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ARTICLE INFO ABSTRACT

Handling Editor: Wojciech Stanek Knowledge on the kinetics of gas hydrate dissociation in clay pores at static and dynamic fluid conditions is a
fundamental scientific issue for improving gas production efficiency from hydrate deposits using thermal stim-

Keywords: ulation and depressurization respectively. Here, molecular dynamics simulations were used to investigate poly-

Poly- and mono-crystalline hydrates and mono-crystalline methane hydrates in Na-montmorillonite clay nanopores. Simulation results show that

Molecular simulation

Dissociation behaviors
Na-montmorillonite pore

Static and dynamic fluid conditions

hydrate dissociation is highly sensitive to temperature and pressure gradients, but their effects differ. Temper-
ature changes increase thermal instability of water and gas molecules, leading to layer-by-layer dissociation from
the outer surface. Under flow conditions, laminar flow predominates in nano-pores, and non-Darcy flow occurs
due to clay-fluid interactions. Viscous flow disrupts hydrogen bonding at the hydrate surface, enhancing kinetic
instability of water. Grain boundaries of polycrystalline hydrates are less stable compared to bulk phases and
preferentially decompose, forming new dissociation fronts. This accelerates dissociation compared to mono-
crystalline hydrates. Fracture occurs at the grain boundaries of polycrystalline hydrate in the fluid, resulting in
separate hydrate crystal grains. This fracture process further accelerates hydrate dissociation. In flow systems,
methane nanobubbles form in fluid and readily transport with fluid flow. Unlike surface nanobubbles at static
conditions, these liquid nanobubbles exhibit mobility. The findings of this study can contribute to a better un-
derstanding of the complex phase transition behavior of hydrate in confined environment, and provide theo-
retical support for improving production control technology.

which accommodate these guest molecules [4]. Three main types of
NGH crystal structures, including cubic sI and slI, as well as hexagonal
sH, are identified, with their formation contingent upon the guest mol-
ecules’ nature [4]. NGHs are typically occurring in marine sediments,
making up over 90 % of NGH reserves, as well as in permafrost regions
[5,6]. The estimated reserves of NGHs are twice that of the reserves of all
other fossil fuels combined [7]. Therefore, the development of NGHs,
specifically in marine sediment deposits, has received extensive atten-
tion from governments globally [8]. Additionally, hydrates have sig-
nificant potential for various industrial applications related to water,
energy, and the environment, such as CO, capture and sequestration
(CCS) [9], flow assurance [10], hydrogen storage [11], seawater

1. Introduction

The urgent need to address the energy crisis has arisen from the rapid
increase in global consumption of conventional fossil fuels and geopo-
litical instability. Unconventional energy resources like natural gas hy-
drates (NGH) have gained attention due to their abundance and
potential as a natural gas source. NGHs offer a viable solution to the
ever-increasing global energy demand [1-3]. NGHs, hosting primarily
methane as guest molecules, are non-stoichiometric, ice-like crystalline
compounds where the polyhedral cages formed by the concurrent
hydrogen bonding (H-bond) framework of concomitant water molecules
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Nomenclature

Sex external force, kJ/| (mol-;\)

p pressure, MPa/nm

T temperature, K

Ly the box size in the x direction, A

Ly the box size in the y direction, A

w the width of clay pore, A

i,j, k water oxygen number

v hydrate dissociation rate

t time

N, the number of hydrate cages at time t
No the initial number of hydrate cages
Greek

6 angle formed by adjacent water oxygen
@ H-O---O-H torsion angle

Superscript

512 cages cages constructed by twelve pentagons

51262 cages constructed by twelve pentagons and two hexagons
Subscript

F3 order parameter

Fy four-body parameter

Acronyms

NGH natural gas hydrate

H-bond hydrogen bond

MD molecular dynamics

EF-NEMD external field non-equilibrium molecular dynamics
GB grain boundary

PHS poly-crystalline hydrate system

MHS mono-crystalline hydrate

PBC periodic boundary condition

SCS South China Sea

NpT statistical ensemble with a constant particle number N,
pressure p and temperature T

NVT statistical ensemble with a constant particle number N,

volume V and temperature T

desalination [12], waste water treatment [13], and gas transport [14],
all of which involve phase changes of hydrates.

Marine hydrate resources are primarily located within micro- or
nano-scale porous sediments consisting of sand and clay minerals, with
varying degrees of contact with solid particle surfaces [2]. The perme-
ability of these hydrate reservoirs is typically low [2]. Thermal stimu-
lation and depressurization have been proposed as effective methods for
extracting natural gas from hydrate resources [15]. During the extrac-
tion process, by altering the local temperature and pressure conditions
of NGH reservoirs, hydrates dissociate into the desired natural gas and
liquid water within the sediment. However, the complexity of sedi-
mentary environments, combined with the characteristics of volatile oil
reservoirs, contributes to the increased complexity of phase changes in
NGHs and the flow of water and gas during hydrate exploration and

Thermal stimulation

Gas «~ Steam or hot

out Y /- Water injection

Sea floor

» »

Gas @ Water

ili'drate dissociation in pore

@  Hydrate -

development. These factors can potentially pose a higher risk of
methane leakage, making the commercial extraction of NGH resources a
significant challenge. The exploitation of hydrates requires a multidis-
ciplinary approach, incorporating knowledge from geological engi-
neering, engineering thermophysics, and chemical engineering,
spanning multiple length- and time-scales from micro to macro. The
foundation is to understand the kinetic processes and the main con-
trolling factors of marine hydrate dissociation for a wide range of gas
production conditions, especially within confined pores. The general
overview of the problem under study is shown in Fig. 1.

In the mid-1980s, Kim et al. [16] based on in-situ dissociation ex-
periments derived an equation describing gas hydrate dissociation ki-
netics. This study suggested that the dissociation rate of gas hydrates in
liquid phase is proportional to the hydrate phase surface area and the

Depressurization M:J
Gas
out .\ Climate change

Ice

- ——
 Dissociation area

Sediment particle

Fig. 1. Schematic diagram of hydrate dissociation in marine sediments under thermal stimulation and depressurization process.
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fugacity difference of methane at the equilibrium pressure and the
dissociation pressure. Jamaluddin [17], Goel [18], and others subse-
quently revised the equation by Kim et al. [16] For the more complex
low-permeability sedimentary environment of ocean reservoirs, re-
searchers have attempted to reveal the dissociation behavior and its
control mechanism at the pore scale. Pore environment can shift the
condensation curve of methane [19], and alter the transport pathways of
guest and host molecules, ultimately controlling the behavior of hydrate
formation, growth, and dissociation phase transition [20-26]. Experi-
mental results have shown that the gas hydrate dissociation rate is
influenced by factors such as the properties of the hydrate sediment [27,
28], heat transfer rate [28], hydrate saturation [29], and fluid-solid
migration [30]. These factors affect the occurrence of hydrates in
reservoir pores and are closely related to the efficiency of hydrate
dissociation and mass transfer behavior during the exploitation process
after dissociation. Although micro-detection techniques such as X-ray
CT and NMR can be used to observe the phase transition process of gas
hydrates in sediments [29,31-36], the intricate and diverse character-
istics of pore structures and surface physicochemical properties pose
challenges in accurately understanding the patterns of phase transition
behavior in low-porosity and low-permeability reservoirs.

Molecular dynamics (MD) simulation, as a relatively new research
tool, can intuitively present the separation process of natural gas and
water in hydrate by simulating snapshots at the molecular level [24,
37-43], and explain the necessity of the hydrate dissociation pathway
from an energy perspective by energy barrier calculation [39]. The
surface of hydrate clusters in dissociation induced by high temperature
exhibits a series of rapid decay processes and forms transition states,
which are characterized by a progressive and random layer-by-layer
stripping from the outside to the inside at a static condition [24,
37-41]. MD studies have been conducted to explore the kinetic process
of liquid-phase hydrate dissociation due to the influence of various
factors, such as temperature [44,45], pressure [40], salt [46], presence
of bubbles [47], and external electric fields [48]. Various hydrate
dissociation kinetic models have been developed, such as the
Gibbs-Thomson equation-based dissociation model [49] and the
Chen-Guo equation-based dissociation model [50].

Most of MD studies focuses on the hydrate dissociation process in
open-water environments, in recent years, there has been growing
attention to the study of hydrate dissociation within sediment-confined
spaces by heating. Bagherzadeh [24], Liao [25] and Fang [23,26] have
studied the hydrate dissociation behavior in single nanopores of quartz
sand and microcracks of clay minerals by constructing a
two-dimensional “sandwich” pore model (which can be divided into
three layers of solid phase - hydrate phase - solid phase). The simulation
results show that the dissociation process of the hydrate phase is similar
to that in the liquid phase. To achieve separation of methane hydrate, it
is necessary to first break or partially break the spatial lattice structure
formed by the host molecular constituents, and the hydrate grains un-
dergo phase transition dissociation in a “shrinking core” manner
[23-26]. The hydrate dissociation rate is significantly affected by the
interface [24], which is consistent with the experimental results [51].
MD simulations result also indicate that the invasion of drilling fluid
plays a significant role in the dissociation of hydrates by affecting the
fluid-hydrate interactions [25]. In the above simulations, hydrate
dissociation is induced under static conditions through heating, phase
transition process in the fluid flow environment induced by depressur-
ization during exploitation have been few discussed.

Prior research on the dissociation of gas hydrates using MD simula-
tion has primarily emphasized on monocrystalline hydrates, disregard-
ing the fact that gas hydrates occur as polycrystals in both natural
settings and laboratory environments [52,53]. Polycrystalline hydrates
are composed of a network of interconnected crystals, known as grains,
with distinct orientations and boundaries between them. The structure
at grain boundaries differs from the bulk crystal lattice, characterized by
the presence of nonstandard crystal cages and small gas clusters [54,55].
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Compared to monocrystalline hydrates, the presence of grain boundaries
in polycrystalline hydrates can lead to differences in their mechanical
stability [54] under mechanical loading and thermal stability [55].

Benefiting from MD simulation, the microscale dissociation pro-
cesses of mono-crystal hydrates within pores under heating conditions is
being revealed gradually. However, some questions remain unclear,
including the role of grain boundaries in polycrystalline hydrate disso-
ciation within pores; Additionally, depressurization is more efficient for
the process of trial mining of hydrate resources [56-58], the behavior of
hydrate dissociation in flow system during depressurization-based gas
extraction still unclear. Here, we constructed multiphase hydrate
dissociation configurations containing both mono- and polycrystalline
hydrates to study the impact of grain boundaries on hydrate dissociation
in nanopores. External field non-equilibrium MD (EF-NEMD) simula-
tions are introduced to create a flow system in pore and explore the
dissociation behavior of hydrates at dynamic conditions, addressing the
limitations of previous classical MD simulation studies.

This study represents fundamental research aimed at the safe and
efficient exploitation of hydrates, which may have significant implica-
tions for alleviating energy shortages, achieving carbon neutrality, and
fostering sustainable development. The remaining structure of this study
is as follows: First, the method is described in Section 2, including the
initial configurations, force fields, detail of MD and EF-NEMD simula-
tion configuration. In Section 3, the equilibrium structures of ploy- and
mono-crystalline hydrate within clay pore are discussed. Based on the
structure, we study the hydrate dissociation process by heating at static
conditions. Subsequently, hydrate dissociation behavior and nano-
bubble formation in a flow system induced by pressure gradient are
studied. Finally, Section 4 presents a summary of the study’s
conclusions.

2. Method
2.1. Initial configuration

Two multiphase initial systems are constructed with both initial
configurations consisting of clay minerals, a methane hydrate phase, and
two liquid water phases (Fig. 2). The clay pore is constructed by two Na-
montmorillonite slabs and a methane hydrate phase located in the pore
phase with two water phases in both sides. For the Na-montmorillonite
solid phase, the unit cell is created based on the 2:1 structure of pyro-
phyllite which is comprised of one sandwiched Al-O octahedral layer
and two Si-O opposing tetrahedral layers, The lattice parameters of the
pyrophyllite unite cell are from the American Mineralogist Crystal
Structure Database [59]. The final structure of montmorillonite is con-
structed by random isomorphic substitution of AI>* by Mg?* atoms in
the octahedral layer and Si** by AI®" atoms in the tetrahedral layer,
respectively [60]. The Loewenstein’s rule [61] should be obeyed in
isomorphic substitutions for avoiding two substitutions in adjacent
atoms. The isomorphic substitutions lead to a negative charge of
montmorillonite and was compensated by interlayer sodium cations
(Na™), that are randomly put in the water phase in the nanopore. The
chemical formula for the unit clay is Nag75(Siz.75Alp.25)(Al3 sMgo.5)
0O20(OH)4 and each solid slab is constructed by 20 x 1 x 7 unit cells.

The construction of the unit cell in methane hydrate is identical to
that in Takeuchi’s work [62]. The water oxygen coordinates are deter-
mined by X-ray crystallography results, while the positions of water
hydrogen atoms are adjusted according to the Bernal-Fowler rule to
minimize both dipole moment and potential energy of the system. The
methane molecules fully occupy the hydrate cages formed by
hydrogen-bonded water molecules. The unit cell of methane hydrate
adopts an sl structure with a lattice parameter of 12.03 A [62]. The
polycrystalline hydrate phase is constructed by two monocrystalline
hydrate grains, one is a 5 x 5 x 3 supercell, the other supercell is also
constructed by 5 x 5 x 3 unit cell which was rotated by 90° along the
Y-axis. The grain boundary (GB) shown in Fig. 2(a) joins the (100) and
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Fig. 2. Initial multi-phases simulation configurations with (a) polycrystalline and (b) monocrystalline hydrate phases in the clay interlayer. The Na-montmorillonite
clay phase, liquid water phase, hydrate phase, and water layer between hydrate and clay surface are shown. The unit cells of hydrate and clay are shown. Two
monocrystalline hydrate grains in the PHS are colored by red and blue respectively. Atom color scheme: Si, yellow; Al, cyan; Mg, orange; C, green; H, white; Na, pink;

O, red and blue.

(001) crystalline planes of the two monocrystalline methane hydrates in
the x-direction. The monocrystalline hydrate is built by the 10 x 5x 3
supercell and shown in Fig. 2(b).

In the pore space, hydrate phases are located in the central region,
while the remaining space on both sides of the hydrate phase is occupied
by liquid water molecules within the clay pores. It is important to note
that a thin layer of water exists between the clay and hydrate surfaces.
This arises from the incomplete translation of water molecules near the
solid surface into the hydrate phase, as observed in experiments and
simulations [63-66]. This interlayer plays a role in accommodating the
mismatch between clay and hydrate crystals [63-66]. There are 11200
atoms in the two clay slabs, 7879 water molecules in water phase, along
with 210 Na™ ions, 6900 water molecules and 1110 methane molecules
in the hydrate phase in each initial simulation configuration. In this
work, the initial systems consisting of poly-crystalline hydrate phase or
mono-crystalline hydrate phase are referred to as PHS and MHS,
respectively.

2.2. Force fields and simulation details

The TIP4P/ice [67], OPLS-UA [68], and CLAYFF [69] force fields are
used to model water, methane, and Na-montmorillonite substrates
(including Na™ ions), respectively. The parameters for these force fields
are listed in Table S1 of the Supporting Information. The TIP4P/ice
water model is an adequate choice for predicting the coexistence equi-
librium temperatures and pressures of the hydrate (or ice) by classical
MD simulations [67,70]. The CLAYFF force field is suitable for simu-
lating the phase change process of hydrates in clay systems [25,71,72],
as well as interfacial phenomena with aqueous solutions [73]. Newton’s
equations of motion are integrated using the leapfrog algorithm [74]
with a time step of 1 fs. The Lennard-Jones potential is used to describe
the van der Waals interactions [75], and the Lorentz-Berthelot
combining rules are used for the dissimilar atom pairs [76]. The
short-range nonbonded interactions (including the van der Waals and
Coulomb interactions) are calculated with a cutoff distance of 1.2 nm.

Long-range electrostatic interactions are handled by the Particle-Mesh
Ewald summation method [77]. Periodic boundary conditions (PBCs)
are used in all directions, and all the simulations are performed by the
Gromacs software (version 2018.2) [78,79]. The identification of poly-
hedral cages, including the 5'2 and 5'262 cages, is accomplished using a
cage identification code developed by Jacobson et al. [80].

2.3. Equilibrium molecular dynamics simulations

In each MD simulation, the energy of the systems is minimized for
the two initial configurations using a conjugate gradient algorithm [81].
A 2 ns NpT simulation is performed to relax the temperature and pres-
sure of each system. The equilibrium pressure and temperature are set to
14.5 MPa and 287 K, respectively, which is approximately equal to the
average pressure and temperature of the South China Sea (SCS) hydrate
reservoir [82]. The velocity rescaling method incorporating a stochastic
term is used to couple the temperature with a thermostat constant of 0.1
ps, and the pressure is controlled using the Parrinello-Rahman exten-
ded-ensemble pressure coupling method with a barostat constant of 1.0
ps [83,84]. The equilibrated system was used for the production of MD
simulations. A long 10 ns NVT ensemble simulations was performed for
each simulation. These production MD simulations are used to study the
temperature effects on hydrate dissociation dynamic behavior with
temperature settings to 287, 307, 327, 337, and 347 K, respectively.
Setting a high dissociation temperature is advantageous for analyzing
the hydrate dissociation behavior in the pore within the constraints of
limited simulation time.

2.4. External field nonequilibrium molecular simulations

To investigate the impact of depressurization-induced pressure
gradient on gas production, we use external field non-equilibrium MD
molecular dynamics simulations to replicate the hydrate dissociation
process in a multi-phase flow system. We apply a high-pressure gradient
ranging from O to 50 MPa/nm. Despite the deviation from the actual
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pressure gradient setting, this high-pressure gradient is necessary
because the directional flow of water and gas molecules within the
nanopore, driven by the pressure gradient, cannot be adequately facil-
itated by a small external force alone. Thermal fluctuations and surface
interactions can counterbalance this external force. The use of a high-
pressure gradient helps to optimize computational efficiency and has
been widely utilized in previous studies focused on simulating nanoscale
flow [85,86]. In the flow direction (x), the external force acting on each
atom can be obtained by Ref. [85]:
x6.022x107°

fex=

dp L.LW
- = 1
N M

dx

where fo is the external force in the unit of kJ/ (IIlOl-A); % is the pressure
gradient in the unit of MPa/nm, in our simulations, i—f’( is set to 0, 10, 20,
30, 40, 50 MPa/nm, respectively; Ly and L, are the box size in the x and z
direction respectively, W is the width of clay pore, the unit of box size
and pore size is A. A 10 ns NVT simulation is performed followed the
equilibrium simulation for the two systems at different temperatures and
pressure gradients in the x direction. Both clay sheets are kept as rigid
structures.

3. Results and discussion
3.1. Poly- and mono-crystalline hydrate structure within clay pore

The variation of the potential energy of the system and the clathrate
cage number in the hydrate as a function of time is shown in Fig. S1 and
Fig. S2 of the Supporting Information respectively. These figures are
obtained after a 2ns NpT ensemble simulation, where the hydrate phases
in the two systems reached equilibrium at 287 K and 14.5 MPa. Fig. 3
shows the water and methane density profiles along the X and Y di-
rections for the two systems after 2 ns, respectively. In Fig. 3(a), the
water density in the liquid phase is observed to be higher than that in the
hydrate phase. The hydrate phases are situated between the two liquid
water phases in the x-direction, indicating that partial hydrates near the
liquid water phase undergo dissociation. Several methane molecules are
present in the liquid phase, suggesting the release of methane from the
hydrate cages and its diffusion into the surrounding liquid water layer.
In the y direction (Fig. 3(b)), two water shells are visible on the solid
phase, at a significantly higher water density compared to the bulk
phase. This phenomenon may be attributed to adsorption effects be-
tween water and the hydrophilic solid surfaces. Similar water layers can
be observed on other hydrophilic solid surfaces [23,85,86]. Several
methane molecules are found within this water layer, indicating the
dissociation of hydrate phases in contact with the solid phase.

The dissociation process of both polycrystalline and monocrystalline
hydrate in clay pore are studied. The snapshots for both systems after 2
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ns equilibrium simulation are shown in Fig. 4. To better understand the
multi-phase system in clay pore, the F3 order parameter proposed by
Baez and Clancy [37] and the F4 [87] order parameter are used to
characterized the water molecules. The Fs order parameter can be pro-
vide a deviation of the tetrahedral structure formed by four adjacent
neighbor water oxygen atoms of the target water from the standard
tetrahedral structures:

Fs;=¢( [cos Gj,»k|cos Gjik} + cos? 109.47}2)_/._*
~ 0.1
:{~00
where 6ji is the angle formed by the center oxygen atom i and two
neighbor water oxygen atoms i and j within a first spherical shell of
center atom i (the radius is 3.5 A corresponding to the distance of first
minimum in the RDF of water oxygen in a liquid phase).
The F4 four-body parameter [87] is computed by the H-O
torsion angle (¢). Each atom O belongs to the adjacent water molecules

respectively; the H are the outer most hydrogen atoms in each adjacent
water molecules:

(2)

liquid water
solid water (ice, hydrate)

Fy, =(cos 3¢;)
~ —04 ice
~ —0.04 water phase
~ 0.89 sl hydrate
~0.96 slI hydrate

3

The F3 and F4 order parameters along the x direction at 2 ns are
presented in Fig. 4. The variation of the F3 and F4 order parameter is
almost the same. We used PBCs in our simulations, thus, both systems
are symmetric. In the PHS system, the pore space can be divided into
seven areas along the pore direction. The first area is the liquid water
phase, followed by the water-hydrate interface. During the equilibrium
MD simulation, the corners of the hydrate cluster, characterized by a
small curvature, transition into the liquid phase. This transition is
accompanied by the release of methane molecules from the hydrate
cages, which diffuse into the liquid water phase. This phenomenon is
induced by the Gibbs-Thomson effect [88]. As a result, the hydrate phase
changes from a cubic shape to a roughly circular cross-section, a char-
acteristic observed in both systems. Adjacent to the hydrate phase, be-
tween the two hydrate grains in the PHS system a grain boundary region
exists. The F3 and F4 order parameters, as visualized in Fig. 4, effectively
illustrate the changes in water molecules within different regions of the
pore space. Specifically, these regions include the liquid water phase,
the water-hydrate interface, and, in the case of the PHS system, a grain
boundary region. The calculated order parameters reveal that water
molecules in this grain boundary area are in a transitional state, which is
supported by research conducted by Zhang et al. [55]. When comparing
the MHS system to the PHS system, the variations in the behavior of

(b) 1600 T T T T
1400 PHS-H,0
i MHS-H,0 \
T 1200- —— PHS-CH, i
% MHS-CH,
=
~ 1000 A q
2
‘@
£ 800 .
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Fig. 3. Density profiles for water and methane along the (a) x and (b) y direction for the PHS and MHS systems.
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Fig. 4. Snapshots of (a) PHS and (b) MHS systems after 2 ns equilibrium MD simulation, F3 and F4 order parameters for the water molecules along the x axis

are shown.

water molecules are similar in most areas, with the exception of the
absence of a grain boundary region in the former.

3.2. Effect of temperature on hydrate dissociation

The time variation of the number of clathrate cages 5! and 5'262
between two clay slabs for the two systems in 10.0 ns is shown in Fig. 5.
In each system, the number of 5'2 cages is lower than the number of
51262 cage. This is because the ratio of the two cages is 1:3 in the unit cell
of sI methane hydrate, while the trend of the changes in the quantities of
these two types of crystal lattices is consistent in each simulation. At
287 K, there is minimal hydrate dissociation within the clay pore, with
only slight fluctuations in the cage numbers. As the temperature in-
creases to 307 K, 327 K, and 337 K, the hydrate phase becomes
increasingly unstable, leading to a significant reduction in the number of
cages over time. In the PHS system, the hydrate dissociation percentages
at these temperatures are 2.5 %, 32.9 %, and 63.75 %, while in the MHS
system, they are 2.0 %, 33.3 %, and 51.8 %. When the temperature
reaches 347 K, complete dissociation of the hydrate phase occurs within
the 10 ns simulation time, with dissociation times of 6.0 ns for the PHS
system and 8.9 ns for the MHS system. These simulation results highlight
the significant positive effect of temperature on hydrate dissociation,
which has also been discussed in previous studies [24,37-41].

As the temperature increases, the kinetic energy of molecules in the
simulated system also increases. The mean square displacements (MSD)
of water and gas molecules at different temperatures are shown in Fig. 6.
As expected, higher temperatures lead to larger MSD amplitudes for

water molecules. In hydrates, rising temperatures make it more likely for
water molecules to break free from the constraints of the solid-phase
hydrogen bonding network, thus facilitating hydrate dissociation. By
applying the Einstein relationship, the self-diffusion coefficients of water
and methane were calculated (Fig. 7(a)). These coefficients increase
with temperature, reflecting the enhanced thermal motion. Notably,
water molecules in the PHS system exhibit higher diffusion coefficients
compared to the MHS system, especially at elevated temperatures. This
difference is correlated with the rate of hydrate dissociation, where a
faster rate allows more water molecules to escape the H-bonded
framework.

Fig. 7(b) shows the average dissociation rate (computed as v = <-dN/
dt>, where v represents the dissociation rate, t is the hydrate dissocia-
tion time, N is the total hydrate cage count, and < ... > indicates an
ensemble average). At lower temperatures (below 327 K), both the PHS
and MHS systems exhibit similarly low hydrate dissociation rates,
indicating minimal dissociation. However, at higher temperatures, the
polycrystalline hydrate in the PHS system dissociates more rapidly than
the monocrystalline hydrate in the MHS system. This difference becomes
more pronounced with increasing temperature. The dissimilarity in
dissociation behavior between mono-crystal and polycrystalline hy-
drates is particularly evident at high temperatures, in alignment with the
diffusion coefficients of water and methane molecules (Fig. 7(a)). To
comprehend the factors underlying this distinction, it is crucial to
examine the dissociation processes of these two types of hydrate
crystals.

Figs. 8 and 9 show snapshots of the hydrate dissociation process for
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Fig. 5. The number of the two clathrate cages (52

and 5'26%) as a function of time at different temperatures, (a) PHS, (b) MHS.
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the PHS and MHS systems at different temperatures (287 K, 327 K, 337
K, and 347 K). At 287 K, both systems exhibit a dynamic stability of the
hydrate phase throughout the simulation. By analyzing the entire
dissociation process, it can be observed that the hydrate phases disso-
ciate from the outside to the inside in a layer-by-layer manner. This
phenomenon aligns with findings from previous studies and suggests a
characteristic dissociation pattern for hydrate phases [26,37,89]. Crys-
tals inside the hydrate cluster keep stable until the most outer layer
dissociated. This phenomenon is because the mass transfer of guest
molecules in the hydrate cages is impeded by outer solid hydrate phase,
which can stabilize the cage structure formed by H-bonded network of
water molecules.

As shown in Figs. 8 and 9, the shape of the residual hydrate phase
seems an elliptical core during the dissociation process in the MHS
system (Fig. 9), while in the PHS system (Fig. 6), the water molecules in
boundary region between the two hydrate grains exhibit greater insta-
bility compared to those in the bulk hydrate phase. As dissociation
progresses, water molecules in the solid phase at the grain boundaries
rapidly melt from the outside to the inside due to their instability in the y
direction. This leads to the caving in of the hydrate phase at the grain

boundary, resulting in a dumbbell shape for the polycrystalline phase
(since there are two hydrate grains in the system). This shape increases
the interfacial area between the hydrates and water phase compared to
that in the monocrystalline hydrate system. As a result, the dissociation
process is accelerated with a larger dissociation front surface in the
polycrystalline hydrate system at the same temperature and pressure.
Although the grain boundary connecting the two hydrate grains de-
creases during the hydrate dissociation, the two hydrate grains remain
bound together through the grain boundary until complete dissociation
of the hydrate phase.

At 347 K, the hydrate phase has completely dissociated, and all
methane molecules are released from the hydrate phase and diffuse into
the surrounding liquid water phase. As a result, nanobubbles are formed
due to the low solubility of methane in water [90]. These nanobubbles
can be observed in Figs. 8(d) and Fig. 9(d) for both the PHS and MHS
systems. These nanobubbles tend to adsorb on the clay surface, forming
a small contact angle (less than 90°), which can be attributed to the
hydrophilic nature of the clay surface. This result implies that if thermal
stimulation alone is used for hydrate exploitation, particularly in hy-
drate deposits containing the montmorillonite as the framework, a
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Fig. 8. Snapshots of polycrystalline hydrate dissociation in clay nanopores at different temperatures: (a) 287 K, (b) 327 K, (c) 337 K, (d) 347 K. The black arrow

indicates the direction of grain boundary recession.

Fig. 9. Snapshots of monocrystalline hydrate dissociation in clay nanopores at different temperatures: (a) 287 K, (b) 327 K, (c) 337 K, (d) 347 K.

significant amount of the released gas after hydrate dissociation will
remain trapped within the nanopores in the form of nanobubbles, with
adsorption occurring on the solid surface. This phenomenon can limit
the efficiency of gas extraction from hydrate reservoirs, as the trapped
gas is not easily recoverable.

3.3. The effect of pressure gradient on hydrate stability

Temperature has a significant effect on the dissociation of poly- and
mono-crystalline hydrate. By comparison, depressurization has been
more extensively utilized in the extraction of gas from hydrates, as
evidenced by the results of previous field trial tests [56-58]. During the
depressurization process, a pressure gradient forms along the pores in
hydrate reservoirs, resulting in fluid flow through the nanopores (along
the x direction in our simulations). As shown in Fig. 5, the number of
cages in the hydrate phase maintains a certain dynamic equilibrium at

287 K in a static system, signifying phase stability. However, when
pressure gradients are introduced, as seen in Fig. 10, there’s a
time-dependent change in the number of cages within the clay pore for
both the PHS and MHS systems. This decrease in cage count indicates
that the hydrate phase loses stability at 287 K. Notably, as the pressure
gradient intensifies, the destabilization of the hydrate phase becomes
more pronounced, especially when the pressure gradient falls below 50
MPa/nm. This implies that higher pressure gradients have a more sig-
nificant impact on destabilizing the hydrate phase, leading to a greater
reduction in the number of cages within the hydrates.

The large fluctuations in the cage number over time signify the
continuous disruption and reconstruction of the hydrogen bonding
network framework, which is composed of water molecules. This dy-
namic process indicates that water molecules, originally in the liquid
water phase at the beginning of the simulation, actively participate in
the reconstruction of hydrate crystal cages. We quantified the number of
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Fig. 10. The number of clathrate cages as a function of time in the flow system at 287 K with different pressure gradients, (a) PHS, (b) MHS.

water molecules involved in the formation of hydrate cages within two
distinct categories, both under flow conditions (40 MPa/nm) and static
conditions, as illustrated in Fig. 11. One category comprises cages
exclusively formed by hydrate water molecules in the initial hydrate
system, while the other includes cages formed by all water molecules in
the system, encompassing both hydrate and liquid water molecules. The
time evolution of the cage number under pressure gradients can be
observed in Fig. S4 of the Supporting Information. Regardless of the
application of an external driving force, the total number of cages within
the system exceeds the initial number of water molecules present in the
hydrate. This observation provides compelling evidence that water
molecules in the liquid phase actively engage in the hydrate formation
process during dissociation. Furthermore, this participation continues
throughout the entire dissociation process.

Figs. 12 and 13 present snapshots of the two systems (PHS and MHS)
at 10 ns at different pressure gradients. It can be observed that the po-
sitions of residual hydrates within the pores vary for the same simulation
time for different pressure gradients. This variation is attributed to the
fluid velocity driven by the different external forces. The shape of re-
sidual hydrates also undergoes changes, particularly for polycrystalline
hydrates. At static conditions, the outer surfaces of the hydrate grains
exhibit a certain curvature. However, due the influence of fluid flow,
specifically along the flow direction (x direction), the curvature of the
outer surface of the hydrate grains gradually diminishes, resulting in a
flatter surface shape. This change becomes more pronounced at high-
pressure conditions. A lower amount of residual hydrate is observed in
the flow system compared to the static system. The reduction in hydrate
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formation primarily occurs in the Y-axis direction, while in the X-di-
rection, the dissociation of hydrates is not significant. This indicates that
fluid flow primarily affects the hydrates in the Y-axis direction, leading
to their dissociation. Due to the fluid flow, residual hydrates not only
undergo translation along with the fluid motion but also exhibit a
certain degree of rotational movement in the nanopores. Consequently,
the fluid flow within the clay pores can be characterized as laminar flow
at the given simulation conditions [91].

Fig. 14 illustrates the velocity distribution of water molecules within
the clay pore under the influence of the external force. The velocity of
water molecules shows a directional movement along the positive x-axis,
driven by the pressure gradients. The fluid velocity increases as the
pressure gradient increases, as shown in Fig. 14(a) for the PHS system
and Fig. 14(b) for the MHS system. The velocity distributions exhibit a
plateau near the center of the pore and are almost symmetrical along the
Y direction. The velocity of water near the clay surface is lower than that
in the pore center. This can be attributed to the interaction between the
hydrophilic clay surface and water molecules, which leads to a slower
velocity of water near the solid surface. In Fig. 14(c), the average ve-
locity of water in the systems and in the residual hydrate phases is
shown. It is observed that the average velocity of water in the residual
hydrate phase is higher than that in the overall system. This phenome-
non may be caused by the lower velocity of water near the solid surface,
as water molecules on the clay surface are influenced by the interaction
with the hydrophilic solid surface. The results also indicate that the fluid
flow rate in the nanopore increases non-linearly with the pressure
gradient, suggesting the presence of non-Darcy flow behavior in the
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Fig. 11. Time variation of two types of hydrate cage numbers constructed by water in the static system and in the flow system (driven by pressure gradient of 40

MPa/nm).
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simulation. This means that the fluid flow does not strictly follow Dar-
cy’s law (which describes flow through porous media at laminar flow
conditions) [92].

Fig. 15(a) presents the average number of hydrogen bonds between
water molecules in the system. This is an indicator of the stability of the
hydrate cluster. As the pressure gradients increase from 0 to 50 MPa/
nm, the average number of H-bonds of water molecules decreases. This
suggests that the system becomes less stable in a flow system, indicating
a disruption of the H-bond network between water molecules. Fig. 15(b)

10

shows the average number of H-bonds between water molecules and the
clay surface. When the pressure gradients are below 50 MPa/nm, the
average number of hydrogen bonds remains relatively constant. This
indicates that the external forces acting on water molecules are not
strong enough to overcome the adhesive forces between water and the
solid surface. As a result, water molecules on the surface of the solid
(clay) remain adhered to the surface, while the hydrate phase in the
center of the clay pore experiences accelerated dissociation due to the
external force. In Figs. 12 and 13, it is observed that the phase change of
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hydrate primarily occurs in the Y direction due to the fluid flow. This can
be attributed to the velocity difference between the liquid water layer
and the hydrate phase. The viscous flow causes the water molecules on
the surface of the hydrate to become unstable and separate from the
hydrate structure, thereby transitioning into the liquid phase. The ve-
locity of water molecules within the hydrate structure exhibits incon-
sistency compared to the surrounding water molecules. Particularly,
there is a significant disparity in velocity between water molecules in the
vertical direction, while the discrepancy is relatively minor in the par-
allel direction. This variation in velocity distribution is considered a
significant factor contributing to the dissociation of hydrate along the
vertical flow direction.

3.4. Hydrate dissociation in a flow system and nanobubble evolution

At 347 K, the hydrate phase completely dissociates in both static and
flow systems. In the flow system, the dissociation of hydrate also occurs
in a layer-by-layer manner with a significant dissociation rate. The
snapshots of hydrate dissociation at 347 K for the PHS and MHS systems
with different pressure gradients are shown in Figs. S5 and S6 of the
Supporting Information, respectively. At the same dissociation temper-
ature, the dissociation rate of hydrate in pore is further accelerated in
the flow system, as shown in Fig. 16. In the polycrystalline system, water
molecules at grain boundaries are more unstable compared to those in
the bulk phase, making them more prone to dissociation. Thus, the
polycrystalline hydrate dissociates faster than the monocrystalline hy-
drate at the same conditions. The simulations indicate that the poly-
crystalline hydrate dissociates most rapidly when the pressure gradient

is 10 MPa/nm. When applying a pressure gradient, simulations have
observed the potential occurrence of fractures at grain boundaries,
resulting in the formation of two separate hydrated crystal grains. This
phenomenon leads to an increase in the dissociation surface area and
accelerates the dissociation rate, as shown in Fig. 17. In other cases, the
hydrated crystal grains do not separate; they remain bonded together
through hydrogen bonding interactions.

At 347 K, the dissociation of the hydrate cluster occurs rapidly within
a few nanoseconds. This leads to the release of methane from the solid
hydrate phase and the formation of nanobubbles due to the low solu-
bility of methane in the water phase. The observations from Figs. 8 and 9
indicate that surface nanobubbles form in a static system. However, in
flow systems, nanobubbles do not form on the clay surface. Instead, most
of the released methane aggregates in the liquid water phase and moves
along with the fluid flow (Figs. 18 and 19). Within the clay nanopore,
nanobubbles are frequently observed near the center of the pores in flow
systems. This occurrence is primarily attributed to the laminar flow
within the nanoscale pores, as confirmed by the velocity distribution
along the Y-axis inside the pores in Fig. S7. As the fluid approaches the
center of the pore, the flow velocity increases while the pressure de-
creases. Consequently, dissolved gases in the liquid phase tend to
migrate towards the center of the pore, resulting in the formation of
nanobubbles in the liquid phase. It is important to note that for high flow
velocity conditions, (e.g., 20 MPa/nm), the shape of nanobubbles un-
dergoes deformation, taking on a triangular cone shape along the di-
rection of movement. This indicates the dynamic behavior of
nanobubbles influenced by the fluid flow. In practical gas extraction
processes, the formation of surface nanobubbles in a static system is
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Fig. 16. Time evolution of the number of clathrate cages in the flow system for different pressure gradients at 347 K, (a) PHS, (b) MHS.
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unfavorable for the transportation of dissociated gas, which can have a
negative impact on the efficiency of hydrate extraction through heating.
During depressurization, nanobubbles form in the liquid phase and
move with the fluid flow. The combination of thermal stimulation and
depressurization can increase the efficiency of gas production from hy-
drate reservoirs. These findings emphasize the importance of consid-
ering nanobubble behavior in the design and optimization of gas
extraction methods from hydrate reservoirs, especially in relation to the
effects of fluid flow and depressurization conditions.

4. Summary and conclusions

This paper focuses on the phase transition process of methane hy-
drates in marine sediments induced by thermal stimulation and
depressurization gas production methods, respectively. Two multi-phase
molecular initial configurations have been created to study the behavior
of poly- and mono-crystalline methane hydrate dissociation in slit-
shaped Na-montmorillonite clay nanopores. Classical MD and EF-
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NEMD simulations are applied to static and dynamic scenarios, respec-
tively. The main conclusions are summarized as follows:

1. The hydrate dissociation process proceeds layer by layer, starting
from the surface. With rising temperature, the thermodynamic
instability of water and methane molecules in hydrates increases,
leading to a greater destabilization of the hydrate structure and an
accelerated dissociation.

2. In a fluid environment, the instability of hydrates is enhanced. The
hydrophilic solid surface interacts with surface-bound water mole-
cules, causing a reduction in the velocity of these molecules. The
resulting difference in velocity between surface-bound water and the
hydrate phase leads to viscous flow and disrupts the hydrate’s sur-
face water molecule structure. The interaction between the solid
surface and water molecules significantly impacts hydrate phase
stability, and this destabilization effect is further amplified under
specific pressure gradients.
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Fig. 19. Snapshots of nanobubble evolution for the mono-crystalline hydrate dissociation system at different pressure gradients (a) 0 MPa/nm; (b) 5 Mpa/nm; (c) 10

MPa/nm; (d) 20 MPa/nm.

3. In poly-crystalline hydrate systems, grain boundary hydrogen
bonding is less stable than in the bulk phase, increasing susceptibility
to dissociation. This creates new dissociation surfaces, resulting in a
higher dissociation rate compared to mono-crystalline hydrate sys-
tems under the same conditions.

4. Laminar flow promotes the formation of nanobubbles in the fluid.
Unlike the surface nanobubbles observed under static heating con-
ditions, these nanobubbles can enhance the efficiency of gas pro-
duction from hydrate.

5. Due to external forces, fracture events have been observed in poly-
crystalline hydrates at grain boundaries. These fractures lead to the
formation of two separate hydrate crystal grains, thereby acceler-
ating the dissociation process.

Due to limitations in computational resources, several approxima-
tions were made in this study. For instance, only two grains are
considered in the polycrystalline structure, and large pressure gradients
are applied. These approximations deviate from the actual conditions.
However, this study simulates the dissociation behavior of poly-
crystalline and monocrystalline hydrates in clay mineral pores at both
dynamic and static conditions. It significantly contributes to our un-
derstanding of the molecular mechanisms of grain boundaries and fluid
interactions on hydrate dissociation. This research enhances our
fundamental scientific understanding of hydrate extraction from porous
media.
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