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Abstract
All-atom equilibrium molecular dynamics simulations were employed to investigate the behavior of
aqueous methane confined in 1 nm-wide pores obtained from different materials. Models for silica,
alumina, and magnesium oxide were used to construct the slit-shaped pores. The results show that
methane solubility in confined water strongly depends on the confining material, with silica yielding the
highest solubility in the systems considered here. The molecular structure of confined water differs within
the three pores, and density fluctuations reveal that the silica pore is effectively less ‘hydrophilic’ than the
other two pores considered. Comparing the water fluctuation autocorrelation function to local diffusion
coefficients of methane across the hydrated pores we observed a direct proportional coupling between
methane and water dynamics. These simulation results help to understand the behavior of gas in water

confined within narrow sub-surface formations, with possible implications for fluid transport.
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1. Introduction

Water and aqueous mixtures have been popular research subjects due to their involvement in many
chemical and biological processes [1-5]. In a recently developed important application, high-pressure
water is used to stimulate subsurface formations in the practice of hydraulic fracturing. In this process the
rock is fractured to increase gas and oil permeation [6]. Recent investigations [7] reported the low
recovery of hydraulic fracture water during well clean-up and flow back operations, suggesting that large
amounts of water remain trapped within the sub-surface formations. King [7] suggested that hydraulic
fracturing water may also be trapped in micro-fractures and small pores caused by pressure release.
Because water entrapment in the shale may affect the well productivity, understanding systems composed
by water and volatile hydrocarbons under confinement could play a significant role in the design of
hydraulic fracturing processes towards enhancing well performance and hydrocarbon recovery, and more
in general could help us rationalizing the geochemical processes at Earth’s subsurface and deep within the
crust and mantle, which affect technologies such as carbon sequestration. It is known that structural and
dynamical properties of confined water are strongly affected by the solid substrate characteristics,
yielding different behaviors compared to those observed in the bulk [8]. Several attempts have been made
to relate the behavior of water molecules near an interface to hydrophobic/philic features at sub-
nanometer resolution. We explore here whether small changes in surface properties can yield marked
differences in the effective hydrophobic vs. hydrophilic features of a narrow pore. The feature of interest
is the methane solubility in confined water, which is directly related to hydraulic fracturing applications.
In a recent contribution we reported that methane solubility in water increases significantly when water is
confined in slit-shaped pores of width 1 nm carved out of silica [9]. This investigation will clarify whether
the features of the confining material are essential for this observation, or instead if the pore size is the
most important parameter. To quantify the molecular features of confined water we investigate its
structure, and its density fluctuations, building on recent progress in the field [10-12].

In this study, we report equilibrium molecular dynamics (MD) simulations for methane — water mixtures

confined within 1 nm slit-shaped nanopores in equilibrium with bulk methane. In addition to solubility



and structure, we also quantify the mobility of methane within the three pores of interest. The simulations
are conducted at the temperature T=300K, and at bulk pressures Py in the range from ~6 to 82 MPa.
Silica, alumina, and magnesium oxide (MgQO) were used as solid substrates because they are fundamental
components of many minerals found in the subsurface. In the remainder of the article we first introduce
the simulation methodology; we then discuss the results, i.e., methane solubility, fluid structure, density

fluctuations, and mobility; we finally summarize our main results.

2. Simulation Methodology

Agueous methane confined in silica, alumina, and MgO narrow pores was studied by all atom molecular
dynamics (MD) simulations using the package GROMACS [13, 14][13, 14] Two slabs of each type of
pore material facing each other across the pore volume along the Z direction yield slit-shaped pores. The
silica slabs were constructed to reproduce B-cristobalite SiO, [9, 15-17]. Alumina pore surfaces were
modeled as crystallographic faces of sapphire a-Al.O3 (space group R3c), C plane (0001) [18, 19]. Each
MgO slab was derived from the space group Fm3m along the (001) plane [20, 21]. All the non-bridging
oxygen atoms on the silica and alumina surfaces were protonated, while the MgO surfaces were not
hydroxylated, as suggested by theoretical and experimental observations[16, 17, 22] . In a prior
simulation we detailed the behavior of pure water supported on free-standing solid surfaces obtained from
these three model materials [23]. Each of the two surfaces placed parallel to the X-Y plane of the
simulation box and across the pore volume is of dimensions 104.05x100.8, 91.35x90.68, and 103x105.1
AZfor the systems of silica, alumina, and MgO, respectively. The simulation box is periodic in the three
directions. The Y dimension of the simulation boxes reflects the periodicity of the solid crystalline
substrate; the X and Z dimensions were set to 224.78 A — 42.92 A, 180.43 A — 33.82 A and 185.1 A —
33.12 A for silica, alumina and MgO systems, respectively. All simulations were carried out for pores of
width 10 A (the pore width refers to the shortest center-to-center distance between surface oxygen atoms

of the solid slabs across the pore volume). Due to periodic boundary conditions, the nanopores are



effectively infinite along the Y direction. On the contrary, the pores are finite along the X direction, along
which they are exposed to “bulk” systems. The simulation setup mimics the one implemented in our
previous study [9].

The initial configurations for the three systems are built with water and methane molecules placed outside
the slit pore, in the bulk region. As the simulation progresses, water and methane fill both the pore and the
bulk volume. The number of methane molecules was varied from 1000 to 4000 while the number of water
molecule was fixed at 3300, 1000 and 1500 for the silica, alumina, and MgO systems, respectively. These
different amounts of water molecules were chosen because they were sufficient to fill approximately half
of the pore volume along the X direction. By changing the number of methane molecules we manipulated
the bulk pressure, which we estimated for each system after equilibrium was achieved, using the Peng-
Robinson equation of state from the pure methane density of molecules in the bulk gas phase [24]. The

calculated bulk pressures for various CH4-H20 system compositions are shown in Table 1.

Table 1. Bulk phase pressure estimated for seven methane-water systems simulated at T=300K.

Estimated Bulk Pressure (MPa)

System Composition Silica Alumina Magnesium Oxide
(3300 H20) (1000 H:0) (1500 H.0)
1000 CH4 6.3 9.3 9.6
1500 CH4 9.3 14.7 14.9
2000 CH4 12.2 21.4 21.2
2500 CH4 15.2 29.8 28.9
3000 CH4 18.9 41.7 40.0
3500 CH. 22.8 58.2 55.0
4000 CH4 27.6 82.4 76.1

The CLAYFF force field was implemented to describe the three narrow pores [25]. Silicon, aluminum
and oxygen atoms were held at fixed positions while the surface hydrogen atoms of the —-OH groups were
allowed to vibrate; all atoms in the MgO substrate were kept rigid. At the simulated conditions (P up to
80 MPa and ambient T) many studies reported no significant structural distortions within the substrates

considered here until pressures exceeding 10’s of GPa are reached [26-33]. We therefore consider it



reasonable to maintain the pore models rigid (except for —OH vibrations) in our simulations. The
optimized potential for liquid simulation in the united atom form (OPLS-UA) was implemented to model
methane [34] and the rigid SPC/E model was used to simulate water [35]. The SPC/E water bonds and
angles were kept fixed by employing the SETTLE algorithm [36]. Non-bonded interactions were modeled
by means of dispersive and electrostatic forces. The electrostatic interactions were modeled by the
Coulombic potential. Dispersive interactions were modeled with 12-6 Lennard-Jones (LJ) potentials. The
LJ parameters for unlike interactions were determined by the Lorentz-Berthelot mixing rules [37] from
the values of like components. The cutoff distance for all interactions was set to 9 A. Long-range
corrections to electrostatic interactions were treated using the particle mesh Ewald (PME) method [38].

All simulations were performed in the canonical ensemble (NVT) where the number of particles (N), the
simulation volume (V), and the temperature (T) were kept constant. The simulated temperature was
maintained at 300 K controlled by Nose-Hoover thermostat [39, 40] with a relaxation time of 100 fs. The
equations of motion were solved by implementing the leapfrog algorithm [41] with 1.0 fs time steps. The
total simulation time was 49 ns. Data analysis was conducted over the last 2 ns of the simulations, after 47
ns of equilibration were completed. Equilibration was considered achieved when the density of methane

within the pore approached a constant value that did not change appreciably over 13 ns.
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Figure 1. Representative simulation snapshots for aqueous methane in slit-shaped silica (top panel), alumina (middle panel) and
MgO (bottom panel) pores of width 1.0 nm. Red, white, cyan, yellow, green and gray spheres represent oxygen, hydrogen,

methane, silicon, aluminum and magnesium atoms, respectively.

3. Results and Discussion

Methane Solubility

The final configurations obtained for aqueous methane confined in the silica (top), alumina (middle) and
MgO (bottom) pores at 300K after 49 ns are shown in Figure 1. For all simulated systems water occupies
approximately half of the pore volume, and methane occupies the remainder of the pore and most of the
bulk. Similar to the systems confined in our previous study [9], focused on silica pores, an interface is
observed between the water-rich and the methane-rich phases within the alumina and MgO pores. We
identify as Region | the pore volume occupied mostly by water with methane dissolved in it (left in

Figure 1); Region Il is the pore volume occupied mostly by methane (right in Figure 1). A significant



difference in the distribution of water and methane in Region 11 within the three pores is observed: within
the silica pore water wets the surfaces and methane occupies the pore center, while in alumina and MgO
pores only methane molecules occupy the whole Region Il. Water at contact with the silica surface within
Region |1 is able to form hydrogen bonds with the surface —OH groups available on this substrate, as
described elsewhere [23]. This is not possible on the other two substrates, where the density of adsorption
sites is too large (i.e., while the density of ~OH groups is 4.54 per nm? on silica, the surface density of OH
groups is of 15 per nm? on alumina and the surface density of Mg atoms is of 14 per nm? on the MgO
substrate). The Region | — Region Il interface that can be seen roughly parallel to the Y direction of the
simulation box is irregular in shape (not shown for brevity). The irregularity of the Region I — Region Il
interface, the presence of water molecules on the pore opening from Region Il to the bulk system, and the
presence of water molecules near the silica surface cause the methane molecules confined in Region Il of
the silica pore in Figure 1 to appear disordered. While the methane distribution would change with
variations in the amount of water simulated in this system, as well as upon variations in pore width, we

have not varied the size of the simulation box in this investigation.
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Figure 2. Methane solubility in confined water as a function of bulk pressure. Simulation data for aqueous CHa4 confined in
silica, alumina, and MgO pores are shown as blue, red, and green diamonds, respectively. Lines are guides to the eye. Simulated
bulk CHs solubility data in liquid water at 298K as reported by Sakamaki et al. [42] are shown as orange diamonds. The

corresponding experimental data for CHa in bulk water [43-45] are shown as gray diamonds.

Following our prior work [9], we computed the methane solubility in the confined water within Region |
in the three pores. It is worth repeating that for these calculations we only consider the water-methane
mixture in Region I. The results are shown in Figure 2, in which methane solubility is shown as a function
of bulk pressure. The bulk pressure is estimated from the methane density using an equation of state (see
Table 1). The blue, red, and green symbols are the results of methane solubility in water confined in
silica, alumina, and MgO pores at 300K. We also report the methane solubility in bulk liquid water at 298
K as predicted, using simulations, by Sakamaki et al. [42] (orange symbols) as well as the correspondent
experimental data from literature [43-45] (gray symbols). The results in Figure 2 are consistent with a
significant increase of methane solubility in water due to confinement. The enhancement of methane
solubility is likely due, in part, to the enhanced pressure in the pore. However, as we discussed in our
previous work [9], this increased pressure is not sufficient to explain the high solubility predicted in

confinement. Comparing the methane solubility in confined water within the three pores, we observe that



the results obtained in the silica pore are much higher than those found within the alumina and MgO
pores, with the results obtained in the MgO pores showing the lowest solubility out of the three confined
systems considered. In addition to differences in pressures within the pores, it is also possible that the
distinct structure of confined water within the three pores is responsible for the results observed. We also
note that the methane solubility estimated from our simulations show large variations upon relatively
small changes in bulk pressure. While we attribute these changes to statistical uncertainty, it is possible

that other factors play important roles (e.g., the structure and the density fluctuations of confined water).
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Figure 3. Density profiles of water oxygen atoms (dotted lines) and methane molecules (continuous lines) in Region Il as a
function of the distance z across the silica (left), alumina (middle), and MgO (right) pores. The results are obtained from seven

simulation systems for each pore. The reference (z=0) corresponds to the center of the pore.

It is worth noting that the tangential pressure in the pore is directly proportional to the methane density in
the pore, as discussed in previous studies [9, 46]. In Figure 3 we report the molecular density of methane
in Region Il along the direction perpendicular to the pore surface within the silica (left), alumina (middle),
and MgO (right) pores as the bulk pressure increases. The reference (z=0) corresponds to the center of the
pore. The results show that generally the increase of bulk pressure increases the molecular density of
methane in Region Il for all three pores. Comparing the methane density confined within three pores, we

find that the methane densities in the silica pores are much smaller than those found in the alumina and



MgO pores, which indicates that the tangential pressures in the silica pore are also much smaller.
However, the methane solubility in water confined in the silica pore is much higher than that found for
the two other pores (see Figure 2). These results suggest that the differences in the methane solubility are
probably related to the distinct structural behavior of confined water in the silica pore compared to the
alumina and MgO pores. However, the higher methane solubility in water confined in the alumina pore
than in the MgO pore is likely due to the higher tangential pressure, as suggested by the higher methane
density in Region Il (compare the data in middle and right panels in Figure 3 for systems at comparable
bulk pressure). For completeness, we also report the water density profiles within the three pores. As
mentioned above, water wets the silica surface, yielding a very dense molecular layer near the solid

surfaces, while it is essentially not present within the other two pores considered here.
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Figure 4. Density profiles of water oxygen atoms (dotted lines) and methane molecules (continuous lines) in Region | as a
function of the distance z across the silica (left), alumina (middle), and MgO (right) pores. The results are obtained from seven

simulation systems for each pore. The reference (z=0) corresponds to the center of the pore.

In Figure 4 we present the methane density profiles within Region | for the three pores considered as a
function of bulk pressure. Generally the molecular density of methane in Region | increases as the bulk
pressure increases. The results suggest that methane molecules are always excluded from the two
hydration layers near the solid surfaces in all hydrated pores; while methane molecules accumulate in a

rather wide region near the center of the silica pore, they yield two layers off-center of alumina and MgO
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pores. For completeness, we also report the density profiles for water in the same region. The results for
the density profiles of water oxygen atoms within Region | for the three pores show that more well-
defined hydration layers are observed in the silica pore compared to two other pores. It is worth pointing
out that methane molecules always accumulate in correspondence of density minima identified by the

water density profiles.
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Figure 5. In-plane density distributions of water oxygen atoms found in layers parallel to the X — Z plane at several locations
along the Y direction within silica (panel A), alumina (panel B) and MgO (panel C) pores. The results are obtained from systems
containing only water. Densities are expressed in number of molecules per cubic angstrom. The consecutive layers were located

at the following positins along the Y direction: for the silica pore the three layers were from 3.75 A to 4.75 A, from 4.75 A to

5.75 A, and from 5.75 A to 6.75 A; for the alumina pore the three layers were from 10 A to 12 A, from 12 A to 14 A, and from

14 A to 16 A; for the MgO pore the two layers were from 9 A to 11 A and from 11 A to 13 A.

Analysis of the distributions of water molecules within three pores could allow us to gain better insights
into the structure of confined water. We calculated the in-plane density distributions of water oxygen

atoms found in layers parallel to the X — Z plane at several locations along the Y direction. In Figure 5 we
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report the results obtained for silica (panel A), alumina (panel B) and MgO (panel C) pores. The results
are obtained from systems containing water only. The high-density areas (red-green spots) of the contour
plots indicate the positions where the water oxygen atoms preferentially reside. Visual inspection of the
results suggests a significant difference in the structural properties of confined water. Specifically, water
molecules spread on the silica surfaces yielding small volumes depleted of water (as seen in the panel A)
while they fill the alumina and MgO pores thoroughly, forming two well-defined hydration layers in
contact with the surfaces (panels B and C). These distributions indicate that cavities are stably formed

only in the hydrated silica pore while they are not typically present in the other hydrated pores.
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Figure 6. Probability distribution for observing N water molecules, p(N), in a small spherical observation volume (r = 3.3 A)
located at the center of the hydrated silica (blue), alumina (red), and MgO (green) pores. The results are obtained from the
systems containing only water in the nanopores.Results for observing N water molecules in the same probe volume next to

hydrophilic OH (black dashed) and hydrophobic CHz (purple) surfaces reported by Garde et al. [11] are shown for comparison.
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To quantify the differences in the behavior of confined water, which might result in differences in
methane solubility, we quantify the water density fluctuations within the hydrated pores. Specifically, we
calculated the probability of observing N molecules within a small spherical observation volume v of
radius r = 3.3 A located at the center of the hydrated silica (blue), alumina (red), and MgO (green) pores.

The probabilities are calculated as [12]:
Py(N) = (5(N, — N)) = lim [ dt'S(N, () — N) (1)

Garde and coworkers [10] showed that the spontaneous formation of cavities within hydration water is a
strong signature that discriminates among surfaces of different degrees of hydrophobicity. Other
guantities such as local averaged water density and contact angle do not seem sufficient to provide such a
discriminant [23]. In Figure 6 we show the results for the calculations of Eq. (1) within the three hydrated
pores considered here. The results are compared to similar calculations reported in the literature for water
on free-standing surfaces of varying degrees of hydrophobicity. Comparing the data, we observe that the
three pores considered in this work can be considered ‘hydrophilic’; however, there is a clear difference
in their relative degree of hydrophilicity, with the silica pores being less ‘hydrophilic’ than the other two
pores considered. This observation could explain why methane is more favorably adsorbed within the
hydrated silica pore than in the other two pores. Comparing the results obtained for the alumina with
those found for MgO pores, we notice that the alumina pore is slightly more ‘hydrophilic’ than the MgO
pore. This does not agree with the slightly larger methane solubility observed in water confined in the
alumina vs. the MgO pore. In this case, the differences in tangential pressure, suggested by the differences
in methane densities in Region Il (see Figure 3) seem to be responsible for the differences in methane
solubility. Garde et al. [11] stated that one important and direct consequence of enhanced fluctuations at
an interface is that the formation of a cavity near that interface is easier. The results of the water
distributions within the three pores reported in Figure 5 indeed confirm the observation of cavity
formation within the hydrated silica pores while we do not see the cavities in the two other hydrated

pores.
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Coupling of Methane Dynamics to Hydration Fluctuations
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Figure 7. (Top) Normalized water fluctuation autocorrelation function Csnsn(t) in the silica (left), alumina (middle), and MgO
(right) pores. The results are obtained from systems containing only water. (Bottom) Diffusion profiles for methane across the

hydrated silica (left), alumina (middle), and MgO (right) pores. The results were obtained from the systems containing water

fully occupying the pores and one methane molecule constrained at the center of the simulation box in Y-Z plane while it moves

along the X direction. The region between two dashed lines represents the inner hydrated pore.

To further quantify the mutual relation between methane behavior and confined water properties, we

analyzed the normalized water fluctuation autocorrelation function Csnsn(t) within the three pores and the

methane diffusion profiles inside the hydrated pores. The results are shown in the top and bottom panels

of Figure 7, respectively, for silica (left panels), alumina (middle panels) and MgO (right panels) pores.

We computed the normalized water fluctuation autocorrelation function through the water occupancy N(t)

in the probe volume v (r = 3.3 A) located at the center of the hydrated pores, defined as [47]:

(8N()6N(0))

Csnsn(t) = (8N(0)8N(0))

with oN(t) = N(t) - (N

)
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The local diffusion coefficients for methane were estimated from umbrella sampling trajectories

according to a simplified form of the Woolf and Roux equation [48, 49]:

D(x = (x)) = X , ©)

Tx
where (X} is the average position of the harmonically restrained methane molecule along the X direction,

var(x) = (x?) - (x)? is its variance, and « is its correlation time, formally defined as

_y (x(0)sx(0))dt
x (8x2)

with () = x(t) - %) (4)

For the diffusion calculations, the methane molecule is forced to remain at the center of the simulation
box in the Y-Z plane while it moves along the X direction. The x = 0 is located at the pore entrance.

From single exponential fits on the normalized water fluctuation autocorrelation function we find that the
decay time of water fluctuations in the three pores decreases in the order silica (~1.71 ps), MgO (~1.20
ps) and alumina pore (~1.07 ps). This means that the hydration fluctuation in the pore increases in the
order alumina < MgO < silica pore, which is consistent with the density fluctuation results in Figure 6.
Note that the exponential fitting to the autocorrelation functions is only conducted at short observation
times (less than 2 ps), where a single exponential function is assumed to be sufficient to capture the
system behaviour. The decay time obtained for the normalized water fluctuation autocorrelation function
next to hydrophilic surfaces is comparable to that reported for bulk water by Setny et al. [47]. Note that
the characteristics of water density fluctuations next to hydrophilic surfaces are similar to those obtained
for bulk water [11].

In the bottom panels of Figure 7, we show the diffusion profiles of the methane molecule across three
hydrated pores. The estimated diffusion coefficients decrease as methane enters the hydrated pore. The
calculated diffusion coefficient of methane outside the hydrated pores (~ 1.8 x 10° cm?/s) is consistent
with the experimental diffusivity of methane in bulk water at similar conditions (1.9 x 10° cm?/s) [50].
The results of averaged diffusion coefficients of methane inside the hydrated pores (the region between

two dashed lines) suggest that methane diffuses faster in the hydrated silica pore (~ 2.45 + 0.03 x 10®
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cm?/s) than in the alumina (~ 1.12 + 0.02 x 10® cm?%s) and MgO (~ 1.61 + 0.03 x 10® cm?/s) pores.
Correlating the methane diffusion with the hydration fluctuations in the silica, alumina and MgO pores

clearly indicates a direct proportional coupling between methane and water dynamics.

4. Conclusions

We employed molecular dynamics simulations to study the behavior of methane dissolved in water
confined within silica, alumina, and MgO pores with 1 nm width. The methane solubility in confined
water in the silica pore is much higher than that found in the two other pores at comparable T and P. This
is due to the fact that the hydrated silica pore is less ‘hydrophilic’ than the other two pores considered.
Despite the fact that the hydrated alumina pore is slightly more hydrophilic than the hydrated MgO pore,
methane solubility in water confined in the alumina pore is slightly larger than that obtained in the MgO
pore. This difference is probably due to higher tangential pressure expected in the alumina pore. Analysis
of water fluctuation autocorrelation functions and local diffusion coefficients of methane across the
hydrated pores shows a direct proportional coupling between methane and water dynamics. These results
suggest that the properties of confined water are dictating both structural and dynamic behavior of
methane dissolved in the hydrated pores. Implications in the diffusion of fluids in the sub-surface should

be investigated in the framework of hydraulic fracturing, shale gas, and perhaps also carbon sequestration.
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