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Abstract:
Shale is rich in organic nanopores where shale gas mainly resides. Shale gas development is
often accompanied by water, so studying interactions of gas and water in organic nanopores
has become an important topic. Here, we performed molecular dynamics simulations to
study the interaction of gas and water in organic nanochannels. It was found that water
molecules in the nanochannel could be displaced by methane molecules. And the entered
methane molecules would exhibit different layered structures. The above phenomenon is
attributed to the fact that methane molecules have lower potential of mean force than
water molecules in nanochannels. The revealed mechanism of displacing water molecules
with methane molecules in organic nanochannels provides an insight into the interaction
of water molecules and methane molecules in organic nanochannels and has tremendous
potentials in the development of shale gas.

1. Introduction
The increase demand of resources and the dwindling

of conventional resources make the attention of resources
development transfer to unconventional resources. With the
progress of horizontal drilling and multi-stage hydraulic frac-
turing technologies (Gregory et al., 2011; Yethiraj and Striolo,
2013), it is possible to exploit unconventional energy with
wide distribution and great development potential. At present,
the exploitation of unconventional resources has made it an
important supplement to conventional resources (Kerr, 2010;
Yao et al., 2013). Shale gas, an important unconventional
resource, has received extensive attention due to its large
reserves (Vidic et al., 2013; Striolo and Cole, 2017; Mayfield
et al., 2019).

The pore structure of shale gas reservoirs are complex.
There are not only a large number of nanoscale pores, but
also micro-scale fractures, resulting in multiscale features in
shale gas reservoirs (Loucks et al., 2009; Clarkson et al., 2013;
Sun et al., 2017; Liu and Ostadhassan, 2019). As the pore
becomes smaller approaching to the nanometer, the interfacial
force increases, and the gas confined in the nanopores will
show different behaviors from those at the macroscale, which
results in the different properties of unconventional resource

compared with conventional resource (Zhao et al., 2014a). In
addition, the hydraulic fracturing is the key and necessary
technology to realize the commercial exploitation of shale
gas (Gregory et al., 2011; Yethiraj and Striolo, 2013). The
use of hydraulic fracturing means that water will exist in
the whole exploitation process, which leads to more complex
behaviors of gas in nanopores. It has been proved that pure
water in nanochannels shows many different and complex
characteristics, such as the resonance behavior, the gating
effect and the unusual phase transition (Koga et al., 2001;
Beckstein and Sansom, 2003; Li et al., 2007; Kou et al., 2014).

Actually, there are always interactions of gas, water and
organic matter during the development of shale gas in wa-
ter environments (Chalmers and Bustin, 2010). Thus, it is
necessary to study the interaction between gas and water in
the organic nanochannels (Li et al., 2016, 2017a; Shen et
al., 2019). Although the phase change, the occurrence state
and the flow mechanism of water/gas molecules in nanopores
have been the research hotspots in natural science and many
engineering fields (Hummer et al., 2001; Dammer and Lohse,
2006; Bai and Zeng, 2012; Zhao et al., 2014b, 2015; Kou et al.,
2015; Lee and Aluru, 2015; Wang et al., 2016; Li et al., 2019a,
2019b). In view of the particularity of shale pore structure
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and reservoir property, the research on gas in confined space
in petroleum engineering field is still very limited. Especially
when considering the existence of water, due to the limitations
of experiments, it is still unable to give a detailed microscopic
mechanism. However, it is of great significance to carry out
the research on the water-gas interaction in the nanochannels
for the efficient exploitation of unconventional gas.

Here, we perform molecular dynamics simulations to in-
vestigate the displacement behavior of methane in organic
nanochannels in aqueous environment. We found that the water
molecules in nanochannels could be spontaneously displaced
by methane molecules. In different nanochannels, the entered
methane molecules showed a variety of distribution forms.
By calculating the equilibrium potentials of mean force of
molecule, we revealed the physical mechanism of displacing
methane molecules by water molecules in organic nanochan-
nels.

2. Methodology and simulation details

2.1 Model

Organic nanopores are the important storage space of shale
gas (Loucks et al., 2009; Clarkson et al., 2013). However, it is
difficult to discuss the interaction between water and gas in the
organic matter pores due to the complexity of the real structure
of organic matters (Mosher et al., 2013; Gu et al., 2015; Jin
and Firoozabadi, 2015; Bousige et al., 2016; Li et al., 2017b).
Here, the carbon-based nanochannel is adopted to represent the
organic nanopore. A nanochannel with a separation of H was
prepared. The width (H) of the nanochannel is measured as the
distance between the innermost carbon-based layers. The size
of the carbon-based layer is 2.8×3.3 nm2 (x×y). To prevent
the influence of the molecules outside the nanochannel on
the molecules in the nanochannel, four single-layer graphenes
sheets with the same width in the x direction were placed
at the two ends of nanochannel. Those graphenes sheets are
perpendicular to the nanochannel, the space is divide into three
parts. All the carbon atoms of graphene are frozen in their
original positions. The simulation configuration is shown in
Fig. 1(a). All pictures were shown using the VMD molecular
visualization program (Humphrey et al., 1996).

2.2 Simulation method

The Gromacs 4.0.7 molecular dynamics program was used
to perform all simulations in the NPzT ensemble (Hess et
al., 2008). The pressure was controlled by Parrinello-Rahman
scheme to 1.0 bar with a compressibility coefficient of 4.5×
10−5 bar−1 (Nose and Klein, 1983). In all simulations, the
V-rescale thermostat was applied to maintained environment
temperature at 300 K (Bussi et al., 2007). TIP3P water model
was used (Berendsen et al., 1987). The carbon atoms of all
graphene sheets were considered as uncharged Lennard-Jones
(LJ) atoms, and the potential parameters for carbon atoms
were σCC = 0.34 nm and εCC = 0.23 kJ·mol−1, respectively
(Bhethanabotla and Steele, 1987). Methane molecule was
described using the five-site model (Kaminski et al., 1994),

the potential parameters of LJ and Coulomb for the methane
molecules were taken from Reference (Kaminski et al., 1994).
LJ parameters between different atoms were described by
using the Lorentz-Berthelot mixing rules. A cut-off distance of
1.4 nm is used for the LJ potential. The long-range electrostatic
interaction was treated by using the particle-mesh Ewald
method with a cut-off distance of 1.4 nm. A Fast Fourier
transform grid spacing is 0.12 nm. The periodic boundary
conditions in three directions were used.

2.3 Potential of mean force profiling

A umbrella sampling method was used to calculate the
Potential of Mean Force (PMF) for methane molecule and
water molecule (Torrie and Valleau, 1977; Kumar et al., 1995;
Roux, 1995). Along the x direction, a point was selected every
0.05 nm, a total of 50 points were selected (because of the
symmetry, we chose half of the system). A harmonic fore with
an elastic constant of 5000 kJ·mol−1·nm−2 was used to keep
the molecule at a fixed position in the x direction. For every
condition, the system was equilibrated for 2 ns first, then run
for 5 ns.

3. Results and discussion
A nanochannel of 0.8 nm in thickness was prepared.

Initially, methane molecules were evenly placed in both sides
of graphene, then the region including the location of methane
and the nanochannel was filled with water molecules, as shown
in Fig. 1(a). A 10 ns-simulation was performed. It is found
that all the water molecules in the nanochannel are displaced,
and the nanochannel is occupied by methane molecules, as
shown in Fig. 1(b). To quantitatively observe the number
of water molecules and gas molecules in the nanochannel,
we calculated the number of water molecules and methane
molecules in the nanochannel with the time evolution, as
indicated in Fig. 1(c). For counting the number of molecules
in the nanochannel, we tracked the positions of the mass
centers of water and methane molecules. If the mass center
of molecule is in the nanochannel, the molecule is in the
nanochannel. It can be seen clearly from Fig. 1(c) tn the first
1.5 ns that the number of water molecules in the nanochannel
decreases significantly, and all water molecules completely
leaves the nanochannel eventually with the simulation time.
As the water molecules break away from the nanochannel,
methane molecules enter the nanochannel and finally occupy
the nanochannel. The whole process takes only 1 ns. As shown
in the enlarged drawing of the initial stage of evolution in
Fig. 1(c), the number of water molecules in the nanochan-
nel is almost unchanged in the first 0.2 ns. The molecular
visualization program was used to trace simulation snapshots.
During this time, methane molecules gradually approached the
entrance of the nanochannel. Once some methane molecules
enter the nanochannel, other methane molecules will surge up
and occupy the whole nanochannel in a short time. Generally,
there are two processes for methane molecules to enter the
nanochannel. In the first step, methane molecules in the
aqueous solution approach the nanochannel by diffusion. In
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Fig. 1. (a) the initial configurations, (b) snapshot of simulation at t = 10 ns, and (c) the numbers (N) of methane molecules (CH4) and water molecules (H2O)
as a function of time. The graphene molecule is shown with dark grey. The water molecules are described by spheres with oxygen in red and hydrogen in
white, and the methane molecules with carbon in blue and the hydrogen in white.
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Fig. 2. Density profiles of methane in x direction. Insert is a schematic
diagram of the distribution of methane and water molecules in nanochannel.
Liquids like clouds are water molecules. Graphene and methane are shown
in accordance with Fig. 1.

the second step, methane molecules interact with water
molecules in the nanochannel, enter and occupy the nanochan-
nel finally.

We calculated the density distribution of methane
molecules in the x direction under steady state, as shown in
Fig. 2. It is found that the gas density in the solution is very
small, but there is a high peak near the entrance of the slit,
and the density is 5-6 times larger than in the nanochannel.
In the water environment, a part of methane molecules enter
the nanochannel, and more gas molecules accumulates at
the end of the nanochannel forming accumulated gas on the
surface. This gas accumulation is due to the competition
between water-water interaction and water-gas interaction (Li

et al., 2019b). The hydrogen bond interaction between water
molecules is much larger than the van der Waals interaction
between water and gas, resulting in the gas being discharged
from the aqueous solution and accumulating on the solid
interface, a high density at the solid interface at the entrance of
the nanochannel (Li et al., 2019b). The gas density distribution
in the nanochannel is unchanged, which is consistent with the
change trend of gas molecules in Fig. 1(c). After 1 ns, all
water molecules are displaced by gas molecules, forming a
stable gas layer in the nanochannel.

To find out why methane molecules can displace water
molecules, we computed equilibrium PMF (Torrie and Valleau,
1977; Kumar et al., 1995; Roux, 1995) distribution of the
methane and the water, as indicated in Fig. 3. Due to the
symmetry of the simulation system, we given the PMF of both
the methane molecule and the water molecule on the left half
of simulation system. Reference locations with PMF of zero
are defined at both ends of the reservoir. The PMF of both the
methane molecule and the water molecule far away from the
interface are around zero and are nearly constant. The PMF of
both the methane molecule and the water molecule decrease
rapidly near the interface, and the PMF achieves a minimum.
It means that either water or methane molecules prefer to
accumulate at the interface. It is noted that methane molecule
has a lower PMF than that of water molecule. This means
that the methane molecule more prefer to accumulate at the
interface than that of water molecule. Within the nanochannel,
the PMF of water and methane molecules at the entrance
increases significantly. This means that the molecules just
entering the nanochannel are not stable, and the PMF of gas
molecules is always lower than that of water molecules. The
PMF of water molecule in the nanochannel is always higher
than that near the entrance. The relatively lower PMF of
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Fig. 4. Density distribution of methane along z axis in nanochannel, (a) H = 0.75 nm, (b) H = 1.0 nm, (c) H = 1.4 nm, and (d) H = 2.2 nm. The insets
show snapshots of the distribution of methane molecules in the nanochannels in different widthnesses.

Fig. 3. PMF distribution of water (H2O) and methane (CH4) in x direction.

molecules serves to allow molecules to enter the nanochan-
nel more easily. When the both molecules completely enter
the nanochannel, the PMF of water molecules continues to
increase and reach a stable value, while the gas molecules
decrease and reach the minimum value. It is noted that the
final PMF of water molecule is higher than that of gas in the
nanochannel. The lower PMF of methane molecules promotes
methane molecules entering the nanochannel more easily.
Therefore, the water molecules can be replaced by methane

molecules, which is consistent with the previous findings. This
should be the reason why the water molecules can be displaced
out of the nanochannel by the methane molecules.

To check the reliability of the nanochannel, we further
performed molecular dynamics simulations of nanochannel
with different widths in the same way as above. The water
molecules in the nanochannel exhibits a similar displacement
behavior with methane molecules, indicating the robustness
of the demonstrated trend of methane displacement. Fig. 4
illustrates the distribution of methane density in the nanochan-
nel. The nanochannels with different widths show different
methane distribution states. Especially, the methane molecules
exhibit a monolayer structure for the width of 0.75 nm,
the methane molecules exhibit a symmetrical double-layer
structure for the width of 1.0 nm, as shown in Figs. 4(a) and
4(b). When the spacing of nanochannel increases to 1.4 nm,
the molecular density of two-layer methane decreases, and a
layer of methane structure appears in the middle, as shown in
Fig. 4(c). When the pore size is larger, the high density still
exists near the interface, but the density distribution of methane
in the middle becomes gentler, as shown in Fig. 4(d).

4. Conclusions
We studied the gas-water interaction in organic nanochan-

nels by using molecular dynamics simulations. It is shown that
methane molecules will come near to the organic interface
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in aqueous environments spontaneously, enter the nanochan-
nels, and arrange different gas layer structures. The water
molecules in the nanochannels are completely discharged. The
phenomenon of gas molecules displacing water molecules in
nanochannels is attributed to the lower free energy of gas
molecules than that of water molecules. This work reveals
a displacement mechanism of gas molecules in the aqueous
solutions, and can understand the occurrence characteristics
of shale gas in nanochannels and provide a new idea for shale
gas recovery.
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