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ABSTRACT: Molecular dynamics simulations were used to investigate the effects of
the external surface of a 2:1 clay mineral with different charge amounts and charge
locations on CH4 hydrate formation. The results showed that 512, 51262, 51263, and
51264 were formed away from the clay mineral surface. The surface of the clay
mineral with high- and low-charge layers was occupied by Na+ to form various
distributions of outer- and inner-sphere hydration structures, respectively. The
adsorbed Na+ on the high-charge layer surface reduced the H2O activity by
disturbing the hydrogen bond network, resulting in low tetrahedral arrangement of
H2O molecules near the layer surface, which inhibited CH4 hydrate formation.
However, more CH4 molecules were adsorbed onto the vacancy in the Si−O rings of
a neutral-charge layer to form semicage structures. Thus, the order parameter of H2O
molecules near this surface indicated that the arrangement of H2O molecules
resulted in a more optimal tetrahedral structure for CH4 hydrate formation than that
near the negatively charged layer surface. Different nucleation mechanisms of the
CH4 hydrate on external surfaces of clay mineral models were observed. For clay minerals with negatively charged layers (i.e., high
and low charge), the homogeneous nucleation of the CH4 hydrate occurred away from the surface. For a clay mineral with a neutral-
charge layer, the CH4 hydrate could nucleate either in the bulk-like solution homogeneously or at the clay mineral−H2O interface
heterogeneously.

■ INTRODUCTION
Natural gas hydrates are crystalline compounds in which guest
molecules are trapped in cage-like structures formed by
hydrogen-bonded H2O molecules.1 The van der Waals forces
between the guest and the H2O molecules prevent the
clathrate-like structure from collapsing. Such an interaction
between H2O and guest molecules stabilizes natural gas
hydrates in high-pressure and low-temperature environ-
ments.1−3 Typical guest molecules are light gases such as
methane (CH4), carbon dioxide (CO2), ethane, and propane.1

The CH4 hydrate, a common type of natural hydrate, is found
in both permafrost areas and marine sediments.1,3−5 The CH4
hydrate structure has a cubic structure I (sI) in which CH4
molecules occupy large (51262, 12 pentagons and 2 hexagons)
and small cages (512). Over the past few decades, the CH4
hydrate has received considerable attention due to possible
applications for potential energy storage,6,7 transportation,8

and ameliorating global warming.9,10 Therefore, understanding
the formation mechanism of the CH4 hydrate is crucial to solve
these practical problems.
Recent geochemical studies on marine sediments have

indicated that considerable amounts of clay minerals, such as
montmorillonite, illite, kaolinite, chlorite, and mixed layer clay
minerals,11−15 are common constituents in gas hydrate-bearing
sediments. Additionally, clay minerals, which exhibit large
specific surface areas and surface charges, might significantly

influence the gas hydrate formation. Many studies have
investigated gas hydrate formation in the presence of clay
minerals, and clay minerals were shown to significantly affect
the thermodynamic conditions needed to stabilize gas
hydrates.11,16−21 Guggenheim and Koster van Groos showed
that the CH4 hydrate structure formed a stable complex in a
montmorillonite interlayer with a 1.2 nm interlayer distance.
The phase equilibrium temperatures for this process were
found to be 0.5−1 °C lower than those of a bulk CH4

hydrate,11 and on the basis of this study, extensive
experimental and molecular simulation studies on gas hydrate
formation in clay minerals have been performed. For instance,
kaolinite and illite do not significantly affect the CO2 hydrate
phase equilibrium, whereas the phase equilibrium curve shifted
toward the high pressure and low temperature with the
presence of montmorillonite because of its interlayer cations,
resulting in decreased H2O activity.22 Cygan and Guggenheim
demonstrated that the montmorillonite surface enhanced CH4
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hydrate nucleation kinetics by providing nucleation sites,
which produced stable CH4 hydrate intercalate structures with
H2O and a basal montmorillonite d-spacing of 0.23−0.24
nm.16 The resulting interlayer structure of montmorillonite,
that is, interlayer cation and isomorphic substitution, may be
crucial to gas hydrate complexes.17,19 Previous studies showed
that the edge surfaces of montmorillonite could serve as part of
the H2O cages to facilitate CH4 hydrate nucleation. The
interlayer distance affected CH4 hydrate growth by influencing
the diffusive velocity of CH4 molecules from the bulk
environment to the interlayer.17,23 A study demonstrated that
the montmorillonite surface promoted gas hydrate formation;
however, the confinement within the montmorillonite
interlayer appeared to overwhelm the promotion of the
montmorillonite surface, inhibiting gas hydrate formation.20

Furthermore, capillary effects must be considered as it may
affect H2O activity in the interlayer of montmorillonite.20,24,25

In addition, factors, such as marine sediments (e.g., inorganic
salt26−28 and organic matter22,29−31) and pH,32 also influence
gas hydrate formation by altering nucleation time31,33 and
formation rates34 in clay mineral suspensions because the gas
hydrate has many structural forms and complex interactions
with clay minerals. Therefore, the reaction mechanisms of the
structural and surface chemistry of clay minerals (especially of
montmorillonite) must be studied to understand gas hydrate
formation.
Montmorillonite is one of the most widely occurring clay

minerals in gas hydrate-bearing marine sediments.15,35

Montmorillonite is a 2:1 dioctahedral clay mineral composed
of one Al-O2(OH)4 octahedral sheet sandwiched between two
opposing Si−O tetrahedral sheets, forming a tetrahedral−
octahedral−tetrahedral (TOT) layer or a 2:1 layer. A TOT
layer is negatively charged due to isomorphous substitution in
the tetrahedral or octahedral sheet. The excess negative charge
is counterbalanced by cations located between adjacent layers,
which ensures the electroneutrality of the montmorillonite

structure.36 Previous studies reported that montmorillonite
affected CH4 hydrate formation, depending on the structural
and surface variations and properties of the montmorillon-
ite.11,37−39 For instance, the local CH4 clathrate complex on
the montmorillonite revealed the “thermodynamic promotion
effect” on CH4 hydrate formation.24 However, no hydrate
cages were formed in the montmorillonite interlayer, which
had a layer-to-layer distance of 1.59 nm, wherein the interlayer
space (∼0.6 nm) was less than the diameter of the 512 cages
(∼0.8 nm).20,25 These observations implied that the effects of
montmorillonite on CH4 hydrate formation (i.e., promotion or
inhibition) is not only limited by the H2O amount or cationic
distribution but also affected by the surface properties of
montmorillonite.
The distribution of cations and the arrangement of

interfacial H2O molecules are mostly determined by surface
defects or isomorphous substitutions in montmorillonite.40,41

Indeed, the presence or absence of substitutions in
montmorillonite produced a range of possible charge densities.
The charge magnitude and location have an effect on the
hydrodynamic properties of the fluid.42,43 A previous study
simulated the effect of layer charge on CO2 and H2O
intercalate structures in montmorillonite.44 The results showed
that the montmorillonite with a high-charge layer facilitated
H2O molecules to enter its interlayer and displayed decreased
CO2 intercalation. The montmorillonite with a low-charge
layer exhibited a more hydrophobic environment on its surface,
resulting in a significantly more rapid diffusion of cations and
H2O molecules into its interlayer compared to the montmor-
illonite with a high-charge layer.45 Moreover, the dynamic
properties of gas and H2O molecules strongly depend on their
binding strength with montmorillonite of different layer
charges, which is crucial for understanding the reactivity of
montmorillonite with gas and H2O in natural sediments. In
fact, a variety of charge deficits in either the tetrahedral or the
octahedral sheet of clay minerals are found in hydrate-bearing

Figure 1. Different views of the initial structures of clay mineral layer with (a) high, (b) low, and (c) neutral charges. From left to right: side view,
top view, octahedral sheet, and tetrahedral sheet. The layers are parallel to the a−b plane and surfaces along the [001] direction. Yellow tetrahedra,
IVSi; green octahedra, VIAl; green tetrahedra, IVAl; pink octahedra, VIMg.
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sediments.18 Therefore, great care should be taken when
investigating the possible effects of a clay mineral with a
variable layer-charge distribution on CH4 hydrate formation.
Unfortunately, with the temporal and spatial resolution limits
of current experimental techniques, it is difficult to obtain
direct evidence of the nucleation and growth behavior of gas
hydrate. Molecular dynamics (MD) simulations have therefore
emerged as a powerful tool for studying gas hydrate formation
in the presence of clay minerals on a molecular level.18,46

In this work, the effects of the external surface of a 2:1 clay
mineral with different layer-charge distributions on CH4
formation was investigated. Three 2:1 clay mineral model
structures with different layer charges (i.e., high, low, and
neutral charge) were considered. The MD simulations
provided insight into the distribution of cations and H2O
molecules on the external surface of the 2:1 clay mineral, which
may be a necessary and perhaps key factor for controlling the
nucleation of the CH4 hydrate at the clay mineral−H2O
interface and in the bulk-like solution. According to the
simulation data, the tetrahedral arrangement of H2O molecules
was analyzed by using order parameters. Finally, the hydrate
cage was analyzed by using the cage structure analysis
algorithm.

■ COMPUTATION METHODS
Models. The 2:1 clay mineral model was based on the pyrophyllite

structure, and the lattice parameters of the unit cell of pyrophyllite
(Al4Si8O20(OH)4) are a = 5.16 Å, b = 8.97 Å, and c = 9.37 Å and α =
91.5°, β = 100.46°, and γ = 89.6°.47 The position of the atoms in the
unit cell structure of pyrophyllite was obtained from the American
Mineralogist Crystal Structure Database.48 The repeated pyrophyllite
unit cell with 6 × 4 × 1 along the a, b, and c directions was created to
obtain a reasonable size model. After orthogonalization, the neutral
supercell of pyrophyllite was transformed into a negatively charged
layer by replacing atoms in the octahedral and tetrahedral sheets (i.e.,
Al3+ by Mg2+ in the octahedral sheet and Si4+ by Al3+ in the tetrahedral
sheet). The substitution sites obey Loewenstein’s rule, that is, two
tetrahedral substitution sites cannot be adjacent.49 Two Na+-saturated
clay mineral models with different layer charges were considered. The
formula of the first model was Na[Al3Mg][Si8]O20(OH)4. On the
basis of this formula, this model with 24 unit cells has 24 isomorphous
substitutions of Al3+ by Mg2+ in the octahedral sheet and 24
compensating Na+. For the second clay mineral model, 12 Al3+ were
replaced by Mg2+ in the octahedral sheet and 6 Si4+ were replaced by
Al3+ (three in each tetrahedral sheet) in the tetrahedral sheet,
balancing the layer charge with 18 Na+. The formula for the second
was Na0.75[Al3.5Mg0.5][Si7.75Al0.25]O20(OH)4. Therefore, two 2:1 clay
mineral models corresponding to the unit cell (uc) layer charges of
−1.0 and −0.75 e/uc were denoted as “high charge” and “low charge”,

respectively. Therefore, three clay mineral structures with high-, low-,
and neutral-charge layers were created, forming a dimension of lx =
3.096 nm and ly = 3.586 nm in the lateral direction (Figure 1).

For the simulation of CH4 hydrate formation on the external
surface of each 2:1 clay mineral, a 5 nm-thick layer with 1610 CH4
molecules and 140 H2O molecules was introduced onto the surface of
the clay mineral layer. The CH4 molar fraction was 0.08 in this work,
about half of that in the CH4 hydrate, and thus, not all the H2O
molecules could form a CH4 hydrate as CH4 molecules were
insufficient.50 The pore−scale in this simulation model was
comparable to that of mudstone in the natural geological environ-
ment.51 Therefore, the three simulation models with high-, low-, and
neutral-charge layers of clay minerals were denoted as Lhc, Llc, and Lnc,
respectively. The initial configuration of the simulation model is
illustrated in Figure S1.

Force Field and Simulation Details. The ClayFF force field was
used to describe the atoms in the clay mineral.52 The all-atom
optimized potentials for liquid simulations (OPLS-AA) force field was
used for CH4.

53 The TIP4P-ice model was used for H2O, and the
SETTLE algorithm was used to constrain the rigid geometry of H2O
molecules.54 The equation of motion was integrated with the leapfrog
algorithm with a time step of 1.0 fs.55 The Lorentz−Berthelot
combining rule was applied to calculate the Lennard-Jones potentials
between atoms.56 Short-range nonbonded interactions had a cutoff of
1.25 nm. The particle-mesh Ewald (PME) algorithm was used to treat
the long-range electrostatic interactions with a Fourier spacing of 0.12
nm.57 In each simulation, energy minimization was initially performed
to relax the initial configuration with the steepest descent algorithm.
After energy minimization, a 0.2 ns isothermal−isobaric ensemble
(NpT) simulation was used for equilibration under 250 K and 50
MPa. Then, the equilibrated configuration was put into the NpT
ensemble at the same temperature and temperature for 1000 ns. The
temperature was controlled using the Nose−́Hoover thermostat with
a time constant of 1 ps,58 and the pressure was controlled using the
Parrinello−Rahman barostat with a time constant of 4 ps.59 Only the
z dimension was scaled in the NpT simulation. Periodic boundary
conditions were imposed on three directions to eliminate the
boundary effects.60 All of the simulations were performed with the
GROMACS 5.1.2 software package.61

Data Analysis. A tetrahedral order parameter (F3) and a four-
body order parameter (F4) were used to analyze the arrangement of
H2O molecules.62−64 F3 is defined as follows (eq 1)

∑ ∑ θ θ= | | + °
=

−

= +

F ( cos cos cos (109.47 ))
j

n

k j

n

jik jik3
1

1

1

2 2
i i

(1)

where θjik denotes the angle between the specified oxygen ith atom
and the other two oxygen atoms jth and kth atoms within a distance
of 0.35 nm around the ith atoms. ni denotes the number of oxygen
atoms. Averages were computed over all H2O molecules. The average
values of the F3 parameter remained approximately 0.1 for liquid H2O

Figure 2. Evolution of order parameters in different simulation models: (a) F4 and (b) F3.
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and approximately 0.01 for solid H2O (including ice and the CH4
hydrate).
F4 is defined as follows (eq 2)

∑ ϕ=
=

F
n
1

cos 3
i

n

i4
1 (2)

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 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
the CH4 hydrate, respectively.
Face-saturated incomplete cage analysis (FSICA) was used to

analyze the hydrate cages,65,66 which were defined as a perfect
polyhedron with edge and face saturation characteristics. If a
polyhedron-like cage structure satisfied the edge- and face-saturated
conditions at the same time, then this cage was regarded as a
complete cage; otherwise, it was an incomplete cage. Face-saturated
incomplete cages were incomplete cages with a satisfied face
saturation. In this work, the main complete cages (i.e., 512, 51262,
51263, and 51264) and face-saturated incomplete cages (hereinafter
referred to as the incomplete cage) were analyzed. The incomplete
cages were the precursors for hydrate formation. The density profile,
radial distribution function (RDF), and coordination number (CN)
were calculated in the GROMACS package.

■ RESULTS AND DISCUSSION
The Evolution of Order Parameters and Cage

Structures during CH4 Hydrate Formation. To track
CH4 hydrate nucleation and growth processes, the F3 and F4
order parameters were used to distinguish between the
arrangement of the tetrahedral structure and the phase state
of the H2O molecules. Figure 2 shows the evolution of F3 and
F4 in the simulation models (when averaged over all H2O
molecules). In the first half of the simulation time (0−500 ns),
F3 decreased with the simulation time, whereas F4 increased
continuously. This result showed that a large number of CH4
molecules were used to form the CH4 hydrate. The fluctuation
range of F3 and F4 was relatively small during the second half of
the simulation (500−1000 ns), which indicated that a small
number of CH4 molecules were used for continued growth.
The trend of F3 and F4 values demonstrated that the H2O
molecules were rearranged from a liquid (disordered state) to a
hydrate phase (ordered state). The ratio of CH4/H2O was
smaller than that of the crystalline CH4 hydrate (ratio =
1:5.75) in this work.67 Thus, it was expected that the H2O
molecules were not completely converted into CH4 hydrates,
and the F3 and F4 values did not reach 0.01 and 0.7,
respectively. The equilibrium values of F3 and F4 were between
those of the liquid H2O and the CH4 hydrate, indicating that
some liquid H2O was also present. The average values of F3
and F4 in the different simulation models at 800−1000 ns are
listed in Table 1. From the calculation of the order parameters
of all H2O molecules in the simulation models, the average
values of F3 and F4 in the Lhc and Llc models were nearly

identical. However, the average values of F3 and F4 in the Lhc
and Llc models were different from the Lnc model. The average
value of F4 in the Lnc model was approximately 0.1, possibly
related to the effect of the neutral-charge layer on the CH4
hydrate formation. However, the average value of F3 in the Lnc
model was less than that in the Lhc and Llc models and thus
indicated that the H2O molecules of the 2:1 clay mineral with a
neutral-charge layer exhibited a better tetrahedral structure
than those with the negatively charge layers.
The average values of F3 and F4 of the local H2O structures

at the surfaces of the clay minerals (the first H2O layer, <1.27
nm) and bulk-like region (3.25−3.75 nm) were also
investigated; the results are shown in Figure 3. The lower
value of F3 and the higher value of F4 in the bulk-like region
signified that the bulk-like solution was more favorable for CH4
hydrate formation than the clay mineral surface. The average
values of F3 in the bulk-like regions of the different models
were almost identical. However, the surface H2O molecules in
the Lnc model had lower F3 values than those in the Lhc and Llc
models. This result demonstrated that a more optimal
tetrahedral structure of H2O molecules was formed on the
neutral-charge layer surface. Such cooperation between H2O
and CH4 molecules to facilitate structuring toward clathrate-
like ordering and CH4 hydrate nucleation might easily occur
on the neutral-charge layer surface. Based on the F3 value of
the surface H2O in the different models, it can be deduced that
the clay mineral with a low-charge layer may better facilitate
clathrate-like ordering of H2O molecules at its surface than the
clay mineral with a high-charge layer. In particular, the neutral-
charge layer surface was more favorable for the clathrate-like
arrangement of H2O molecules than the negatively charged
layer surface, indicating that the clay mineral with the neutral-
charge layer was preferable for the ready formation of the CH4
hydrate.
To further illustrate CH4 hydrate nucleation and growth in

the simulation models, the main complete cages (512, 51262,
51263, and 51264) and incomplete cages were identified by using
the FSICA method. The snapshots of the main complete cages
in different simulation models are shown in Figure 4. From
Figure 4, the number of hydrate cages gradually increased with
increasing simulation time. The growth of the CH4 hydrate in
the bulk-like region proceeded ahead of that on the external
surface of the clay mineral. More interestingly, the CH4
molecules were observed to directly contact to the neutral-
charge layer surface, highlighting the importance of interfacial
H2O on CH4 hydrate formation and the 2:1 clay mineral with
the neutral-charge layer. The nucleation of the CH4 hydrate
tends to be more stochastic in terms of induction time and
cage type.65 Thus, hydrate cages appeared and disappeared
during the simulation, and the frequently forming hydrate
cages in the bulk-like region were attributed to the locally high
concentration of CH4 molecules.68 The 512, 51262, 51263, and
51264 cages gradually appeared with increasing simulation time
(Figure 5a−c). The formation rates of the 51262 cages were
similar to those of the 512 cages, which indicated that the
formation of the 512 and 51262 cages was strongly correlated
with the CH4 hydrate. However, the formation rates of the
51263 and 51264 cages were less than those of the 512 and 51262

cages, and a small number of 51264 cages indicated that it was
difficult for CH4 to effectively stabilize the 51264 cages due to
its large size.69 Additionally, the amorphous nuclei with low
crystallinity was formed in the bulk-like region of the
simulation models. Such an amorphous solid could be

Table 1. Average Values of F3 and F4 in Different Simulation
Models during 800−1000 ns

all H2O molecules
H2O molecules in
the bulk-like region

H2O molecules in the
first H2O layer

models F3 F4 F3 F4 F3 F4

Lhc 0.0495 0.2756 0.0288 0.5175 0.0836 −0.0162
Llc 0.0476 0.2453 0.0257 0.5643 0.0723 −0.0360
Lnc 0.0367 0.0968 0.0261 0.3255 0.0599 −0.0498
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expected to transform into a crystalline hydrate. Meanwhile,
the formation of metastable sII (512 and 51264 cages) could
transform into the most stable sI (512 and 51262 cages) crystal
phase.70 The cage number of sI focus appeared to increase
more rapidly than that of the sII focus. This result was
consistent with only the sI hydrate forming in nature.1,71

Consequently, the average number of main complete hydrate
cages and the cage ratio (CR) during the last 100 ns were
investigated (Figure 5d). The CR is defined as the ratio of
51262 to 512 cages where CR = 3 for an ideal sI structure.5 The
CR values of the different simulation models ranged from 0.12
to 0.77, which were significantly lower than those of the sI
hydrate. The CR of the Lnc model was much lower than that of
the Lhc and Llc models, which indicated that the clay mineral

with different layer charges affected the cage occupancy of the
CH4 hydrate. More specially, the number of 512, 51262, 51263,
and 51264 cages in the bulk-like region of the Lnc model was
fewer than that of the Lhc and Llc models. Additionally, there
were more incomplete cages formed in the Lnc model than
those in the Lhc and Llc models (Figure 6).
To further investigate the arrangement of CH4 and H2O

molecules during CH4 hydrate formation, the RDF [g(r)] of
C−C, C−OW, and OW−OW (C and OW represent the
oxygen atom of H2O and the carbon atom of CH4,
respectively) were calculated during the last 10 ns of the
simulation trajectories (Figure 7 and Figure S2). The gC−OW(r)
of dissolved CH4−H2O indicated that a H2O hydration shell
formed around the CH4 molecules. From the gC−OW(r) values

Figure 3. Evolution of order parameters at the bulk-like region and the surface of the clay minerals: (a) F4 and (b) F3.

Figure 4. Snapshots of CH4 hydrate cages in different simulation models: (a) Lhc, (b) Llc, and (c) Lnc. Red, 5
12 cage; yellow, 51262 cage; green, 51263

cage; and blue, 51264 cage.
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for the different simulation models (Figure 7a−c), the initial
peak appeared at approximately 0.38 nm, indicating the
formation of a hydration shell of H2O molecules around the
CH4 molecule, in agreement with neutron diffraction results.72

In gC−C(r), the system consisted of disordered H2O and
randomly distributed CH4 molecules during the initial 0−100
ns, and there was a strong peak at approximately 0.4 nm due to
the close contact of CH4−CH4 within the disordered H2O
molecules. With the CH4 hydrate growth (100−500 ns), the
CH4−CH4 contact peak at 0.4 nm almost disappeared and a
strong peak appeared at approximately 0.65 nm, which was the
closest distance between two CH4 molecules of the CH4
hydrate crystal.67 These results also indicated that the CH4
and H2O molecules were arranged into clathrate-like
structures. A peak appeared at around 1.05 nm, which also
indicated the steady growth of the CH4 hydrate. The term

gOW−OW(r) was defined as the oxygen−oxygen distance
between two H2O molecules. A peak occurred at approx-
imately 0.28 nm, which implied that the polyhedrons were
composed of oxygen atoms having equal edges in the hydrate
cage. In general, compared with gC−OW(r), the RDF of C−C
and OW−OW also showed the growth of the CH4 hydrate,
and the values tended to be stable throughout the simulation.
These results suggested long-range order in the arrangement of
CH4 and H2O molecules during CH4 hydrate formation. The
arrangement of CH4 molecules around the basal oxygen (OB)
atoms was investigated to determine if there was an agreement
with the adsorption of the abovementioned CH4 molecules on
the neutral-charge layer surface. In Figure 7d, a peak of
gC−OB(r) appeared at approximately 0.37 nm, which was the
closet distance between the CH4 molecule and OB atoms. The
intensity of gC−OB(r) in the Lnc model was also much greater

Figure 5. Evolution of 512, 51262, 51263, and 51264 cages in different simulation models: (a) Lhc, (b) Llc, (c) Lnc. (d) Average number of 512, 51262,
51263, and 51264 cages and cage ratio computed over the last 100 ns of simulation time.

Figure 6. (a) Evolution of incomplete cages in different simulation models. (b) Snapshot of the incomplete cage.
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than those in the Lhc and Llc models, which demonstrated that
the interaction between the neutral-charge layer surface and
CH4 molecules was stronger than that between the negatively
charge layer surface and CH4 molecules because it contained
no Na+. Accordingly, it was expected that the neutral-charge
layer surface was more favorable to CH4 molecule aggregation

than the surface of the clay mineral with high- and low-charge
layers.
The CN of CH4 for different simulation models are listed in

Table S1; the CN of CH4 in Lhc, Llc, and Lnc were 22.58, 22.37,
and 21.48, respectively. The OB atoms of the Lnc model
provided additional coordination for CH4 molecules (CN =

Figure 7. Radial distribution function of the C−OW for different simulation models: (a) Lhc, (b) Llc, and (c) Lnc. (d) Radial distribution function of
C−OB for different simulation models.

Figure 8. Density distribution of different components along the z direction.
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1.01), whereas the number of OB atoms of Lhc and Llc models
in the coordination sphere of CH4 molecules was nearly zero.
This result was expected because the strong electrostatic
interaction between Na+ and the negatively charged layer
prevented contact between CH4 molecules and the clay
mineral layer. The total CN of CH4 molecules in the
simulation models approached the CN of CH4 molecules in
a bulk hydrate phase,72 which indicated that the hydration
structure of CH4 was transformed into a hydrate cage, and
more hydrogen-bonding networks were formed between the
H2O molecules.
The Distribution of Na+, CH4, and H2O on the Clay

Mineral Surface during CH4 Hydrate Formation. To
further investigate the interaction of Na+, CH4, and H2O on
the clay mineral surface during CH4 hydrate formation, the
density distributions of Na+, C, OW, and HW (hydrogen
atoms of the H2O molecule) along the z direction were
calculated (Figure 8). The results showed that the distribution
of H2O molecules was close to the clay mineral surface,
forming distinct density peaks as strong adsorption layers. The
positions of OW and HW indicated the orientation of H2O in
the first adsorbed layer; a significant fraction of OH bonds
were oriented toward the clay mineral surface. The distribution
and coordination structure of Na+ differed in the Lhc and Llc
models (Figures 8 and 9). Except for the small number of Na+

distributed beyond the clay mineral surface, most of the Na+

were distributed in the first and second adsorption H2O layers.
Moreover, Na+ formed an outer-sphere structure on the high-
charge layer surface; in contrast, the small number of Na+

exhibited an inner-sphere structure on the low-charge layer
surface where OB atoms contributed to the first hydration
shell. This was probably related to the isomorphic substitutions
of the tetrahedral sheet. Cation size by isomorphous
substitutions was a variable that possibly affects the diameter
and geometry of the tetrahedral ring in the clay mineral layer.
This effect might be minor and negligible in this case because
the charged layer surface was almost absorbed by Na+, which
was unfavorable for CH4 hydrate nucleation due to its
hydration behavior.
A large number of CH4 molecules were distributed in the

bulk-like region of the simulation models (Figures 8 and 9),

but a small number of CH4 molecules were distributed near
the low-charge layer, which indicated that the low-charge layer
surface might have an affinity for the CH4 molecules. Unlike
on high- and low-charge layers, a relatively large number of
CH4 molecules were uniformly distributed on the neutral-
charge layer surface. This was related to the effect of Na+ on
the negatively charged layers; the strong electrostatic attraction
between the charged layer and Na+ was greater than the van
der Waals force between the charged layer and CH4 molecules,
suggesting that Na+ was easily adsorbed onto the charged layer
surface. Mechanistically, the hydration structure of Na+

affected the distribution of H2O molecules around CH4 and
pushed the CH4 molecules away from the negatively charged
layer due to the salting-out effect, which reduced the solubility
of CH4 molecules in the solution, and increased the possibility
of CH4 molecules adsorbed on the surface of the hydrate
cage.73,74 Thus, the abundant Na+ near the surface would
decrease the H2O activity and thereby destroy the HB network
structure of H2O molecules.22 Therefore, the distribution of
Na+ on the surface of the clay mineral with high- and low-
charge layers could inhibit CH4 hydrate formation.
However, as Na+ is absent from the Lnc model, CH4

molecules were adsorbed onto the vacancy within the
hexagonal rings of the Si−O tetrahedron, and these hexagonal
rings of the Si−O tetrahedra might provide a partial framework
for caging CH4 molecules. These structures were then
transformed into semicages to stabilize the CH4 molecules
on the neutral-charge layer surface throughout the hydrate
formation process (Figure 9g−i). Such semicage structures on
the neutral-charge layer surface formed more uniform
tetrahedra with H2O molecules than those on the charged
layer surface, confirming the better structural ordering of the
H2O molecules on the neutral-charge layer and thus an
explanation for the low value of F3 in the Lnc model (Figure
2b). Therefore, compared to a clay mineral with tetrahedral or
octahedral substitutions, a clay mineral without substitution
might promote CH4 hydrate nucleation more easily by
increasing the number of nucleation sites available on its
surface.
To investigate the arrangement of Na+ after CH4 hydrate

formation, the gNa−OW(r) and gNa−OB(r) of the Lhc and Llc

Figure 9. Snapshots of the (a) Lhc, (d) Llc, and (g) Lnc simulation models at 1000 ns. (b) Side and (c) top view of the local structure of the Lhc
model. (e) Side and (f) top view of the local structure of the Llc model. (h) Side and (i) top view of the local structure of the Lnc model.
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models over the last 10 ns of the simulation trajectories were
calculated (Figure 10). The main peak of all gNa−OW(r) profiles
appearing at approximately 0.24 nm represent the first
hydration shell of Na+, which agreed well with the findings
of previous studies.75 A peak of gNa−OB(r) was located at
approximately 0.266 nm, and this occurred only in the Llc
model. This result demonstrated that the OB atoms of the low-
charge layer contributed to the first hydration shell of the Na+

(Figure 8d−f). The CN of Na+ in the Lhc and Llc models is
listed in Table S2. The number of H2O molecules in the first
hydration shell of the Na+ was approximately 5.966 and 5.221
in Lhc and Llc, respectively. The OB atoms around Na+ were
near zero in the Lhc model, whereas the contribution of OB
atoms in the Llc for Na

+ was 0.953. This result agreed with the
abovementioned outer- and inner-sphere adsorption behavior
of Na+ in the clay mineral with high- and low-charge layers,
respectively. Additionally, the total CN of Na+ in the Lhc and
Llc models was consistent with the previous experimental and
simulation work.76−79

Hydrogen Bond Structural Analysis. To evaluate the
properties of the hydrogen bond (HB) structure on the clay
mineral surface, the distance and number of HB were
calculated. The initial peak of gOW−HW(r) and gOB−OW(r)
appeared at approximately 0.184 nm (Figure S3), which was
close to the HB distance in the CH4 hydrate crystal. The
average number of HBs per H2O molecule was 3.77, 3.82, and
3.96 in Lhc, Llc, and Lnc models, respectively. These values were
consistent with the previous results and implied that the H2O
molecules were present in the hydrate phase.80 The average
number of HBs per H2O molecule and the average number of
HBs per H2O molecule contributing to other H2O molecules
in the Lnc model were significantly greater than those in the Lhc
and Llc models (Figure S4a,b). The HB number was
accompanied by CH4 hydrate formation. The greater the
number of HBs, the more likely the H2O molecules are
arranged to form cages. From Figure S4c, the average number
of HBs per H2O molecule contributing to the Si−O
tetrahedron in the Llc model was fewer than that in the Lhc
model, which demonstrated that the clay mineral with the
higher tetrahedral charge cannot increase the number of HBs
on its surface. The results also indicated that the interaction
between H2O molecules and the high-charge layer was
stronger than that with the low-charge layer. Compared with
the negatively charged layer, the neutral-charge layer surface
was mainly occupied by CH4 molecules, resulting in the
smaller number of HBs on its surface.

The simulations showed that the nucleation and growth of
the CH4 hydrate were strongly affected by the layer-charge
distribution of the 2:1 clay mineral. Clay minerals with
different layer charges showed different HB numbers between
H2O molecules and the external surface of the clay mineral.
Compared with the distribution of CH4 on the negatively
charged layer, CH4 molecules on the neutral-charge layer with
a higher CH4 density appeared to be more ordered and less
mobile, which appeared to stabilize the interfacial H2O on its
surface. Of particular interest was that the semicage structures
were easily formed on the neutral-charge layer. Such semicage
structures seem necessary because of the mismatch of the
neutral-charge layer and CH4 hydrate crystal of the bulk-like
solution. This result was similar to the previous simulation
work that graphite could induce the hydrate-like H2O ordered
on the surface, the hydroxylated silica surface could form
strong HBs with interfacial H2O, which might stabilize the
hydrate and promote the CH4 hydrate formation.81,83 For a
clay mineral with a high-charge layer, the electrostatic
attraction between Na+ and its surface was enhanced due to
the high charge, which was not conducive to the nucleation of
the CH4 hydrate on its surface. These results were consistent
with the nucleation mechanism of the CH4 hydrate with
different properties of the solid−H2O interface.82,84 These
results might explain the results of a previous study where
higher pressure and lower temperature were required to
compensate for the disordered HB structure resulting from
cations in the montmorillonite suspension compared to a bulk
hydrate during gas hydrate formation.22 In general, based on
the findings of this work, different nucleation mechanisms of
the CH4 hydrate on the external surface of 2:1 clay minerals
with high-, low-, and neutral-charge layers are proposed. For
the clay minerals with negatively charge layers (i.e., high- and
low-charge layers), the homogeneous nucleation of the CH4
hydrate mainly occurs away from the surface of the clay
mineral. The accumulated cations near the clay mineral surface
can exclude CH4 away from the surface. The formed hydrate
cages in the bulk-like region can adsorb CH4 molecules,
resulting in the certain regions in the solution with low CH4
concentration, as demonstrated in previous study.69,85,86 For
the clay mineral with a neutral-charge layer, the CH4 hydrate
can nucleate either in the bulk-like solution homogeneously or
at the clay mineral−H2O interface heterogeneously. The
findings suggest that the external surface of 2:1 clay minerals
can act as either a promoter or an inhibitor for the
heterogeneous nucleation of the CH4 hydrate.

Figure 10. Radial distribution function of the (a) Na−OW and (b) Na−OB in Lhc and Llc models.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c00183
Langmuir 2020, 36, 3323−3335

3331

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00183/suppl_file/la0c00183_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00183/suppl_file/la0c00183_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00183/suppl_file/la0c00183_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00183/suppl_file/la0c00183_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00183?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00183?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00183?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00183?fig=fig10&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00183?ref=pdf


Because a variety of charge deficits in either the tetrahedral
or the octahedral sheet of 2:1 clay minerals coexist with the
CH4 hydrate in marine sediments,18 there is a critical question
concerning the effect of the charge amount and charge location
of the clay mineral on the nucleation and growth of the CH4
hydrate. Smectite is generally the most abundant clay mineral
in natural gas hydrate-bearing marine sediments.11,15 The total
negative charge of smectite is 0.2−0.6 per half unit cell.36,87

The negative layer charge of clay minerals represents an
important factor affecting both hydration and the distribution
of cations on the layer. The electrostatic interaction between
the cations and H2O molecules near the external surface
reduced the H2O activity, resulting in locally distorted cage-
like H2O structures. Smectite, mixed-layer illite−smectite, and
illite form a continuous mineralogical sequence in which the
structure and composition are closely related.88 The layer
charge and composition of the different components of mixed-
layer illite−smectite have been reported in many low-
temperature geological environments that are beneficial for
the CH4 hydrate formation.89 The site of charge in the illite
layers varies, some having an octahedral charge and others
having a more tetrahedral charge. The charge on the smectite
layers varies in different gas hydrate-bearing sediments, but it is
predominately distributed in the octahedral sheet. This finding
implied that both the uncharged clay mineral (i.e.,
pyrophyllite) and charged ones (i.e., smectite) with a low-
charge layer cannot efficiently fix surface cations. However, a
clay mineral with a high-charge layer could improve the
efficiency of surface cation fixation, strongly inhibiting CH4
hydrate nucleation on its surface. Under such conditions,
changes in the layer charges of clay minerals, produced by
isomorphous substitution of different valence cations in the
octahedral or tetrahedral sheets (e.g., Al3+ by Fe2+ in the
octahedral sheet and Si4+ by Fe3+ in the tetrahedral sheet), may
affect the nucleation of the CH4 hydrate in natural sediments,
and thus, such changes should be considered in future studies.

■ CONCLUSIONS

This work investigated the CH4 hydrate formation on the
external surface of 2:1 clay minerals with different layer charges
by using molecular dynamics simulation. The results showed
that a large number of 512, 51262, 51263, and 51264 cages were
formed in the bulk-like region of the simulation models. The
negatively charge layer surface (i.e., high and low charge) were
occupied by Na+ to form outer- and inner-sphere hydration
structures, which decreased the tetrahedral arrangement of
H2O molecules near the surfaces and thus inhibited the CH4
hydrate formation. However, the CH4 molecules were
adsorbed onto the vacancy of the Si−O ring of the neutral-
charge layer to form semicages, which might stabilize the CH4
molecules and promote CH4 hydrate formation. The order
parameter of H2O molecules near the neutral-charge layer
showed a better tetrahedral arrangement than that near the
negatively charged layers. The findings provided insight into
the nucleation mechanism of the CH4 hydrate on the 2:1 clay
mineral surface. The homogeneous nucleation of the CH4
hydrate occurs away from the surface of clay minerals with
negatively charged layers due to the cation hydration. The
heterogeneous nucleation of the CH4 hydrate occurred at the
interface between H2O and the surface of the clay mineral with
the neutral-charge layer. Therefore, the layer-charge distribu-
tion of 2:1 clay minerals should be considered as a key factor

for understanding the formation process of the CH4 hydrate in
clay-rich marine sediments.
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