is similar to

the effect of a high degree of subcooling. Higher order crystalline structures can be found
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Figure 4.1 Fraction of different initial cages with (a) CH4 and (b) C,Hg under different
pressures (the first 10 cages were counted in each trajectory). Other cages with CH4 represent

uncommon ones: 4°5°6°, 4'5'°6; for cages containing C,Hs, the uncommon cages are 5'%6",
4151063 4151064 and 512

The nucleation rate’” was calculated using equation 3:

Rate =

N
Ng RNNR * (3)
(Zi Tﬁzj 7)*Vi,

where Ny is the number of reactive (nucleating) trajectories, Nngr is the number of
non-reactive trajectories, 7, is the induction time for the ith trajectory; 7, is the total
simulation time (1000 ns) for the jth non-nucleating trajectory; Viiqis the volume of aqueous
phase at the conditions of interest. Figure 4.2 illustrates the effect of pressure on the hydrate
nucleation kinetics. With increasing pressure, the time to form the first 10 cages, as well as

the time between the first cage and the first cage with C,Hg, decreases while the nucleation
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rate increases. This decrease in time and increase in variety is a behavior characteristic of

faster quenching of a phase transition.
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Figure 4.2 The average time (averaging over all hydrate-forming runs) to build the first 10
cages (blue bars), between the first cage and the first cage with C,Hg (yellow bars) and the
nucleation rate (red bars, right y-axis) under different pressures.

4.4 Composition of the Incipient Hydrate

In order to identify gas hydrate in the simulation box, the system was searched for
'MCG' monomer as a building block of hydrate. A hydrate cluster can be formed by many
'MCG' monomers. After that, the largest cluster was identified. I focused on the incipient
period of hydrate formation and counted 30 ns before the formation of the first cage and 100
ns after, since 30 ns is about the time between the appearance of the first ' MCG' monomer
that ultimately grows into a completed cage, and 100 ns is about the time to form the first 10
cages. Figure 4.3 shows three typical examples of the composition of CH4 and C,;Hg in the
largest MCG cluster during the initial period: more CH,4than C,Hs; CHyis nearly the same as

C,Hg or lower than C,Hg at the very beginning. Moreover, from the insets, we can see CHy
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outnumber C,Hg in the hydrate phase especially during the later growth period of hydrate.
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Figure 4.3 The number of CH4 and C,Hg molecules in the largest MCG cluster in the hydrate
phase at the initial stage of hydrate formation. The vertical red line indicates the point when the
first cage was formed. 30 ns was counted before the red line and 100 ns was counted after. Case
(a), CH4 outnumber C,Hg; Case (b), the number of CHy is nearly the same as the number of
C,Hg; Case (c), Co;Hg outnumber CHy at the very beginning; the insets illustrate the number of
CH, and C;,Hg in the largest MCG cluster for the entire simulation time.

The first two cases are observed in almost all the different trajectories under different
pressures, while the third case only occurred once under 800 bar. There C,Hg outnumbered
CH, in the largest MCG cluster before the formation of the first cage, and a 4'5'°6” cage with
C,Hg initialized the hydrate formation instead of a 512 cage with CHy, as was the case in all
the other trajectories. Typically, the fraction of the incipient cages with C,Hg in case (b) is
higher than the fraction in case ().

Although there is a difference in the concentration of CH4 and C,Hg in the incipient
hydrate phase in all the three cases, more than half of the initial 10 cages are the ones with
CH,4 in every trajectory. This suggests that the formation of cages with CHy4 (especially the
512 cage), which is independent of the concentration in the incipient new hydrate phase, is
more kinetically favorable. CHs outnumber C,Hg in the hydrate cluster during the hydrate
growth period, and in the end is caught up by C,Hg¢ because of the depletion of CH,4 in the gas

phase.

45



4.6 Cage Stability

Pressure can increase C,Hg involvement, as shown in Figure 4.1: the fraction of cages
with C,Hg increases under higher pressure. It is important to consider the number of
completed cages or partial cages in contact (sharing faces) with the first cage with C,Hs.
Fewer completed cages and partial cages surround the first cage with C,Hg under the higher
pressure, as shown in Figure 4.4. Figure 4.4 (a) is an example snapshot showing the
surrounding structure under lower pressure while (b) is a snapshot from a trajectory under
higher pressure. Two examples of the formation process of the first cage with C,Hg under
lower pressure and higher pressure are shown in Figure 4.5 and Figure 4.6 (snapshots from

Movie 1 and Movie 2) respectively.
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Figure 4.4 Two typical snapshots show the moment when the first cage with C,Hg appears
under (a) lower pressure and (b) higher pressure. The thick blue cage represents the first cage
with C,Hg; red and cyan lines represent the completed cages with CH4 and partial cages
respectively. Red and green balls represent CH4 and C,Hg. The number (averaged over all the
trajectories) of completed cages (red bars) and partial cages (cyan bars) sharing faces with the
first cage with C,Hg that formed are plotted for different pressure. Here, we define partial cage
as one that has at least 6 faces.
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Figure 4.5 The formation process of a cage with C,Hg from a trajectory at 700 bar (we
highlight the blue C,H¢ molecule). (a), the target blue C;Hg molecule and a red CH4 molecule
absorbed on either side of a single water ring composed of 5 water molecules. (b), the target
blue molecule starts to form a cage near two partial cages with CHa. (¢) to (d), the blue C,Hg
molecule almost forms a cage but the cage is not stable, it falls apart immediately. (e) to (f),
more 5% cages with CH4 which are kinetically favorable, form around the C,Hg molecule. (g)
to (h), the blue C,Hs forms a 5'26” cage and later, transforms into a 5'%6° cage.

a:182.8 ns b:183.9 ns c:187.5ns d:198.3 ns

Figure 4.6 The formation of a cage with C,Hg corresponding to Fig.4.3 (c), which occured
under high pressure (800 bar). (a), a blue target C;Hg molecule and a red CH4 molecule absorb
on either side of a ring composed of 5 water molecules. (b), more water and guest molecules
come together around the blue target C,Hg molecule. (¢), the blue and the pink C,Hg molecules
begin to form the bowl-like partial cages. (d), the blue C,Hg molecule formed a 4'5'°6” cage,
which is the first cage that formed in the system.

From snapshot (c) in Figure 4.5, the C;Hg molecule almost formed a cage, but it was not
stable enough under low pressure without enough support from the surrounding cage-like
structures, and so fell apart rapidly. The target blue C,Hg molecule then traveled into a saddle
part of the other partial cages. The role of the cage-like structure formed by CH4 cages is
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similar to a nucleation site and template to provide a place for C,Hg molecules to inhabit.
Sharing faces with some completed or partial cages with CH4, the C,Hg molecule
successfully formed a cage in the end, thanks to the 'support' from the formation of the
kinetically favored cages with CH,.

Figure 4.6 illustrates another, more exceptional, example under high pressure of the
formation process of a cage with C,;Hg and case (c) in Figure 4.3 illustrates the concentration
of CH, and C,Hg in the hydrate for this same trajectory. The first cage formed is a 4'5'°6
cage with C,Hg, without sharing many faces from the cages or partial cages formed by CHa,
as was needed at lower pressure as seen in Figure 4.5. Instead, here the formation of the
4'5'%? cage with C,Hg occurs more independently. The independent formation of a 4'5'°6
cage with C,Hg is consistent with the observation that in the nucleation of pure C,H¢ hydrate
system, the 4'5'%6” cage also forms first.

Usually a cage can be stable (with no transformation or destruction) for several ns after
it is formed. Cage transformation and destruction-reformation are common at the early stages
of hydration formation. Exposed to the highly fluctuating nature of hydrogen bonding in
water, cages on the surface of the incipient hydrate nucleus are not always stable. An
example can be seen in a third trajectory, where both of these two cages underwent
destruction after they were formed. However, more water molecules in one cage are involved
in the fluctuation than another one, since a 'cage appearance' can still be observed for the
latter cage which means it can still keep a higher integrity. On the contrary, the first cage has
less integrity. Based on the maximum internal diameter of different types of cages from Table

4.1, we tracked the number of water molecules within a certain type of cage radius of the gas
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molecule after a cage was formed. Figure 4.7 (a) provides an unbiased view from Movie 3,

while Figure 4.7 (b) from Movie 4 provides an example of the water fluctuation when cage

transformation occurs.

Table 4.1 Cage diameter of the seven most dominated cages

Cage Type Max Internal Diameter (nm) Cavity Diameter (nm)
512 0.85 0.57
451962 0.90 0.64
51%° 0.95 0.67
5126 0.99 0.70
51%6* 1.00 0.72
415193 0.98 0.70
4'51%* 0.99 0.71
(a)? (b) %
24t T T 24}
e g O | =200 &
% a9l °F | = % 22! i 4'5%?
2 @ &P X 2 QB @
g 20 | &< 5 % 20 L 52 =
§ 19} % 19}
5 18} 5 18
E E
3 17¢ 317
16} Cyan Cage with CH4 in Movie3 16+ mRed Cage with CHy in Movied
15 . y -Green Cage with C,Hg in Movie3 15 ) . m—pBlue Cage with CH4 in Movied
500 600 700 800 800 1000 0 200 400 600 8O0 1000
Simulation Time (ns) Simulation Time (ns)

Figure 4.7 Cages fluctuate in the number of water molecules after formation. Panels (a) and (b)
come from Movie 3 and Movie 4 respectively.

The cage transformation and destruction-reformation can be detected when the number
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of water molecules changes. Similar to the standard deviation which reflects the amount of
variation, we used equation (1) to calculate the fluctuation of water movement. This
phenomenon happens mostly at the beginning when the newly formed cages are still on the
surface, tracking the fate of cages for 150 ns after they formed is long enough to include the
period when cages undergo the majority of the transformation or destruction and
reformation. In equation (1), n is the number of water molecules within the cutoff distance. In
the case of a cage transformation, Niype1 and Niypeo are the number of water molecules for the
first and second type of cage (for instance, 20 for 5'%); t, is the time counted from when the
first type of cage was formed until the middle of the period from the breaking of the first type
of cage to the formation of the second type of cage. t,is counted from the end point of t; to
the middle of the period between the breaking of the second type of cage and the formation of
the third type of cage. Figure 4.8 (a) shows the result of all the fluctuation values (F Value)
for all the cages under different pressures. Moreover, the "F value" for different kinds of
cages were also calculated (here, if there is cage transformation, we only use the first part of
equation 1) which is illustrated in Figure 4.8 (b). For the cages containing CH4, we calculated

two most common types: 5'2 and 5'%6%; for the cages with C,Hg, three most common types

were calculated: 4151062, 51267 and 5'%6°.

2 2
F_value=\/z(n_tNtypel) +\/z(n_thypez) +... 4)

1 2
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Figure 4.8 The F _value for all the cages under different pressures (a) and different cages with
different guest molecules (b). The error bars show the 95% confidence interval of the mean.

The degree of fluctuations in the number of water molecules in the cages with CHy4
decreases with pressure. Smaller error bars can be found on the 5'* cages showing that the
water fluctuation has a stronger correlation with pressure than for 5'%6 cages. The large error
bars on the 5'%6° cage with CHyindicates a great variability in terms of stability: some cages
are very stable while some are not. The reason for the decreasing fluctuation of water
movement for the cages with CHy4 can be explained from the kinetics results in Figure 4.2:
The cage transformation and destruction-recovery phenomenon happens frequently with
more water molecules participating on the growing hydrate surface. Higher pressure
decreases the time for the surface of a newly formed cage with CH4 to be exposed.
Surrounded by cages and guest molecules, the cage with CH4 will be more stable with less
fluctuation.

In contrast, water fluctuations for the cages with C,H¢ increases with pressure,
especially for 4'5'% cages. The first cage with C,Hg appears sooner with less face sharing
with surroundings cages or partial cages under high pressure. As a result, more faces of the

cage are exposed to the water environment. The pressures in this study (600, 700, 800 bar)
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are higher than that used in the pure CH4 hydrate simulation system (500bar), but much lower
than the pure C,Hg system simulation study (1300bar).” We also performed 10 pure C,Hs
simulations with the same number of guest/host molecules with the same initial configuration
of gas phase under 255K and 800 bar, but none formed hydrate. In other words, the driving
force is high enough to make water and methane into clathrate, but not enough for C,Hg. If
the driving force is not large enough to crystallize a compound, an additive that is easier to be
crystalized is helpful by providing the early hydrate-like structure as the template for the
other compound with a greater difficulty to crystallize.

Trajectories at 800 bar pressure behave more similarly to the pure C,Hg system because
of the higher C,Hg¢ involvement in the incipient hydrate and the locally high C,Hs
concentration can even initiate hydrate formation. Larger cages with more water molecules as
well as more hydrogen bonding, therefore, have higher stabilization energies than small
cages.”” As a result, smaller cages with fewer water molecules tend to form first, consistent
with the observation that CHy tends to form 5'2 cage, while the metastable 4'5'°6% cage,
which is the second smallest cage with an oblong shape and larger size than the 5'* cage, fits
the size of C,Hs. Also, the 4'5'°6% cage is kinetically favorable and suitable to accommodate
linear molecules such as C,Hg and C02.62’92 The formation of 4!5'%6> cages with C,Hg occurs
more independently from surrounding structure under higher pressure. From the previous
1062

study, we can see that the 4'5 cage usually forms first in the pure C,Hg system. With more

faces exposed in the water phase, the 4'5'%® cage with C,Hg has a higher degree of

fluctuation. The high fraction of the 4'5'%” cages can be attributed to an important factor for
larger fluctuations for the cages with C,He.
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Previous studies based on potential of mean force (PMF) calculations show that there is
a strong attractive interaction between a completed cage and guest molecules.’®® The
adsorbed guest molecules, can in turn, make the water molecules nearby more ordered due to
the "hydrophobic" interaction. This positive feedback is important in hydrate growth,
especially at the early stage when the newly formed solid phase has a strong tendency to
dissolve back to liquid. A study on the growth of THF hydrate suggested that the open small
cages that THF molecules prefer on the hydrate surface, explains why THF inhibits crystal
growth.* From Movie 1 and Movie 2, the crystal did not grow toward the direction where the
faces of a cage are still fluctuating. Thus, it is reasonable to deduce, a cage should have a
more significant effect in terms of stabilizing the initial hydrate nucleus if it can be stable for
a longer time and cages with C,Hg stabilize the early stage nucleus under low pressure, while

cages with CH4 have this role under high pressure.

4.7 Conclusions

In qualitative accord with experimental studies, the 5'* cage with CHy initiates hydrate
formation, which is also consistent with the results from examining the effects of guest
concentration: trajectories with higher CHy4 concentrations in water have a stronger effect
lowering the induction time. The majority of the incipient cages are the ones with CHy,
especially the 512 cages. Independent from the concentration in the hydrate phase, the
formation of cages with CHy4 is more kinetically favorable. The effect of pressure was also
studied: higher pressure increases the kinetics, such as increasing the nucleation rate while

decreasing the time to build the first 10 cages of the incipient hydrate.
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The hydrate phase was identified by searching for the 'MCG' monomer, which can be
considered as a building block of hydrate. The composition of hydrate at the incipient phase
is stochastic, but with three cases observed. CH4 outnumbers C,Hg in the hydrate growth
period. When observing the details of how a C,Hg forms a cage, we find under high pressure,
the formation of cages with C,Hg shows less dependence on the surrounding solid structures,
while under low pressure, more surrounding cage-like structure can be found around the first
cage with C,Hg

Cages are typically not initially stable after they are formed. Previous studies have
showed that the cage-transformation and destruction phenomenon happens frequently. We
developed an 'F value' statistic to measure the stability of cages, similar to the standard
deviation. Cages with CH4 will be protected by more cage-like structure formed by water
under high pressure, but with more parts of the cages with C,Hg exposed in the water phase.
Thus, the stability of cages with CH4 increases, while cages with C,Hg decrease with pressure.
Under high pressure, the fraction of 4'5'°6* cages with C,Hg increases with decreasing
stability. The reason for the low stability or the high water fluctuation for the cage is
because more parts of the cage are exposed to water not covered by hydrate, which is
consistent with the observations from the C,Hg hydrate system where the 4512 cage is most
prevalent and can form most independently (forms first). Based on the cooperative adsorption
mechanism of hydrate formation, cages with higher stability should be more helpful to
stabilize incipient hydrate cluster. As a result, I hypothesize that cages with C,Hg are more
stable and stabilize the hydrate cluster under lower pressures, while cages with CH4 have this

role under higher pressures.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

Microseconds MD simulations were performed to study the nucleation of CH4 and C,Hg
mixture hydrate. From our results, higher pressure increased the kinetics, the cage diversity
and C,Hg involvement, similar to the effects of higher subcooling. Higher aqueous CHg4
concentration has a more significant trend lowering the induction time than for C,Hs,
consistent with the fact that the first cage formed in the system is a 5'% cage with CH,, In
accord with hypotheses generated by experiments, the role of the 5'* cage with CHy is to
initialize the hydrate formation. However, it should be cautioned that the experiments probe
the much later growth phase in the formation of hydrate, compared to nucleation. The
formation of cages with CHy, especially 5'* small cages, is kinetically favorable and is also
independent from the guest composition in the hydrate phase. A higher driving force is
needed for C,He to form hydrate, but the early formation of kinetically favored cages with
CHy can provide hydrate-like cage structure for C,Hg to form hydrate with less difficulty,
whose role is more or less similar to nucleation sites from a substrate. Based on the important
role of a completed cage and the cooperative adsorption mechanism of hydrate formation, I
propose that cages with lower fluctuations can stabilize the incipient hydrate cluster. Cages
with C,Hg and CH,4 are more stable under low and high pressure respectively, as measured by
fluctuation degree, and thus have a stronger effect to stabilize the newly formed hydrate.

Many differences can be concluded between the formation of hydrate from the pure CH4
and C,Hs systems. First, we need higher driving force for C,Hg and water to form hydrate
than CHy4 from the simulation study. The smallest 5'% cage with twenty water molecules and

55



the highest symmetry among all the cages, tends to form first in the simulation box, in part
due to having the lowest entropy penalty. Furthermore, larger cages with more water
molecules and hydrogen bonds are more difficult to form kinetically, and possibly
thermodynamically. Due to the larger size, C,H, cannot fit the smallest 5'> cage, and instead
prefers the 4'5'°6% cage. The 4'5'°6% cage has more water molecules with a lower symmetry,
which also makes it more difficult to form in the simulation due to a higher entropy penalty,
which can partially explain why a higher driving force is necessary for C,Hg to form hydrate
in the simulation. The 4'5'°6% cage is the first cage formed in the C,Hg hydrate system, while
the 5'* cage is the first cage that forms in the CHy4 system. The cage occupancy is also
different when CH, tends to occupy small cages such as 5' cages while C,Hs tends to occupy
larger ones such as the 4'5'%” and 5'26” cages. The 4'5'%6 cage is not common in the CHy
system while the fraction of 5'%6” cages is much higher though the 5'%6* cage has two more
water molecules. This can be partially explained from the moderate simulation condition in
the CH4 system. Under lower pressure or a lower degree of subcooling, the appearance of
metastable cages will be less common. However, energetic preferences are always present
and can also be a determining factor.

It is worthwhile to consider the comparison between the hydrate formation from the
CH4/C,Hg mixture system and the single component systems. Due to their small size, CHy4
tend to form the first 5'* cage to initiate hydrate formation. Higher pressure is needed for
C,Hg to form hydrate in simulation. In this study, the pressure is higher than needed for the
pure CHy system but lower than for the pure C,Hg system. C,Hg can form hydrate with the

help of the hydrate-like cage structure provided from the cages formed by CH4. The higher
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fraction of 4'5'%” metastable cages under high pressure shows that the cage preference for

C,Hg forming from mixtures is the same as in the hydrate formation from pure C,Hg. From
pure C,He, the 4'5'°%6% cage forms first and the formation of the 4'5'°6” cage is kinetically
favorable. Comparing with other types of cages, the formation of the very first cage is more
independent since there are few cage-like structures around. A similar observation can also be
1042

made in the mixture system: the formation of a 4'5 metastable cage under higher pressure

is more independent from the support of other cages, which is suggested by the higher
fluctuation of water molecules. In other words, the 415192 cages with C,Hg have lower
stability, as defined by fluctuation degree, under high pressure. Since the formation of the
4'5'%* cages with C,Hg is more independent under higher pressure, resulting in more cage
faces exposed to water, this is the reason for the lower stability. The decreasing in stability
and the increasing in fraction is consistent with the pure C,Hs system where the 4'5'°6* cage
tends to form first with less independence from the surrounding cage-like structures.
However, due to the very limited information provided on the pure C,Hg system, there
are still many aspects of interests that in the future can be explored. For instance, the question
of what are the most prevalent types of cages in the C,Hg hydrate system remains unanswered.

Barnes et al.>®>’

proposed the MCG order parameter, which has been used to quantify
methane hydrate nucleation and growth. This order parameter can also be used in the ethane
hydrate system by modifying the parameters depending on the ethane hydrate structure. If the
proper new parameters can be determined, using similar methods,” the critical nucleus size
of ethane hydrate can be found. Then the critical nucleus sizes of methane hydrate, ethane

hydrate and the binary hydrate can be compared. Hydrate should be formed under a lower
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driving force with a smaller critical nucleus size. Finally, the simulation results need to be
compared with experiments, though they are currently extremely challenging.

Comparing with the previous simulation studies on binary hydrates, such as CH,/CO,,®
CH4/THF69 and CH4/H2870’71 systems, the binary CH4/C,Hg hydrate has a main feature of
interest: the concentration of C,Hg in water is much lower than CO,, THF and H,S. Thus
binary hydrate formed from a CH./C,H¢ mixture a comparatively rarer event. Some
similarities can be concluded from the studies of hydrate formation from these four binary
systems. The nucleation mechanism of binary hydrate is similar to the previously developed
cooperative absorption mechanism. Besides, since CHy is the smallest molecule and exists in
all these four studies, the 5'* cage with CHy tends to form first and initiates binary hydrate
nucleation.

Hydrates formed from all four binary hydrate systems have practical significances which
have been discussed in Chapter 1. Since the research on these four systems focused on
different aspects, many comparative analyses of these different systems are possible. The
potential energy landscape of the formation of CH4/H,S binary hydrate can be portrayed as a
funnel, which is similar to the protein folding process. It is unclear whether this
funnel-shaped potential energy landscape only exists in the CH4/H,S binary hydrate system
or can also be found in other systems. Whether the nonstandard cages found in the CH4/H,S
binary hydrate can also be found in other binary hydrates remain unclear. At least, in the
CH4/C,Hg binary system, I did not find these nonstandard cages. In this thesis, I discovered
that trajectories with higher CH,4 concentrations have a stronger effect than for C,Hg to
decrease the induction time. In the future, this discovery needs to be tested under different
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systems. Similar to the study by Wu et al., mutual effects of two guest molecules on the
hydrate nucleation are also found in this thesis. In the CH4/THF system, it is hard for THF
alone to form hydrate since THF tends to occupy the large but open cages,” by sharing the
faces from the cages formed by CH4, THF and CH4 can form hydrate together. More future
work should also be considered on the study of the mutual effects of different molecules on
hydrate nucleation.

In this thesis, the relation between cage stability, as measured by cage fluctuations, and
cage selection has been first studied. The stability of different cages can reflect whether there
is a large degree of hydrate cage structure that surrounds a given cage. With more protection
from the cage-like structure formed by water, fewer faces are exposed to water, thus that cage
should have a higher stability. Cages with different guest molecules have different stability
and the stability varies with the pressure. This idea can also be tested in studies of other
binary hydrates.

MD simulation has become a powerful tool in the hydrate field covering many aspects
from nucleation, crystal growth and surface interactions with booming publications in recent
years. Unlike macroscopic experiments, computer simulations are convenient and can
provide a new vision into the microscopic world. However, the method used by most of the
publications is still classical MD simulation. Though some simulation results show good
agreement with experiments, new simulation methods that combine both quantum mechanics
(QM) and molecular mechanics (MM) might be fruitfully applied in the future to phenomena
that have a quantum character. Better agreement with experiments can thus be anticipated.
Ionic effects, such as from sodium chloride, might also be investigated with the help of
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QM/MM methods. Furthermore, other computational methods must be employed to study
hydrate nucleation at lower thermodynamic driving forces; these methods include the path
sampling methods such as Transition Path Sampling and Aimless Shooting as well as free

94,96

energy calculation methods such as Umbrella Sampling and Equilibrium Path

Sampling.”>*

CH4 and C,Hg are the guest molecules used in this hydrate study. In reality, the
composition of guest molecules is rather complicated. Thus, the system complexity should be
considered as an important factor for future study, including the simulation model for
different molecules and their interactions.

As mentioned before, gas hydrate formation can also be a new method in gas
transportation and separation. In these circumstances, efficient and rapid hydrate formation is
necessary. Computer simulation can provide the theoretical background for such
hydrate-based technologies. In industry, gas hydrate remains the main threat to flow
assurance and current methods to prevent the formation of hydrate in oil and gas pipelines
typically involve huge amounts of thermodynamic inhibitors such as methanol to shift the
boundary of the phase diagram (lower the formation temperature of hydrate). The huge usage
of thermodynamic inhibitor is expensive and not environmental friendly. The low dosage
hydrate inhibitors (LDHIs) such as kinetic inhibitors and anti-agglomerants can be an
effective option. However, their mechanisms of action remain unknown. Computer

simulation can be used to help to understand the effects of LDHIs that act on the surface and

will provide insight into developing new molecules that can be used in industry in the future.
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