
RSC Advances

PAPER
Effect of externa
aDepartment of Mechanical and Aerospace E

Science and Technology, Clear Water Bay, Ko
bKey Laboratory of Thermo-Fluid Science an

and Power Engineering, Xi'an Jiaotong Univ

E-mail: yalinghe@mail.xjtu.edu.cn

Cite this: RSC Adv., 2020, 10, 37507

Received 1st September 2020
Accepted 1st October 2020

DOI: 10.1039/d0ra07506j

rsc.li/rsc-advances

This journal is © The Royal Society o
l pressure on the release of
methane through MFI zeolite nanochannels

Xu Cheng, a Zhigang Li *a and Ya-Ling He*b

In this work, the effects of external pressure on the release of methane through zeolite nanochannels are

studied through molecular dynamics (MD) simulations. The release percentage of methane under three

types of pressure loadings with various strengths and frequencies are obtained. Specifically, constant,

sawtooth-shaped, and sinusoidal pressures are examined. As the pressure strength is increased, it is

found that the release percentage first decreases and then increases significantly before finally

approaching a constant. At sufficiently high pressures, the release percentage of methane under

constant external pressure is about 65%, while it reaches over 90% for sawtooth-shaped and sinusoidal

pressures. The loading frequency for periodic external pressures appears to be unimportant compared

with the effect of the pressure strength. Theoretical predictions of the release percentage are made on

the basis of the kinetic energy of methane molecules and the energy barrier inside the nanochannels,

which are in good agreement with MD simulations.
1. Introduction

The constant rise in global energy consumption has led to the
development of unconventional natural gases as new energy
resources to meet this energy demand and solve the potential
energy crisis.1 As an important unconventional natural gas,
shale gas is becoming a promising energy alternative due to its
high efficiency and environmental friendliness.2,3 It is known
that shale gas is conned in organic-rich, nanoscale shale
matrices, which are of very low permeability.4 Therefore, the
exploitation of shale gas is quite challenging compared with
conventional natural gases. Furthermore, the output of a typical
shale gas well usually experiences a signicant drop aer three
years.5,6 To advance the technologies for shale gas development,
it is important to understand the transport mechanisms of
shale gas/methane in nanoconnements and nd new ways to
enhance the release of methane from nanopores.

Shale is a compound of clay minerals, quartz, calcite, pyrite,
and organic matter.7,8 It is a porous material rich of nanoscale
pores. Shale gas, whichmainly contains methane, is conned in
the nanopores of shale.9,10 As the mean pore size of shales is of
a few nanometers,11–13 it is necessary to investigate methane
dynamics in nanoconnements in order to understand the
transport properties of methane in shales. In the literature,
many studies on gas adsorption and desorption in nano-
structures, such as nanopores and carbon nanotubes, have been
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conducted. Rexer et al.14 experimentally investigated the
adsorption of methane in an alum shale sample at different
temperatures and pressures, which are similar to those of real
geological conditions of shale gas. The supercritical methane
adsorption data over a wide temperature range (300–473 K) are
helpful for understanding the storage mechanisms of shale gas.
Lithoxoos et al.15 studied the adsorption capacity of single-wall
carbon nanotubes (SWCNTs) at room temperature under
different pressures using Monte Carlo molecular simulations,
which were conrmed by experiments. It was found that almost
all the gas molecules distributed near the CNT surface due to
the gas-CNT molecular interactions. Through MD simulations,
Zhu and Zhao16 examined the methane adsorption in carbon
nanopores and found that CNT has higher storage capacity
compared with that in macroscale systems, which is attributed
to the attractive interactions between the methane molecules
and the CNT surface. Furthermore, it is found that the
adsorption behavior in CNT is affected by the CNT diameter and
there is an optimal CNT size for strengthening the methane
storage. Another MD study performed byWu et al.17 explores the
adsorption mechanisms and displacement processes of
methane in CNTs. It shows that the density of methane in silt
pores could be several times higher than the bulk value when
the pressure reaches 5 MPa. In addition, Takaba et al.18 con-
ducted molecular modeling of methane permeation through
silicalite membranes. Their MD simulations indicated that the
adsorption properties of methane could not be changed until
the pressure became sufficiently high (>2000 kPa). The
adsorption properties of methane on the surface of nanopores
in shale matrix under different pressures have also been studied
using MD simulations.19 Various behavior of the apparent
RSC Adv., 2020, 10, 37507–37514 | 37507
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permeability of methane were found, which was attributed to
the competition between the adsorbed and slippage layers of
the shale matrix. Rezlerová et al.20 employed MD simulations to
systematically evaluate the adsorption of C1 to C4 alkanes in the
dual-porosity zeolites. It was found that methane was prefer-
entially adsorbed in micropores rather than in mesoscale pores.

The desorption of gases in shales has also been explored.
Wang et al.21 probed the dynamics of gas transport in shales
through experimental and analytical studies. They found that
a signicant portion of the gas was adsorbed gas through
mathematical analysis, which has been conrmed by experi-
ments. Guo et al.22 experimentally investigated the isothermal
desorption and adsorption characteristics of shale gas at
different temperatures. It was found that temperature plays an
important role in desorption and the shale gas desorption
capacity decreases with increasing temperature. Ho et al.6

explored the pressure effects on the methane release in kerogen
and found that free methane molecules, i.e., molecules
conned in a pore but not adsorbed by the pore surface, can be
released by pressure gradients while the dynamics of adsorbed
molecules is determined by desorption and diffusion processes.
Chen et al.4 investigated the mechanisms of desorption
hysteresis of methane in nanopores. It was revealed that the
variation of nanopore throat size greatly changed the energy for
methane entering and escaping through the throat, which
resulted in desorption hysteresis. In addition, Zhang et al.23

conducted MD simulations to investigate the transport mech-
anisms of methane isotopologues (12CH4 and 13CH4) in CNTs
with various diameters at 353 K, and found that 13CH4 with
a stronger adsorption affinity possessed a lower desorption rate.
As it is easy for methane molecules of high kinetic energy to be
released from nanopores, temperature is also a very important
factor for shale gas desorption.24,25 Moreover, the potential
energy distribution, which determines the energy barrier for
methane desorption, in different nanostructures varies and
affects the release rate of methane.26–28 Therefore, the effects of
Fig. 1 Structure of all-silica MFI zeolite. Yellow and red spheres are silic
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temperature on the release of methane from nanopores have
been extensively studied. However, the role of external pres-
sures on the desorption/release of methane from nanopores
have not been fully studied, which requires intensive
explorations.

In this work, we investigate the effects of external pressures
on the release of methane in zeolite nanopores through MD
simulations. The methane release percentage is obtained at
various pressure strengths for three different loading patterns,
which are constant, sawtooth-shaped, and sinusoidal pressures.
The all-silica MFI zeolite is employed to model shale pores
because it is a traditional adsorbent and widely applicable for
gas storage.29–31 As the external pressure is increased, it is found
that the release percentage of methane decreases rst and then
increases before nally leveling off. The effect of loading
frequency is also studied, which is found insignicant
compared with the strength of the pressure. The kinetic energy
of the methane molecules and the energy barrier for the release
of methane are studied to explain the release behavior.
2. Molecular dynamics simulation

The MD simulations are performed using the commercial
soware, Material Studio. A typical simulation system contains
a three-dimensional (3D) all-silica MFI zeolite (silicalite-1) to
model nanoscale shale structures. The zeolite has a 3D network
of two types of interconnecting nanochannels, i.e., straight and
zigzag channels. The straight channels are along the y direction
and the zigzag channels are in the x–z plane. The structure of
the zeolite is depicted in Fig. 1. The lengths of a unit silicalite-1
cell in the x, y, and z directions are lx¼ 20.044 Å, ly¼ 19.918 Å, lz
¼ 13.395 Å, respectively.32 In the simulations, ve unit cells of
silicalite-1 in the x and y directions and two unit cells in the z
direction are built such that the lengths of the whole MFI zeolite
in the x, y, and z directions are 100.22, 99.59, and 26.79 Å,
respectively. As each unit cell of MFI zeolite contains 96 silicon
on and oxygen atoms, respectively.

This journal is © The Royal Society of Chemistry 2020



Fig. 3 Three types of external pressures: constant, sawtooth-shaped,
and sinusoidal pressures.
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atoms and 192 oxygen atoms,32 i.e., 96 SiO2 molecules, the
whole simulation system, which contains 50 unit cells, totally
has 4800 silicon and 9600 oxygen atoms. To allow the methane
molecules to be released from the zeolite, the dimensions of the
entire simulation system are set as 50, 50, and 2.68 nm in the x,
y, and z directions with the MFI zeolite at the center of the
system. Periodic boundary conditions are employed in all the
directions. The pressure and temperature of the system are
controlled at 20 MPa and 350 K, respectively, by the Parrinello–
Rahman barostat33 and the Berendsen thermostat.34 These
conditions are close to the geological conditions of practical
shale gas reservoirs.35 The integration time step is 1 fs and the
Dreiding force eld36 is used to model the zeolite, methane, and
methane-zeolite interactions.37,38 The general potential for these
interactions is given by
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where Kb and Ka are the force constants for bend length and
bond angle, R0 and q0 are the equilibrium bond distance and
angle, B0 is the barrier height, d0 is the phase factor, n0 is the
periodicity, 3 is the binding energy and s is the collision
diameter, rij is the separation between molecules/atoms i and j,
q is the bond angle, f is the bond torsion angle, and q is the
charge. The cut-off distance for the potential is 10.5 Å. The
values of relevant parameters can be found in ref. 39.

According to the thermodynamics properties of methane
and the structure of all-silica MFI zeolite, at 20 MPa and 350 K,
the density of methane is 119.41 kg m�3 and the pore volume of
MFI zeolite is 1.83 nm3 per unit cell.30,40 These properties are
used to dene the initial loading of methane in the zeolite,
Fig. 2 Variation of methane density in the zeolite during system
relaxation.
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which corresponds to 8 methane molecules per unit cell. To
maintain a homogeneous pressure distribution at the begin-
ning, both the free space outside and the channels inside the
zeolite are initially lled with methane molecules according to
this density. The system is rst relaxed for 500 ps in the NVT
ensemble. During the relaxation, the density of methane inside
the MFI zeolite increases and approaches �133 kg m�3 due to
the molecular interactions between the methane molecules
outside the zeolite and the channel surfaces of the zeolite,
which lead to methane adsorption on the channel surfaces. The
variation of the methane density is shown in Fig. 2, which
agrees well with previous work.41,42 Aer the relaxation, the
methane molecules outside the zeolite are removed and the
remaining system with methane inside the zeolite is switched to
the NVE ensemble.

The external pressure is loaded in three different fashions,
which are constant, sawtooth-shaped, and sinusoidal pressures,
as depicted in Fig. 3. The pressures are applied by acting a force
on the atoms in the top layer of the zeolite and the atoms in the
bottom layer are xed, as shown in Fig. 4. The simulations are
run for 36 ns to collect the data for computing the release
percentage.
3. Results and discussion

In the simulations, the number of methane molecules released
from the zeolite is obtained and the release percentage Po is
computed as

Po ¼ N

No

� 100%; (2)

where N is the number of methanemolecules outside the zeolite
and No is the total number of methane molecules in the system.
Fig. 5 depicts the nal release percentage Po as a function of the
external pressure strength (for sawtooth-shaped and sinusoidal
external pressures, the mean value is used as the strength). It is
RSC Adv., 2020, 10, 37507–37514 | 37509



Fig. 4 Pressure loading on the zeolite.

Fig. 6 Release percentage of methane as a function of loading cycles
for sawtooth-shaped pressures.
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seen that Po changes in a similar fashion for the three types of
pressure loadings as the pressure strength is increased. It
decreases slightly rst at relatively low pressures and then
increases before leveling off at sufficiently high pressures. The
major difference among the three loading ways is the nal
release percentage. For the case of constant external pressures,
the release percentage is about 65% when the pressure becomes
higher than 3.5 GPa. For the other two cases, the nal release
percentage reaches about 90–95% when the mean pressure
strength is above 2.0 GPa. These indicate that periodic pressure
loadings, such as sawtooth-shaped and sinusoidal pressures,
are more effective in releasing methane from shales compared
with constant external pressures.
Fig. 5 Release percentage of methane as a function of external
pressure strength (for periodic pressures, the mean pressure is used as
the pressure strength).

37510 | RSC Adv., 2020, 10, 37507–37514
To further explore the release performance of periodic
pressures, the effect of the loading frequency for the sawtooth-
shaped pressure is studied. Fig. 6 shows the release percentage
of methane molecules for various frequencies, which are ach-
ieved by changing the number of loading cycles from 1 to 12 in
36 ns, and under different pressure strengths. It is clear that the
release percentage changes mildly as the frequency is increased.
For relatively high pressures (e.g., 1.25, 1.5, and 1.75 GPa), the
release percentage almost remains unchanged aer two cycles.
Hence, the loading frequency plays a minor role in releasing
methane compared with the effect of pressure strength.

Whether a methane molecule can be released from the
zeolite mainly depends on the kinetic energy E of the methane
molecule and the energy barrier DG in the nanochannels.42–44 E
is mainly governed by the temperature T and DG is determined
by the methane-zeolite molecular interaction and the pore
structure. DG is the potential difference between the maximum
and minimum points in the channel. If the kinetic energy of
a methane molecule is sufficiently high, it can easily overcome
the energy barrier and diffuse freely in the channels and has
great chance to escape from the channel. The probability of the
methane molecule to be released from the zeolite is propor-
tional to exp(�DG/E), as will be shown later. Fig. 7a and b show
the potential distributions next to the interior surface of
a straight channel in the y direction. They are depicted in the q

� y coordinates, where q is the polar angle, as illustrated in
Fig. 7c. It is seen that the potential varies greatly in the y
direction and high potentials take place at the exits. Moreover,
the potential distribution is changed aer a pressure is applied
to the zeolite, as indicated by the color bars in Fig. 7a and b, and
the energy barrier is increased by the external pressure. Both E
and DG are affected by the external pressure. Typically, a high E
and a low DG promote the release of methane from the zeolite.
When an external pressure is applied, it causes the zeolite to
deform. Therefore, the force acting on the zeolite does some
work on the zeolite, as shown in Fig. 8, which increases the
temperature of the system (see the inset of Fig. 8), raises the
This journal is © The Royal Society of Chemistry 2020



Fig. 7 Average potential distribution next to the interior wall of a straight channel in the y direction (Fig. 1). L is the total length of the channel in
the y direction. (a) Without external pressures and (b) under a constant external pressure (2 GPa). (c) Notation of the coordinates.
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kinetic energy of methane molecules, and consequently
enhances the release percentage. On the other hand, the
deformation of the nanochannels caused by the external pres-
sure may increase the energy barrier DG and hinder the
discharge of methane molecules. The competition between
these two effects determines the release percentage.

The release percentage of the methane molecules can be
theoretically predicted using E and DG. It is known that the
velocity of the methane molecules follows the Maxwell-
Boltzmann distribution, which, in terms of E, is given by25
Fig. 8 Work done by external pressures as a function of external
pressure strength. The data for periodic pressures are for 5 loading
cycles. The inset shows the temperature change of the system.

This journal is © The Royal Society of Chemistry 2020
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where kB is the Boltzmann constant. For a methane molecule, if
its kinetic energy is lower than the energy barrier DG in
a nanochannel, it has a low probability to be released from the
nanochannel. Thus, the release percentage of the methane
molecules can be theoretically calculated as

P* ¼ 1�
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The results of eqn (4) is proportional to exp(�DG/kBT), i.e., P*
f exp(�DG/kBT). Thus, DG and kBT are the main factors
controlling the release percentage. As DG is the determined by
the potential distribution inside the channels and the potential
U depends on the position, the average potential Uavg(y) along
the channel axis in straight channels is used to obtain DG (it is
noted that most of the methane molecules released from the
zeolite are from the straight channels because DG is small in
these channels). Uavg(y) is calculated through

UavgðyÞ ¼
Ð
x

Ð
z
Uðx; y; zÞe�bUðx;y;zÞdxdzÐ

x

Ð
z
e�bUðx;y;zÞdxdz

; (5)

where b ¼ 1/kBT. DG is calculated as the potential difference
between the exit of the zeolite channels, where the potential is
the highest (see Fig. 8), and the point where Uavg(y) is the
minimum. The temperature T of the methane can be calculated
from the velocity of the methane molecules as

T ¼ 1

3No

XNo

i¼1

mivi
2; (6)
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Fig. 9 kBT and energy barrierDG as a function of pressure strength. (a) Constant pressure. (b) Sawtooth-shaped pressure (5 cycles). (c) Sinusoidal
pressure (5 cycles).

Fig. 10 Comparison between MD simulations and predictions of eqn (4). (a) Constant pressure. (b) Sawtooth-shaped pressure (5 cycles). (c)
Sinusoidal pressure (5 cycles).
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where mi and vi are the mass and velocity of molecule i.
Fig. 9 shows kBTof the methane and the potential energy

barrier DG of the straight channels as a function of the strength
of the external pressure for the three types of pressure loadings.
On the basis of the kBT and DG values in Fig. 9, the release
percentage is calculated using eqn (4) and the results are shown
in Fig. 10. It is seen that the predictions of eqn (4) generally
agree well with the MD results. The discrepancy is caused by the
estimation of DG, which is obtained based on the average
potential in the channels.

With the kBT and DG data in Fig. 9, the variation of the
release percentage in Fig. 5 can be explained. At low pressure
loadings, both kBT and DG increase as the pressure is increased.
However, DG increases faster than kBT, which causes exp(�DG/
kBT) to decrease with increasing pressure. This is why the
release percentage drops at low pressures (see Fig. 5). As the
pressure is further increased, kBT increases much faster than
DG, leading to signicant rise of the release percentage. At high
pressures, both kBT and DG approach constant values, which
make the release percentage remains roughly constant at a large
value.

4. Conclusions

The effects of external pressures on the release of methane from
all-silica MFI zeolite nanochannels have been investigated
through MD simulations. At low pressures, the release
percentage declined slightly as the pressure is increased. When
the pressure is further increased, it starts to increase signi-
cantly and remain roughly unchanged at sufficiently high
pressures. The nal release percentage at high pressures under
constant external pressures is lower than those for sawtooth-
shaped and sinusoidal pressures. For periodic pressures, the
loading frequency is found to be a minor issue. The variation of
the release percentage is governed by the kinetic energy of the
methane molecules and the energy barrier inside the zeolite
channels. Theoretical predictions of the release percentage
using kinetic energy of the methane molecules and the energy
barrier obtained through MD simulations agree well with
numerical results.
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20 E. Rezlerová, A. Zukal, J. Čejka, F. R. Siperstein, J. K. Brennan
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