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The dissociation processes of methane and carbon dioxide hydrates were investigated by molecular dynamics simulation.
The simulations were performed with 368 water molecules and 64 gas molecules using NPT ensembles. The TraPPE (single-
site) and 5-site models were adopted for methane molecules. The EPM2 (3-site) and SPC/E models were used for carbon
dioxide and water molecules, respectively. The simulations were carried out at 270 K and 5.0 MPa for hydrate stabilisation.
Then, temperature was increased up to 370 K. The temperature increasing rates were 0.1-20 TK/s. The gas hydrates
dissociated during increasing temperature or at 370 K. The potential models of methane molecule did not much influence the
dissociation process of methane hydrate. The mechanisms of dissociation process were analysed with the coordination
numbers and mean square displacements. It was found that the water cages break down first, then the gas molecules escape
from the water cages. The methane hydrate was more stable than the carbon dioxide hydrate at the calculated conditions.
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1. Introduction

Recently, gas hydrates have been receiving special
attention in environmental and energy resource problems.
When the guest molecules are methane (CH,) and carbon
dioxide (CO,), they are called CH; and CO, hydrates,
respectively. The gas hydrate is a solid-like crystalline and
water molecules (host molecules) are linked through
hydrogen bonding to form a lattice structure with cavities
in which gas molecules (guest molecules) are included. The
CH,4 and CO, hydrates belong to type I hydrate [1]. The
crystal structure of type I in a unit cell consists of six middle
cages (tetrakaidecahedra) and two small cages (pentagonal
dodecahedra), where these eight cages consist of 46 H,O
molecules. The total amount of methane stored in CHy
hydrate is estimated to be enormous. Methane hydrate is
considered as a future energy resource. The storage and
transportation of CH,4 gas can be changed from LNG to
CH, hydrate because of economic advantages. The idea to
store up CO, on the ocean floor in the form of CO, hydrate
was proposed to keep the concentration of CO, in the air
below a given level. However, the thermodynamic
properties and the kinetics of the gas hydrates have not
yet been well accumulated, because the experimental
research to elucidate their molecular level structures is
hard.

Hirai et al. [2] studied the stability of the CO, hydrate
using molecular dynamics (MD) simulation. They
reported that the CO, hydrate is unstable as compared
with both empty and argon hydrates because the repulsive
force acting between O atoms of CO, and O atoms in H,O
has a destabilising effect on the CO, hydrate lattice

structure. Hirai et al. [3] performed CO, hydrate formation
by MD simulation. Tse and Klug [4] investigated the
formation and decomposition mechanisms for hydrates.
They reported that the preservation effect may be
explained with a phenomenological model assuming the
formation of a thin ice crust layer. Chialvo et al. [5] studied
the structures and thermophysical properties of CH4 and
CO, hydrates by MD simulation with several molecular
models. English et al. [6] calculated the decomposition of
CH,4 hydrate by MD simulation at 276.65 K and 68 bar.
They indicated that the diffusion of methane molecules to
the surrounding liquid layer from the crystal surface
appears to be the rate-controlling step in hydrate
breakup. Ding et al. [7] studied CH,4 hydrate dissociation
process by MD simulation at constant temperatures. They
found that the first stage is the process associated with
diffusive behaviour of host molecules, and methane
molecules escape from the broken cavities. Myshakin et al.
[8] also investigated the decomposition of CH,4 hydrate by
MD simulation at constant temperatures. It was found that
reversible formation of partial water cages around
methane molecules in liquid was observed at the interface
at temperatures above the computed hydrate decompo-
sition temperature. In the literature shown above, the
dissociation processes for CH, hydrate were investigated
by MD simulation at constant temperatures.

In this work, the dissociation processes for CH, and
CO,; hydrates were investigated by MD simulation with
increasing temperature. The decomposition mechanism
was analysed from the coordination numbers and mean
square displacements for CH, and CO, hydrates.
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Table 1. Potential parameters and charges.

Site (model) ek (K) o (nm)
Water qu (e) qo (e)
O (SPC/E)* 7823 03166  +0.4238  —0.8476
Methane

CH, (TraPPE)®  148.0 0.3730

CC (5-site)® 4872  0.3351

CH (5-site)° 20.55  0.3024

HH (5-site)® 6.79  0.2868

Carbon dioxide qc (e) qo (e)

C (EPM2)¢ 28.13 02757 40.6512

O (EPM2)¢ 80.51  0.3033 —0.3256

#The SPC/E potential model [15] is used for water.

®The TraPPE model [13] is used for the single-site model of methane.
¢ The 5-site model [5] is used for methane.

4The EPM2 [14] model is used for carbon dioxide.

2. Simulation condition

The software used for the MD calculations was
WinMASPHYCPro2.2 produced by Fujitsu. The general
MD calculation conditions adopted in this work are as
follows:

(1) Boundary condition: periodic boundary condition;
(2) Temperature control: Nose method [9];

(3) Pressure control: Parrinello—Rahman method [10];
(4) Time step: 1fs and

(5) Potential cut: half of the initial cell length.

The densities of pure methane were calculated to
compare the potential models of methane. The calcu-
lations were performed with 256 molecules of methane at
5.0MPa and 370 K.

The calculation conditions for hydrates are as follows:

(1) Number of unit cells: 8 (unit cell consists of 46 water
and 8 guest molecules);

(2) Initial coordinate: the initial coordinates of the
molecules were determined from the crystal structure
obtained by the neutron-ray diffraction experiments
(11];

(3) Ensemble: NPT {N, number of particles (water
molecules 368, gas molecules 64); P, pressure
(5.0 MPa); T, temperature };

(4) Temperature profile: equilibrium calculation at 270 K
for 100 ps, temperature increasing rates A7 = 0.1 to
20 TK/s up to 370 K and

(5) Long-range electrostatic interactions: Ewald method
[12].

3. Potential

The TraPPE [13] and 5-site [S5] models were adopted
for methane to compare the effect of potential models. The
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TraPPE is a sphere model. The volume of hydrogen in the
methane molecule is not so large that the approximation of
the sphere model may be reasonable for methane to reduce
the calculation times. The 5-sites model is a more realised
model for methane. For carbon dioxide, the EPM2 [14]
model was used for the calculations. The EPM?2 is a 3-site
model which gives reasonable saturated lines and heat of
vaporisation of carbon dioxide. The SPC/E [15] model was
adopted for water. The SPC/E model gives reasonable
saturated lines and radial distribution function for water
[16]. The calculated results of the Henry constants for
methane in water agree well with the experimental data
with the potential set of the SPC/E model for water and the
TraPPE model for methane [17].

The intermolecular interaction ¢; between mole-
cules i and j was calculated by the Lennard-Jones
potential coupled with the Coulomb interaction shown in

Equation (1):
12 6
Tt _ (s
(rst> <rst> ]

¢ij = 2248‘“
N t
e’ qsq
+ 41reg ZZ rss,l '

s

ey

where r is the distance of sites, &, and o, are the energy
and size parameters, respectively, and subscripts s and ¢
denote sites s and ¢, respectively, e is the elementary
charge, g is the permittivity of free space and ¢ is the
charge. The values of the parameters are listed in Table 1.
The Lorentz—Berthelot combining rule shown in
Equation (2) was adopted between different sites

gy + oy

Est = /&€, Ot = 5 ()

4. Analysis methods

The radial distribution function, coordination number and
mean square displacement were adopted to analyse the
dissociation process of hydrates. The definitions of the
methods are shown by the following equations.

The radial distribution function gy, (7) is defined by

gs(r) = 3

NN, 4 47r2Ar’
where N is the number of sites in the system, V is the
volume of the cell and 7 is the number of sites included in
the spherical shell of Ar in thickness at r position.

The coordination number Zg (r) is defined by the
following equation:

N,
Zu(r) =Y guln- A). “

n
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The mean square displacement Ly;sp is defined by
1 & 2
Lyisp = VZ Iri(t) = riCto)l’, ®)

where r;(t) — ri(tp) is the displacement of molecule i from
time 7 to t.

5. Results and discussion
5.1 Comparison of potential models of methane

The densities of methane were calculated with the TraPPE
(single-site) and 5-site models at 5.0 MPa and 370 K. The
simulations were carried out for 60ps to reach the
equilibrium conditions and the results from 60 to 100 ps
were averaged to determine the densities of methane. The
densities were 27.5 and 26.6 kg/m® with the TraPPE and 5-
site models, respectively. The calculated value with a
precise equation of state is 26.907 kg/m® at the same
condition [18]. Both the potentials give reasonable values
for the densities of methane. Figure 1 shows the calculated
results of methane—methane and carbon atom-carbon
atom radial distribution functions at 5.0 MPa and 370K
with the TraPPE and 5-site models, respectively. As
shown in Figure 1, the positions of the first peaks with two
potentials are almost the same. The initial rise of radial
distribution function with the TraPPE model is slightly
sharper than that with the 5-site model. The height of the
radial distribution function with the TraPPE model is
slightly higher than that with the 5-site model. The results
mean that the molecules of the TraPPE model are slightly
easier to be close to each other when compared with those
of the 5-site model.

1.5

0.5

g
——— T

r(&)

Figure 1. Radial distribution functions of methane at 5.0 MPa
and 370 K; (—) carbon atom—carbon atom with the 5-site model;
(- - -) methane—methane with the TraPPE model.

5.2 Temperature profiles and cell lengths

The temperature profiles and cell lengths are shown in
Figure 2 for CH4 and CO, hydrates. In this figure, the
meaning of marks written in the left and upper sides is as
follows: M and C mean CH4 and CO, hydrates, respec-
tively, the values after hyphen are the increasing rate of
temperature in the unit of TK/s and the potential models of
guest molecules are shown in parentheses. The marks are
used for all of the following figures in this work. In the case
of low increasing rate of temperature such as 0.1 TK/s, the
cell lengths slowly increased with increasing temperature,
and rapidly increased during increasing temperature. In the
case of high increasing rate of temperature such as 20 TK/s,
the cell length increased as the temperature increased, and
the cell lengths rapidly increased at 370 K. When the cell
length increased rapidly, the hydrate dissociated. The
dissociate temperatures and cell lengths of methane are
shown in Figure 2(b) and (c) with two potential models. The
dissociate time of methane with the TraPPE model was
slightly slower than that with the 5-site model. The cell
lengths at 270 K were very similar to the two potential
models. The cell length and structure of the hydrate are
dependent on the potential model of host water molecules,
and are almost independent of the potentials of guest
molecules. After dissociation, the cell length with the
TraPPE model was 26.5 A and that with the 5-site model
was 28.5A. The cell lengths after dissociation were
influenced by the potential models between water and
methane molecules. The dissociate temperature depends on
the increasing rate of temperature. For example, the
dissociate temperatures for CO, hydrate were about 320
and 350K for AT = 0.1 and 0.5 TK/s, respectively. The
dissociation time and temperature of CO, hydrate were
faster and lower than those for CH, hydrate with the two
potential models for each increasing rate of temperature,
respectively. This means that CH,4 hydrate was more stable
than CO, hydrate at the calculated conditions with the
potentials adopted in this work.

5.3 Snapshots of methane hydrate

Figure 3 shows three snapshots of CH,4 hydrate. Figure 3(a)
shows the equilibrium state at 270 K. It can be confirmed
that the molecules constitute the hydrate structure. During
increasing temperature, the hydrate maintained the
structure for a while, and then it began to decompose.
Figure 3(b) shows the configuration in the middle of
decomposition. Figure 3(c) shows the configuration at
370 K. The hydrate structure cannot be observed and the
system was separated into CH,- and H,O-rich phases.

5.4 Radial distribution function

Figure 4 shows the radial distribution functions for M-0.5.
As shown in Figure 4(a) at 270K, the first peaks of the
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Figure 2. Temperature profiles and cell lengths for CH4 and CO, hydrates. (a) CH, hydrate with the TraPPE model, AT = 0.1 TK/s;
(b) CH,4 hydrate with the TraPPE model, AT = 0.5 TK/s; (c) CH,4 hydrate with the 5-site model, AT = 0.5 TK/s; (d) CH, hydrate with the
TraPPE model, AT =20TK/s; (¢) CO, hydrate with the EPM2 model, AT = 0.1 TK/s; (f) CO, hydrate with the EPM2 model,
AT = 0.5TK/s and (g) CO, hydrate with the EPM2 model, AT = 20 TK/s; (—) temperature profile; (- - -) cell length.
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Figure 3. Snapshots of MD simulation for CH, hydrate
dissociations with the 5-site model (AT = 0.5 TK/s).

radial distribution functions for methane were observed at
about 7.5 A and the hydrate was formed. The peaks with
the 5-site model were slightly broader and lower than
those with the TraPPE model. This means that the methane

molecules with the 5-site move in wider space in hydrate
cages than those with the TraPPE model. Figure 4(b)
shows the water (oxygen atom)—water (hydrogen atom)
radial distribution functions. The first peaks represent
hydrogen atoms in own molecules. The second peaks
represent the hydrogen bond. The radial distribution
functions with two models were very similar. The structures
of water were not influenced by the potential models of
guest methane molecules. Figure 4(c) shows the radial
distribution functions for methane after dissociation at
370 K. The shapes of the radial distribution functions in the
figure were very similar to those in Figure 1 except for the
heights. The peak heights depend on the fluid densities. It is
shown that many methane molecules moved out from the
cages and made a fluid-like structure. Figure 4(d) shows the
radial distribution functions of water at 370 K with the two
potential models of methane. It is found that water
molecules made liquid phase at the condition. As shown in
Figure 2(b) and (c), the cell length with the TraPPE model
was 26.5 A and that with the 5-site model was 28.5 A at
370K. The cell volume with the 5-site model was 1.24
times larger than that with the TraPPE model at 370 K. As
shown in Equation (3), the radial distribution function is a
function of volume. If one divides the radial distribution
function with the 5-site model by 1.24, the results become
very similar to the radial distribution function with the
TraPPE model. This means that the structures of water in
methane-+ water mixture with the two potential models of
methane were very similar. The above results mentioned
that the potential models of methane molecule did not much

(a) 4 T T

3_

g
[\

g

g
[\)

O 1 1
0 5 10
r(A)

g
[\)

M-0.5

Figure 4. Radial distribution functions of CH, hydrate (AT = 0.5TK/s). (a) Methane—methane from 60 to 100ps at 270K;
(b) water(O)—water(H) from 60 to 100 ps at 270 K; (c) methane—methane from 560 to 600 ps at 370 K and (d) water(O)—water(H) from

560 to 600 ps at 370 K; (—) 5-site model; (- - -) TraPPE model.
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Figure 5. (a,c,e) Temperature profiles and cell lengths. (a) CH4 hydrate, AT = 0.1 TK/s; (c) CO, hydrate, AT = 0.1 TK/s; (e) CO,
hydrate, AT = 20 TK/s; (—) temperature profile; (---) cell length. (b,d,f) Coordination numbers. (b) CH4 hydrate, AT = 0.1 TK/s; (d)
CO, hydrate, AT = 0.1 TK/s; (f) CO, hydrate, AT = 20 TK/s; (- - -) H;O (H—0); (—) M-cage gas; (- - —) S-cage gas.

influence the dissociation process of methane hydrate. To
save the calculation times, it may be reasonable to adopt the
TraPPE model to analyse the dissociation process of
methane hydrate. The authors used only the TraPPE model
for methane in the flowing sessions.

5.5 Coordination numbers

The simulated results of coordination numbers for guest
gases and water molecules are shown in Figure 5. The
integration ranges are 2.55, 4.35 and 425A for water,
methane and carbon dioxide molecules, respectively. The
integration ranges of methane and carbon dioxide
molecules were determined from the start positions of
the first peaks of radial distribution functions for CH4 and
CO; hydrates at 270 K, respectively. The integration range
of water was determined from the end position of the
second peak of radial distribution functions for water at
270K. The start points to dramatically decrease the
coordination number for water and those to increase the
coordination number for guest gases are shown by circles
in Figure 5(b), (d) and (f). For all systems, the points that
dramatically decreased the coordination number of water
molecules are earlier than those that increased the
coordination number of gas molecules. This means that

the water cages break down first, and then the guest gases
get out from the cages.

5.6 Mean square displacements

Figure 6 shows the mean square displacements during the
start times for dissociations. The slopes of the mean square
displacements of guest gases and water during the start
times for dissociation are listed in Table 2. As shown in
Table 2, the slopes of the mean square displacements of
guest gases were smaller than those of water during the
start times for dissociation. This means that the water
cages break down first, and then the guest gases get out
from the cages. The results are consistent with those from
the coordination numbers. The results were obtained for
CH,4 and CO, hydrates with increasing temperature. The
results are consistent with the results by Ding et al. [7] for
CH, hydrate simulation at constant temperatures.

6. Conclusion

The dissociation processes for methane and carbon dioxide
hydrates were investigated by MD simulation with
increasing temperature. The TraPPE (single-site) and
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Figure 6. Mean square displacements Lyisp. (a) Methane molecules for CHy hydrate, AT = 0.1 TK/s; (b) water molecules for CH,
hydrate, AT =0.1TK/s; (c) carbon dioxide molecules for CO, hydrate, AT = 0.1 TK/s; (d) water molecules for CO, hydrate,
AT = 0.1 TK/s; (e) carbon dioxide molecules for CO, hydrate, AT = 20 TK/s and (f) water molecules for CO, hydrate, AT = 20 TK/s.

Table 2.  Slopes of the mean square displacements of guest and
water molecules from 0.5 to 6ps during start times of
dissociations.

Slope X 10% (A%/ps)

Condition Period (ps) Guest Water
M-0.1 (TraPPE) 1050-1060 3.0 10.0
C-0.1 (EPM2) 680—690 8.1 14.6
C-20 (EPM2) 100-110 32 4.4

5-site models were adopted for methane molecules. The
potential models of methane molecule did not much
influence the dissociation process of methane hydrate.
Methane hydrate was more stable than carbon dioxide
hydrate at the calculated conditions with the potentials
adopted in this work. The points that dramatically
decreased the coordination number of water molecules
were earlier than those that increased the coordination
number of gas molecules. The slopes of mean square
displacements for guest gas molecules were smaller than
those for water molecules during the start times for
dissociation process. The results mean that the water cages
break down first, and then the gas molecules get out from
the water cages.
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