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ABSTRACT: Methane hydrates are crystalline solids of water that
contain methane molecules trapped inside their molecular cavities.
Gas hydrates with methane as a guest molecule form structure I
hydrates with two small dodecahedral cages and six tetra
decahedral large cages. This study assesses the influence of
occupation and the behavior of methane release from the
molecular perspective during the dissociation process, particularly
for the purpose of testing a series of molecular dynamics
simulations. The dissociation cases conducted include an ideal 4
X 4 X 4 and 2 X 2 X 2 supercell methane hydrate system while
inducing dissociation with two different types of temperature-rising
functions for understanding the limitation and capability. These
temperature-rising functions are temperature ramping and a single
temperature step simulating in 5—7 various conditions. Temperature step results showed the earliest dissociation starting 50 ps into
the simulation at an AT of 100 K, while at an AT of 80 K, dissociation was not observed. There was not a distinct dissociation
preference observed between large and small cages, so it appears that the dissociation affects the entire structure uniformly when
temperature increases are applied throughout the system rather than transport from a boundary. Temperature ramping simulations
showed that the dissociation temperature increased with a higher heating rate. The mean-squared displacement results for the
oxygen atoms in the water molecules at a high heating rate of 400 TK/s showed behavior similar to that for methane gas. As in the
temperature step simulation, there were no clear differences in dissociation between large and small cages, which suggested
homogeneous dissociation in all cases. Finally, a coordination analysis was performed on a 3 X 4 X 4 structure I methane hydrate
with two free surfaces to demonstrate clear free surface boundaries and its location.

Bl INTRODUCTION Recoverable Resource (TRR) of 10* Tcf, though no
economically recoverable resources were calculated.
Methane Hydrate Dissociation. An additional significant
impact of methane hydrates is environmental. Methane
hydrates are located under the permafrost in outer continental
shelf areas in the deep ocean. When the temperature rises and
methane gas is released from permafrost, a greenhouse gas,
which is 21 times more harmful than CO, per molecule, is
released into the atmosphere, thus enhancing global warming.

Gas hydrates with methane as a guest molecule form structure
I hydrates with a unit cell containing 46 water molecules
arranged on two small dodecahedral cages and six tetra
decahedral large cages. An ideal structure I methane hydrate
unit cell contains 8 methane molecules and one in each cage.
Methane hydrates are an important potential energy source,
and their occurrence is widespread across the globe, under
lakes and oceans at certain temperature and pressure
conditions, usually at depths above 300 m (e.g., Arctic) and
under 500 m. Hydrates are also found under the permafrost

Understanding the dissociation of hydrates is an important

where temperatures are low,' and there is a wide body of Received: January 17, 2024
literature mapping methane hydrate reserves. Global methane Revised: ~ March 20, 2024
hydrate estimates range from tens of thousands to millions of Accepted: March 29, 2024

trillion cubic feet (Tcf) of methane gas contained in hydrates. Published: April 15, 2024

In 2011, Johnson” made an assessment of every coastal margin
including Polar Regions and estimated a global Technically
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Figure 1. Methane hydrate dissociation molecular dynamics simulations’ methodology diagram.

step in avoiding negative environmental consequences of
inadvertent methane release from the hydrate. In addition, and
as mentioned, methane hydrates have potential as an
alternative energy source with less emission because of their
large quantity and widespread occurrence.” Moreover, there
are different extraction methods that have been investigated
and continue to develop. Environmental impact is a major
consideration of these extraction methods.”® One major and
long-shot goal of methane hydrate research is to potentially
extract the methane as an energy source and at the same time
store CO, from the atmosphere to form CO, hydrate.” As one
step toward this goal, which is a large-scale process, it is
valuable to first understand the principles of how the methane
hydrate dissociation/formation process occurs. Understanding,
methane hydrates from the smallest scales can be used to
escalate the findings to a large scale.” Prior molecular-scale
methane dissociation studies have brought to light the
understanding of thermodynamic properties, and they have
helped understand the mechanisms as well as kinetics of
methane hydrate dissociation.”'® Methane hydrate dissociation
is described as a two-stage process by Ding et al.'" The first
stage of dissociation consists of the increase of diffusive
behavior for the host water molecules until the lattice structure
of the water cages breaks. The second stage is the escape of
methane molecules from the water cages. Iwai et al."’* found
similar results, but instead of bringing the system to a sudden
temperature change, they gradually increased temperature
above equilibrium at different heating rates. They also
observed a two-stage dissociation process where water cages
broke down first and then methane escaped. Methane hydrate
cage occupancy effects were studied by Myshakin et al."> They
showed that increasing the ratio of empty cages decreases
stability considerably, speeding dissociation and decreasing
melting temperature. They found that the decomposition rate
is highly dependent on the hydration number. Several methane
hydrate dissociation molecular dynamics simulations were
performed by Kondori et al.'* to study the impacts of
temperature, pressure, and cage occupancy. They found that
methane hydrates were less stable at higher temperatures and
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more stable at higher pressures. They also describe a
destabilization effect with decreasing cage occupancy, as
previously reported by Myshakin et al."

CO,/CH, Exchange in Hydrate. In nature, there are two
replacement mechanisms: the solid-state replacement with no
hydrate dissociation and the other mechanism where CH,
hydrates partially or dissociates and a new CO, hydrate is
formed from the reformation of free water molecules. To take
advantage of this spontaneous mechanism, researchers have
focused on the analysis and optimization of the CO,
replacement mechanisms for the extraction of CH,, using as
an energy source, with the simultaneous sequestration of CO,
in the deep ocean.'”'® Molecular dynamics simulations have
been an important tool to study these phenomena. Micro-
second simulations of the replacement mechanism were
performed by Bai et al,'” and the results showed a two-step
process where the methane hydrate melts and the new carbon
dioxide hydrate formation is facilitated by “the memory effect”.
The role of small molecules such as nitrogen in natural
environments has been explored by Matsui et al.'® which
showed a hydrate mixture and a preferential formation in large
cages compared to small cages and also a higher replacement
efficiency than when pure CO, was used. The previously
mentioned studies'”'® used an interface simulation with a
separate methane hydrate phase and CO, phase in preparation
for the interface configuration, and it is important to
understand the concept of free surface and bulk behavior.
Other research studies also included the use of additives such
as surfactants and auxiliary gases to promote mass transfer over
the hydrate film that forms in the interface.’” As methane
hydrates are naturally found in outer continental areas, where
they are exposed to liquid water and seafloor sediments, the
environment can change the hydrate stability conditions. To
develop efficient methane gas extraction methods, these factors
are considered in this research to simulate a more realistic
scenario.

The molecular simulation study presented in this work
enriches insights from previous methane hydrate dissociation
to replacement studies described above and, particularly,

https://doi.org/10.1021/acs.energyfuels.4c00267
Energy Fuels 2024, 38, 7862—7872
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focuses on how temperature rise affects the hydrate
dissociation as measured by various properties. Subsequently,
the concept of free surface and hydrate bulk is studied and
analyzed on hydrate structure one as a precedent to the
molecular scale study of CO, hydrate sequestration during the
previously explained hydrate exchange process. This research
work is implemented on LAMMPS” and is targeted to provide
perspectives on the dissociation process of methane hydrate
from a molecular interaction perspective.

B METHODOLOGY

The methodology of the step-by-step procedures is integrated
and described in Figure 1 as a systematic flowchart for studying
the dissociation process under different temperature functions.
First, the simulated system is built from crystallographic data.
The system is then equilibrated using appropriate force fields
and undergoes temperature ramp or temperature step function
for dissociation. In the final step, the parameters of interest are
extracted from all simulated conditions, shown as the last part
on the right in the diagram. The details of the system
preparation and simulation conditions are listed in the
following sections. Once the methane hydrate dissociation
data are acquired and collected, it is essential to prepare
hydrate as a free surface ready for the next step of dissociation
and sequestration research, and the coordination analysis is
needed in using an OVITO (visualization tool). Details are
explained in the respective section.

System Setup. The initial geometry of the umt cell for
methane hydrate is built using AVOGADRO,” a cross-
platform molecular editor. The overall steps are as follows.
First, the Crystallographic Information File (CIF)** is
modified to eliminate the hydrogen molecules from the
atomistic form of methane to obtain a coarse-grain methane
form. This step can either be achieved in a Protein Data Bank
(PDB) file with an appropriate file conversion header or by
starting in AVOGADRO directly and then converting to a
suitable format afterward. The second step is to multiply the
built configuration using AVOGADRO to obtain the hydrate
Unit Cell. The third and fourth step comprises exporting the
PDB file and importing the data in VMD*® for visualization.
The fifth step is to edit the PDB file to add angles, mass, and
molecular data. The sixth step involves converting all of the
detailed molecular information to a DATA file readable with
LAMMPS. The final preliminary setup step is to multiply the
unit cell in LAMMPS to create a DATA file at the desirable
size. In this research, two system sizes used are 2 X 2 X 2
(Figure 2) for step simulations and 4 X 4 X 4 (Figure 3) for
ramping simulations.

Interatomic Potentials for H,O0 and CH,. Once the
initial configuration is set up, it is important to define force
fields for water and methane that describe interactions
accurately for dissociation conditions. Interatomic potential
models describe molecular interactions in categories such as
atomistic potentials and coarse-grain models. Atomistic
potentials describe the interaction of each individual atom in
a molecule, while coarse-grain models describe the molecules
as pseudoatoms approximating the interaction values as a
group. Coarse-grain models have fewer degrees of freedom
leading to shorter simulation times but also to less accuracy for
some molecular properties depending on the specific model.**

Since the methane hydrate structure is formed by water
cages and our focus is to study the structure change based on
cage size, the choice of water force field can impact the
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Figure 2. 2 X 2 X 2 methane hydrate system used for temperature
step simulations.
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Figure 3. 4 X 4 X 4 methane hydrate system used for temperature
ramping simulations.

simulation results. In 2006, Garcia Fernandez et al.?’
performed molecular dynamics simulations on methane
hydrate to study its melting point using 7 different water
force fields, such as SPC/E, TIP4P, TIP4P-Ew, TIP4P/ice,
TIP4P/200S, TIPSP, and TIPSP-E. They found that using the
TIP4P model resulted in the lowest melting point. Jorgensen et
al.’ studied water density by simulating a water dimer with six
different water force fields, such as Bernal—Fowler, SPC, ST?2,
TIPS2, TIP3P, and TIP4P. The results showed that the most
accurate results were obtained by the TIP3P and TIP4P force
fields with 2 and 0% error, respectively. Given the accuracy of

https://doi.org/10.1021/acs.energyfuels.4c00267
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the TIP4P to represent density and a low melting point, this
research uses TIP4P as the water force field model.

In order to reduce the computer resource demand,
considering the low content of methane, and also because
our main interest is to study water cage structure, we simplify
the interaction using a coarse-grained methane model
developed by the University of Michigan in 1998 called
TraPPE UA.”” The parameters used in all of the simulations
are shown in Table 1.

Table 1. Methane Hydrate Force-Field Parameters for
Water (TIP4P) and Methane (TraPPE UA) Molecules

molecule o (A) ¢ (kcal/mol)
H,O 3.1536 0.1550
CH, 3.73 0.2941

Simulation Conditions. Both hydrate system configu-
rations for temperature ramping and step temperature change
were equilibrated at S0 bar and 100 K, with periodic
boundaries in all directions using the NPT ensemble, Nose—
Hoover thermostat and barostat, and TIP4P and TraPPE UA
to describe molecular interactions for water and methane,
respectively.

A ramping temperature simulation forces a constant rate of
temperature rise from a fixed initial temperature (100 K) to a
fixed final temperature (S00 K) over a given time. The
temperature range passes through the hydrate equilibrium
stability condition for the pressure used. Varying the time
creates different heating rates. Ramping simulations use a 4 X 4
X 4 fully occupied methane hydrate unit cell for comparison.
All of the temperature ramping cases are conducted at a
constant pressure of 50 bar and increasing temperature with 7
different heating rates, shown in Table 2.

Table 2. Temperature Ramping Simulation Conditions

simulated time pressure initial temp.  final temp. heat rate
(ns) (bar) (K) (TK/s)
1.0 S0 100 500 0.4
0.5 S0 100 500 0.8
0.4 S0 100 500 1.0
0.3 S0 100 500 13
0.2 S0 100 500 2.0
0.1 S0 100 500 4.0
0.01 S0 100 500 40

A step temperature simulation raises the system temperature
instantaneously from a given initial temperature to a final
temperature. In this case, the size of the temperature step
varies to create different thermal shocks to the system. A 2 X 2
X 2 hydrate system is used to simulate S temperature step sizes
of AT, 80, 85, 90, 95, and 100 K above hydrate equilibrium
stability conditions 270 K and 50 bar. Simulation conditions
for step simulations are shown in Table 3.

Analysis Methods. There are different methods and
criteria to identify and determine the dissociation temperature.
This work uses potential energy, mean square displacement
(MSD), and change in simulation length (Lx) to analyze the
dissociation process from different perspectives. This section
aims to downselect the most appropriate properties for this
research among the three. The preliminary cases chosen are
the simulation results of the ramping simulations at heating
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Table 3. Temperature Step Simulation Conditions

simulated time pressure initial temp. final temp. AT
(ns) (bar) (®) (®) ()
5.0 S0 270 350 80
5.0 S0 270 35S 85
5.0 S0 270 360 90
5.0 S0 270 365 9s
5.0 S0 270 370 100

rates of 0.4, 0.8, and 4.0 TK/s because the rates are at
reasonably distinguishable factors from each other and also
because temperature ramping uses 4 X 4 X 4 for a more
detailed view of dynamic changes for observation. Further
structure analysis for full hydrate systems (to be discussed in
the Results section) includes the radial distribution function
(RDF), MSD, and analysis of the trajectory files obtained
during the simulations.

Determining Dissociation. The potential energy of the
system was analyzed to determine the dissociation temperature
regime. The principle lies in the change of the internal energy
during the phase transition. The internal energy of the system
is associated with the energy behind the random movement of
the molecules. During phase change, while the temperature of
the system, which is defined as the average kinetic energy of all
particles of the system, remains statistically constant, a change
in the potential energy is observed. With this principle, the
approximate dissociation temperature can be observed in a
potential energy—temperature plot, as shown in Figure 4, to be
the region where the temperature is slowly increasing, while
the potential energy increases more dramatically.

1 X 104 Potential Energy [Heat rate .8TK/s]
%809
15 1
)
o
E af 1
©
[}
= Dissociation/Melting 2,
D o5t of J
g~ Temperature ¥
w —p ]
= J
B 5 ~
°
o
=351 1
4 L . . . . . | .
50 100 150 200 250 300 350 400 450 500 550

Temperature [K]

Figure 4. Potential energy—temperature plot at a heating rate of 0.8
TK/s, showing spline approximation.

To avoid interpretive bias, the dissociation temperature
identified in this work was obtained by fitting a spline curve
and calculating the inflection point of the curve from its second
derivative using MATLAB.” Tt is clear that the temperature
band over which the potential energy changes is quite narrow
(less than 10 K).

The MSD of the oxygen molecules can also be used to
determine hydrate dissociation. This is because when the
dissociation occurs, water molecules, which can be represented
by their oxygen atoms for simplicity, break out of the cage and

https://doi.org/10.1021/acs.energyfuels.4c00267
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https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

increase significantly their diffusive behavior. A dramatic
increase in the MSD values was then observed. The
dissociation temperature using this analysis approach was
calculated using the same method as the potential energy by
fitting a spline curve and calculating the inflection point from
its second derivative using MATLAB.

Another approach analyzed in this study was the change in
the volume of the simulation box. Before a hydrate dissociates,
the volume is constant. When the dissociation process initiates,
water cages disintegrate (melt) and methane gas escapes,
which leads to a rapid increase in the volume. This principle
can therefore be used to calculate methane hydrate
dissociation by analyzing the changes in the simulation box
length throughout the simulation.

The results of the comparative analysis methods are listed in
Table 4. The highest dissociation temperature for all three

Table 4. Dissociation Temperature [K] Calculated Using
Potential Energy, MSD, and Cell Length

heating rate potential energy MSD method  length method
(TK/s) method (K) (K) (K)
0.4 371.5 354.4 365.4
0.8 279.2 367.9 376.6
4.0 409.6 394.1 391.0

heating rates was obtained from the potential energy definition.
The results obtained from MSD and the length of the
simulation box were not consistently higher or lower; that is,
there is not a measurable criterion computed as an overall
higher or lower temperature for the three heating rates. A
higher dissociation temperature was obtained at a heating rate
of 4 TK/s using MSD as compared with the box length
method, while it was lower for the other two heating rates.

Note that the largest discrepancy between dissociation
temperature from the 3 methods occurs at the highest heating
rate. This inconsistency means that the system needs an
adequate amount of time to allow the hydrates and molecules
to react and equilibrate appropriately before the occurrence of
dissociation can be identified. In particular, the distance-based
measures (box length and MSD) must certainly require
enough time to allow the atoms to move a noticeable distance
even if their lattice bonds have been released. Thus, we can
conclude that the definition of dissociation at a molecular level
is in itself indistinct.

The results analysis following uses only potential energy to
determine dissociation temperature because that measure is
the most distinctive and least dependent on curve fitting. The
potential energy takes into account the pair and bonding
energy as well as angle, dihedral, improper long-range, and
fixed energy and, thus, the dissociation temperature can be
seen as an effect caused by the change in the potential energy
of the atom or the whole system. Dissociation is also reflected
fundamentally in the discontinuous jump in potential energy
during phase change (moving from one state of matter to
another).

B RESULTS AND DISCUSSION

Temperature Step Simulations. For temperature step
simulations, the effect of constant step increments of
temperature for observing the dissociation process was
conducted. The dissociation initiation time at each temper-
ature step was calculated. Similarly, to the previous section
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(temperature ramping), the results of MSD and (RDF) during
the dissociation period are presented.

Dissociation Starting Time at Different Temperature
Steps. The dissociation time is shown in Table S, which

Table S. Time the Hydrate Started to Dissociate at Different
Temperature Steps

final temp. (K) diss. start time (ps) temp. step size (K)

350 no diss 80
355 265.4 85
360 2774 90
365 127.4 95
370 57.6 100

represents the time for the system to start dissociating using
both the potential energy and trajectory movements to
determine the dissociation initiation. The results show that
the system starts to dissociate sooner at a larger AT, while the
system does not dissociate at a AT of 80 K, which represents
the limit of the simulations.

The plots of the MSD for oxygen and methane in small and
large cages during temperature step simulations are shown in
Figure 5. The results are very similar for all the 3 selected
temperatures, 360, 365, and 370 K, showing a clear difference
for oxygen, representing water in solid and later in liquid state,
and methane. The methane gas showed more diffusive activity
than water.

The diffusion coefficients, as calculated according to
Einstein’s relation at constant temperature during the
simulated S ns for oxygen and methane in small and large
cages, are shown in Table 6. While the oxygen diffusion
coefficient is clearly lower than the methane diffusion
coeflicient hosted in both cages, the difference in the diffusion
coefficient does not change significantly with the size of the
cage occupied. The results are consistent with the MSD
analysis.

Like the previous temperature ramping simulations, the
RDFs at 5 different time stages of dissociation highlight the
changes in the structure. The RDFs at 370, 365, and 360 K are
shown in Figure 6, and all 3 plots show a gradual dissociation
of the hydrate structure. There is an important aspect to note
that the duration of the dissociation process at 370 K was 20
ps, at 360 K, dissociation was 30 ps, and at 365 K, the
dissociation was faster at 12 ps. These dissociation time results
are distinctly related to the temperature step, but they are
approximate time data since the values are limited by the time
interval between the frames of the trajectory files.

Temperature Ramping Simulations. For temperature
ramping simulations, the effect of increasing the temperature at
different heating rates was analyzed, and the dissociation
temperatures at these rates were calculated. The diffusive
behavior of methane molecules in large and small cages as well
as oxygen atoms, which represent water molecules, were
quantified with the MSD. Changes in the hydrate structure
were recorded using the RDF of oxygen interactions. Finally,
methane molecular trajectories of displacement during
dissociation were also analyzed.

Dissociation Temperature at Different Heating Rates.
The results in Table 7 show that the system dissociated at a
higher temperature at a higher heating rate. As the temperature
increases faster at higher heating rates, hydrate molecules have
less response time for the same temperature increase. In other

https://doi.org/10.1021/acs.energyfuels.4c00267
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Figure 5. MSD of oxygen atoms representing water molecules in yellow and methane molecules in large cages and small cages in blue and red,

respectively, at 370, (a), 365 (b), and 360 K (c).

Table 6. Diffusion Coefficient of Oxygen, Methane Type 1,
Located in Large Cages, and Methane Type 2, Located in
Small Cages

H,0 CH,

temperature (T) oxygen type 1 type 2
370 1.01 x 107* 5.88 x 107* 5.01 x 107*
365 922 % 107° 6.77 x 107* 4.62 x 107*
360 8.89 X 107° 551 x 1074 479 x 107

words, the hydrate molecules respond to a higher temperature
increase per unit time, and because of this, the dissociation
occurs at a higher temperature than if the molecules were given
more time to adjust for a slower heating rate.

The stability of molecules in hydrate cages throughout the
simulation is analyzed using MSDs of oxygen atoms,
representing water molecules and methane in large and small
cages. In order to observe a clear difference in the MSD results,
there are two heating rates selected from Table 7. One is a
relatively low heating rate at 0.4 TK/s, and the other is a high
heating rate at 4 TK/s.

The results show the distinct difference in dissociation
temperature for the system described above, while oxygen
atoms exhibit correspondence with an MSD value similar to
that of methane at 4 TK/s, as shown in Figure 7. This indicates
a similar diffusive behavior for methane and water, particularly
at a high heating rate. At a lower heating rate, the MSD of
methane in both large and small cages is clearly higher than
that of oxygen, which indicates a higher diffusive behavior with
respect to water.

Radial Distribution Function. The RDF information on
the evolution in the methane hydrate structure during
dissociation is plotted in Figure 8. The RDF of oxygen—
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oxygen interaction representing the water molecules and the
hydrate cages formed by them, which has a cutoff distance of
12 A, the length of the unit cell, at 5 different stages of
dissociation determined by potential energy plots and
trajectory files, was extracted. To study the influence of the
heating rate, as in the MSD study, the results of the RDFs at a
heating rate at 0.4 and 4 TKs were examined. The results in
Figure 7 clearly show characteristics of a solid methane hydrate
at an early time (e.g., 670 ps), with distinct valleys representing
an ordered methane hydrate crystalline structure. The
structure gradually disappears at a later time until the RDF
curve flattens, as is characteristic of liquid water. The
comparison of heating rate shows that more time is needed
for a methane hydrate to dissociate at a heating rate of 0.4TK/
s as compared to a duration of 5 ps at a high heating rate of 4
TK/s, which represents a low heating rate with a duration of
30 ps.

Homogeneous Dissociation. The difference in the MSD
of individual methane molecules in small and large cages in all
simulations was not significant enough to represent a
heterogeneous dissociation. This observation was supported
by the analysis of individual and systemwide molecular
displacements. The collective displacements throughout three
different times of dissociation for both ramping and step
simulations are shown in Figures 9 and 10. Visually, there is no
clear “starting point” for dissociation.

For temperature ramping simulations, the individual
displacements of methane in two locations in small and large
cages were analyzed and are shown in Figure 11. Individual
displacements on planes YZ and XZ of the same methane
molecules were analyzed to determine whether displacements
were similar for the molecules, independent of the plane.
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Figure 6. RDF of oxygen—oxygen interactions, representing the structure of water molecules for a temperature step of 370 (a), 365 (b), and 360 K

(c) at five different time stages of dissociation.

Table 7. Dissociation Temperature of the Methane Hydrate
System at Different Heating Rates

heating rate (TK/s) dissociation temperature (K)

Both MSD and RDF analyses support the hypothesis that
homogeneous dissociation occurs at various temperature steps.
Hydrate Structure | Coordination Analysis. The
methane hydrate dissociation behavior from a molecular

0.4 371.5 . . . .
08 3792 dynamics perspective and using LAMMPS from various
1'0 387. 6 aspects are described above, and these systems are studied
13 3937 assuming infinite boundaries. The next step to observe a more
20 3843 realistic exchange is to focus near the hydrate surface.
4.0 409.6 Therefore, we explored the concept of a hydrate-free surface
40 436.9 at the structural level to differentiate it from the bulk behavior.
<10°
a) 2r
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Figure 7. MSD of oxygen atoms representing water molecules in yellow and methane molecules in large cages and small cages in blue and red,

respectively. Two heating rates, 0.4 (a) and 4 TK/s (b), are shown.
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Figure 8. RDF of oxygen—oxygen interaction representation at S different time stages of dissociation at a heating rate of 0.4 (a) and 4 TK/s (b).
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Figure 9. Methane molecule displacement located at large cages (top) and small cages (bottom) and as an enlarged portion of the hydrate structure
(middle) are shown at a heating rate of 0.4 TK/s at different times of dissociation in picoseconds.

A coordination analysis was performed in a sliced hydrate
system (3 X 4 X 4) creating two free surfaces along the Y axis.
Figure 12 shows the hydrate cell in a 3 X 4 X 4 structure, and
the coordination number (CN) is based on the RDF data. The

CN, also called the hydration number, is plotted with a scaled

colorbar from blue to red (small to large). The results show

that the coordination number decreases as it approaches the

free surface and becomes uniform in the middle. Figure 13
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Figure 10. Methane molecule displacement located at large cages (top) and small cages (bottom) at a constant temperature of 360 K at different

times of dissociation in picoseconds.
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Figure 11. Individual displacements of methane contained in small and large cages from views at two different planes YZ plane (top) and XZ plane
(bottom) at three different times during dissociation with a heating rate of 0.4 TK/s.

shows the plot of the coordination number to the exact
position on the Y axis, and it clearly shows that the free surface
boundaries are located at coordinates Y: —40.8 and Y: 22.77
along the hydrate.

B CONCLUSIONS

This work presents the molecular dynamic scope of the process
for the temperature step and ramping for methane hydrate to
induce dissociation. Methane molecules in large and small
cages were classified and analyzed to observe and monitor
changes in large or small cages for dissociation. Both types of
simulations showed homogeneous dissociation, meaning that
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there was no significant difference in the time of dissociation
between small and large cages. This was determined by the
diffusion coefficient in the temperature step simulations and
the difference in MSD in ramping simulations, and molecular
displacements for both were also analyzed.

In temperature step simulations, dissociation occurred
earlier and in less time at a larger AT, while cases with a
temperature step under 355 K did not dissociate during the
simulated S ns. The difference between the MSDs of methane
molecules in small and large cages increased significantly at the
end of the dissociation time. The behavior of the MSD after
dissociation, which was calculated with the potential energy
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Figure 12. Coordination analysis in the (0 1 0) plane 3 X 4 X 4
hydrate supercell.

and RDFs, can be described as random. The diffusion
coefficient for methane molecules in large cages was slightly
higher than that for the methane molecules trapped in small
cages.

Ramping simulations showed a relatively large uncertainty
for dissociation temperature calculations; this can be caused by
the fast increase in temperature without letting the system
equilibrate; slower heating rates showed a more defined
potential energy and MSD curve, which are better for the
calculation of thermodynamic properties.

To conclude, for dissociation analysis, temperature step
simulations have the benefits of less computational time for
reaching the same homogeneous dissociation at a reasonable
temperature as ramping, which is better for analyzing the
relationship between physical and thermodynamic properties.
Slow heating rates of the temperature ramping show a slower
structure change, which can allow the analysis of specific cage
dissociation more thoroughly.

The effects of pressure, temperature, and cage occupancy for
methane have been widely studied at different scales, including
at the molecular scale, as in this work. Moreover, most
molecular dynamics studies were accomplished by simulating a
sole methane hydrate system, meaning merely one hydrate cell
and only a single guest molecule type.

The coordination analysis was also conducted for the free
surface as the step to prepare and understand CO,
sequestration and the different structural concepts of the free
surface and bulk.

Further experimental and theoretical studies are needed to
optimize and understand the exchange process with carbon

dioxide.

B AUTHOR INFORMATION

Corresponding Author
Dianalaura Cueto Duenas — Department of Civil and
Environmental Engineering, University of California, Irvine,
California 92697-2175, United States; © orcid.org/0009-
0007-9934-3343; Email: dcuetodu@uci.edu

Authors

Derek Dunn-Rankin — Department of Civil and
Environmental Engineering, University of California, Irvine,
California 92697-2175, United States; Department of
Mechanical and Aerospace Engineering, University of
California, Irvine, California 92697-3975, United States

Yu-Chien Chien — Department of Mechanical and Aerospace
Engineering, University of California, Irvine, California
92697-3975, United States; ® orcid.org/0000-0001-9424-
1849

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.4c00267

Notes

The authors declare no competing financial interest.

700 ¢

650 —

Position 1:-40.8
600 -

-]

550 |

1 D
O (I
Lo )]

500 —

450

400 -

Coordination Number

il

350
300 |

250 1

B o e S e e e

-35

0

Figure 13. Position of the free surface in the Y axis.

f
B !

Plane 010 - 3x4x4 Hydrate

Position 2: -22.77

il
U

-20

-25

-30

Position Y

7871

https://doi.org/10.1021/acs.energyfuels.4c00267
Energy Fuels 2024, 38, 7862—7872


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dianalaura+Cueto+Duenas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-9934-3343
https://orcid.org/0009-0007-9934-3343
mailto:dcuetodu@uci.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Derek+Dunn-Rankin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Chien+Chien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9424-1849
https://orcid.org/0000-0001-9424-1849
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c00267?fig=fig13&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

B ACKNOWLEDGMENTS

This work was supported by the Ridge to Reef NSF Research
Traineeship, award DGE-1735040, and UC-MEXUS CON-
ACYT Program. The authors thank Prof. Penghui Cao for the
useful discussion.

B REFERENCES

(1) Sloan, E. D.; Koh, C. A. Clathrate Hydrates of Natural Gas, 3rd
ed.; CRC Press: Boca Raton FL, 2007; p 641.

(2) Johnson, A. Global resource potential of gas hydrate-A new
calculation. Nat. Gas Oil 2011, 304, 285—4541.

(3) Chien, Y. C.; Dunn-Rankin, D. Combustion characteristics of
methane hydrate flames. Energies 2019, 12, 1939.

(4) Dunn-Rankin, D.; Chien, Y.-C.; Ueda, T.; Ohmura, R. Fiery ice:
An overview of methane hydrate combustion. Prog. Energy Combust.
Sci. 2024, 101, 101111.

(5) Yamamoto, K.; Kanno, T.; Wang, X. X.; Tamaki, M.; Fujii, T.;
Chee, S. S.; Wang, X. W.; Pimenov, V.; Shako, V. Thermal responses
of a gas hydrate-bearing sediment to a depressurization operation.
RSC Adv. 2017, 7, 5554—5577.

(6) Chen, L Feng, Y.; Okajima, J.; Komiya, A,; Maruyama, S.
Production behavior and numerical analysis for 2017 methane hydrate
extraction test of Shenhu, South China Sea. J. Nat. Gas Sci. Eng. 2018,
53, 55—66.

(7) Saeidi, N.; Dunn-Rankin, D.; Kvamme, B,; Chien, Y. C.
Experimental studies on combined production of CH4 and safe long-
term storage of CO2 in the form of solid hydrate in sediment. Phys.
Chem. Chem. Phys. 2021, 23, 23313—-23324.

(8) Biicker, C.; Jenisch, U,; Lutter, S.; Matz-Liick, N.; Mesner, J.;
Petersen, S.; Riipke, L. H.; Schwarz-Schampera, U.; Wallmann, K,;
Berndt, C.; Bialas, J. World Ocean Review 201S: Living with the Ocean
3. Marine Resources-Opportunities and Risks; Maribus: Hamburg, 2014;
p 161.

(9) Rosenbaum, E. J.; English, N. J.; Johnson, J. K; Shaw, D. W,;
Warzinski, R. P. Thermal conductivity of methane hydrate from
experiment and molecular simulation. J. Phys. Chem. B 2007, 111,
13194—13208.

(10) English, N. J.; Johnson, J. K.; Taylor, C. E. Molecular-dynamics
simulations of methane hydrate dissociation. J. Chem. Phys. 2008, 123,
244503.

(11) Ding, L. Y,; Geng, C. Y,; Zhao, Y. H; Wen, H. Molecular
dynamics simulation on the dissociation process of methane hydrates.
Mol. Simul. 2007, 33, 1005—1016.

(12) Iwai, Y.; Nakamura, H.; Arai, Y.; Shimoyama, Y. Analysis of
dissociation process for gas hydrates by molecular dynamics
simulation. Mol. Simul. 2010, 36, 246—253.

(13) Myshakin, E. M.; Jiang, H.; Warzinski, R. P; Jordan, K. D.
Molecular dynamics simulations of methane hydrate decomposition. J.
Phys. Chem. A 2009, 113, 1913—1921.

(14) Kondori, J.; Zendehboudi, S.; James, L. New insights into
methane hydrate dissociation: Utilization of molecular dynamics
strategy. Fuel 2019, 249, 264—276.

(15) Wang, Y,; Lang, X;; Fan, S.; Wang, S.; Yu, C,; Li, G. Review on
Enhanced Technology of Natural Gas Hydrate Recovery by Carbon
Dioxide Replacement. Energy Fuels 2021, 35, 3659—3674.

(16) Wei, W. N,; Li, B,; Gan, Q;; Li, Y. L. Research progress of
natural gas hydrate exploitation with CO2 replacement: A review. Fuel
2022, 312, 122873.

(17) Bai, D.; Zhang, X, Chen, G.; Wang, W. Replacement
mechanism of methane hydrate with carbon dioxide from micro-
second molecular dynamics simulations. Energy Environ. Sci. 2012, 5,
7033—7041.

(18) Matsui, H,; Jia, J.; Tsuji, T.; Liang, Y.; Masuda, Y. Microsecond
simulation study on the replacement of methane in methane hydrate
by carbon dioxide, nitrogen, and carbon dioxide—nitrogen mixtures.
Fuel 2020, 263, 116640.

(19) Kvamme, B.; Coffin, R. B.; Zhao, J.; Wei, N,; Zhou, S.; Li, Q.;
Saeidi, N.; Chien, Y. C.; Dunn-Rankin, D.; Sun, W.; Zarifi, M. Stages

7872

in the dynamics of hydrate formation and consequences for design of
experiments for hydrate formation in sediments. Energies 2019, 12,
3399.

(20) Thompson, A. P.; Aktulga, H. M.; Berger, R.; Bolintineanu, D.
S.; Brown, W. M,; Crozier, P. S;; in 't Veld, P. J.; Kohlmeyer, A,;
Moore, S. G.; Nguyen, T. D.; Shan, R,; Stevens, M.; Tranchida, J;
Trott, C.; Plimpton, S. J. LAMMPS-a flexible simulation tool for
particle-based materials modeling at the atomic, meso, and continuum
scales. Comput. Phys. Commun. 2022, 271, 108171.

(21) Hanwell, M. D.; Curtis, D.; Lonie, D.; Vandermeersch, T.;
Zurek, E.; Hutchison, G. Avogadro: an advanced semantic chemical
editor, visualization, and analysis platform. J. Cheminf. 2012, 4, 17.

(22) Kirchner, M. T.; Boese, R.; Billups, W. E.; Norman, L. R. Gas
hydrate single-crystal structure analyses. J. Am. Chem. Soc. 2004, 126,
9407—9412.

(23) Humphrey, W.; Dalke, A.; Schulten, K. VMD-Visual Molecular
Dynamics. J. Mol. Graph. 1996, 14, 33—38.

(24) Hoogerbrugge, P. J.; Koelman, J. M. Simulating microscopic
hydrodynamic phenomena with dissipative particle dynamics. Euro-
phys. Lett. 1992, 19, 155—160.

(25) Garcia Ferndndez, R.; Abascal, J. L.; Vega, C. The melting point
of ice Th for common water models calculated from direct coexistence
of the solid-liquid interface. J. Chem. Phys. 2006, 124, 144506.

(26) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926—935.

(27) Martin, M. G.; Siepmann, J. I. Transferable potentials for phase
equilibria. 1. United-atom description of n-alkanes. J. Phys. Chem. B
1998, 102, 2569—2577.

(28) Version 9.6, MATLAB 2019b-MathWorks, 2019.

https://doi.org/10.1021/acs.energyfuels.4c00267
Energy Fuels 2024, 38, 7862—7872


https://doi.org/10.3390/en12101939
https://doi.org/10.3390/en12101939
https://doi.org/10.1016/j.pecs.2023.101111
https://doi.org/10.1016/j.pecs.2023.101111
https://doi.org/10.1039/C6RA26487E
https://doi.org/10.1039/C6RA26487E
https://doi.org/10.1016/j.jngse.2018.02.029
https://doi.org/10.1016/j.jngse.2018.02.029
https://doi.org/10.1039/D1CP03239A
https://doi.org/10.1039/D1CP03239A
https://doi.org/10.1021/jp074419o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074419o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2138697
https://doi.org/10.1063/1.2138697
https://doi.org/10.1080/08927020701528524
https://doi.org/10.1080/08927020701528524
https://doi.org/10.1080/08927020903307529
https://doi.org/10.1080/08927020903307529
https://doi.org/10.1080/08927020903307529
https://doi.org/10.1021/jp807208z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2019.02.125
https://doi.org/10.1016/j.fuel.2019.02.125
https://doi.org/10.1016/j.fuel.2019.02.125
https://doi.org/10.1021/acs.energyfuels.0c04138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2021.122873
https://doi.org/10.1016/j.fuel.2021.122873
https://doi.org/10.1039/c2ee21189k
https://doi.org/10.1039/c2ee21189k
https://doi.org/10.1039/c2ee21189k
https://doi.org/10.1016/j.fuel.2019.116640
https://doi.org/10.1016/j.fuel.2019.116640
https://doi.org/10.1016/j.fuel.2019.116640
https://doi.org/10.3390/en12173399
https://doi.org/10.3390/en12173399
https://doi.org/10.3390/en12173399
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1021/ja049247c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049247c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1209/0295-5075/19/3/001
https://doi.org/10.1209/0295-5075/19/3/001
https://doi.org/10.1063/1.2183308
https://doi.org/10.1063/1.2183308
https://doi.org/10.1063/1.2183308
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp972543+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp972543+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



