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Abstract

In this study, molecular dynamics simulations were performed to investigate the
effects of montmorillonite with different surface cations (i.e., Na*, K*, and Ca*") on
CH,4 hydrate formation. The results showed that CH4 hydrate cages are mainly formed
beyond the montmorillonite surface. The inner-sphere adsorption of K* and the
outer-sphere adsorption of Na* and Ca?" occurred on the montmorillonite surface,
leading to differences in order parameter and hydrogen bonds number of H,O
molecules. The number of structure I cages increased faster than that of structure II
cages in different models, and were in agreement with the fact that CH4 molecules can
only form sI hydrate crystals. The number of 5! cages increased in the order: Na-Mt
< Ca-Mt < K-Mt. The surface of K-Mt could promote the nucleation of CH, hydrate
in the bulk-like solution. The above findings suggest that the coordination structure of
cations on the external surface of montmorillonite plays an important role in CHy4
hydrate formation through altering the occupation of CH,4 hydrate.
Keywords:

CH, hydrate, montmorillonite, hydration structure, molecular dynamics simulation.
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Introduction

There has been sustained interest in CH4 hydrate due to its large energy density
and environmentally abundant nature as compared to other fossil fuels (e.g., coal, oil,
and natural gas) ['l. CH4 hydrate is vastly distributed in permafrost areas and marine
sediments along the continental margins under high CH4 concentration, medium
pressure, and low temperature environments > 31, Structurally, CH4 hydrate is an
ice-like nonstoichiometric crystalline compound made up of CH, and H,O molecules,
CH, hydrate presents a cubic structure that consists of 46 H,O molecules per unit cell,
forming six 5'262 (12 pentagons and 2 hexagons) and two 5% cages [- 4,

Due to the enormous potential for CH4 hydrate to be used in energy storage and
geological applications, experimental and modeling studies have focused on the
nucleation and growth mechanism of CH,4 hydrate 71, It has been known that the
formation kinetics of CH, hydrate is affected by geological and environmental
conditions, such as mineral type 8!l organic matter >4l and inorganic salt
concentration ['’], Among them, clay minerals were regarded as an important variable
because they are the main component in natural sediments [0 16191 According to
previous studies, the formation of CH,4 hydrate in the presence of clay minerals differ
from that of bulk hydrate phase, which is due to the unique structure and surface
chemistry of clay minerals '® 71, For instance, Guggenheim et al. showed that a
montmorillonite-CH4 hydrate intercalate can be stably formed in the interlayer with a
1.2-nm interlayer distance upon pressurization at 41.4 bar. The stable upper limit of

hydrate intercalate on the pressure and temperature was parallel to that of CHy4
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hydrate, but the temperatures were 0.5°C—1°C lower than that of CH4 hydrate ['7]. Cha
et al. showed that the large specific surface areas of clay minerals provide nucleation
sites to promote the CH4 hydrate formation, and the stable temperature and pressure
range of CH4 hydrate in the presence of clay minerals was broader than that in H,O
alone [2°1. Zhou et al. observed disordered clathrate-like structures in
montmorillonite-CH, hydrate intercalate models, and found that the behavior of CH,4
hydrate complex in the interlayer was affected by the amount of intercalated H,O 211,
The abovementioned studies all suggest that the presence of clay minerals is a crucial
variable in governing the CH4 hydrate formation. In view of the ubiquity of clay
minerals in the geological environments where CH4 hydrate is generated, it is of no
doubt that further research work is warranted to evaluate the effects of clay minerals
on the CHy4 hydrate formation.

Montmorillonite is one of the most widespread clay minerals in CH,
hydrate-bearing sediments ['8-20]. Montmorillonite is a 2:1 dioctahedral clay mineral
with a layer composed of an octahedral sheet sandwiched between two opposing
tetrahedral sheets. The isomorphic substitutions in the tetrahedral and octahedral
sheets create the negative charge of the montmorillonite layer. The layer charge is
primarily balanced by alkali and alkaline earth cations adsorbed onto basal surfaces or
in the interlayer region of montmorillonite [*> 231, The role of montmorillonite in the
CH, hydrate formation is currently a controversial subject because there are many
issues that require clarification. For example, previous studies suggested that

montmorillonite could promote the hydrate nucleation due to the specific surface area,
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and the promotion is caused by the surface-adsorbed H,O molecules into ordered
layers that approximate a part of hydrate lattices [ 24, However, some experiments
indicated that montmorillonite could inhibit gas hydrate formation by disrupting the
hydrogen bond (HB) network of H,O molecules. Therefore, in the presence of
montmorillonite, higher pressure or a lower temperature was necessarily required to
construct hydrate structures [>> 261, Studies on CH,; hydrate formation in
montmorillonite suspension have revealed a unique phase equilibrium condition of
CH,4 hydrate, which was ascribed to an inhibition behavior by the capillary effect and
surface interactions of nanopores (i.e., interlayer space and interparticle space) ['6 271,
Despite the inconsistency between different studies, it has been well accepted that the
structure and surface characteristics of montmorillonite must have played important
roles in the gas hydrate formation in the natural sediments, but the underlying
mechanism requires further investigation. Cations adsorbed onto the external surface
of montmorillonite from salt solutions in an ambient environment is a crucial issue
with respect to the CH,4 hydrate formation. Previous studies have reported that a low
concentration of inorganic salts effectively promotes CH4 hydrate formation, while a
high concentration of inorganic salts inhibits it. At a low concentration of inorganic
salts, large and polarizable anions are hydrophobic, and they will interact with
surrounding H,O molecules to form hydrophobic hydration shells. These hydration
shells are similar to those of the hydration shells of CH4 molecules, resulting in the
promotion of CHy4 hydrate formation [?% 2°1. The inhibition of CH4 hydrate formation

at high salt concentrations was explained by the competition between cations and CH,4
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molecules for H,O molecules, as well as the distortion in the HB structure of H,O
molecules. It was found that smaller cations have a higher charge density, leading to
stronger electronic interactions between cations and H,O molecules. This will cause
weak HB interactions between H,O molecules. In contrast, large cations have a lower
charge density, leading to H,O molecules that more easily interact with each other
through the HB network 3%,

It is known that different types of inorganic salt ions (e.g., Na*, K*, Ca?*, Mg?",
and CI') exist in the pore H,O of CH, hydrate-bearing sediments ', The negative
charges of montmorillonite in natural sediments are compensated by the presence of
inorganic ions in pore H,O, located on the surface and the frayed edges of
montmorillonite. The charge-dipole attraction between H,O molecules and surface
cations results in the unique chemical and physical characteristics of the
montmorillonite surface under cation-rich environments. The distribution and
hydration characteristics of cations on the external surface determine the
hydrophilicity on the montmorillonite surface. H,O molecules around cation on the
montmorillonite surface are chemically and physically distinct from the bulk phase.
More importantly, gas molecules introduced into the montmorillonite are interacted
with the H,O molecules solvating cations. Therefore, an important issue is raised, i.e.,
how the external surface cations of montmorillonite influence the cage number, cage
occupancy, and distribution of CH4 hydrate during the CH4 hydrate formation.
Unfortunately, it is technically difficult to investigate the molecular mechanism of gas

hydrate formation on the montmorillonite surface by phase equilibrium experiments

ACS Paragon Plus Environment

Page 6 of 33



Page 7 of 33

oNOYTULT D WN =

ACS Earth and Space Chemistry

[32.33] In this scenario, the development of force fields for molecular simulation of
clay minerals in recent years provides a powerful tool to study the interfacial behavior
of montmorillonite at the molecular level 134, Particularly, molecular dynamics (MD)
simulations have been significant in studying the clay-fluid system and the gas
hydrate in the presence of clay minerals 33361,

In this study, the formation of CH4 hydrate in the presence of montmorillonite
with different surface cations (Na*, K, and Ca’") were investigated using MD
simulations. The purpose of this study was to determine the effect of different cations
on CHy4 hydrate formation at the external surface of montmorillonite. The structure
and dynamics of H,O molecules in different models were compared by analyzing the
density profile, radial distribution function (RDF), and mean square displacement
(MSD). The local order parameter and cage structure were investigated to gain a
better understanding of the nucleation mechanism of CH4 hydrate on montmorillonite
surface.

Methodology
Molecular models

The molecular models of montmorillonite were derived from the pyrophyllite
structure [*7], which was obtained from the American Mineralogist Crystal Structure
Database [38], The lattice parameters of the unit cell of pyrophyllite are: a = 5.16 A, b
=897 A, and c =9.37 A, and a = 91.5°, B = 100.46°, and y = 89.6°. To prepare the
montmorillonite model, the layer charge was created primarily by the substitution of

Mg?* for AI’* in the octahedral sheet, and the isomorphic substitutions obey
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Loewenstein’s rule (i.e., two substitution sites cannot be adjacent) [3°1. The Na*, K*,
and Ca”" were used to balance the negative layer charge. Thus, the chemical formula
of montmorillonite is M[Al3Mg][SigO,](OH),, with M = Na*, K*, and Ca?*. A 6x4x1
supercell model with Ix = 3.096 nm and /y = 3.586 nm was created. The final
orthorhombic model was obtained from the triclinic supercell model, which would not
affect the simulation results [4% 41, Three montmorillonite models with different
surface cations (i.e., 24 Na*, 24 K*, and 12 Ca?") were created. A bulk solution model
was generated including 140 CH4 and 1610 H,O molecules, which were randomly
distributed within a 3.096 nm x 3.586 nm x 5 nm simulation box. The CH4 molar
fraction was 0.08 in this study, about half of that in CH, hydrate crystal, and thus not
all the H,O molecules could convert into CH4 hydrate. Additionally, the CH4 molar
fraction satisfied the condition that the CH4; molecules would remain uniformly
distributed in the liquid H,O without phase separation 4> %3], Then, the bulk solution
model was added onto the montmorillonite sheet. Three models with different cations
were abbreviated as Na-Mt, K-Mt, and Ca-Mt. Simulation for the different models
were repeated at three times independently, which were recorded as Run 1, Run 2,
and Run 3, respectively. The initial configuration of the simulation model is

illustrated in Figure 1.
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Figure 1. Initial configuration of the simulation models. (a) Na-Mt, (b) K-Mt, (c) Ca-Mt. The
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stick framework represented the montmorillonite layer.
Force field and simulation details

All the MD simulations were performed with the GROMACS package (version
5.1.2) 44, Montmorillonite was modeled by the ClayFF force field [+, The optimized
potentials for liquid simulations all-atom (OPLS-AA) force field was used for CHy
molecules 4], TIP4P-Ice model was used for H,O and the settle algorithm was
employed to constrain the rigid geometry of H,O molecules 471, The equation of
motion was integrated with the leapfrog algorithm and with a time step of 1.0 fs.
Lorentz-Berthelot combining rules were applied to calculate the Lennard-Jones
potentials between different atoms. Short-range non-bonded interactions were cutoff
at 1.25 nm 8, The particle-mesh Ewald (PME) method was used to calculate the
long-range electrostatic interactions with a Fourier spacing of 0.12 nm 41,

In each MD simulation, energy minimization was performed to relax the initial
configuration with the steepest-descent algorithm at first. After energy minimization,
0.2 ns of isothermal-isobaric (NpT) ensemble simulation was employed for
equilibration under 250 K and 50 MPa, the Berendsen coupling method was used to
control temperature and pressure with a time constant of 0.1 ps and 0.5 ps,
respectively. Subsequently, the equilibrated configuration was simulated in NpT
ensemble at the same temperature and pressure for 1000 ns, but temperature was
controlled using the Nosé-Hoover thermostat 5% with a time constant of 1 ps, and
pressure was controlled using the Parrinello-Rahman barostat '] with a time constant

of 4 ps. This temperature and pressure can provide sufficient driving force for
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attaining faster growth kinetics of CHy4 hydrate during the simulation 352 331 Only
the z dimension was scaled in NpT simulations. Periodic boundary conditions were
imposed on the molecular structures in three directions 41,
Data analysis
Order parameter

The tetrahedral order parameter (F3) %1 and four-body order parameter (F4) 1% 571
were used to analyze the H,O structure, and these were defined as follows (Egs. (1)
and (2)):

cos @,

A=

where Qiik denotes the angle between the specified oxygen iy atom and the other two

|cos 0 +cos’ (109.470))2> (1)

oxygen j, and ky; atoms within a distance of 0.35 nm around the i, atom; n; denotes
the number of oxygen atoms. Average (...) are computed over all H,O molecules.
The average values of the F; parameter remain at approximately 0.1 for liquid H,O
and 0.01 for solid H,O (including CH,4 hydrate and ice).

F, = %ZLI cos 3¢, (2)
where ¢; denotes the dihedral angle between the oxygen atoms of two adjacent
molecules and the outermost hydrogen atoms, and » indicates the number of the
oxygen atom pairs of H,O molecules within 0.35 nm. The average values of F, are
-0.04, -0.4, and 0.7 for H,O, ice, and CH4 hydrate, respectively.

Cage structure
The structure of H,O was identified by searching for oxygen atoms within 0.61
nm around CH; molecules. The topological structure of the ring formation was
10
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determined by the connection of the H,O molecules. Two oxygen atoms were deemed
connected if their distance was less than 0.35 nm. Then, all the possible pentagonal
and hexagonal rings formations were identified via connected oxygen atoms. Oxygen
atoms were utilized as the vertices to identify the 5'2, 5262, 51263, and 5'26* cages
composed of 20, 24, 26, and 28 H,0O molecules, respectively [43:38 3],
Results and discussion
Order parameter and cage structural analysis

The order parameter and cage structure were investigated to study the nucleation
and growth events of CH,4 hydrate. Figure 2 shows the evolution of order parameter
(F5 and F,) in different simulation models for run 3 (when averaged over all H,O
molecules). The plots of order parameter of all H,O molecules in different simulation

models for run 1 and run 2 are in Figure S1.
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Figure 2. Evolution of order parameter in the different simulation models for run 3.
As shown in Figures 2 and S1, the decrease in F5 and the increase in F, indicated
the nucleation and growth process of the CH, hydrate, and the trend in order
parameters demonstrated the transformation from a disordered state (liquid H,O) to an

ordered state (CH4 hydrate). Compared with the F; and F, for different simulation
11
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models, the sharp changes in F; and F, indicated the rapid growth of CH, hydrate
during 200-600 ns. After 600 ns, either F4 or F; reached a steady value, which
indicated that the growth of CH, hydrate almost finished, and a large number of CH,4
hydrate cages formed. The equilibrium values of F3 and F, are between that of liquid
H,0 and CH4 hydrate, reflecting part of liquid H,O was also present. It was expected
that H,O molecules cannot be completely converted into CH, hydrate because the
CH4/H,0 ratio was approximately 0.08 in this study. Additionally, the nucleation and
subsequent growth of CH4 hydrate results in a significant drop in potential energy
during the simulation (Figure S2). The average values of F; order parameter in
different simulation models during 800-1000 ns for run 1-3 are listed in Figure 3a.
There was little difference in the equilibrium values of F; in different montmorillonite
models after CH4 hydrate formation. The lower value of F; in the K-Mt model

indicated that a more optimal tetrahedral structure of H,O molecules was formed.

0.052

0.040

(a) [ R (b) Mt
I ca-Mi ] I Mt
B KMt I KMt

F; order parameter
F, order parameter

Run | Run 2 Run 3 Run | Run 2 Run 3

Figure 3 Average value of F; order parameter in different simulation models during 800-1000 ns
for run 1-3. (a) All HO molecules. (b) H,O molecules in the bulk-like region.
To analyze the effect of the external surface of montmorillonite on CH4 hydrate
formation, the evolution of both parameters in the bulk-like region (3.25-3.75 nm) and
12
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surface (the first adsorbed H,O layer, < 1.27 nm) was also investigated (Figures 4 and
S3). In Figures 4 and S3, the value of F; and F; of H,O molecules in the bulk-like
region approached the value of the hydrate phase, which indicated that hydrate cages
were formed beyond the montmorillonite surface. F; and F,4 of HO molecules on the
montmorillonite surface approached the values of liquid H,O, which might be due to
the influence of cation hydration on the HB networks of H,O structures, resulting in
the liquid arrangement of H,O molecules. Compared with Na-Mt and Ca-Mt, the
lower F3 value of H,O molecules in the bulk-like region of K-Mt model signified that
it was favorable to form optimal tetrahedral structure of H,O molecules in K-Mt
(Figure 3b). Therefore, the surface of K-Mt promoted the nucleation of CH4 hydrate
in the bulk-like region, while the surface and the bulk-like region of Ca-Mt and
Na-Mt does not show obvious promotion of CH4 hydrate nucleation. In general, the
surface of K-Mt model could significantly promote the nucleation of CH4 hydrate in
the bulk-like solution. The bulk-like region in K-Mt was easier to form CHy4 hydrate

cages than that in the Ca-Mt and Na-Mt.

0.10
“\
' 4
0.09 4 £l w = L
"\ U I/l L R B - A I
[ MLy e \'”\: I\ \\, Melh =
E 0.084/ )y \f N "’ (WA S L
o Eoo ol st A a N o 2 044
% 0.07 4 7 e \\ S \ '\ Z g : —— Na-Mt_bulk-like region
% 1 u £y g —— K-Mt_bulk-like region
g Ca-Mt_bulk-like region
o 0.064 e e - =
5 Nﬂ-Mlﬁhqu-‘llkL region 5 - = = Na-Mt_surface
_g —K-Mlihulk-hllce region = 0.2+ - - = K-Mt_surface
= 0.054 —— Ca-Mt_bulk-like region 5 - - = Ca-Mt_surface
?" = = = Na-Mt_surface < B
. 0.044 - - = K-Mt_surface =~ ; 1“ 1y s
- - - Ca-Mt surface 0.0 A Ll P G
- - = L S Ol A -
0.03 RV S >l )
. ~ FLo il e ¥
\ 1
0.02 4 \
. . . ; -0.2 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ns) Time (ns)

Figure 4. Evolution of order parameter for run 3 at the montmorillonite surface and the bulk-like

region in different simulation models.
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To quantitatively disclose the evolution of hydrate cages during CH, hydrate
formation, four different types of cage structures (i.e., 5'2, 51262, 51263, and 5'26%)
were identified by using the cage analysis algorithm. Figures 5 and S4 show the
evolution of cage structures in different simulation models during the simulation. The
snapshot of cage structures at different simulation times shows the stages of
nucleation and growth of CHy4 hydrate, which are illustrated in Figures 6 and S5.
Figures 5 and S4 show that 5! cages were first formed in the bulk-like solution, and
the nucleation time (when the first stable cage structure formed) was different in
different montmorillonite models, which was consistent with previous work that
indicated that the nucleation process of hydrate tends to be more stochastic in terms of
cage type and nucleation time [°0-93], The appearance of hydrate cages in the bulk-like
region of the model was attributed to the locally high concentration of CH4 molecules
(641 Tt was observed that the 5'262, 5263, and 5'26* cages gradually appeared with
increasing simulation time. The formation rates of the 5!2 and 5'262 cages were higher
than those of the 51263 and 5'26* cages, which indicated that the formation of the 5'2
and 5'26% cages was strongly correlated during the simulation. A small number of
5126* cages in these models implied that it was difficult for CH4 molecules to
effectively stabilize the 5'26* cages due to the molecular size of CH4 molecule %21,
After CH4 hydrate formation in different models, an amorphous crystal was finally
obtained (Figure 6). Both structure I (sI) (5!> and 5'26% cages) and structure II (sII)
(5'% and 5'%6* cages) geometries were observed. The number of sl structures increased
much faster than the number of slIl structures with the CH, hydrate growth.

14
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Consequently, it can be said that the sI hydrate predominates. This result was in
agreement with the fact that CH4 can form only sl hydrate in nature ['l. Particularly,
the number of 52 cages in K-Mt was more than that in Ca-Mt and Na-Mt at the
equilibrium stage. It was due to the hydration structure of cations in different models,
leading to difference in CH, hydrate formation. The cage ratio is defined as the ratio
of 51267 cages with respect to 5!2 cages. The cage ratio in different simulation models
from 0.2 to 0.6 were significantly lower than the CH4 hydrate structure (cage ration
=3) [63], Additionally, the ratios were also consistent with previous reported that the

cations of montmorillonite affect the occupancy inside small cages of CH, hydrate

[66]
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(b) K-Mt. (c) Ca-Mt. (d) The number of 5!2 and 5'262 cages averaged over the last 50 ns. The cage

ratio of the average number of 5'26? to 5!2 cages was also shown.
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Figure 6. Snapshots of the CH,4 hydrate cages at different times in different simulation models for
run 3. (a, d, and g) Na-Mt. (b, e, and h) K-Mt. (c, f, and i) Ca-Mt. CH4 hydrate cages were shown
with different colors: red for 5'2, yellow for 5262, green for 5'263 and blue for 5'264.

Moreover, CH4 hydrate formation was further supported by the RDF and
coordination number (CN) of oxygen atom (OW) in H,O and around carbon atom (C)

in the CHy. The RDF for component B around A is defined as

dN,, 1
dr 4mp,r

848 (r) =

>, where p, is the average density of components B,

dN , ,is the average number of components B around A between the region of » and
r+dr, and CN of B around A was obtained from the integral of the RDF profile from
the position starting at » = 0 to the position of the first minimum located after the first
peak 481 In Figure 7, the first peak of gc.ow(r) appeared at approximately 0.386 nm

and was in a good agreement with the neutron diffraction results and pair correlation
16
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functions for CH, hydrate 7], The CNs of H,O molecules around the CHy in the
Na-Mt, K-Mt, and Ca-Mt models were 22.50, 22.53, and 22.63, respectively. These
results were in good agreement with those of the fully formed CH4 hydrate in
previous work (7] In addition, Figure S6 illustrates the RDFs of C-C and OW-OW
during three segments of simulation trajectories (0—100 ns, 400-500 ns, and 900—
1000 ns). A strong peak of gc.c(r) occurred at approximately 0.384 nm during 0—100
ns, which indicated that the CH,; molecules were distributed in contact with each other
in the liquid phase. Then, the peak at 0.384 nm almost disappeared, and a strong peak
merged at approximately 0.648 nm during 900-1000 ns, which was consistent with
the distance between CH4 molecules in the bulk CH, hydrate phase [6% ¢l The third
peak appeared at approximately 1.05 nm, but it also exhibited a small and broad peak
at 0.39 nm. All the results demonstrated that CH;-CH, molecular interactions
occurred across the hydrate structures during the CH4 hydrate formation. The
gow-ow(r) function is defined as the oxygen-oxygen distance between two H,O
molecules. Among all montmorillonite models, the first, second, and third peaks of
gow-ow(r) appeared at approximately 0.28 nm, 0.45 nm, and 0.65 nm, respectively.
This result was consistent with that of stable bulk CH,4 hydrate [°%], indicating that the

H,0 molecules were arranged in clathrate-like structures.
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Figure 7. Radial distribution function of the OW around the C in different simulation models for
run 3. OW and C represented the oxygen atom of H,O and carbon atom of CHy, respectively.
Density profile of different components

To investigate the interaction of cations, CH4, and H,O molecules with the
montmorillonite surface, the distributions of different components, perpendicular to
the montmorillonite sheets, were calculated. The snapshot of cation distribution in
different simulation models is shown in Figure S7. The density profile of different

components is shown in Figure 8.
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Figure 8. Density profile of different components along z direction for run 3. HW represented the
hydrogen atom of H,O.

The density profile was averaged over the simulation trajectory from 600 to 1000
ns. In Figure 8, a large amount of CH4 molecules was distributed in the bulk-like
region. The H,O distribution was symmetric with two peaks on both sides. OW of the
first adsorbed H,O layer was located at distances of 0.94—1.26 nm, 0.96—1.28 nm, and
0.94-1.27 nm above the Na-Mt, K-Mt, and Ca-Mt surfaces, respectively. HW of the
first adsorbed H,O layer was located at distances of 0.87—-1.01 nm, 0.88—1.03 nm, and
0.87-1.03 nm above the Na-Mt, K-Mt, and Ca-Mt surfaces, respectively. The position
of OW and HW demonstrated the orientation of H,O molecules in the first adsorbed
H,O layer. The density of adsorbed H,O layer in Na-Mt and Ca-Mt was
approximately 3.0 g/cm?, while that in K-Mt was approximately 2.0 g/cm3. The subtle
differences in H,O density were attributed to the adsorption behavior of cations on the

montmorillonite surface. The Na*, K+, and Ca?" were mainly located at distances of
y
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1.11-1.32 nm, 0.92-1.17 nm, and 1.17-1.4 nm, respectively. The K* was distributed
closer to the surface than Na* and Ca?". Na* and Ca?" were distributed predominantly
in the outer-sphere. However, K* was distributed in the vacancies of the hexagonal
rings of the Si-O tetrahedron, where they formed an inner-sphere adsorption, and the

basal oxygen atoms (OB) also contributed to their first hydration shell (Figure 9).
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Figure 9. Radial distribution function of cation-OW (a) and cation-OB (b) in different simulation
models for run 3. (c) From left to right: hydration structure of Na*, K¥, and Ca?" cations,
respectively. Na®, K*, and Ca?" are shown as blue ball, violet ball, and green ball, respectively.
The hydration characteristics of Na*, K*, and Ca?" were consistent with the
findings of previous research 7% 711, Figure 9a-b provide the RDFs of g.agon-ow(r) and
Zeation-op(7) during the last 10 ns. The first peak of g.aion.ow(#) in Na-Mt, K-Mt, and
Ca-Mt appeared at approximately 0.242 nm, 0.288 nm, and 0.25 nm, respectively,

Figure 9a), which represent the hydration radii of Na*, K*, and Ca?*, respectively.
g P y P y
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The intensity of the first peak and the hydration radius of different cations in the
Zeation-ow(??) curves indicated the different hydration abilities and hydration enthalpies
of these cations, which were consistent with previous results [72l. However, as for the
distribution of K™ on the montmorillonite surface, part of the oxygen coordination was
provided by the OB, where the first peak of geaionop() in K-Mt appeared at
approximately 0.31 nm (Figure 9b). The CN of OB around the K* was approximately
5.034, while the contribution of OB was close to zero for Na* and Ca2". Note that the
total CNs of Na*, K¥, and Ca?" were 5.928, 7.993, and 10.493, respectively. In
general, the cation hydration on the montmorillonite surface alters the number of H,O
molecules involved in the CH, hydrate formation. Additionally, the number of CH,4
molecules decreased near the montmorillonite surface due to the salting-out effect,
which reduced the solubility of CH; molecules in the solution caused by Na*
hydration, and increased the propensity of CH4 molecules to be adsorbed on the
hydrate surface [73- 74, The geaion-c(7) also supported this result from Figure S8, which
shows that the intensity of RDF peaks for CH4 around Na*, K*, and Ca?>" decreased
during CH4 hydrate formation. The cations near the montmorillonite surface would
disrupt the HB structures of interfacial H,O molecules, which might affect the hydrate
formation in the bulk-like region. Thus, the effect of the external surface of
montmorillonite on CH4 hydrate formation depending on the hydration properties of
different surface cations.
Hydrogen bond structural analysis

The H,0 molecules in the CH, hydrate are connected by HBs. The HB networks
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are frequently formed and broken during CH,4 hydrate formation. It is important to
assess the number and length of HB structure at different regions of the simulation
models during CH4 hydrate formation. The first strong peaks of goppw(7) and
gow-uw(r) both appeared at approximately 0.184 nm (Figure S9), which was close to
the HB distance of H,O molecules in hydrate cages. From Figure S10a-b, the average
number of HBs in the Na-Mt and Ca-Mt models was almost identical. The average
number of HBs per H,O molecule and the average number of HBs per H,O molecule
contributing to other HO molecules in K-Mt model was apparently greater than that
of the Na-Mt and Ca-Mt models, which implied that the arrangement of H,O
molecules in the K-Mt model was more regular than that in the Ca-Mt and Na-Mt
models. Hence, these results demonstrated that the average number of HBs per H,O
molecule in the models was approximate to the number in the bulk solid H,O phase
[75. 761 {llustrating the formation of the hydrate phase. As expected, due to the
inner-sphere adsorption behavior of K* cations on the montmorillonite surface, the
average number of HBs per H,O molecule contributing to the Si-O tetrahedral in
K-Mt was slightly lower than that of the Na-Mt and Ca-Mt models (Figure S10c).
Therefore, compared with the Na-Mt and Ca-Mt models, a small number of H,O
molecules was involved in the formation of HBs on the K-Mt surface, and the K*
cations of K-Mt had little effect on the CH, hydrate formation in the bulk-like region.
Diffusion coefficient of H,O molecules

To access the reliability of the diffusion properties of HO molecules during CH,4
hydrate formation, the self-diffusion coefficient D of different components was
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N /0 a 2
calculated as follows: %\/Z<‘FI (f ) = (0)‘ >=2dtD, where N denotes the number
i=l1

of atoms of the selected components, ;’: (t ) denotes the center-of-mass position of
the ig, atom at time t, and d indicates the diffusion dimension (i.e., d=3 for the total
self-diffusion coefficient). The left-hand side is usually termed as the MSD [48 771,
Figure S11 illustrates the MSD profile of H,O molecules in different simulation
models during the last 10 ns for run 3. The MSD profiles of H;O molecules were
fitted for calculating the self-diffusion coefficients, which are 0.96x10”7 cm?/s for
Na-Mt, 1.33x107 c¢cm?/s for K-Mt and 0.98x107 c¢m?/s for Ca-Mt. Therefore, the
self-diffusion of H,O molecules in Na-Mt and Ca-Mt was basically identical and less
than that in K-Mt. The possible reasons for this result are as follows. On the one hand,
the formation of hydrate decrease the diffusion coefficient of H,O molecules. On the
other hand, the presence of cations on the external surface of montmorillonite lead to
the difference in cage number, resulting in the different diffusion coefficients of H,O
molecules. Thirdly, the coordination structure of cation could also restrict the
diffusion of H,O molecules.

The above simulation results show that the CH, hydrate formation differs in the
montmorillonite with different surface cations due to the effects of the coordination
structure of cation. The balance between cation/surface, cation/H,O, and H,O/surface
interactions controlled the structural complexes on the montmorillonite surface. The
size and the charge amount of cations on the surface significantly influenced the CH,4
hydrate formation by altering the cage occupancy of CHy4 hydrate. In the nucleation

stage, the hydrate cages were formed in the bulk-like solution due to the local high
23

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Earth and Space Chemistry

CH, concentration. The hydrate nucleus grew in the bulk-like solution and the number
of HBs per H,O molecules gradually increased. During the growth stage, the
population of sl structures increased much faster than that of the slI structure. This
result suggests that the nucleus of CH4 hydrate in montmorillonite models mainly
grows into an sl crystal, which was in accordance with the fact that CH4 molecules
can only form sl hydrate. In addition, the number of 5! cages in K-Mt was more than
that in Ca-Mt and Na-Mt, resulting in different of hydrate formation on the external
surface of montmorillonite with different cations.

In natural gas hydrate-bearing sediment environments, the content and surface
cations of montmorillonite vary for different sedimentary basins ('3 19 351 Generally
speaking, the pore H,O in the sediment contains Na*, K*, Ca?*, Cl,, and SO,* ions,
which originated from the ocean H,O deep brine [78l. Such pore H,O resulted from the
mixing of seawater with the fluids released from the dehydration and illitization
reactions involving smectite in-depth [33]. The cations in pore H,O readily exchange
with cations from the montmorillonite surface or are attracted by the defects on the
surface, generating montmorillonite with different surface cations. The present work
shows that the hydration of cations affected the formation and distribution of CH,4
hydrate beyond the montmorillonite surface. The surface of K-Mt could promote the
nucleation of CHy4 hydrate in the bulk-like solution. The findings implied that the
effect of surface cations of montmorillonite on CH, hydrate formation should be
considered in montmorillonite-rich sedimentary basins. Therefore, the natural gas
hydrate reservoir with higher montmorillonite content might effectively inhibit
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secondary hydrate formation during CH,4 production, and thus, should be considered
for such results in natural gas hydrate development.

Furthermore, the ability of the inhibition effect of montmorillonite on CH,4
hydrate formation has significant implications for the formation of hydrate plugs in
the wellbore during the deepwater drilling. Two major problems with CH,4 hydrate are
generated in deepwater drilling with H,O-based drilling muds [?°. On one hand, the
hydrate may form plug in the wellbore to prevent drill string rotation due to the
mechanical strength of a large mass of hydrates. On the other hand, the loss of a large
number of H,O molecules from the drilling mud severely influences the mud fluidity.
In the most extreme scenario, all solid particles will settle out in the wellbore.
Therefore, it is hoped that montmorillonite could effectively prevent CH4 hydrate
formation in deepwater drilling.

Conclusions

Molecular dynamic simulation was performed to examine the formation process
of CH4 hydrate with different cations (Na*, K*, and Ca”") located on the external
surface of montmorillonite. According to the results obtained, the nucleus grows in
the bulk-like solution to form 5'2, 51262, 51263, and 5'%6* cages. The number of sl
structure increased faster than that of the sII structure. The cations exhibited a
monolayer adsorption configuration with inner-sphere (K*) and outer-sphere (Na* and
Ca’") hydration behavior on the montmroillonite surface, resulting in different
coordination structures with surface cations. As a result, CH4 molecules cannot break
through the hydration layer to form CH,4 hydrate near the surface. The arrangement of
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H,0 molecules in K-Mt exhibited a more optimal tetrahedral structure than that in the
Ca-Mt and Na-Mt surface, indicating that the K-Mt surface could promote the
nucleation of CH, hydrate in the bulk-like solution as compared to that of the Ca-Mt
and Na-Mt surfaces. Additionally, the number of 5!> cages decreased in the order:
Na-Mt < Ca-Mt < K-Mt. Therefore, this study notes that the existence of cations on
the surface of montmorillonite plays a key role in controlling CH4 hydrate formation
through altering the cage occupancy of the CH, hydrate. These findings are
significant not only for understanding the formation mechanism of CH4 hydrate in
natural sediments with abundant montmorillonite, but also for its potential application
in inhibiting the CHy4 hydrate formation in deepwater drilling and natural gas hydrate

development.
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