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ynamical properties of methane in
slit-like quartz pores using molecular simulation

Lilong Yang, a Xiang Zhou, a Kewei Zhang,b Fanhua Zeng *a

and Zhouhua Wangc

The dynamical properties of adsorption media confined in micropores play an important role in the

adsorptive separation of fluids. However, a problem is that it is difficult to directly use approaches based

on experimental measurements. Molecular simulation has been an effective tool for investigating the

diffusion of fluids on the microscale in recent years. In this work, the diffusion properties of methane in

quartz were mainly investigated from a microscale viewpoint using MD (molecular dynamics) methods,

and this paper primarily discusses the influence of parameters such as pressure, temperature, pore size

and water content on the diffusion and thermodynamic parameters of methane in slit-like quartz pores.

The results demonstrate that the transport ability of quartz pores decreases with an increase in pressure

in pores of a fixed size at a certain temperature and increases with an increase in pore size or

temperature at a fixed pressure, which is related to changes in the interaction between methane

molecules and quartz. In the pressure range used in the simulation, the average isosteric heat of

adsorption of methane increases with an increase in pressure and is in the range of 6.52–

10.794 kJ mol�1. Therefore, the gas adsorption behavior is classed as physical adsorption because the

heat of adsorption is significantly lower than the minimum heat of gas adsorption for chemisorption. The

increase in the total adsorption entropy is caused by an increase in temperature due to an increase in

internal energy, which brings about a reduction in the interactions between gas molecules and walls of

quartz. However, with an increase in pore size the total adsorption entropy increases, for which an

explanation may be that in pores of a larger size methane molecules are adsorbed at higher-energy sites

and generate a higher isosteric heat, which causes a reduction in interactions between the adsorbate

and adsorbent. Regarding the influence of different water contents on the diffusion of methane, it was

demonstrated that with an increase in moisture the mobility of methane molecules initially increases and

then decreases, which is related to the distance between gas molecules.
1 Introduction

In 2017, the EIA (US Energy Information Administration) re-
ported that the world's consumption of natural gas, consisting
primarily of methane, will increase by 43% from 2015 to 2040,
because natural gas has become an attractive fuel for the electric
power and industrial sectors in both OECD (Organization for
Economic Co-operation and Development) and non-OECD
countries. In the US, China, and Canada, tight oil resources
and shale resources play an important role in natural gas
supplies. As of 2015, shale gas accounted for 50% of the US
natural gas production. According to data analysis by the US
Energy Information Administration, shale gas in the US is
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expected to account for 70% of the US natural gas production in
2040, and shale resource developments in China are expected to
account for nearly 50% of domestic natural gas production by
2040 to meet the demand for natural gas consumption.1 Thus,
shale gas will be one of the most important sources of energy in
the near future. As we know, shale gas reservoirs mainly contain
free gas, dissolved gas, and adsorbed gas. Curtis (2002) stated
that the maximum amount of adsorbed gas is up to 85% in
American shale reservoirs.2 Therefore, it is essential for
researchers to study the adsorption characteristics of methane to
nd advanced recovery techniques for the improvement of shale
and tight oil resources to meet the growing demand for energy.

In order to more accurately determine the petrophysical
properties of rock samples from shale gas reservoirs, X-ray
diffraction (XRD) is used to analyze the rock mineralogy for
the evaluation of shale. It was found that there was an abundant
amount of quartz minerals in some shale samples.3 Yingjie et al.
(2015) conducted geochemical tests to investigate the effects of
composition on the capacity of the gas reservoir in the Qaidam
This journal is © The Royal Society of Chemistry 2018
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Basin, China, and suggested that the quartz content of the shale
is up to 87%.4 An investigation of the pore structure and fracture
characteristics of the organic-rich Yanchang Formation shale in
the Ordos Basin demonstrated that the quartz content of the
shale ranged from 17.10% to 72.33% and represented the main
component of the shale.5 Some researchers (Ross and Marc
Bustin) investigated the shale composition of Western Cana-
dian shale gas reservoirs from different geologic periods and
suggested that the average content of quartz mineral phases is
over 44%.6 Therefore, it is meaningful for researchers to observe
the characteristics of the gas adsorption capacity of quartz in
shale gas reservoirs. Recently, some scholars have applied
experimental and theoretical methods to study the adsorption
behavior of methane in nanoporous pure quartz. Xiong et al.
(2017) observed the inuence of different pore sizes on the
methane adsorption capacity of quartz pores using experi-
mental methods.7 Ji et al. (2013) and Liang et al. (2016) observed
the impact of environmental factors that included temperature
and pressure on the adsorption behavior of CH4 in quartz.8,9

Xiong et al. (2016) used molecular simulation to investigate the
impact of environmental factors on the CH4 adsorption ability
of quartz pores on the microscale.10 However, most researchers
did not study in greater depth to investigate the dynamical
properties that reect the internal features of microscopic
systems in quartz pores.

An observation of the impact of different factors on the
dynamical properties of adsorption media could provide
a fundamental understanding of the internal behavior of uids
in adsorbents for researchers. Cracknell et al. (1995) investi-
gated transport diffusivity in slit-shaped pores of different sizes
using a computerized molecular dynamics (MD) method, which
showed that the self-diffusion of methane was a function of its
concentration for different pore sizes.11 Titiloye and Skipper
(2001) studied the distribution and mobility of methane parti-
cles in the interlayers of a sodiummontmorillonite clay hydrate
using a molecular simulation, which suggested that interlayer
mobility has a strong relationship with moisture and burial
depth.12 Cao and Wu (2004) studied the inuences of different
temperatures and pressures under subcritical and supercritical
conditions on the behavior of the diffusion coefficient of
methane in single-walled carbon nanotubes (SWNTs) by
combining GCMC (grand canonical Monte Carlo) and ideal MD
methods, which suggested that kinetic energy and intermolec-
ular interactions play a critical part in the mobility of methane
molecules below a supercritical temperature.13 Yang and Zhang
(2005) investigated the structure and diffusion behaviour of CO2

in different clay-like slit pores via a classical MDmethod, which
demonstrated the distribution of the inner molecular layer and
the relationship of the diffusion coefficient of CO2 with various
slit pores.14 Fathi and Akkutlu (2009) studied the inuence of
surface diffusion on the macroscale transport of gas in a low-
permeability formation and found that surface diffusion is an
important factor that affects the eventual recovery of gas.15

Bhatia and Nicholson (2012) observed the inuences of
different methane densities on the dynamical behavior of
methane in silica nanopores at different pore sizes and
temperatures using an MD simulation method.16 Li et al. (2013)
This journal is © The Royal Society of Chemistry 2018
investigated the density prole and divergent behavior of an
RTIL (room-temperature ionic liquid) close to the surface of
silica and carbon using a molecular simulation, which revealed
the interfacial potential prole and the connement of
temperature-dependent diffusion within silica or carbon
pores.17 Sharma, Namsani, and Singh (2015) studied the inu-
ences of different pore sizes and pressures on the dynamical
behavior of ethane and methane in montmorillonite nanopores
and suggested that the diffusion coefficient of methane is lower
than that of ethane at a lower pressure.18 Huang et al. (2014) and
Sui and Yao (2016) observed the inuences of pressure, slit pore
size, temperature, and concentration on the diffusion behavior
of different uids in slit-like pores using a molecular dynamics
method.19,20 According to the above review, these studies
suggest that it is effective to use molecular simulation methods
to study the dynamical properties of a ue gas on an adsorbent.
Furthermore, not enough reports provide specic information
on dynamical properties on pure minerals.

This study mainly used MD simulations based on equilib-
rium congurations, which can be determined from a GCMC
simulation, to observe the dynamical behavior of a gas in
a quartz pore. Firstly, the structures of nanopores were built
using a molecular simulation. On the basis of the rst step, the
dynamical properties in quartz pores were investigated to
determine how factors including the pressure, temperature,
pore size, and water content affect the diffusion behaviour and
thermodynamic parameters in quartz for the purpose of
providing a theoretical basis and instructional guidance for
enhancing the production of shale gas in shale gas reservoirs.
2 Establishment and validation of the
model
2.1 Models

Methane exists mainly in an adsorbed state in micropores in
sandstone, and diffusion is an important way to produce gas in
micropores. Therefore, it is important to study the microscale
mechanism and diffusion of CH4 in slit-like quartz pores. In
this paper, using the Materials Studio soware package for the
structure of the alpha quartz unit cell (4.91 Å e 4.91 Å � 5.402
Å) enabled the construction of an adsorbent structure. In
addition, a model of the CH4/H2O uid was established using
the Materials Studio (MS) soware package. A simulation of
the quartz unit cell was set up in a square box with cyclicity in
the x and y directions on the basis of the unit cell of quartz
crystals. The quartz model comprised a 6a � 5b � 5z supercell
structure in the x, y, and z directions. Therefore, the range of
the model of the quartz supercell structure can be determined
(x¼ 2.946 nm, y¼ 2.455 nm and z¼ 2.521 nm), and S, which is
the area of the crystal surface in the porous structure, is 6.261
� 10�18 m2. In order to calculate the different pore diameters
of quartz in the model of the supercell structure, a void was
added in the z direction according to the simulation unit cell.
The pore height (H) was determined by simulating a vacuum,
and we used different lengths in combination with H to obtain
different pore sizes (such as 1 nm, 2 nm, 2.5 nm, 4 nm, and 6
RSC Adv., 2018, 8, 33798–33816 | 33799
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nm). Different schematic representations of the vacuum and
uid models are presented in Fig. 1.

2.2 Calculation method and scheme design

In this simulation, we used the Condensed-Phase Optimized
Molecular Potential for Atomistic Simulation Studies
(COMPASS) eld, which was mentioned by previous
researchers.21,22 This force eld includes a covalent-bondmodel,
an ion model, a quasi-ion model, and a metal model that can
describe different molecular systems. The covalent-bond model
is applicable to all organic molecules and inorganic covalently
bonded molecular systems, including small molecules and
macromolecules. The force eld is the same as those used in
CFF-type force elds. The function forms consist of two parts:
(a) valence terms and (b) non-bonding interactions. The valence
terms include diagonal and off-diagonal cross-coupling terms
that involve the bond stretching energy Eb, bond angle bending
energy Eq, bond torsion energy E4, bond out-of-plane angle
bending energy Ec and cross-coupling terms energy Ecross:

Ebond ¼ Eb + Eq + E4 + Ec + Ecross (1)

Eb ¼
X
b

h
K2ðb� b0Þ2 þ K3ðb� b0Þ3 þ K4ðb� b0Þ4

i
(2)

Eq ¼
X
q

h
K2ðq� q0Þ2 þ K3ðq� q0Þ3 þ K4ðq� q0Þ4

i
(3)
Fig. 1 Fluid models and structure of slit-like quartz pores.
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E4 ¼
X
4

½K1ð1� cos 4Þ þ K2ð1� cos 24Þ þ K3ð1� cos 34Þ� (4)

Ec ¼
X
c

K2c
2 (5)

Ecross ¼
X
bb0

Kðb� b0Þ
�
b� b

0
0

�
þ
X
b;q

Kðb� b0Þðq� q0Þ

þ
X
b;4

ðb� b0ÞðK1 cos 4þ K2 cos 24þ K3 cos 34Þ

þ
X
b0 ;4

�
b0 � b0

�
ðK1 cos 4þ K2 cos 24þ K3 cos 34Þ

þ
X
q;4

�
q� q

0
0

�
ðK1 cos 4þ K2 cos 24þ K3 cos 34Þ

þ
X
q0 ;q

�
q0 � q

�
ðq� q0Þ þ

X
q;q0 ;4

Kðq� q0Þ
�
q� q

0
0

�
cos 4

(6)

For non-bonding interactions, the van der Waals (vdW) term
energy Eij was included, which comprises the Lennard-Jones 9-6
function23 and the electrostatic interaction energy Eelec:

Eij ¼
X
ij

3ij

2
42
 
r0ij

rij

!9

� 3

 
r0ij

rij

!6
3
5 (7)

Eelec ¼
X
i;j

qiqj

rij
(8)

For similar atom pairs, the Lennard-Jones 9-6 parameters are
given, whereas for dissimilar atom pairs, a 6th order combina-
tion law is used to determine the values of the off-diagonal
parameters:24

r0ij ¼

0
B@
�
r0i
�þ �r0j �6

2

1
CA

1
6

(9)

3i;j ¼ 2
ffiffiffiffiffiffiffi
3i3j

p
0
B@
�
r0i
�3�

r0j

�3
ðr0i Þ6

�
r0j
�6
1
CA (10)

In the COMPASS eld, partial atomic charges are used to
represent electrostatic interactions. In the force eld, the bond
increment dij is used to represent the charge separation between
two valence-bonded atoms, and i and j are used as atomic
parameters. For atom i, the partial charge is the sum of all
charge bond increments dij:24

qi ¼
X
j

dij (11)

where j represents all atoms that are valence-bonded to atom
i.

In the simulation, MDmethods based on the GCMCmethod
were used. The GCMC method was employed to ll the pores
This journal is © The Royal Society of Chemistry 2018
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with methane molecules and was launched using the sorption
module in the MS soware package. In this work, it is worth
mentioning that the grand canonical ensemble refers to the
chemical potential of the system in the process of the simula-
tion. In the process of a GCMC simulation, the acceptance
probability of three kinds of particles in the system is a function
of the chemical potential. The relationship between the chem-
ical potential and the fugacity is as follows:25

m ¼ m0ðgÞRT ln
f

p0
(12)

where m0(g) is the chemical potential of the gas in the standard
state (J mol�1), R is the gas constant (J mol�1 K�1), and p0 is the
pressure in the standard state (Pa). In this study, the simulated
pressure was up to 30 MPa, and each simulation was carried out
at 15 xed pressure values. In addition, Metropolis was used as
the output sampling method. In the specic calculation
processes, each simulation used a maximum of 3.2 � 106 load
steps, of which 1.6 � 106 were balance steps and 1.6 � 106 were
process steps that could be chosen to analyze the density
distributions and diffusion behavior of methane. Moreover, the
work employed an atomic-interaction-based approach to
calculate van der Waals forces within a cutoff distance of
1.2 nm, and coulombic force interactions were determined via
the Ewald&Group method. In chemical thermodynamics, the
fugacity of a real gas is a valid partial pressure that is used
instead of the mechanical partial pressure in a precise calcu-
lation of the chemical equilibrium constant. For an ideal gas,
the pressure is equal to the fugacity. In this study, we used the
Peng–Robinson equation of state to determine the density of
the gas phase and fugacity coefficient.26

To study the different factors that inuence the transport
properties and density proles of methane molecules in slit-like
pores, a molecular dynamics method needed to be employed in
this work. In the MD simulations, the simulated pressure was
up to 30MPa, and each simulation used a certain pressure value
corresponding to a temperature value, which was carried out
using the Forcite module in the MS soware package. In the MD
simulations, the COMPASS force eld was used. The simulation
used the Ewald&Group method to calculate the coulombic force
interactions, and the van der Waals forces were calculated by an
atomic-interaction-based method. Each MD simulation was
carried out using an NVT ensemble (the atom number N,
volume V, and temperature T stay the same in the system) with
a dynamic time of 1 ns and a time step of 1 ns, which included
a structural equilibration time of 100 ps and a calculation time
of 900 ps for methane molecules. The Andersen thermostat was
used to control the temperature. Finally, a molecular equilib-
rium conguration that was built up at intervals of 100 steps in
each simulation process was obtained to calculate the dynam-
ical behavior of methane and study the density distributions of
methane.

In order to study the dynamical properties of methane
molecules, this work mainly chose various factors, which
included pressure, temperature, pore size, and water saturation,
to study the transport ability and thermodynamic parameters of
gas molecules in slit-like quartz pores. The simulation program
This journal is © The Royal Society of Chemistry 2018
included: (1) using different pressures, including 5 MPa, 9 MPa,
13 MPa, 17 MPa, 21 MPa, and 30 MPa, to investigate the
diffusion and heat of adsorption in slit-like quartz pores; (2)
choosing different temperatures, including 30 �C, 60 �C, 90 �C,
100 �C, and 120 �C, to study the diffusion and adsorption
entropy in pores; (3) choosing different pore sizes (1 nm, 2 nm,
3 nm, 4 nm, 6 nm, and 8 nm) at different pressures to simulate
the adsorption entropy and diffusion of methane; and (4) using
different water contents of 2%, 4%, 8% and 16% at various
pressures to study the diffusion and average heat of adsorption
of methane.
2.3 Model validation

To prove the feasibility of the molecular simulation method of
studying gas adsorption in nanometre pores, this work chose
different pore sizes, including 1 nm, 2 nm, 3 nm, 4 nm, and
6 nm, to determine the adsorption capacity for excess methane
at 60 �C in each simulation. Then, the conclusions were used for
a comparison with an earlier study on organic and inorganic
shale. Because the simulation temperature is above the critical
temperature of the gas, the adsorption behaviour of the gas on
quartz comprises supercritical adsorption. Therefore, Gibbs
suggested a formula for the excess amount adsorbed via
supercritical adsorption. The relevant equation27 is as follows:

Mex ¼ mab � rgVad (13)

where Mex is the excess adsorbed amount (g cm�3), mab is the
actual content of the adsorbed gas (g cm�3), rg is the density of
the bulk gas (g cm�3), which is established using the Peng–
Robinson equation of state,8 and Vad is the volume of the
adsorbed phase (cm3). In this study, the total gas content could
be determined from each simulation, but was not the actual
content of the adsorbed gas. Hence, a conversion to the excess
adsorbed amount is needed according to studies by other
researchers:28

Mex ¼ N � rgVp/MS (14)

where N is the total amount of gas (mol m�2), Vp is the free
volume of gas (g cm�3),M is themolar mass of the gas (g mol�1),
and S is the surface area of the unit cell (m2). Isotherms for the
total adsorbed amount of methane are shown in Fig. 2. From
the gure, it is evident that the total adsorbed amount increases
with an increase in pressure and that an increase in the pore
size increases the total adsorbed amount. Moreover, high
pressure favors the adsorption of methane in pores of larger
sizes. This trend coincides with results for the adsorption of
methane molecules on kaolinite28 and in silica nanopores.29 In
Fig. 3, we can see that the excess adsorbed amount increases
with pressure until it reaches the maximum capacity for excess
adsorption. Then, it decreases with pressure. In addition, in the
gure it can be seen that the larger are the pores in quartz, the
smaller is the adsorption capacity for excess methane of the
mesopores. These results agree with those from previous
studies.10,30–32 When the capacity for excess adsorption is at
a maximum, there is a maximum pressure (Pmax) for different
RSC Adv., 2018, 8, 33798–33816 | 33801

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06678g


Fig. 2 Relationship between the excess adsorbed amount of CH4 and the pressure for various sizes of slit-like pores.
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pore sizes. Table 1 shows the different maximum pressures for
different pore sizes. The maximum capacity for excess adsorp-
tion under different pressures can be seen in Fig. 4, which
displays the relationship between the maximum excess adsor-
bed amount of gas (Mexc-max) and different sizes of slit-like
quartz pores. Although the maximum pressures (Pmax) are
different from those in previous research because of the use of
different parameters in this study, the conclusions are in
Fig. 3 Isotherms for the excess adsorbed amount of CH4 for different p

33802 | RSC Adv., 2018, 8, 33798–33816
accordance with previous works that showed that the maximum
pressure for excess adsorption on quartz is between 10 and
19 MPa on the basis of experiments.10,30–32 In addition, we found
that the maximum excess adsorbed amount in this work
increases with an increase in the size of micropores, and
a decrease in the maximum excess adsorbed amount is caused
by an increase in the diameters of mesopores, which is shown in
Fig. 4. In other words, the gas adsorption ability increases with
ore sizes.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Maximum pressures for different pore sizes in the simulation
in this work

Pore size (H)/nm Pmax/MPa (this work)

1 15
1.5 17
2 17
3 13
4 15
6 11
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an increase in the sizes of micropores and decreases when the
diameters of mesopores are larger. This nding is similar to
results in the previous literature.10,33 Therefore, this model is
reasonable.
3 Results and discussion
3.1 Variation in energy of the methane adsorption system in
quartz

Fig. 5 illustrates the relationship between the energy of the
methane adsorption system and different pressures in slit-like
quartz pores. In each simulation, we found that the valence
terms do not make a contribution to the adsorption of methane
in quartz. However, the total energy of the adsorption system is
contributed by non-bonding interactions. In addition, we ob-
tained the result that the van der Waals (vdW) term energy plays
an important role in supplying the total energy to the adsorp-
tion system, and the electrostatic interaction energy is zero in
non-bonding interactions. In other words, the electrostatic
interaction energy does not make a contribution during the
Fig. 4 Comparison of the maximum excess adsorbed amount in this w

This journal is © The Royal Society of Chemistry 2018
process of adsorption in each simulation, but the van der Waals
(vdW) term energy makes a major contribution to the main
energy in the adsorption system. Moreover, that contribution
does not depend on the pressure and pore size, which indicates
that the process of methane adsorption comprises a physical
adsorption process in each simulation. When physical adsorp-
tion processes occur in an adsorption system, the system
releases heat. Consequently, the energy of the system will
decrease. From Fig. 5, we can draw the conclusion that the
energy of the system will decrease as the pressure increases.
Furthermore, the total energy of the adsorption system has no
relationship with an increase in pore size.
3.2 Properties of methane in a slit pore

3.2.1 Impact of pressure. On the basis of the methane
molecules adsorbed in slit-like pores that can be modeled using
the GCMC simulation, we can also use this to study the dynam-
ical properties of methane in slit-like quartz pores. The diffusion
properties of methane are represented by the self-diffusion
coefficient (D), and the Einstein equation34 can be employed:

D ¼ 1

6
lim
t/N

d

dt

Xn
i

D
jriðtÞ � rið0Þj2

E
(15)

where |ri(t) � ri(0)|
2 is the mean square displacement along the

plane of the pore, ri(t) is the position of atom i at time t, and ri(0)
is the initial position of atom i. The diffusion coefficient of
methane can be calculated for different pressures. The rela-
tionship between the diffusion coefficient of methane and the
pressure is illustrated in Fig. 6. From the gure, we can see that
a rise in pressure causes a decline in the diffusion coefficient of
ork with literature results from previous papers.10,32
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Fig. 5 Change in Etotal of the adsorption system at various pressures (Etotal represents the total energy in the system).
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methane, because the interaction forces between methane and
the walls of the pores increase with an increase in pressure,
which results in an increase in the resistance of the gas. This
result is in accordance with earlier reports on single-walled
carbon nanotubes13 and inorganic nanopores.18 Moreover, it
Fig. 6 Relationship between diffusion coefficient of methane and press

33804 | RSC Adv., 2018, 8, 33798–33816
can be seen in Fig. 6 that the self-diffusion coefficient of
methane at different pressures is of the order of 10�8 m2 s�1,
which is the same order as that determined for methane under
supercritical conditions in single-walled carbon nanotubes by
some researchers.13
ure in pores with a size of 1 nm at 60 �C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Correlation between heat of adsorption and pressure.
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The heat of adsorption is an important thermodynamic
parameter for the adsorption of gas molecules on an adsor-
bent.35 The heat of adsorption of methane in nanopores at
different pressures is illustrated in Fig. 7, which shows that the
heat of adsorption of the gas increases with an increase in
pressure. In this simulation, the heat of adsorption of methane
Fig. 8 Relationship between self-diffusion coefficient of methane and t

This journal is © The Royal Society of Chemistry 2018
has a minimum value of 6.52 kJ mol�1, which corresponds to
a pressure of 1 MPa, in contrast with the maximum heat of
adsorption of methane, which corresponds to a pressure of
30 MPa and is 10.794 kJ mol�1; hence, the gas adsorption
behavior is classed as physical adsorption because the heat of
adsorption is signicantly lower than the minimum heat of gas
emperature in pores with a size of 3 nm at 21 MPa.

RSC Adv., 2018, 8, 33798–33816 | 33805
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Fig. 9 Density distribution of methane in pores with a size of 3 nm at 21 MPa at different temperatures.
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adsorption for chemisorption. The heat of adsorption of
methane at a low pressure is much lower than that of methane
at a higher pressure, which indicates that the interaction
between methane and quartz is weaker at a lower pressure. The
heat of adsorption increases as the pressure increases, for the
reason that at a lower pressure a sufficient number of high-
energy adsorption sites could support the adsorption of gas
Fig. 10 Relationship between the adsorption entropy and temperature.

33806 | RSC Adv., 2018, 8, 33798–33816
molecules on the surface of quartz and produce heat of
adsorption, which suggests that this can provide energy to
facilitate the molecular motion of methane. However, as the
pressure increases more methane molecules are adsorbed and
the high-energy adsorption sites are occupied, and the heat of
adsorption generated on quartz decreases. The above ndings
are in accordance with a previous work, which stated that
This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Self-diffusion coefficient of methane at 5 MPa and 21 MPa for various pore sizes.
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methane gas is rst adsorbed at higher-energy positions and is
then adsorbed at lower-energy positions with an increase in
pressure.32 Moreover, the interaction forces between methane
and quartz increase at a higher pressure, which will constrain
the mobility of methane molecules. Therefore, the increase in
the adsorption enthalpy is a vital factor when the slit-like pores
are lled by methane molecules at a higher pressure.
This journal is © The Royal Society of Chemistry 2018
3.2.2 Impact of temperature. Temperature is a factor that
has a positive effect on the diffusion coefficient. According to
a previous study,36 the diffusion of methane is needed to
determine energies of activation, and activation energies
remain almost constant within a certain range of temperatures.
Therefore, from the relationship between the average isosteric
heat of adsorption of methane and the temperature in quartz,
RSC Adv., 2018, 8, 33798–33816 | 33807
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Fig. 12 Snapshots of methane molecules obtained for a pore size of (a) 10 Å, (b) 20 Å, and (c) 30 Å.
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about which more detailed information can be seen in ref. 10,
we can draw the conclusion that the diffusion of methane needs
a higher isosteric heat of adsorption at a lower temperature, but
less isosteric heat of adsorption is required at a higher
temperature. Liu et al. (2012) found that the diffusion coeffi-
cient of methane in sandstone has a dynamic relationship with
temperature and observed that the diffusion of methane in
sandstone increases with an increase in temperature on the
Fig. 13 Density distributions of methane at 21 MPa for various pore size

33808 | RSC Adv., 2018, 8, 33798–33816
basis of their experimental measurements.37 Moreover, from
Fig. 8, we can obtain the result that the molecular transport of
methane increases with an increase in temperature, for which
the reason may be that the increase in the diffusion coefficient
on quartz that is caused by an increase in temperature leads to
a rise in kinetic energy in gasmolecules. As a result, themobility
of gas molecules quickly increases, which leads to an increase in
the diffusion coefficient. Therefore, the results of our
s.

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 Relationship between the adsorption entropy and different pore sizes.
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simulation, which are related to the relationship between the
diffusion coefficient of methane and the temperature in sand-
stones, have a similar trend to those in previous studies based
on experimental measurements.37 In addition, we investigated
the density prole as a function of temperature to verify the
increase in the mobility of gas molecules because of the
increase in temperature. From Fig. 9, we indirectly nd that an
increase in temperature causes a decrease in the adsorbed
amount of methane. This nding is in accordance with
a previous investigation of the adsorption of CH4 in porous
carbon systems.38 The gure illustrates that an increase in
temperature causes the density of CH4 to decrease. From the
density distributions of methane at different temperatures, we
can see that the two obvious peaks indicate that methane forms
a monolayer at a distance of about 7 Å and 23 Å, respectively.
Moreover, it can be seen that the density is largely constant in
an area close to the centre of the pore. However, there is
a decrease in density at locations where a monolayer forms and
at the centre of the pore with an increase in temperature. This
nding can be explained in that a decrease in the interaction
force between gas molecules and the two sides of the pore wall
is caused by an increase in temperature, which results in
a decrease in the density of methane at different temperatures.
In other words, the processes of methane adsorption are
equivalent to exothermic processes, which can be found in
a previous work that demonstrated the relationship between the
isosteric heat of adsorption of methane and the temperature.10

The mobility of gas molecules increases, which easily over-
comes the force that keeps methane away from the pore walls,
and also the capacity for gas adsorption decreases with an
increase in temperature. Therefore, the temperature plays
This journal is © The Royal Society of Chemistry 2018
a dominant role in increasing the diffusion coefficient of
methane molecules.

The adsorption entropy is also an important thermodynamic
parameter for the adsorption of gasmolecules because it reveals
restrictions on the motion of adsorbed gas molecules.39 The
adsorption entropy of methane was determined to demonstrate
the interaction between methane and quartz. Fig. 10 illustrates
the curve for the adsorption entropy on slit-like quartz as
a function of different temperatures. In this simulation, the
adsorption entropy for the adsorption of methane has
a minimum value of �2.34 � 105 kJ mol�1, which corresponds
to a temperature of 30 �C, whereas the maximum adsorption
entropy of methane, which corresponds to a temperature of
120 �C, is �2.29 � 105 kJ mol�1. The total adsorption entropy of
methane at a high temperature is signicantly greater than that
of methane at a low temperature, which indicates that the
interaction between methane and quartz is weak at a high
temperature. The total adsorption entropy increases as the
temperature increases, the explanation for which may be that as
the temperature increases the motion of gas molecules is more
prominent and there is an increase in internal energy because
of the increases in potential energy and kinetic energy. Hence,
the total increase in entropy with an increase in temperature
results in an increase in the mobility of the gas that is due to the
reduction in interactions between methane molecules and
quartz.

3.2.3 Impact of pore size. It can be seen from Fig. 11 that
the diffusion coefficient of methane is between 3.68 � 10�8 and
10.3 � 10�8 m2 s�1 at 21 MPa for different pore sizes and the
diffusivity of shale gas is between 6.2 � 10�8 and 3.25 � 10�7 m
s�2 at 5 MPa for different pore sizes. From the above
RSC Adv., 2018, 8, 33798–33816 | 33809
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investigations, the results demonstrate that higher pressures
are less benecial for the transport of methane in quartz than
lower pressures. In addition, it can be seen from the two
following gures that the diffusion coefficient of shale gas
Fig. 15 Distribution of methane molecules with various water saturation

33810 | RSC Adv., 2018, 8, 33798–33816
increases with an increase in pore size. Moreover, the investi-
gations found that the diffusivity of methane increases slowly at
a higher pressure with an increase in pore size in comparison
with that at a lower pressure, and this nding indicates that the
s in a 4 nm pore.

This journal is © The Royal Society of Chemistry 2018
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diffusion ability decreases at a higher pressure. From the
snapshots of methane molecules in Fig. 12, an insight into the
structure of methane can be obtained. As can be seen, at a pore
size of 10 Å methane molecules are tightly packed within the
walls because of the limited space, which suggests that the
interaction forces between CH4 molecules and quartz are
stronger. Moreover, the adsorption of methane on the surface of
the walls is dependent on the diffusion coefficient under certain
conditions. Therefore, the diffusion coefficient of methane for
a pore size of 10 Å is very low, which can be seen in Fig. 11.
However, with an increase in pore size the accumulation of
methane molecules on the surfaces of the pore sides is reduced
because the strong affinity of the molecules decreases with an
increase in pore size of quartz, which is shown in Fig. 12. Even
though slow diffusion occurs on the pore surfaces, the gas
molecules in the centres of the pores display much faster mass
transport owing to the decrease in affinity at the surfaces.
Hence, the accumulation of methane molecules at the pore
walls decreases and the diffusion of gas molecules in the
centers of the pores also accelerates the diffusion of methane on
the surface, which causes a general increase in the diffusion
coefficient. As a consequence, the general density of methane
also decreases with an increase in vacuum strength in this case.
These discoveries are in accordance with those of a previous
investigation about diffusion in shale gas reservoirs.40

In order to study further the mobility of methane molecules
in nanopores, we investigated the density distributions of
methane at a bulk pressure of 21 MPa for various pore sizes, as
can be seen in Fig. 13. First of all, we obtained the result that the
density at the pore centre is notably low for different pore sizes
and remains almost constant for larger pore sizes. The constant
density occurs because in this location methane molecules can
Fig. 16 Relationship between total gas adsorption and water saturation

This journal is © The Royal Society of Chemistry 2018
be freely transported and the impact of the surface can be
ignored. In addition, we can see a decrease in the density of the
contact layer with an increase in pore size, which is in accor-
dance with the molecular conguration of methane displayed
in Fig. 12. Methane molecules accumulate close to the pore
walls and form a molecular layer because of the interaction
forces between the molecules and the pore surface. In addition,
we determined that the density distribution of methane
decreases with an increase in pore size. These ndings are in
agreement with those of preceding investigations on gas
adsorption in inorganic nanopores18 and sodium montmoril-
lonite clay hydrates.12 Xiong et al. demonstrated that a mono-
layer forms inmicropores and amultilayer forms inmacropores
by using molecular simulations.10 However, this study shows
that the monolayer that forms has no relationship with the pore
size in this simulation. These results are different from the
results of previous works, but both of these also have certain
similarities, which may be due to the use of different study
methods.

The total adsorption entropy of methane in slit-like quartz as
a function of various pore sizes at the same pressure is illus-
trated in Fig. 14, which shows that an increase in the adsorption
entropy of methane is caused by an increase in pore size. As
shown in Fig. 14, the total adsorption entropy of CH4 has
a minimum value of �2.35 � 105 kJ mol�1, which corresponds
to a nanopore size of 2 nm, whereas the maximum adsorption
entropy of methane, which corresponds to a nanopore size of
8 nm, is �2.263 � 105 kJ mol�1. The total adsorption entropy of
methane in small pores is signicantly lower than that of
methane in large pores, which suggests that the interaction
between CH4 molecules and the surface of quartz is strong in
large pores. Xiong et al. (2006) observed the inuence of
in a 4 nm pore.

RSC Adv., 2018, 8, 33798–33816 | 33811
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Fig. 17 Methane density distributions at different water contents.

Fig. 18 Self-diffusion coefficient of methane for different water contents at 21 MPa.
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different pore sizes on the potential energy distribution in
quartz and found that gas molecules could be adsorbed at
lower-energy positions in micropores; when the pores are
macropores, gas molecules could mainly be adsorbed at higher-
energy positions and the isosteric heat is higher, which suggests
33812 | RSC Adv., 2018, 8, 33798–33816
that smaller pores exhibit stronger interactions between
methane molecules and quartz.10 Therefore, the increase in the
total adsorption entropy results in a reduction in interactions
between the adsorbent and adsorbate, and hence the motion of
gas molecules increases with an increase in pore size.
This journal is © The Royal Society of Chemistry 2018
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Fig. 19 Correlation between heat of adsorption and water content.
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3.2.4 Impact of water content. The effect of the water
content on the adsorption behaviour of CH4 in the nanometre-
scale pore structure of quartz was investigated, which consid-
ered the inuence of different water saturations (w%, which is
the ratio between the total mass of adsorbed water molecules
and the mass of the simulation cell). In this study, we per-
formed the simulation work in pores with a size of 4 nm at
a xed temperature. Snapshots of methane molecules with
different water saturations in 4 nm quartz pores are shown in
Fig. 15. As can be seen from this gure, the water molecules are
primarily next to the sides of the quartz pore walls and occupy
the regions adjoining the quartz pore walls. The water mole-
cules accumulate on the surface of the quartz because there are
not only coulombic force interactions but also van der Waals
force interactions between the water molecules and the quartz,
which leads to the accumulation of water molecules in the area
close to the pore walls of the quartz. The above ndings inform
us that water molecules accumulate and occupy space on the
surface of nanometer-scale pores, which results in a decrease in
the space available for methane adsorption. Fig. 16 presents the
relationship between the total adsorption isotherm and the
water content. As can be seen, an increase in the water content
causes a decrease in the total adsorbed amount because the
water molecules mainly accumulate on the surface of the quartz
pore walls, as can be seen in Fig. 15, which brings about the
occupation of the space available for the adsorption of methane
molecules in quartz. These ndings are in accordance with
previous reports, which explained that the occupation of the
space available for the adsorption of methane molecules in
quartz leads to a decline in the methane adsorption capacity
This journal is © The Royal Society of Chemistry 2018
from an analysis of the potential energy distribution for the
adsorption behavior of methane in quartz pores10 and the
methane adsorption capacity of organic matter in shale.41

The density distributions of methane with different water
saturations in pores are displayed in Fig. 17. This shows that the
density distribution has a close relationship with the water
content. Firstly, the gure shows that the density proles are
almost symmetric about the pore center for different water
contents. Secondly, it shows that the density distribution of the
gas with a low water content is similar to the density prole
without moisture, which indicates that slight water saturation
in the pores has a weak inuence on the gas distribution.
However, with an increase in the water content the area avail-
able for the motion of gas molecules in nanopores decreases
and the water molecules occupy the surfaces of pores, which
leads to an increase in the distance between wall surfaces and
gas molecules, as can be seen in Fig. 15, and hence most gas
molecules accumulate on the surface of water molecules. In
addition, we observe that the density of methane close to the
surface of water increases with an increase in the water content.
This may be explained by the fact that the speed of accumula-
tion of methane on the surface close to water molecules is
higher than that of the dispersion of gas molecules. When the
water molecules occupy more space in nanopores, the area
available for the motion of gas molecules becomes narrower,
which results in an increase in the interaction force between gas
molecules. Thus, it can be observed in Fig. 17 that methane
becomes tightly packed at a higher water saturation. In
summary, the methane density distribution has a close rela-
tionship with the moisture content.
RSC Adv., 2018, 8, 33798–33816 | 33813
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Fig. 18 shows the effect on the diffusion coefficient of
methane of different water contents. As can be seen, the diffu-
sion coefficient of methane increases and then decreases with
an increase in water saturation. From this gure, it is found that
an increase in the water content leads to an increase in the
diffusion coefficient of methane when the water content is in
the range from 0 to 8 wt%. This is mainly because the surface of
the quartz is surrounded by water molecules and the space
available for the adsorption of methane decreases with an
increase in the number of water molecules. Consequently, the
interaction force between the pore walls and methane
decreases, which results in an increase in the mobility of
methane. This nding is similar to that of a previous report12 on
hydrated sodium montmorillonite clays. When the water satu-
ration exceeds 8 wt%, the diffusion coefficient of methane
displays a decreasing trend. This may be explained by the fact
that the water molecules occupy more space in the limited
quartz pores with an increase in the water content, and the
space available for the motion of methane molecules decreases,
which suggests that the distances between methane molecules
decrease. As a result, the interaction force between methane
molecules makes a great contribution, as the diffusion ability
decreases owing to the increase in the interaction force between
methane molecules. In summary, the diffusion of methane has
a close relationship with the water content.

The average heat of adsorption of methane was investigated
to determine the interaction between CH4 molecules and
quartz. Fig. 19 presents the average heat of adsorption of
methane for different water contents. It demonstrates that the
average isosteric heat of adsorption of methane that corre-
sponds to a water content of 8% has a minimum value of
6.6 kJ mol�1, whereas the average heat of adsorption of
methane without water reaches a maximum at 7.42 kJ mol�1. In
addition, it shows that the average heat of adsorption of
methane rst decreases and then increases with an increase in
the water content. The explanation may be that at a lower water
content methane molecules could gradually be adsorbed at
high-energy sites and produce heat that accelerates the motion
of gas molecules. With an increase in the water content, the
water molecules will occupy the surface of quartz, which could
prevent methanemolecules from being adsorbed at high-energy
sites, and the isosteric heat generated will decrease, which
causes a reduction in the mobility of gas molecules. As the
amount of water molecules increases, the simulation system
needs an increase in adsorption enthalpy to ensure that
methane molecules ll the slit-like pores.

4 Conclusion

In this study, environmental factors (such as temperature and
pressure) were comprehensively considered in terms of their
effect on the diffusion of methane and changes in thermody-
namic parameters on quartz from a microscale viewpoint. In
this study, GCMC and MD methods were used to study the
inuences of pressure, temperature, and pore size on the
dynamical properties of methane in pores of different diame-
ters in quartz. The following conclusions were reached:
33814 | RSC Adv., 2018, 8, 33798–33816
(a) The process of methane adsorption comprises a physical
adsorption process in which the average isosteric heat and total
adsorption entropy are less than 42 kJ mol�1 in each adsorption
system, and the process of methane absorption is a process that
releases heat. Thus, the total energy of the adsorption system
exhibits a decreasing trend.

(b) An increase in the pressure causes a reduction in the
diffusion coefficient of methane, which is related to a change in
the interaction forces between methane and quartz.

(c) The heat of adsorption increases with an increase in
pressure, for which the reason may be that CH4 molecules are
adsorbed at higher-energy sites and produce isosteric heat at
a lower pressure, which increases the mobility of methane
molecules. However, the high-energy sites are gradually occu-
pied with an increase in pressure and the heat generated in
quartz decreases, which leads to an increase in adsorption
enthalpy in the simulation system.

(d) Temperature is a factor that has a positive effect on the
diffusion coefficient and changes in entropy, for which the
reason may be that an increase in temperature causes increases
in the kinetic energy and potential energy of gas molecules, and
thus the internal energy increases. Therefore, the adsorption
entropy increases with an increase in temperature, which
suggests that the reduction in interactions between CH4 mole-
cules and quartz results in an increase in the diffusion coeffi-
cient of methane molecules.

(e) With an increase in pore size, methane molecules are
gradually adsorbed at higher-energy sites and produce more
heat, which results in an increase in the adsorption entropy;
moreover, the diffusion ability of methane increases owing to
a decrease in interaction forces between quartz and gas
molecules.

(f) From microstructural observations, water molecules
accumulate on the surface of the quartz wall, which leads to
a reduction in the space available for the adsorption of
methane, and the methane adsorption capacity is reduced. In
addition, the diffusion ability of methane is affected by different
water contents, which demonstrates that with an increase in
moisture the diffusion coefficient of methane rst increases
and then decreases, which is related to the distance between gas
molecules.
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