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Gas hydrates could show an unexpected high stability at conditions out of thermodynamic
equilibrium, which is called the self-preservation effect. The mechanism of the effect for methane
hydrates is here investigated via molecular dynamics simulations, in which an NVT/E method is
introduced to represent different levels of heat transfer resistance. Our simulations suggest a
coupling between the mass transfer resistance and heat transfer resistance as the driving mechanism
for self-preservation effect. We found that the hydrate is initially melted from the interface, and
then a solid-like water layer with temperature-dependent structures is formed next to the hydrate
interface that exhibits fractal feature, followed by an increase of mass transfer resistance for the
diffusion of methane from hydrate region. Furthermore, our results indicate that heat transfer
resistance is a more fundamental factor, since it facilitates the formation of the solid-like layer

and hence inhibits the further dissociation of the hydrates. The self-preservation effect is found to

be enhanced with the increase of pressure and particularly the decrease of temperature. Kinetic
equations based on heat balance calculations is also developed to describe the self-preservation
effect, which reproduces our simulation results well and provides an association between microscopic
and macroscopic properties.

Gas hydrates are a class of inclusion compounds formed by the physically stable interaction between
water and guest molecules, in which guest molecules occupy the cages built by hydrogen-bonded water
molecules'. There are two common types of gas hydrate structures formed in nature: sI with six 5'%62
cages and two 5'2 cages, and sII with eight 5'%6* cages and sixteen 5'2 cages®. Since the high stability
below freezing point of water at atmospheric pressure, gas hydrates are expected to be a new medium
for energy storage and transport’. Comparing with the traditional energy transport methods, utilization
of gas hydrate has several advantages: low cost for gas compression or liquefaction, low investment for
pipe installation, suitable for high volume transport, and relatively little impact on the environment.

: Over the past 2 or 3 decades, many authors*!* have studied the melting of gas hydrates at a tem-

. perature blow 273K and an ambient or medium pressure. An anomalous phenomenon was commonly
found that some kinds of hydrates can prevent themselves from further decomposing above their melting
points but below the melting point for water, and hence show an unexpected stability. This stability under
non-equilibrium conditions is thought to be caused by a layer of ice formed when the hydrate melts,
and the ice layer coats the hydrate surface to seal it from further dissociation. This effect is called the
“self-preservation” of hydrates®. Kuhs et al.'* attributed the self-preservation effect to a diffusion-limited
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Figure 1. The initial configuration for a typical simulation run. The system was divided into two regions
along the x-direction: hydrate region (region A) and rest of the system (region B). In the figure, red wire-
frame models represent H,O molecules and the hydrogen bonds formed between them, while gray spheres
represent CH, molecules.

reduction of guest molecules within the surrounding ice layer. Takeya and Ripmeester!® suggested that
the self-preservation is related to the interaction between guest and water molecules. A two-step dis-
sociation model was first reported by Handa*: the destruction of the host lattice followed by the deso-
rption of the guest molecules. Very recently, a consecutive desorption and melting (CDM) model was
proposed by Windmeier and Oellrich! in their theoretical study. They suggested that the desorption of
guest molecules near the interface is the reason for hydrate decomposition, which leads to the melting
of the superheated empty hydrate lattice. Although the above investigations provide important insights
into the anomalous preservation effect, the molecular mechanism for this kind of self-preservation effect
remains unclear.

Since the temporal and spatial limitations of the monitoring techniques, molecular simulation
becomes a powerful method of providing molecular details of hydrate decomposition. By performing
molecular dynamics (MD) simulations, Béez et al.'® and English et al.' found that the surface layer of
hydrate is composed of partial cages with guest molecules, and the dissociation near the hydrate-fluid
interface is roughly in a stepwise manner. Subsequent MD study further indicated the decomposition
occur in a heterogeneous layer-by-layer manner®. Tse et al.*! investigated the decomposition process
of sI xenon hydrate with MD simulations, and they found the melted water molecules reassemble into
solid-like structure near the hydrate surface to block its further decomposition. Considering the heat
transfer during the hydrate melted, Baghel et al.** performed micro-canonical MD simulations at tem-
peratures higher than 273 K, and fitted their results to the heat balance equations.

In general, the unexpected hydrate stability is presumably ascribed to the formation of the ice layer on
hydrate surface that reduces the diffusion of guest molecules**!>!7, but the origin of the self-preservation
effect, i.e. the molecular mechanism that causes the anomalous effect, remains unclear. Molecular sim-
ulation studies aforementioned provide the microscopic insights on the decomposition of gas hydrate,
however, the self-preservation effect is clearly of distinct origins as it in fact prevents hydrates from
decomposing above their melting point. Inspired by molecular simulation studies on hydrate decomposi-
tion'8-22, in this work we investigated the mechanism of the self-preservation effect for methane hydrates
via molecular dynamics simulations, and the simulation results suggested a coupling between the mass
transfer resistance and heat transfer resistance as the driving mechanism for self-preservation effect.

Results

The general feature of self-preservation effect. To investigate the molecular origin of the
self-preservation effect, in this work a series of NVI/E MD simulations at different temperatures and
pressures (see Methods section for details) were performed to explore systematically what is responsible
for the effect in hydrate melting. Some general characteristics found from our simulations on the hydrate
decomposition are discussed below on the aspect of the self-preservation effect.

By taking the NVT simulation at 265K and 5 atm for example (see the initial configuration in Fig. 1),
the time evolution of H,O and CH, densities during the hydrate decomposition process is given in Fig. 2.
It clearly shows that the hydrate was melted to liquid water firstly, and then solid-like water structure
was formed and grew continuously on the outer side of the liquid water as the simulation proceeds. No
significant resistance for CH, mass transfer is found until a complete solid layer of water is formed, as
indicated by the gradual accumulation of CH, between the undecomposed hydrate and the solid-like
water layer.

With the hydrate melted, the surface of hydrate phase is shrinking. Since the hydrate decomposition
is not in a layer-by-layer manner, it is difficult to determine the hydrate surface exactly by using the
density profile as shown in Fig. 2. Here we used a wave packet method to determine the phase interface:
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Figure 2. Time evolution of density profile for (a) water molecules and (b) methane molecules in the
system at 265K and 5 atm. In the figure only the right half part of the system in x-direction is shown. In the
upper panel, the water molecules belong to hydrate crystal, liquid-like structure and solid-like structure are
colored as black, green and blue, respectively.

for a water molecule located at X, a density profile is given by a wave packet p, (¥) = 0.03943¢ 03040~
(see Methods section for details). Then, we defined the density profile of the system as the summation
of all the wave packets belonging to different water molecules p (¥) = Zf\i "0p.(X), and the phase inter-

face was determined at p(¥) = 0.5p, = 0.5p,(¥)|. . = 0.01971 After the determination of the
X=X,

i,max
phase interface, surface area can be easily calculated. If the melting surface of hydrate remains flat during
the whole process, the surface area is expected to be proportional to the square of the side length.
However, Fig. 3a indicates that the surface shows a fractal feature instead. In this work, we assume that
the interface area can be written as A = kr”, where k is a constant, 7 is the side length of cross section
and D is the surface fractal dimension. The D can be determined by fitting above equation to the simu-
lation date, and the results are shown in Fig. 3b. A fractal dimension of D~2.62 is obtained for our
systems with a cross section of 4 x 4 unit cells. We should note that the size of cross section, however,
can affect the fractal feature (Fig. 3b) since fractal structure itself is a nesting structure in different
scales®.

The occurrence of fractal feature facilitates the decomposition of gas hydrate owing to the obvious
increase of surface area. Combined with Figs. 2 and 3, one can find that D is greater than 2 although the
decomposition slows down and even stops, indicating a high interfacial energy. Therefore, the formation
of the solid-like layer results in not only the resistance of mass transfer that increases the chemical poten-
tial of methane 1 dny to prevent the hydrate from further dissociation, but also a higher interfacial
energy odA that comes from a fractal surface of melted hydrate. To give the direct evidence of the
self-preservation effect, we calculated the time evolution of hydrate melting rate (Fig. 4a). The figure
clearly shows that after a short period of rapid melting, the melting slows down gradually and finally

stops. The fitted reaction order from the rate equation with respect to hydrate dissociation

r= i—f =k (L, — L)", in which L is the actual length and L,= 4 is the initial length of hydrate crystal in
x-direction, shows a value of #~2.16 under the thermodynamic conditions (see the inset of Fig. 4a).
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Figure 3. Time evolution of (a) the ratio of surface area A to the square of the side length of cross section 1
and (b) surface fractal dimension for the system at 265K and 5 atm. In the lower panel, the number on the
right side of each curve is the extrapolated value for t— co.
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Figure 4. Melting rate and the half-time for hydrate dissociation. (a) The time evolution of the melting
rate for the system at 265K and 5 atm. The inset is the fitted rate equation for hydrate dissociation. (b) The
half-time for hydrate dissociation as function of temperature and pressure.

The effect of temperature and pressure. Experimental study shows that natural gas hydrates can
be saved more than 1 year at temperature between 255 and 272 K?. It is worthy to study how temperature
and pressure affect the self-preservation effect on molecular level. During the decomposition process, the
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Figure 5. Time evolution trajectories of water components for systems having different temperature and
pressure. The number beside each curve is the pressure of the system.
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Figure 6. Different origins of the water molecules within the solid-like structures. The total number of
solid-like H,O molecules, while that of H,O molecules in residual rings®® (a) or in ice-like structure (b)
within the solid-like structures are both shown. The numbers of each kind of water molecules are counted
from the final configuration of all the systems.

component of H,O in our simulations (hydrate, liquid-like, and solid-like) was analyzed and the results
are shown in a ternary diagram (Fig. 5). The figure clearly indicates that at the end of the totally 100 ns
NVT simulations, the amount of liquid-like water increases at increasing temperature or at decreasing
pressure, indicating a weak self-preservation effect under those conditions. The figure also shows that the
solidification of liquid water (i.e., the formation of ice) is more sensitive to temperature than pressure.

The strong self-preservation effect at decreasing temperature or increasing pressure is partly mani-
fested by enhanced memory effect when hydrate melting slows down. By using the topological algorithm
developed in our previous study?, we calculated the percentage of residual rings in the newly formed
solid-like structures, which is shown in Fig. 6a. We note that the residual ring refers to the ring left from
the melted hydrate cage, in which the water molecules keep connected each other all the time although
the cage is broken. This is the typical feature of memory effect on the microscopic dynamics of hydrate
melting. From Fig. 6a, we can see that both the number of solid-like water molecules and the percent-
age of residual rings within the solid-like layer increase with decreasing temperature, indicating the
enhanced memory effect and the enhanced self-preservation effect. Moreover, ice-like water molecules
in the solid-like layer were also identified by the algorithm mentioned in Methods section, and the per-
centage of ice-like water molecules is given in Fig. 6b. Interestingly, the ice motif occurs only at moderate
temperature. At high temperature, the melted water molecules are hard to nucleate themselves to form
ice, and at low temperature, however, water molecules are also difficult to transform their structure to
ice because of their low mobility.
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Figure 7. Time evolution trajectories of water components for systems with different heat transfer
resistances. (a) 265K and 5 atm and (b) 275K and 1 atm.

In general, Fig. 6 indicates that at sufficiently high temperature the solid-like structure does not
appear, and as the temperature decreases the structure gradually appears near the hydrate surface. Only
at a suitable temperature range, in which the memory effect is weakened by the intermediate mobility of
water molecules, the solid structure is ice-like. For a deeply cooled system, the structure is amorphous
instead. Our simulation results provide a microscopic explanation for the experimental observations”?
that the stability of hydrate has a maximum value as temperature changes.

The effect of heat transfer. Since the latent heat for hydrate decomposition always remove imme-
diately from the thermostat in NVT ensemble, it is difficult to discuss the role of heat transfer on the
self-preservation effect with NVT MD simulations. To illustrate the role the resistance of heat transfer,
we performed NVO simulations instead (see Methods section for details). We still take the system at
265K and 5 atm as an example, and the time evolution of the component of H,O is plotted in Fig. 7a.
With decreasing n of NVO, simulations, which indicates the enhanced resistance of heat transfer, more
melted water molecules show a tendency to form solid-like structure. Thus, the resistance of heat trans-
fer strengthens the self-preservation effect: the resistance of heat transfer facilitates the formation of
solid-like layer, which in turn provides the resistance of mass transfer for the diffusion of guest mole-
cules. In contrast, if the resistance of heat transfer was totally remove, as shown in NVT simulations at
a high temperature of 275K and 1 atm (Fig. 7b), the hydrate will decompose completely, and only the
water molecules in liquid-like structure are left.

To consider the effect of mass transfer, we performed an additional NVE simulation at 265K and 5
atm without the resistance of mass transfer via artificially controlling the released methane: we remove
the methane molecules from the system immediately after they are released from the hydrate region
during the decomposition process. The initial configuration we used is the same as other simulations,
and the simulation time is also 100ns. To make comparison clearly, the result is also given in Fig. 7a.
One can find that without mass transfer resistance, the hydrate melts more thoroughly with less solid-like

SCIENTIFIC REPORTS | 5:14599 | DOI: 10.1038/srep14599 6



www.nature.com/scientificreports/

d(E,~E)
24dt
- 5] [
SR 84
iy )
©
NH:OIBCI'I dr

® 24 dr

!,
dNCHJ..\ t’ {"l!,
3 NG

S24

% ® b ' mass transfer resistance ".'.;'A-'
° e R =g,
© NN,
o ¢ © “é"-‘“\/e/‘;“\ 5
A Y
° °. P ‘\‘i.“}.‘éi%‘!‘“
liquid solid

Figure 8. Schematic illustration of the microscopic mechanism for the self-preservation effect. In the
figure, water molecules are colored as black, green and blue when they belong to hydrate, liquid and solid,
respectively. Methane molecules are modeled as gray spheres.

water molecules in the system. This might be ascribed to the weakened memory effect, since the quickly
remove of methane promotes the dissociation of the residual rings. For the same reason, the nucleation
and growth of hydrate have been found to begin with adsorption of guest molecules on the faces of pen-
tagonal or hexagonal rings?”-*%. Consistently, Jacobson et al.?® suggested that the adsorbed guest molecules
should be considered as a part of the crystal nucleus.

On the molecular level, the mass transfer resistance comes mainly from the difficulty of methane
diffusion. For self-preservation effect, the dynamics is considered as a diffusion-controlled process in
which the resistance of mass transfer is necessary. But we emphasize that the fundamental origin for
the self-preservation is the resistance of heat transfer, rather than that of mass transfer. The heat transfer
resistance induces the formation of solid-like layer, which further enhances the mass transfer resistance.
A schematic illustration of the microscopic mechanism is given in Fig. 8.

Kinetic equations for the self-preservation effect. Based on the heat balance calculations, we
developed a kinetic equation to describe the self-preservation effect, which contains contributions from
both heat transfer and mass transfer. The information we obtained from the simulations allows us to
fit the MD results to the kinetic equations directly. We marked the hydrate region as region A and rest
of the system as region B, as is shown in Fig. 1. Note that the range of the two regions varies during a
decomposition process.

In an adiabatic NVE system, the latent heat of phase change (fusion of hydrate and solidification of
melted water) may locally cause the change of system temperature. Hence, a heat balance equation can
be written as follows.

dNy,0.a Aih n deCH4,A T = Ny,018¢v) + Nu,0,86vs dr n dNy,0.68 Ak
dt 24, dt 24, dt dt 24, (1)

To understand the equation intuitively, a schematic illustration of different terms in the kinetic equa-
tion is given in Fig. 8. The two terms on the left side are the latent heat of hydrate melting in region A
that includes the hydrate and hydrate-liquid water interface. The first term represents the heat for melting
hydrate lattice with A, being the fractal surface area for the hydrate-liquid water interface, and the second
term is for the heat for desorption of CH, from the phase interface. For the second term, we assumed

2
that the heat needed is a function of the rate of CH, molecules escaped from the hydrate cages WNerg.a™,

i.e., the mass transfer of methane with k an arbitrary quantity independent of time. On the right side of
the equation, the first term is the exothermic rate in region B far from hydrate and the hydrate-liquid
water interface. In region B, we omitted the exothermic rate from methane molecules due to a much
smaller number of methane molecules in the region compared to water molecules. Note that the H,O-CH,
interaction in hydrate-liquid water interface should be included (namely,% in eq. (1)) due to the
enrichment of methane molecules near the interface. The last term of the equation is latent heat of water
solidification, with A, the fractal area for the interface between the solid-like water and liquid water. Note
that the two latent terms in our model are time dependent. Only if the melting rate of hydrate and the
freezing rate of liquid water reach zero after initial melting (see Fig. 4a), the two latent heat terms become
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Figure 9. Time evolution of different variables in an NVE ensemble simulation at 265K and 5 atm. (a)
the number of water and methane molecules belonging to different phases and (b) surface fractal dimension.
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Figure 10. Time evolution of temperature for the system at 265K and 5 atm. In the figure, the thin lines
with strong fluctuation represent the temperature obtained by using the equi-partition theorem, while the
thick lines represent that from the equation (3).

time independent and correspondingly the equation simplifies to a quasi-stationary equation. In this
case, the self-preservation effect dominates the hydrate melting.

We further ignored the difference on structure motif of hydrate crystal and solid-like water, and then
we obtain Ajh = —Alh. The equation (1) can be rearranged as

dT
T + MEHT+ N0 =0

24,

dnN,
Cf“, and \,(t) = —

1( ) Ni,0.1,8v,1 + Nuyo,6,86v,s d
Combined with the initial condition of T\t
tion is

(2)
24, dNHZO,A + dNHzO.s,B Alh

Nipyo1,86v1+ Nio spevs \ 2414t 24,dt

0= T» equation (2) can be solved, and the analytical solu-

() = e—fot)q@)dé[T 3 j;f )\z(n)eJ;”A‘@dédn] "

In equation (3), we set ¢y = 75.487 J-mol~-K ™, ¢y, = 36.753 ]-mol 1.K ™}, andAlh =6.017 x 10°J-mol !
as in experiment. Time evolution of the number of particles N H,0,A Ncu AN H,0.1.B and N H,0.5,8° and
time evolution of the fractal surface area A, (hydrate surface) and A, (solid- like water surface) can be
obtained from the MD results. As an example, Fig. 9 gives those variables from an NVE simulation at
265K and 5 atm. By integrating the equation (3), we can obtain the temperature of the system versus
time (Fig. 10). On the other hand, the temperature can be also calculated from the simulations by using
the equi-partition theorem of YN l—m = —N kT. We can see from Fig. 10 that the temperatures
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Figure 11. Time evolution of the total energy of the system at 265K and 5 atm. To facilitate comparison,
the energy of the system at t=0 ns is scaled as 0kJ/mol.

obtained from the two methods are in a good agreement, verifying the correction of the kinetic equation.
We note that if we use 7* instead of the fractal one to represent the interface area, a considerable deviation
is observed on the calculated temperature, confirming the fractal feature of the interface.

For NVO systems, a term of heat flow rate comes from thermostat should be added at the right hand
of the heat balance equation (1). Since the energy difference of the system between the initial value E,
and the current one E can be considered as the thermal energy supplied from the environment, the heat

flow term can be written as 9= ) where A is heat exchange area and equals to 72 Hence, the term

24
A, (t) in equation (2) changes to t

2A
)‘z(t) = - !

N

24,dt 24, dt C 2Adt

dNg,0.4 dNHZO,s,B] 1 d(E, — E)

Ny,o018¢v) + Nu,0586vs (4)

By providing the time evolution of total energy of the system (Fig. 11), for NVO systems the temper-
ature can be again obtained from equation (3) (see also Fig. 10). The figure shows that the temperature
taken from NVT systems is in better agreement than others. A possible interpretation for the deviation
might be ascribed to the temperature gradient existed in the NV©O system. Our kinetic equation does not
include the spatial distribution of temperature. A more accurate equation should include the contribu-
tion from VT.

Discussion

In this work we investigated the molecular mechanism of the self-preservation effect with a combined
NVT/E MD method, which is in particular designed to include different levels of heat transfer resist-
ance. Our simulations indicate that the methane hydrate was initially melted at the interface, and then
the solid-like structure was formed and grew continuously from the melted liquid water, followed by an
increase of mass transfer resistance for the diffusion of CH, molecules. This simulation observation is in
agreement with the suggestion from experimental studies®. More importantly, our simulations indicate
a coupling between the mass transfer resistance and heat transfer resistance as the driving mechanism
for self-preservation effect.

We found that the phase interface of melting hydrates exhibits fractal characteristics, with a fractal
dimension greater than the topological dimension of 2. The fractal characteristics for the phase interface
of melting hydrate were also reported experimentally in porous media*. Furthermore, our simulations
show that the fractal dimension of the interface decreases with increasing cross section (Fig. 3b), indicat-
ing that the hydrate crystal in a larger size has a lower interfacial energy and hence shows an enhanced
stability. This is in agreement with the stability study for CO, hydrate'®, which suggested that the hydrate
is more stable when it has a larger particle size.

We show that the self-preservation effect is enhanced with decreasing temperature or increasing pres-
sure, and more sensitive to temperature. To compare directly with experimental results, we calculated the

half-time of the hydrate dissociation, t, ,, = (2’171;—1;*1’
.

rate (e.g., see the inset of Fig. 4a), and the results are given in Fig. 4b. The variation trend of t,,, versus

T and p is in a good agreement with experimental studies®, in which the authors similarly showed the

anomalous preservation effect at 242-271K. Note that the order of magnitude of #,;, in our work is

by using the fitted time evolution of the melting
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www.nature.com/scientificreports/

p (atm)

T (K) 1 5 10 20
200 5 — — _
250 4 18 37 —
260 3 18 36 —
265 3 17 35 —
270 3 17 34 71
275 3 17 34 69

Table 1. The amount of CH, molecules added in the vacuum layer of the initial configurations. Note:
the symbol ‘—’ in the table represented the conditions we did not simulate because those correspond to
thermodynamically stable conditions for CH, hydrates'.

obviously less than that for the experiments since we only considered the melting of hydrates in a thick-
ness of two lattices. According to our simulations the preservation effect is caused by a combined effects
of heat transfer and mass transfer.

Moreover, our simulations indicate that the ice-like motif was observed only at moderate temperature
range (Fig. 6), as demonstrated by experimental studies”?**2. Note that at the temperature below 200K,
the Ic ice structure has not been observed here as in experimental measurement'*****, and an amorphous
structure for the newly formed solid layer is formed instead. This may be partly due to the much short
time scale covered by our simulations.

Our simulations also suggested a coupling between the mass transfer resistance and heat transfer
resistance that induces the self-preservation effect. Furthermore, the heat transfer resistance is a more
fundamental factor to control the self-preservation effect, in comparison with the mass transfer resist-
ance. This is partly because the solidification of the melted water, which is the first step for the occurrence
of self-preservation effect, is caused mainly by the release of latent heat rather than the mass transfer. The
heat transfer resistance promotes the formation of solid-like layer, which in turn enhances the resistance
of mass transfer. We note that the solid-like layer is formed from the melted liquid water rather than from
the hydrate directly because of the considerably higher energy barrier for the direct hydrate-to-ice transi-
tion (Figs. 2 and 5). This observation is in a good agreement with the suggestion from the experimental
study®, in which the authors found that the hydrate always melts to liquid water before solidification,
and never undergoes a solid-solid phase transformation.

Finally, based on the heat balance calculations we developed here a kinetic equation, which contains
both contributions from heat transfer and mass transfer, to describe the self-preservation effect. The
equation provides a method to make association between the molecular-level knowledge and the mac-
roscopic information.

Methods

Model and simulation procedure. The MD simulations implemented in LAMMPS* were per-
formed in this work. To obtain the initial configuration, we firstly prepared a perfect sI CH, hydrate and
placed it into a simulation box with a size of 4 x 4 X 4 unit cells (1 unit cell equals to 1.245nm). For the
structure of the hydrate, the positions of the oxygen atom in H,O molecules and carbon in CH, were
obtained from the data of the space group of the crystal structure®. This hydrate crystal was relaxed for
2ns through an NpT process at 260K and 5 atm. Then, we replicated the crystal along the x-direction
to get an 8 X 4 X 4 repetition (totally 5888 H,0O molecules and 1024 CH, molecules), and a vacuum
layer of 2 X 4 x 4 unit cells was introduced along the x-direction to each of the two hydrate interfaces,
as is shown in Fig. 1. To investigate the effect of pressure on hydrate decomposition, we added a certain
amount of CH, molecules into the vacuum layer to reach the specified value of the pressure of CH, gas
(e.g. 5 atm). The amount of CH, added is summarized in Table 1, which is determined by the equation
of state developed by Vennix and Kobayashi®.

In our simulations, the TIP4P water model® was used and the rigidity was implemented with SHAKE
algorithm®, while a single point model*! was used to model CH, molecules. The unlike parameters of
Lennard-Jones potentials were obtained by the Lorentz-Berthelot mixing rule. A cutoff radius of 12 A was
utilized for the short-ranged (Lennard-Jones) interactions, while the long-ranged (Coulomb) interactions
were evaluated by using the pppm algorithm*2. Periodic boundary conditions were imposed in all the
three Cartesian directions.

Since the hydrate decomposition involves dissociation and rearrangement of the hydrogen bonds at
the microscopic scale, it is usually not considered as an isothermal process. The hydrate decomposition
is endothermic®, which will cause a drop in temperature® during the melting process. If the heat is
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number of NVT number of NVE
steps steps
NVO_(=NVT) 1000 0
NVO, 800 200
NVO, 500 500
NVO,s 200 800
NVO(=NVE) 0 1000

Table 2. The number of the NVT and NVE steps within one cycle of the NVO simulation.

supplied from the outside when hydrate melted, however, the temperature drop will be weakened. To
investigate the effect of the heat transfer on the self-preservation effect, we performed both NVT sim-
ulations (closed system), NVE simulations (isolated system), and several mixed NVT/E simulations at
different temperature and pressure conditions (see Table 1). The NVT simulations fail to consider heat
transfer resistance, as the heat needed by the hydrate decomposition can be supplied immediately. In
other words, the thermal effect of phase transition is not considered in NVT ensemble. To the contrary,
NVE simulations represent a maximal resistance for heat transfer.

In this work, NVT simulations were performed by using the Nosé-Hoover algorithm** and with the
relaxation parameter of 0.1 ps; while NVE simulations were performed directly. For the simulations of
mixed NVT/E, a series of NVT and NVE simulations were conducted alternatively. By adjusting the ratio
of the steps of the two alternative runs, we can obtain different resistance for heat transfer. The number
of steps we used for different mixed NVT/E runs were listed in Table 2. To simplify the description, we
introduce a uniform symbol of NVO, to describe the different ensemble, in which the subscript n indi-
cates the step number ratio of NVT and NVE within a cycle. Therefore, an NVT simulation can be writ-
ten as NVO_; through a series of mixed NVT/E marked as NVO,, NVO, and NVO,,; with increasing
resistance for heat transfer, we finally get NVO, for NVE. With the increase of #, the resistance of heat
transfer is decreased. A timestep of 1fs was applied in all our simulations, and all of the NVO simulations
were performed on the timescale of 100 ns.

Identification of the ice. Because the structure of the solid-like layer formed at the hydrate surface
is an important issue, a meticulous analysis scheme should be developed. Although the widely used F,
and Q, order parameters®>*® can identify ice clusters from its environments, it is difficult to show the
topological information about the ice structure.

Here we introduced a vertex perception algorithm to obtain ice domains. In ice crystals, each water
molecule is tetra-coordinated to four other water molecules by hydrogen bonds, which means a water
vertex shared by four polyhedral cages. For both Ih and Ic structure, one water molecule may be involved
in (i) one 6° cage (all the three hexagons are chair conformations) and three 6° cages (two are chair and
three are boat conformations); or equivalently involved in (ii) six groups of totally twelve six-membered
rings (there are three boat-boat groups and three boat-chair groups), as is shown in Fig. 12. In the
present work, the melted water molecules are firstly classified into liquid-like or solid-like by their mean
square displacement (MSD). Then, we use the ring perception algorithm*” and the cage identification
algorithm®® to search the hexagonal structures and the cage structures within the solid-like water mole-
cules. Different from what we did in hydrate phase, the cages in ice are concave polyhedrons. If a water
molecule satisfies any of the above conditions (i) and (ii), it will be considered as an ice-like water
molecule.

A wave packet method to determine the phase interface. Since the hydrate melting does not
take place in a layer-by-layer manner, we developed a wave packet method to determine the phase inter-
face. The advantage of this method is that compared with the x-density profile method, it can give more
details about the shape of the interface.

Firstly, we used a wave packet p, (¥) = ¢,e® F5f o expand the density profile of a water molecule
located at %; from a scattered density profile p, (X) = 6 (]¥ — X;|), which is not convenient for mathe-
matical analysis. The parameters of ¢, and ¢, were determined with following assumptions: (i) For a water
molecule located at X;, we assume that the density profile at [ — ¥,| = % decreases to A (A< 1) times of

its maximum density, namely,

- oee(d)
a = Ay = M0, () ‘55:55,»’ ie. e?\2) =)

F-%I=4

p; (%) (5)

(ii) The integration of density profile p, (X) over the whole space should be equal to 1,
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Figure 12. The vertices in the ice Ih crystals. The center vertex of water molecule is shown in red, and the
cages associated with it are colored as cyan.

///V p;(X)dx =1, ie. cl[‘[::o eCZ“’Zdw]3 = Cl{—:—Z] =1 ©)

Combining equations (5) and (6), we got

3

8 ( ln)\)i 3 -
¢, = > (24 o 8 InA\2 4 InA\X-%;
=) nan ) = () e

4
=7 InA

. For the hydrate system, we chose d=2.76 A

T

(the average distance between neighboring water molecules) and A=0.5, and thus obtained
s_op
p,(X) = 0.03943¢ "3¢40F5l,
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