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A B S T R A C T

The heterogeneous nucleation behaviors of methane (CH4) hydrate in the presence of kaolinite (Kaol) were
studied, and nucleation was found to be strongly affected by the surface contacts of Kaol particles. Molecular
dynamics simulations were performed to investigate CH4 hydrate formation in Kaol particles with different
surface contacts, such as silica-alumina face, alumina-alumina face, and silica-silica face. The results revealed
two nucleation events, one in the bulk-like solution and the other near the siloxane surface of the Kaol. The
crystal growth of CH4 hydrate tended to occur away from the Kaol surface. The silicon‑oxygen rings of the
siloxane surface served as a plane of the cage, thereby forming a semi-cage arrangement in which the CH4

molecules appeared to have the ability to stabilize the arrangement of water structures. However, strong hy-
drogen bond interactions made it difficult for CH4 molecules to form clathrate-like structures on the hydroxyl
surface. These results indicate that Kaol particles with a siloxane surface promoted CH4 hydrate nucleation and
growth but that Kaol particles with a hydroxyl surface were unable to do so. Thus, the surface properties and
surface contacts of Kaol particles were found to involve in the formation of aggregates in natural sediments,
which shows that they are crucial for nucleation, distribution, and crystallinity of CH4 hydrate.

1. Introduction

Gas hydrate is an ice-like solid substance composed of water (H2O)
and gas molecules (e.g., methane [CH4], carbon dioxide [CO2], or
ethane) (Sloan, 2003; Sloan and Koh, 2007). H2O molecules form hy-
drogen bonds (HB) to establish a polyhedral cage structure that en-
capsulates gas molecules at high pressures and in low-temperature
environments (Sloan and Koh, 2007). Three types of hydrate structures
are formed naturally, depending principally on the size of the gas
molecule, cubic structure I (sI), cubic structure II (sII), and hexagonal
structure H (sH) (Sloan, 2003; Wei et al., 2018). In the case of CH4

hydrate, type sI is formed with six 51262 (12 pentagons and 2 hexagons)
and two 512 cages. CH4 hydrate is abundant in permafrost and marine
sediments, and the amount of energy stored in CH4 hydrate is estimated
to be twice that embodied in conventional fossil fuel resources (Sloan
and Koh, 2007). Given the current emphasis on the development of

clean energy supplies to reduce global environmental pollution pro-
blems (Sloan, 2003; Zatsepina and Pooladi-Darvish, 2011; Boswell
et al., 2012), studies of the nucleation and growth mechanism of CH4

hydrate have increased in recent decades.
The examination of gas-hydrate formation kinetics (Lee et al., 2002;

Wang et al., 2015) and phase-equilibrium conditions (Kyung et al.,
2014; Kim et al., 2015) in laboratory experiments has suggested that
hydrate nucleation and growth is a phenomenon that may be used to
evaluate the gas storage capacity and the stability of stored gas hydrate
in geological formations with long-term stability. Accordingly, experi-
mental studies have demonstrated that natural sediments significantly
affect the hydrate formation process by altering nucleation time and
formation rates (Lee et al., 2013; Kyung et al., 2015) and have sug-
gested that hydrate formation kinetics depend significantly on the type
(Lamorena and Lee, 2008, 2009) and surface properties (Lamorena and
Lee, 2008, 2009; Park et al., 2014) of the minerals in the natural
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sediment (i.e., surface charge, specific surface area, and chemical spe-
cies on the mineral surface). In particular, the most abundant clay
minerals (i.e., smectite, illite, kaolinite, and chlorite) are representative
geochemical components in natural sediments (Guggenheim and van
Groos, 2003; Uchida et al., 2004; Seo et al., 2009; Yeon et al., 2011;
Kim et al., 2015), so further investigation is warranted to evaluate the
effects of clay minerals on the formation of natural gas hydrate. Some
studies have demonstrated that the clay mineral surface provides nu-
cleation sites that facilitate hydrate crystallization, resulting in rapid
hydrate formation kinetics (Park and Sposito, 2003; Lamorena and Lee,
2009). In addition, the clay mineral surface was found to extend the
lifetime of cage structures. For example, a phase-equilibrium experi-
ment of CO2 hydrate in clay mineral suspensions was conducted by Park
et al., who demonstrated that the presence of montmorillonite sig-
nificantly affected CO2 hydrate stability due to the electrostatic at-
traction between cations and H2O molecules (Park et al., 2014). These
studies suggested that identifying the reaction mechanism between gas
hydrate and clay minerals was crucial to understand the formation,
distribution, and stability of gas hydrate in geologic sediments.

Kaolinite (Kaol) is one of the most widely occurring clay minerals in
the marine sediments in which oil and gas resources reside (Özen et al.,
2015; Zhang et al., 2016). Many studies have found that the clay mi-
nerals in gas hydrate bearing sediments contain a relatively high con-
tent of Kaol; indeed, Kaol accounts for 17.3% in Ulleung Basin sediment
(Lamorena et al., 2011), and 16% to 18% in the southwestern region of
the South China Sea (Schroeder et al., 2015). Kaol is a 1:1 dioctahedral
clay mineral in which each layer contains a tetrahedral silica sheet and
an octahedral alumina sheet. This is distinct from typical 2:1 diocta-
hedral clay minerals, which have one octahedral alumina sheet be-
tween two opposing tetrahedral silica sheets. The adjacent octahedral
and tetrahedral sheets of Kaol are bound by HB, and H2O molecules
cannot enter the interlayer (Bergaya et al., 2013; Brigatti et al., 2013).
In addition, the octahedral and tetrahedral surfaces of Kaol exhibit
different degrees of affinity for H2O: the octahedral surface forms
strong HB with H2O molecules, whereas the tetrahedral surface forms
only weak HB with H2O molecules. Thus, the octahedral and tetra-
hedral surfaces display hydrophilic and hydrophobic properties, re-
spectively (Tunega et al., 2002, 2004). These unique structural prop-
erties and surface chemistries of Kaol suggest that Kaol particles
generally adopt random–layered stack behavior in natural environ-
ments (Johnson et al., 1998, 2000). Studies have determined that (Żbik
et al., 2008; Żbik and Frost, 2009; Gupta et al., 2011), the marine se-
diment environmental factors (such as pH and the types of inorganic
salt ions present) are likely to influence the contact behaviors of Kaol
particles, generating various surface contacts, such as silica-alumina
face, silica-silica face, alumina-alumina face, edge-silica face, edge-
alumina face, and edge-edge. These different surface contacts of Kaol
particles constitute different types of nanoreactors, in which the prop-
erties of the inner surface are dependent on the type of surface contact
with which it is involved. It has been shown that the chemical prop-
erties of a solid surface alter the formation kinetics of CH4 hydrate, due
to the different affinities possible between the solid surface and CH4

and H2O molecules (Nguyen et al., 2017; Defever and Sarupria, 2018).
It follows that the abovementioned nanoreactors that result from the
stacking of Kaol particles may substantially affect the formation of CH4

hydrate. This raises a key question: how does the microstructure of Kaol
(i.e., its different surface contacts) influence the nucleation and growth
mechanism of CH4 hydrate? Unfortunately, it would be technically
prohibitive to answer this question by using commonly used phase
equilibrium experiments, because it is technically challenging to in-
vestigate the formation mechanism at the molecular scale of CH4 hy-
drate in Kaol with different surface contacts. However, molecular dy-
namics (MD) simulations are a powerful tool in such conditions because
they enable the investigation of CH4 hydrate formation in the presence
of clay minerals at the molecular level (Cygan et al., 2004a; Martos-
Villa et al., 2014a, 2014b; Yan et al., 2016; Ji et al., 2017; Cox et al.,

2018). Additionally, several MD simulation works relevant to pure CH4

hydrate nucleation and crystal growth have been reported. For ex-
ample, Walsh et al. reported the nucleation of CH4 hydrate at the in-
terface between CH4 vapor and liquid H2O using MD simulation. They
observed the types of cages formed during the nucleation process and
calculated the nucleation rate based on the induction time. The nu-
cleation rate increased with the increasing CH4 concentration under
different thermodynamic conditions (Walsh et al., 2009, 2011). Liang
et al. studied the crystal growth of CH4 hydrate at the interface between
solid hydrate phase and liquid H2O. They showed that the 51263 cages
were formed as intermediates during CH4 hydrate formation (Liang and
Kusalik, 2010). Thus, MD simulation can be used to simulate and even
reproduce the formation process of CH4 hydrate, thereby affording data
that are experimentally inaccessible.

In this work, MD simulations were performed to investigate the
arrangement of CH4 and H2O molecules in Kaol nanoreactors with
different surface contacts during CH4 hydrate formation. To evaluate
the role of the Kaol surface in CH4 hydrate formation at an atomic and
molecular level, three types of surface contact for Kaol particles were
simulated: silica-alumina face (Fsa), alumina-alumina face (Faa), and
silica-silica face (Fss). The formation mechanisms of the surface con-
tacts of Kaol in geologic sediments and the nucleation and growth be-
havior of CH4 hydrate were proposed based on the simulation results,
and the implications of these results are discussed.

2. Computation methods

2.1. Simulation models

Kaol (Al4[Si4O10](OH)8) is a typical 1:1 clay mineral that comprises
a tetrahedral silica sheet and an octahedral alumina sheet. The two
sheets are closely bonded, as they share a plane of oxygen atoms, and
the repeating layers are stacked and connected by HB (Bergaya et al.,
2013; Bish, 1993). In this work, the simulated Kaol model consisted of
two platelets with 48 unit cells: six in the x dimension, four in the y
dimension, and two in the z dimension, forming a patch of lx = 3.092
and ly = 3.577 nm. Two platelets of the Kaol sheet were oriented in the
[001] direction, with a bulk solution model inserted between. This bulk
solution model for the CH4–H2O phase was a randomly distributed set
of 140 CH4 and 1610 H2O molecules with a thickness of approximately
5 nm. The molar fraction of CH4 in this simulation satisfied the con-
dition that the CH4 molecules would remain uniformly distributed in
the liquid H2O without phase separation (Jiménez-Ángeles and
Firoozabadi, 2014; Bhattacharjee et al., 2016). The total height of the
simulation model was approximately 8 nm. Therefore, three types of
Kaol models (i.e., Fsa, Faa, and Fss) and the bulk solution model (MH)
were built. The initial configurations of these models are shown in
Fig. 1.

2.2. Simulation details

The ClayFF force field was used to describe Kaol (Table S1) (Cygan
et al., 2004b). The TIP4P-ice model was used for H2O, and the settle
algorithm was used to constrain the rigid geometry of the H2O mole-
cules (Abascal et al., 2005). The OPLS-AA model was used for CH4

(Jorgensen et al., 1984). The combination of a force field and models
has been shown to work well in previous studies (Ji et al., 2017; Wu
et al., 2018). The Lorentz-Berthelot mixing rules were applied to cal-
culate the Lennard-Jones potentials between atoms (Allen and
Tildesley, 2017). Short-range non-bonded interactions were truncated
at 1.25 nm. The particle-mesh Ewald method was used to calculate the
long-range electrostatic interactions with a Fourier spacing of 0.12 nm
(Darden et al., 1993). The equations of motion were integrated with the
leapfrog algorithm using a time-step of 1.0 fs (Van Gunsteren and
Berendsen, 1988). These simulations were performed in orthorhombic
boxes, and periodic boundary conditions were imposed on the
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molecular structures (Makov and Payne, 1995). All simulations were
performed with the GROMACS 5.1.2 package (Hess et al., 2008). The
simulation temperature and pressure were 250 K and 50 MPa, respec-
tively, which were chosen to ensure that sufficient a driving force ex-
isted to enable the growth kinetics of CH4 hydrate to be obtained from
the simulation (Vatamanu and Kusalik, 2006; Walsh et al., 2009;
Jiménez-Ángeles and Firoozabadi, 2018). In each MD simulation, en-
ergy minimization was performed with a steepest-descent algorithm to
relax the initial configuration. After energy minimization, short equi-
libration was conducted via a 2-ns isothermal-isobaric ensemble (NpT)
simulation. Finally, the equilibrated configuration was processed in an
NpT simulation for 1 μs, with the temperature-controlled by a Nosé-
Hoover thermostat (Evans and Holian, 1985) with a time-constant of 1
p and the pressure-controlled by a Parrinello-Rahman barostat
(Parrinello and Rahman, 1981) with a time-constant of 4 ps. Notably,
only the z dimension is scaled in NpT simulations.

2.3. Data analysis

A tetrahedral order parameter (F3) (Baez and Clancy, 1994) and a
four-body order parameter (F4) (Rodger et al., 1996; Moon et al., 2007)
were applied to analyze the order of water molecules, and these were
defined as follows (Eqs. (1) and (2)):
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where θjik denotes the angle between the specified oxygen ith atom and
the other two oxygen (i.e., jth and kth) atoms within a distance of
0.35 nm around the ith atoms, and ni denotes the number of oxygen
atoms. Average ⟨…⟩ were computed over all H2O molecules. The
average values of the F3 parameter remained approximately equal to
0.1 for liquid water and 0.01 for solid water (including CH4 hydrate and
ice).
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where ϕi denotes the dihedral angle between the oxygen atoms of two
adjacent molecules and the outermost hydrogen atoms, and n indicates
the number of the oxygen atom pairs of H2O molecules within 0.35 nm.
The average values of F4 were −0.04, −0.4, and 0.7 for H2O, ice, and
CH4 hydrate, respectively.

The cage analysis algorithm that was used was similar to that pro-
posed by Jacobson et al. (2009). Thus, the H2O structure was identified
by searching for the oxygen atoms within 0.61 nm of the central CH4

molecules. The topological structure of the ring was determined by the

connectivity of the H2O molecules. Two oxygen atoms were deemed to
be connected if they were separated by< 0.35 nm. A search was then
made for all pentagonal and hexagonal rings that could possibly form
from the connected oxygen atoms. Oxygen atoms were taken as the
vertices to identify the 512, 51262, 51263, and 51264 cages (Jiménez-
Ángeles and Firoozabadi, 2014, 2015).

3. Results and discussion

3.1. Order parameter and hydrate cages analysis

3.1.1. Order parameter of H2O molecules during the CH4 hydrate formation
The order parameter of H2O molecules can be used to identify the

tendency of CH4 hydrate formation. The hydrate phase and liquid phase
were distinguished by order parameters from the simulation trajectory.
Meanwhile, a decrease in the potential energy was also observed (Fig.
S1). Fig. 2a and b show the evolution of F3 and F4, respectively, in
different simulation models (averaged over all H2O molecules). In a
fully occupied sI of CH4 hydrate, the CH4/H2O ratio is 1:5.75 (Sloan,
2003; Sloan and Koh, 2007), and the values of F3 and F4 are 0.01 and
0.7, respectively. In this work, the CH4/H2O ratio was 1:11.5, and this
was interpreted to indicate that H2O molecules cannot be completely
converted into CH4 hydrates; as a result, F3 and F4 also cannot reach the
respective values of 0.01 and 0.7. The decrease in F3 and the increase in
F4 with increasing simulation time indicated that nucleation and
growth of CH4 hydrate were occurring. It also indicated the molecular
transformation of H2O from a disordered state (liquid phase) to an or-
dered state (hydrate phase). The equilibrium values of F3 and F4 were
between those of liquid H2O and CH4 hydrate, indicating that some H2O
molecules were also present in the liquid phase. During the first half of
the simulation time (from 0 to 500 ns), a large number of CH4 mole-
cules were used to form CH4 hydrate, and a small number of CH4 mo-
lecules were used for the continued growth of CH4 hydrate. Therefore,
the fluctuation range of F3 and F4 was relatively small and reached a
steady value during the second half of the simulation (from 500 to
1000 ns), which indicated that a large number of CH4 hydrate cages had
been formed. The trend of F3 and F4 can generally be used to assess the
propensity of a model to form CH4 hydrate, and thus the lower value F3
in the Fss model showed that this model had a slightly higher pro-
pensity to form CH4 hydrate than the Faa model. This result indicated
that it was favorable to form better tetrahedral arrangement of H2O
molecules in the Fss model.

To further investigate the arrangement of H2O molecules at the
Kaol-H2O interface, the order of the local H2O structure on the Kaol

Fig. 1. Initial configurations of the simulation models: (a) Fsa; (b) Faa; (c) Fss; (d) MH.
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surface (the first H2O layer,< 1.8 nm) and the bulk-like solution (3.25
to 3.75 nm) were also examined (Fig. 2c and d). The slight difference in
the equilibrium value of the F3 and F4 for different models might be due
to the different effects of siloxane and hydroxyl surfaces on CH4 hydrate
formation. The values of F3 and F4 in the bulk-like solution were rea-
sonably close to the average values of the hydrate crystal after CH4

hydrate formation, which indicated that CH4 hydrate formation was
more favorable in the bulk-like solution than on the Kaol surface. The
F4 values indicate that the hydrate cages were almost identical in Kaol
models. The H2O molecules on the siloxane surface achieved a lower
value of F3 than those on the hydroxyl surface, which implied that a
more optimal tetrahedral structure of H2O molecules was formed on the
siloxane surface. This result was in accordance with the distribution of
CH4 and H2O molecules on the siloxane surface and suggested that the
clathrate-like structure was more easily formed near the siloxane sur-
face.

3.1.2. The arrangement of hydrate cages in Kaol particles
To describe in detail the hydrate cages of the different simulation

models, the evolution of the hydrate cages as a function of the simu-
lation time was also investigated (Fig. 3). The snapshot of 512, 51262,
51263, and 51264 cages in the Kaol model and MH model is illustrated in
Fig. 4 and Fig. S2. Hydrate cages appeared and disappeared at the be-
ginning of the simulation. The local CH4 density was identified as a
critical parameter for determining the susceptibility of the solution to
the nucleation. For Kaol models, it can be seen that the nucleation of
hydrate cages, which were 512 cages, first occurred in the bulk-like
solution with a high CH4 concentration. Cage lifetime increased with
the increase of CH4 concentration, which was consistent with previous
studies (Jacobson et al., 2010; Sarupria and Debenedetti, 2012). The
512 cages became dominant in the early stage of CH4 hydrate growth,
and the number of 51262 cages gradually increased. The formation rate
of 51263 cages increased rapidly first and then slowly with increasing
simulation time. The formation of 51264 cages was slower than the
formation of 512 and 51262 cages, and the latter two types of the cages

more rapidly reached a stable number. The CH4 molecule was too small
to be effectively stabilized in the 51264 cages, whereas the 51263 cages
were metastable and has been observed in other studies during CH4

hydrate formation (Walsh et al., 2009; He et al., 2016). Thus, an
amorphous crystal was finally obtained after the CH4 hydration in
various simulation models. The amorphous crystal included both sI (512

and 51262) and sII (512 and 51264) motifs, with sI and sII motifs linked
by 51263 cages. The simulation was dominated by the formation of 512

and 51262 cages, which indicated that the formation of 512 and 51262

cages was strongly correlated with CH4 hydrate formation. Therefore,
the formation of sI structures was favored over that of sII structures,
which was in accordance with the fact that CH4 molecules can only
form sI structures (Sloan and Koh, 2007). The cage ratio (CR) is defined
as the ratio of 51262 cages to 512 cages, and CR can be used to distin-
guish the amorphous (CR ≤ 1) structures and CH4 hydrate crystal
structures (CR > 1) (Berendsen and Bolhuis, 2019). It was found that
the CR ranged from 0.6 to 1.05 (Fig. 3d), which was significantly lower
than that of a real sI hydrate (CR = 3); moreover, higher CR values
were observed in the Kaol model with siloxane surface contacts than the
hydroxyl surface contacts. These results indicate that the Kaol particle
with the siloxane surface contacts could best increase the crystallinity
of CH4 hydrate. In general, two nucleation events were observed in Kaol
models, with one nucleus forming in the bulk-like solution and the
other forming near the siloxane surface of Kaol. The crystal growth of
CH4 hydrate crystal typically tended to be away from the Kaol surface.
The accumulation of CH4 molecules on the siloxane surface appeared to
decrease the rate of crystal growth in the bulk-like solution, as this
accumulation led to the formation of semi-cage structures (compared to
the full cage that formed without the Kaol structure). Therefore, the
siloxane surface can serve as a facilitator of crystal growth of CH4 hy-
drate near the siloxane surface.

To investigate the arrangement of CH4 and H2O molecules in var-
ious simulation models during CH4 hydrate formation, the radial dis-
tribution function (RDF, g(r)) and coordination number (CN, int(g(r)))
of C-OW, C-C, and OW-OW of the Kaol models during the different

Fig. 2. Evolution of F3 and F4 in different simulation models.
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segments of the trajectories were analyzed (Figs. 5 and S3) (where C
and OW represent the carbon atom of CH4 and the oxygen atom of H2O,
respectively) (Allen and Tildesley, 2017). The RDF and CN of C-OW in
the MH model are shown in Fig. S4. In all simulation models, the RDF of
C-OW showed that its first peak was approximately equal to 0.38 nm,
corresponding to the closest distance between CH4 and H2O molecules.

This result was in good agreement with the neutron diffraction result
for CH4 hydrate (Koh et al., 2000). The RDF of C-OW also captured the
growth of hydrate cages as the simulation time increased. According to
a previous study (Koh et al., 2000), the CN of H2O molecules around
CH4 of 21 ± 1 indicated that a CH4 hydrate was fully formed. In this
work, the CN of H2O molecules around CH4 was approximately 22.7,

Fig. 3. Evolution of 512, 51262, 51263, and 51264 cages in Kaol models: (a) Fsa; (b) Faa; (c) Fss; (d) average number of 512, 51262, 51263, and 51264 cages and cage ratio
computed over the last 50 ns of simulation time.

Fig. 4. Snapshots of 512, 51262, 51263, and 51264 in Fsa model during different simulation times. Hydrate cages are shown with different colors, red for 512, yellow for
51262, green for 51263 and blue for 51264. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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22.17, 21.78, and 22.52 in Fsa, Faa, Fss, and MH models, respectively,
which indicated that a stable CH4 hydrate structure had indeed been
formed. The RDF of C-C and OW-OW were almost identical in all si-
mulation models. From the RDF of C-C (Figs. S3 and S4), the first peak
was stronger than the other peaks from 0 to 100 ns, which implied that
the system was composed of liquid H2O and randomly distributed CH4

molecules. As CH4 hydrate growth continued as the simulation time
increased, the second peak became more pronounced, which demon-
strated that both CH4 and H2O molecules were arranged in the clath-
rate-like structures. The strong peak at approximately 0.65 nm was
consistent with the distance between CH4 molecules in the bulk CH4

hydrate phase (Chialvo et al., 2002). From the RDF of OW-OW (Figs. S3
and S4), it can be seen that the first, second, and third peaks of simu-
lation models were consistent with those for the pure CH4 hydrate
(Chialvo et al., 2002; Geng et al., 2009; Zhang and Pan, 2011). Mean
square displacement (MSD) of H2O and CH4 in different simulation
models was shown in Fig. S5. The MSD profile showed a lower diffusion
of H2O and CH4 molecules in the Faa model than that in the Fss and Fsa
models. This result indicated that the diffusion capacity of H2O mole-
cules was reduced with the presence of hydroxyl surface in the Kaol
particles. Additionally, the different diffusion capacity of H2O mole-
cules in the MH model and the Kaol model with different surface con-
tacts also indicated that surface properties of Kaol play an important
role in the heterogeneous CH4 hydrate nucleation due to the local ar-
rangement of H2O molecules.

The silicon‑oxygen rings of the siloxane surface of Kaol can also
stabilize the CH4 molecules and promote CH4 hydrate formation. To
show the local structure of CH4 molecules on the Kaol surface, the RDF
among C and OB atoms (oxygen atoms of siloxane surface) in the dif-
ferent segments of the trajectories were also investigated. It can be seen
that the first peak appeared at approximately 0.36 nm and that the CN
was approximately 0.5 after CH4 hydrate formed (Fig. 6b), which in-
dicated that a small number of OB atoms were involved in the nu-
cleation of CH4 hydrate cages. This result was revealed by the dis-
tribution of CH4 molecules, showing that the facility of CH4 aggregate
on the siloxane surface led to the formation of the semi-cage structures.

3.2. Density distribution of CH4 and H2O molecules

The average density of CH4 hydrate was 0.943 g/cm3 in the MH
model, which was in good agreement with previous experimental result
(Fig. S6) (Kirchner et al., 2004). The peak of the CH4 hydrate density
corresponded to CH4 molecules in the large 51262 cages, and the valleys
corresponded to CH4 molecules in small 512 cages. The density dis-
tribution of CH4 and H2O molecules in Kaol models was illustrated in
Fig. 7. From Fig. 7, two strong peaks for H2O molecules were observed
near the Kaol surface, which implied that a greater adsorption density
of H2O molecules formed on both sides of the Kaol particle. The H2O
density was approximately 2.5 g/cm3 (hydroxyl surface) and 1.6 g/cm3

(siloxane surface), and the density decreased in the region farther than
0.3 nm from the Kaol surface. It was observed that CH4 was more
strongly adsorbed to the siloxane surface than to the hydroxyl surface,
which implies that the interaction between CH4 and the hydroxyl sur-
face was weaker than that between CH4 and the siloxane surface.
However, the hydroxyl surface was completely covered by H2O mole-
cules, and the distribution of CH4 closely mirrored the distribution of
these H2O molecules in the bulk-like region. The hydrophobic siloxane
surface and the interaction between CH4 and siloxane surface was
therefore based on van der Waals forces. The hydroxyl surface seemed
to be hydrophilic because it formed strong HB with H2O molecules (Fig.
S7). The van der Waals force was weaker than HB, which may explain
why CH4 cannot penetrate the adsorbed H2O layer of the hydroxyl
surface. Therefore, a greater adsorption density of H2O molecules was
observed on the hydrophilic hydroxyl surface of Kaol.

A careful analysis of the simulation trajectories indicated that the
H2O molecules near the siloxane surface formed the semi-cage struc-
tures. Clathrate-like hydrate solids formed adjacent to the semi-cage
structures by sharing the latter's polygonal rings (Fig. 8). The resulting
irregular semi-cage structure was apparently intermediate between the
siloxane surface and the CH4 hydrate crystal, helping to minimize the
structural mismatch between the siloxane surface and CH4 hydrate
phase. Similar structural arrangements have also been observed for CO2

molecules near a silica surface (Bai et al., 2012). The formation of these

Fig. 5. Radial distribution function and coordination number of C-OW in different simulation models: (a) Fsa, (b) Faa, and (c) Fss.

Fig. 6. Radial distribution function and coordination number of C-OB in different simulation models: (a) Fsa; and (b) Fss.
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semi-cage structures on the siloxane surface of Kaol was due in part to
the high local density of CH4 molecules. CH4 molecules were favorably
adsorbed onto the vacancy of the silicon‑oxygen rings of the siloxane
surface to form the semi-cage structures (Fig. 9), where the silico-
n‑oxygen rings can serve as a plane of the cage to promote CH4 hydrate
formation. Meanwhile, the semi-cage structure on the Kaol siloxane
surface was connected to CH4 hydrate crystal by the hexagonal face of

the 51262 cages.

3.3. Hydrogen bond structural analysis

To explain why CH4 molecules cannot break through the adsorbed
H2O layer on the hydroxyl surface, the HB structure was investigated.
Fig. S7 showed the RDF of OW-HW, OB-HW, OH-HW, and OW-HO in

Fig. 7. Density distribution of H2O oxygen, H2O hydrogen, and carbon atom of CH4 in different simulation models: (a–c) Fsa; (d–f) Faa; (g–i) Fss.

Fig. 8. Structural evolution leading to the formation of the nucleus on the siloxane surface in the Fsa model. Clathrate-like molecules are shown as sticks.
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the Fsa model. It can be seen that the first peak of gOW-HW(r) was located
at 0.183 nm; this represented the HB distance of H2O molecules in the
CH4 hydrate. The first peak of gOH-HW(r) and gOW-HO(r) appeared at
approximately 0.175 nm, which indicated that the HB were formed on
the hydroxyl surface with H2O molecules, where these molecules must
serve simultaneously as HB donors and acceptors. The intensity of gOW-

HO(r) was also much greater than that of gOH-HW(r), and this showed
that the hydrogen atoms of the hydroxyl surface mainly act as HB do-
nors to form HB with H2O molecules, which was in agreement with
previous work (Zhang et al., 2016). This result was also confirmed from
the snapshots of HB structure on the Kaol surface (Fig. S8). The peak of
gOB-HW(r) was at approximately 0.184 nm (Fig. S7), which was the HB
distance between OB atoms and H2O molecules. This HB distance can
be used to account for the intensity of the HB structure. Therefore, it
was concluded that the HB interaction of the hydroxyl surface was
clearly stronger than that of the siloxane surface. In addition, the
average number of HB per H2O molecule contributing to other H2O
molecules was 1.98, 1.92, 1.94, and 1.89 in Fsa, Faa, Fss, and MH
models, respectively. The average number of HB per H2O molecule was
3.87, 3.80, 3.89, and 3.95 in Fsa, Faa, Fss, and MH models, respectively.
From comparison with previous studies, these average numbers of HB
per H2O molecules implied that the H2O molecules were formed in the
solid phase (Yan et al., 2016).

The simulation results above demonstrated that the Kaol particles
with different surface contacts significantly altered the nucleation
pathway and distribution of CH4 hydrate. The formation of gas hydrate
is a continuous process of transformation of H2O molecules from the
liquid phase to a hydrate phase, and gas molecules are trapped in the
hydrate cage formed by H2O molecules (Sloan and Koh, 2007). The CH4

concentration at the particle interface either increased or remained
unchanged, depending on whether the contact surface was hydrophobic
or hydrophilic (Nguyen et al., 2017; Guo et al., 2018). In particular, the
aggregation of CH4 on the siloxane surface of the Kaol increased its
local concentration. The siloxane surface promoted CH4 hydrate for-
mation by participating in the formation of a semi-cage structure
(Figs. 8 and 9), comprised silicon‑oxygen rings of the siloxane surface
and some surface H2O molecules. These semi-cage structures on the
siloxane surface might reduce the mismatch between the siloxane sur-
face and CH4 hydrate crystal by sharing a hexagonal face with 51262

cages (Fig. 8f). However, the hydroxyl surface preferred to adsorb the
H2O molecules rather than the CH4 molecules due to the strong HB
interaction between hydroxyl surface and H2O molecules, in contrast to
the siloxane surface having a preference for CH4 molecules, due to its
hydrophobicity. As a result, the CH4 molecules could not break through
the adsorption H2O layer to form semi-cage arrangements on the

hydroxyl surface. Meanwhile, the arrangement of H2O molecules on the
siloxane surface tended to increase the local ordering, whereas the H2O
molecules at the hydroxyl surface were less ordered. These data provide
a reasonable explanation for the CH4 hydrate formation in Kaol parti-
cles with different surface contacts; that is, the siloxane surface pro-
motes CH4 hydrate nucleation but the hydroxyl surface fails to promote
the nucleation. However, unlike the nucleation and growth mechanism
of CH4 hydrate in Kaol, the formed CH4 hydrate cages can adsorb dis-
solved CH4 molecules on the surface cages of CH4 hydrate to promote
the growth of hydrate cages in pure H2O. The four types of hydrate
cages were gathered together in the MH model (Fig. S2), resulting in the
low concentration of CH4 molecules in the surrounding regions. These
findings are in accordance with previous results that showed that the
effects of surface hydrophobicity profoundly dominate the nucleation
process of CH4 hydrate (He et al., 2017; Maeda, 2018).

The aggregation behavior of Kaol particles is likely to be dominated
by the pH conditions (i.e., low, medium, or high) and ion concentration.
One study suggested that the distribution of surface charge densities
may affect the surface contacts of Kaol particles at various pH condi-
tions (Gupta and Miller, 2010). Thus, the silica-silica face contact was
repulsive in the pH range of 4 to 10 because of the strong electrostatic
repulsion, the alumina-alumina face contact was slightly repulsive at a
pH of 6 due to a weak electrostatic repulsion and strong van der Waals
attraction, whereas the silica-alumina face contact was dominant at pH
values below 7.5. Kaol particles are mostly associated with edge-edge
and edge-face contacts at a pH of 7. In particular, the silica-alumina
face contact promotes edge-face interaction at intermediate pH values
(Gupta et al., 2011). However, silica-alumina face and alumina-alumina
face contacts are increased at high ion concentration.

The typical pH range of pore water is 7.0 to 8.3 in marine sediment
that contains gas hydrate systems (Chatterjee et al., 2011). For instance,
the pH range of surface-sediment pore H2O is 6.9 to 8.3 in the North-
South China Sea (Shao et al., 2016) and from 7.4 to 8.6 in the Gulf of
Mexico (Cai et al., 2006). Accordingly, the edge-edge, edge-face, and
face-face contacts of Kaol particles and particle-H2O interactions could
easily occur in gas hydrate-bearing sediments in these regions. Face-
face contact of Kaol particles results in large and thick aggregates
(Olphen, 1977), which result in the occurrence of nucleation and dis-
tribution of CH4 hydrate closer to the silica face rather than that of
alumina face. The co-existence of edge-face and edge-edge contacts can
lead to the formation of three-dimensional networks or a so-called
“house of cards” microstructure (Olphen, 1977). Thus, the confining
effect of such microstructure may result in the formation of defects in
hydrate cages, due to reduced molecular diffusion of CH4 and H2O. In
addition, the presence of inorganic salts in pore H2O may cause ionic

Fig. 9. Snapshot of the distribution of CH4 and H2O on the siloxane surface of the Fsa model (a), side view of the semi-cage structure on the siloxane surface (b-I), the
top view of the semi-cage structure on the siloxane surface (b-II).
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adsorption on the Kaol surface. The resulting high concentration of
inorganic salts would increase the silica-alumina face and alumina-
alumina face contacts and thereby alter the distribution of CH4 hydrate
and the flocculation behavior of Kaol particles that might inhibit or
promote CH4 hydrate formation. Moreover, siloxane and hydroxyl
surfaces are the two common types of clay minerals surfaces and are
also present in other clay minerals of the marine sediments; for ex-
ample, montmorillonite, illite, chlorite, and mixed-layer clay minerals
contain the siloxane surface, whereas serpentine group minerals possess
siloxane and hydroxyl surfaces (Harper et al., 1983; Clennell et al.,
1999; Martín-Puertas et al., 2007; Bernárdez et al., 2012). Accordingly,
basal surface contacts might be easily formed in the layer stacking of
these various clay minerals, leading to similar effects on the nucleation
process of CH4 hydrate.

This study has identified the significant effect that the basal surface
contacts of Kaol particles exert on the nucleation and distribution of
CH4 hydrate. This finding is one of the important factor for better un-
derstanding the formation mechanism of CH4 hydrate in any type of
clay mineral particles that have siloxane or hydroxyl surface contacts.
In particular, the edge surface of clay minerals has a variable (positive
or negative) charge that depends strongly on the ambient pH (Luckham
and Rossi, 1999; Jozefaciuk and Bowanko, 2002; Bergaya et al., 2013).
However, the basal surface of clay minerals has a permanent negative
charge that arises from isomorphous substitution in the tetrahedral or
octahedral sheet (Bergaya et al., 2013). Consequently, the actual con-
tacts between basal surfaces and edge surfaces are likely to be highly
diverse and complex. Therefore, the detailed structural contact beha-
viors of the edge surfaces of clay mineral particles associated should be
considered in further studies on the formation of CH4 hydrate.

4. Conclusions

Molecular dynamics simulations were performed to investigate CH4

hydrate formation in Kaol particles with different surface contacts. The
results demonstrate that the formation of CH4 hydrate occurred in the
bulk-like region of Kaol particles before the formation of semi-cage
occurred near the Kaol surface. The crystallinity of CH4 hydrate in the
Kaol particles with a siloxane surface was superior to that in the bulk
hydrate phase. The formation rates of the 512 and 51262 cages were
greater than those of the 51263 and 51264 cages, resulting in the sI (512

and 51262) motif is being favored over the sII (512 and 51264) motif. CH4

molecules were easily adsorbed onto the siloxane surface to form a
semi-cage arrangement on the siloxane-water interface, which provided
further the nucleation sites for CH4 hydrate formation. However, the
disordered structure of H2O molecules near the hydroxyl surface did not
necessarily promote CH4 hydrate nucleation.

In general, the results suggest that the formation of CH4 hydrate on
the Kaol particles differed greatly from that in the bulk hydrate phase
owing to the surface effects of the particles. For example, the H2O
molecules at the hydrophobic siloxane surface adopted a regular tet-
rahedral arrangement that was conducive to CH4 hydrate formation.
Furthermore, the layered stacking of clay mineral particles should be
considered a key factor for developing a better understanding of the
formation of CH4 hydrate in marine sediments.
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