Capillarity

Original article

Vol. 6, No. 1, p. 1-12, 2023

Understanding gas-enhanced methane recovery in graphene
nanoslits via molecular simulations

Dias Bekeshov!, Sultan Ashimov!, Yanwei Wangl’w*, Lei Wang3’4®*

LDepartment of Chemical & Materials Engineering, School of Engineering and Digital Sciences, Nazarbayev University, Astana 010000,

Kazakhstan

2 Laboratory of Computational Materials Science, Center for Energy and Advanced Materials Science, National Laboratory Astana, Astana

010000, Kazakhstan

3State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, College of Energy, Chengdu University of Technology, Chengdu

610059, P. R. China

4Department of Petroleum Engineering, School of Mining and Geosciences, Nazarbayev University, Astana 010000, Kazakhstan

Keywords:

Shale gas

coalbed methane
adsorption

molecular dynamics
Monte Carlo simulation
carbon dioxide

Cited as:

Bekeshov, D., Ashimov, S., Wang, Y.,
Wang, L. Understanding gas-enhanced
methane recovery in graphene nanoslits
via molecular simulations. Capillarity,
2023, 6(1): 1-12.
https://doi.org/10.46690/capi.2023.01.01

Abstract:

Shale gas and coalbed methane are energy sources that mainly consist of methane stored
in an adsorbed state in the pores of the organic-rich rock and coal seams. In this study,
the graphene nanoslit model is employed to model the nanometer slit pores in shale and
coal. Grand canonical Monte Carlo and molecular dynamics modeling methods are used
to investigate the mechanisms of adsorption and displacement of methane in graphene-
based nanoslit pores. It is found that as the width of the slit pore increases, the adsorption
amount of gas molecules increases, and the number density profile of adsorbed methane
molecules alters from monolayer to multilayer adsorption. The minimum slit pore width at
which methane molecules can penetrate the slit pore is determined to be 0.7 nm. Moreover,
it is demonstrated that by lowering the temperature, the adsorption rate of the methane
increases since the adsorption is an exothermic process. Enhancing methane recovery was
investigated by the injection of gases such as CO; and N, to displace the adsorbed methane.
The comparison of adsorption isotherms of gas molecules provides the following order in
terms of the amount of adsorption, CO, > CHy > Nj, for the same slit pore width and the
same temperature and pressure conditions.

1. Introduction

Natural gas is a fossil energy resource formed deep beneath

increasing worldwide energy demand. Two major members
of unconventional gas resources are shale gas and coal bed

the earth’s surface through millions of years of geochemical
evolution. Natural gas could contain quite a few different gas
compounds, in which methane (CHy4) is usually the dominant
component. Compared to other fossil fuels, such as coal and
crude oil, natural gas is a relatively clean energy resource.
Based on the technological and economical difficulty involved
in exploitation processes, natural gas resources can be classi-
fied into conventional and unconventional types, the latter of
which nowadays attracts more and more attention provided the

methane (CBM) (Asif et al., 2022; Qin et al., 2022).

Shale gas is an abundant unconventional gas resource that
has been booming for almost two decades, thanks to the
efficient implementation of horizontal drilling and multistage
hydraulic fracturing (Caulton et al., 2014; Huai et al., 2020;
Lyu et al., 2021; Qiao et al., 2022). Large amounts of methane
stored in the shale matrix are existing in an adsorption state,
especially in the organic nanopores (Loucks et al., 2009;
Sharma et al., 2015). Methane adsorption not only affects the
prediction of gas reserve estimation but also depresses the ef-
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Fig. 1. Rectangular model of the nanoslit with the pore size
1 nm used in GCMC simulations.

ficiency of production. To improve shale gas and CBM recov-
ery efficiency, gas injection to displace adsorbed methane and
storage in both shale and coal formations has been investigated
as a technical option with promising capacity (Wang et al.,
2014; Liu et al., 2019; Shi et al., 2019; Lyu et al., 2021).
Carbon dioxide (CO;) alongside by nitrogen (N;) could be
used to displace CH4 from the shale, the process known as
enhanced shale gas recovery (ESGR) (Oudinot et al., 2017;
Hu et al., 2019; Zheng et al., 2020). This allows to sequestrate
CO;, to mitigate anthropogenic greenhouse gas emissions
(mostly CO;), and help achieve net-zero CO, emissions by
2050 (Becattini et al., 2022). Therefore, it is important to
study the competitive adsorption mechanisms of methane and
injected gas as well as the displacement process in organic
nanopores for the evaluation of recoverable gas reserves and
efficient production of shale and CBM gas.

The adsorption behavior of methane in carbon-based
nanostructures has been studied by a number of researchers
(Kang et al., 2011; Tinni et al., 2012; Akkutlu and Fathi,
2012; Wu et al., 2015; Lin et al., 2017; Zhao et al., 2019;
Baykasoglu et al.,, 2021; Cheng et al., 2021; Taheri and
Pour, 2021; Xu et al., 2022). For instance, Wu et al. (2015)
used molecular dynamics (MD) simulations to investigate the
adsorption and displacement of CH4 by CO; and N; in slit
pores composed of graphite slabs and with pore sizes of
7 A, 10 A, 15 A and 20 A based on the “united atom”
models. Lin et al. (2017) used both MD and Grand canonical
Monte Carlo (GCMC) simulations to study the adsorption
of methane at 300 K, 320 K, 340 K and 360 K, and the
pressure range of 1 to 40 MPa, with pore sizes of 2 to 11 nm.
They also found out that the methane adsorption energy on
monolayer graphene is similar to the adsorption energy of
shale. Therefore, graphene can be used to represent shale in
molecular simulations. Zhao et al. (2019) performed GCMC
simulations at pressures up to 40 MPa and fixed temperature
of 333.15 K to investigate the adsorption behavior of methane
in graphite with pore sizes of 1.2 nm, 2.5 nm and 5.5 nm.
Taheri and Pour (2021) and Xu et al. (2022) studied the
adsorption and diffusion behaviors of methane on different
graphene based surfaces by both MD and GCMC methods.
Whereas, Cengiz et al. (2021) examined the adsorption of
methane in fullerene pillared graphene nanocomposites using
only GCMC method. In a recent study by Cheng et al. (2021),
the displacement of methane by carbon dioxide in nanoslits
was explored using the MD method.

Molecular simulations by the MD and GCMC methods

(Frenkel and Smit, 2001) are useful tools to investigate shale
gas adsorption and to understand the adsorption mechanisms
at the detailed microscopic level. It is more cost-effective
than conducting experiments physically. Moreover, factors
such as temperature, pressure, and different molecules can be
investigated. Newton’s equations of motion are used in the MD
method to show the evolution of particles over time. In MD
simulations, the positions (coordinates and orientations) and
velocities (linear and angular) of the particles are calculated
for every step. In the GCMC method, particles are moved
randomly and the real trajectories of the system cannot be
generated, meaning the system does not develop along a
physical path. In both methods, the interactions between atoms
are calculated using the forcefield, which collects all the
atomic parameters and functions necessary for this calculation.
In MD the forces of each atom are computed in parallel, while
in GCMC only one particle is moved at a time. The advantage
of the GCMC method, is that it directly gives the number
of molecules adsorbed in the pore and shows the variation
of adsorption amount by pressure. Since the MD method is
good for modeling molecular motions and obtaining dynamic
information about the system, and the GCMC method is good
for calculating the thermodynamic parameters of the system,
these two methods can be applied together to get a broader
understanding of the system (Kowalczyk et al., 2005; Chen et
al., 2017; Gowers et al., 2018).

2. Simulation model and methods

2.1 GCMC simulations
2.1.1 Model and simulation details

In constructing the model, the built-in graphene structure
in Materials Studio 7.0 was used. The original cell lattice
constant is as follows, a =2.46 A, b =4.26 A, ¢ =30 A,
o = =y=90°. The nanoslit was created using the 24a x 5b
supercell, which created the size in the x x y directions of
59.03 Ax 21.3 A. The slit pore size in the z direction was
determined by different H values (0.85 nm, 1.00 nm, 1.50 nm
and 2.00 nm). To ensure periodicity, the model was constructed
in the form of a periodic rectangle with a slit pore width H
and a space above and below it with a height of H/2 as shown
in Fig. 1.

The simulation of the adsorption isotherm was conducted
using the GCMC method. The Metropolis sampling method
was used to obtain a sequence of random samples and pro-
duction steps of 100,000 and equilibration steps of 10,000
were used to ensure good quality. The forcefield used for the
simulations is condensed-phase optimized molecular poten-
tials for atomistic simulation studies II (COMPASS II) with
forcefield-assigned charges. The Ewald method was used to
calculate the electrostatic force, and the atom-based method
was used to calculate the van der Waals force with the cutoff
distance of 12.5 A. To make the model similar to the shale
reservoir, the temperature was set as 318 K, and the pressure
range of 0 to 40 MPa was used. The GCMC simulations on all
pore sizes were conducted with CH4, CO;, and N, molecules.
The unit of the adsorption amounts obtained from simulations
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is molecules per unit cell. To compare the adsorption of
molecules with other similar studies and experiments, it is
converted to millimoles of a molecule per gram of graphene
(mmol/g).

To determine the dependence of adsorption amount on
forcefields, the GCMC simulations for methane in a 1 nm pore
at a temperature of 298 K were conducted for the COMPASS,
COMPASS 1I, consistent valence forcefield (CVFF), and poly-
mer consistent forcefield (PCFF) forcefield models. Finally,
the effect of different temperatures on adsorption amounts was
analyzed. The GCMC simulations of methane molecule for the
pore size of 1 nm were conducted with the temperatures of
273 K, 283 K, 293 K, 303 K, 313 K, and 333 K using the
COMPASS 1I forcefield.

2.1.2 Adsorption isotherms

Adsorption isotherm is one of the most important aspects of
understanding the adsorption process. It is useful in optimizing
the adsorption process, describing the properties of adsorbents
and in designing the adsorption setup (Foo and Hameed,
2010). Adsorption isotherm is described as the total amount
of gas molecules present in the pore space as a function of
pressure at a constant temperature. It includes both the gas
molecules adsorbed on the surface of the graphene walls as
well as the molecules in the central space of the pore (Mosher
et al., 2013).

An adsorption model is essential for describing the adsorp-
tion process and determining the maximum adsorption amount.
For this reason, numerous adsorption models, that are based
on various theories, including mono-layer adsorption, multi-
layer adsorption and micropore filling, have been developed
over the years (Zhou et al., 2022). The data obtained from
molecular simulations were fitted with two commonly used
isotherm models, Langmuir and Freundlich. In order to find
the adsorption model that best describes the adsorption of gas
molecules on a graphene surface, the coefficient of regression,
R?, is used.

In this work, adsorption isotherms were analyzed using the
Langmuir model and the Freundlich model, both commonly
used in the analysis of gas adsorption (Foo and Hameed, 2010;
Ammendola et al., 2017). The Langmuir equation is:

_ lq‘sKLP 1)
+K; P

where ¢, is the adsorption amount in mmol/g, g, is the

maximum adsorption amount in mmol/g, K} is the adsorption

constant in MPa~!, P is the equilibrium pressure in MPa. The

Freundlich equation is:

e

ge = kpP'/" 2)
where kg is the isotherm constant in mmol-MPa~!/ "/g and n
is the heterogeneity factor that represents a deviation from the
linearity of adsorption, and is also known as the Freundlich
coefficient.

2.1.3 Excess adsorption and isosteric heat

Excess adsorption is described as the extra amount of gas
molecules that are absorbed in comparison to the amount of

gas that would be present in the same pore volume in the
absence of pore walls (Mosher et al., 2013). According to
Mosher et al. (2013) the extra gas density in the system as
a result of adsorption is calculated by deducting the expected
gas density in the volume from the total adsorption since the
gas in the adsorbed phase has a higher density than the same
gas in the bulk phase. Thus, the excess adsorption amount (72,
mmol/g) can be calculated by:

where N is the total amount of gas in mmol/g, p, is the
equilibrium density of the gas in g/cm?, V) is the free volume
in the pore in cm®/g, and M is the molar mass in unit of
g/mmol. The free volume was determined using the method
proposed by Talu and Myers (2001). They used helium as
a reference gas, assuming it is not adsorbed to the walls
(Busch and Gensterblum, 2011). The equilibrium densities for
all the gases were calculated using the Soave-Redlich-Kwong
equation of state (Soave, 1972).

Another important quantity used to study the adsorption
process is the heat of adsorption, which is the energy released
when molecules transfer from bulk to adsorbed state (Hlushak,
2018). It represents the strength of attraction of the adsorbate
into the solid adsorbent surface (Abdulsalam et al., 2020).
Depending on the strength of the interaction between the
adsorbate and adsorbent, the adsorption process is subdivided
onto chemisorption and physisorption (Sims et al., 2019).
All weak electrostatic interactions, such as dipole-dipole and
London forces, as well as van der Waals interactions, are
collectively referred to as physisorption (Sims et al., 2019).
Chemisorption, on the other hand, occurs when the covalent
bond between the adsorbate and adsorbent is formed as a
result of electron sharing or transferring (Sims et al., 2019).
Chemisorption mainly involves monolayer surface coverage,
while physisorption can entail either monolayer or multilayer
surface coverage (Busch and Gensterblum, 2011).

The isosteric heat of adsorption Qy (kcal/mol) at a given
loading is obtained from the Clapeyron equation:

0, —RT 4L @
where p is the pressure value in kPa, T is the temperature
value in K, R is the universal gas constant (8.314 J/(K-mol)).
Similarly, other studies used the Clausius-Clapeyron equation
to calculate the isosteric heat from adsorption isotherms (Hsu
et al., 2010; Yuan et al., 2013). For simplicity in comparing
the isosteric heats with other studies, it is converted to kJ/mol
and plotted against loading in (mmol/g).

2.2 MD simulations

Complex structures of nanoslits in shales were modeled, as
slit pores, consisting of two disconnected and fixed graphite
plates saturated with hydrogen atoms at the edges (see Fig.
2). The interlayer distances of 6 A, 7 A 10 A, 15 A, and
20 Awere selected to investigate the effect of slit pore width on
the methane adsorption. In constructing the model, the built-in
graphene structure in Materials Studio 7.0 was used. It was

Nexy =N —
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10.66 nm

Fig. 2. Tllustration of a representative adsorption model with
periodic boundary conditions used in MD simulations.

given as a supercell with triclinic lattice type and dimensions
of a=246 A, b=4.26A,c=30A, a =B =y=90°. CHy,
CO, and N, gas molecules were constructed by sketching
atoms. All three molecules and the graphene layer were
optimized geometrically using the COMPASS II forcefield.

The bulk phase of methane was prepared with a vertical
graphene layer on one side and connected to a slit pore on the
other side to simulate methane adsorption. The amorphous cell
was constructed in such a way that the lengths of @ and b were
equal to the width and height of the box, respectively. 2.13 nm
for the a value, and depending on the slit pore size the b value
was selected as 1.2 nm, 1.4 nm, 2.0 nm, 3.0 nm and 4.0 nm.
The amount of methane in the bulk phase was set based on the
density of the amorphous cell which was equal to 0.657 g/cm?
to obtain approximately the same pressure. A representative
adsorption model used in MD simulations is shown in Fig. 2.
Under the pressure of the bulk phase of methane, due to the
attraction potentials, methane molecules enter the slit pore and
start to adsorb on the walls. The simulations were conducted
in the canonical ensemble with a total simulation time of 2 ns.
The temperature is controlled by a Nosé-Hoover thermostat.
At the same time, the influence of temperature in the range of
0 to 80 °C was investigated.

To simulate the displacement process of adsorbed methane
by gas injections, the slit pore after the adsorption process
is connected with the bulk phase of injected gases. Due to
the pressure difference, the injected gases enter the slit pore
and displace adsorbed methane. Simulations were conducted
in the NVT ensemble with a total simulation time of 2 ns
and a sampling frequency of 0.02 ns. The temperature is
controlled by a Nosé-Hoover thermostat. The influence of
temperature on the density profile was investigated. Radial
distribution functions (RDFs) and methane density profiles
were calculated to explore the structural information (see Fig.
3) for the adsorbed CH4, CO; and N; in the graphene slit
pore.

Simulations for a pore size of 1.5 nm at 293 K were
selected as a case study to analyze the RDFs. The trajectory for
the RDF analysis was selected so that the data were analyzed
only after equilibration—the last 200 ps (20 frames). Sets
between carbon (graphene)-CHy, CO, and N, were studied
with a cutoff distance of 2 nm and an interval of 0.02 nm.
Periodic self-interactions were included. Note that for those
analyses all three molecules were introduced as particles, while
carbon was selected as a distinct atom of the graphene layer.

The influence of temperature and slit pore size on methane

I nm

Graphene

Fig. 3. Simulation snapshots by the end of the displacement
of CH4 by (a) CO; and (b) N, a at temperature of 293 K and
pore size of 1.5 nm.

adsorption and its displacement by CO, and N, gases were
analyzed based on the simulation snapshots of the last 200
ps. The trajectory was selected so that the data were analyzed
only after the profile reached a steady result. After obtaining
raw profiles, the direction of (0 1 0) was selected to get the
relative concentration of the methane on the Y-axis number
density by dividing each value by the volume of the cell.

To quantify the spread of data, namely the scatter of the
number density values at different points along the size of
the pore, the measurement of the sample standard deviation
was applied. To investigate the influence of temperature on
methane adsorption, the standard deviations of 21 points were
examined based on a sample size of 3. Similar analyses were
performed for studying adsorption isotherms of CH4 for the
pore of 1 nm and different temperatures, where 11 points were
used.

3. Results and discussion
3.1 Influence of forcefield on methane adsorption

Before carrying out the main simulations, the influence of
different forcefields on methane adsorption has been studied
and is demonstrated in Fig. 4. The following results were
obtained from these simulations: CVFF gives the largest
adsorption amount, while PCFF shows the least. COMPASS
and COMPASS II, more recent forcefields, demonstrate similar
results, showing a slight deviation. According to Khalkhali
et al. (2019), the results obtained using the COMPASS and
COMPASS 1I forcefields are in better agreement with the
experimental data. Hence, COMPASS 1I forcefield has been
used in this study to predict the adsorption of methane.

Concerning the adsorption isotherm model, Table 1 shows
that R? is higher for Langmuir model, meaning it is more
accurate at predicting the adsorption amount. Thus, the Lang-
muir isotherm model is used in fitting the simulation results.
Moreover, Rexer et al. (2013), Zhao et al. (2019), Zhou et
al. (2019) and many other researchers have also used the
Langmuir isotherm model to analyze their adsorption data.

3.2 Influence of temperature

MD method shows that in general the amount of methane
molecules adsorbed by graphene decreases with increasing te-
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Table 1. Fitting parameters of the Langmuir model and
Freundlich model for different forcefield models.

Parameter CVFF COMPASS COMPASS I PCFF
qs 10.5865  9.9807 10.2515 8.7132
K, 0.5032  0.3628 0.3489 0.3467
R? (Eq. (1)) 0.9996  0.9986 0.9991 0.9981
n 8.2544  6.7383 6.2673 6.4320
kr 6.5762  5.4992 5.4290 4.6707
R? (Eq. (2)) 0.9783 0.9961 0.9917 0.9882

mperature (see Fig. 5). Gao et al. (2020) stated that at high
temperatures the pore structure of the graphene layers will
alter and experience a blocking effect on the pore throat.
Consequently, methane molecules cannot be adsorbed freely.
Moreover, when the temperature increases further the desorp-
tion process occurs. Fig. 5 illustrates that at 273 K the number
density profile of methane is higher than at higher temperature
values, which agrees with other studies (Liu et al., 2018). The
increase in the temperature causes the complex interaction
between matrix swelling and shrinkage, and generation of
micro-fractures, which leads to the changes in coal structure
and permeability, hence the adsorption capacity decreases
(Huang et al., 2011; Zou et al., 2017; Li et al., 2018; Liu
et al., 2018).

Similarly, the dependence of methane adsorption on tem-
perature was analyzed using the GCMC method. It is obvious
that with the increase in temperature, the loading amount of
methane decreases as shown in Fig. 6. According to Xiong et
al. (2017) the mean kinetic energy of molecules increases as
the temperature increases. This in turn increases the chances
of molecules to overcome the van der Waals attraction forces
exerted by the graphene surface (Ammendola et al., 2017).
Thus, increasing the temperature results in a decrease in the
adsorption amount.

The same conclusion can be drawn from the parameters of
the Langmuir model. As can be seen in Table 2, both the g,
and K; parameters decrease with increasing temperature. This
trend was also observed in other similar studies (Rexer et al.,

<273 K
=283 K

288 K
<293 K

303K
=313 K
=333 K
353K

Number density (nm)

-5 3 -1 I 3 5
Slit pore size centered at 0 (nm)
Fig. 5. Influence of temperature on methane adsorption for a

slit pore of 1 nm. Error bars (£ sample standard deviation
(SD)) were included.

= 7 _
E =
0273K S
5] 16 E
k7 0283 K £
2 x293K ], %
b 303K ]
3 2313K S
20 12 -
a333K
0 . . . 0
0 10 30 40

20
Pressure (MPa)

Fig. 6. Adsorption isotherms of CH4 molecule for the pore
size of 1 nm different temperatures. Error bars (&= SD) were
included. The fitting parameters are given in Table 2.

2013; Zhao et al., 2019; Zhou et al., 2019). According to
Ammendola et al. (2017), the decreasing behavior of Lang-
muir parameters confirms that the adsorption of molecules on
graphene surfaces is an exothermic process.

3.3 Influence of pore size

As shown by the adsorption isotherms of CHy4, COj,
and N gases in Fig. 7, adsorption amount increases with
the pore size. This is because as the pore size increases,
more gas molecules can penetrate the slit pore, which leads
to greater adsorption. The simulations also show that the
adsorption isotherms increase with pressure. This is because
increasing the pressure results in more molecules striking
the surface, favoring the adsorption process. Moreover, the
loading of all three gases increases sharply at low pressures
(0-4 MPa) and gradually slows down, which is in agreement
with previous similar studies (You et al., 2016; Zhou et al.,
2022). This can be explained by the fact that on a solid
surface, there are a certain number of adsorption sites that
can adsorb gas molecules. Thus, the number of adsorbed gas
molecules increases almost linearly at the beginning. Once,
all the available adsorption sites are filled, pressure no longer
notably affects the adsorption (You et al., 2016).

As can be seen from Fig. 8, the excess adsorption amounts
of all three gases increase with the increase in pore size, for the
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Table 2. Langmuir fitting parameters of the simulation results in Fig. 6.

T
273 K 283 K 293 K 303 K 313 K 333K
Parameter
qs 10.4392 10.2108 10.1591 9.6673 9.6934 9.1744
K 0.4698 0.4215 0.3586 0.4102 0.3285 0.2926
R? 0.9995 0.9991 0.9988 0.9996 0.9985 0.9981
350 30 350 1 30
(a) 0.85 nm 0CO» (b) 1.00 nm 0CO:
2300 oCH, | 25 - 2300 E 0CH, _ 25 -
3250 aN: {203 8203 s 42073
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Fig. 7. Adsorption isotherms of CHy, CO, and N, molecules for the pore sizes of (a) 0.85 nm, (b) 1.00 nm, (¢) 1.50 nm and

(d) 2.00 nm, and temperature of 318 K.

same reason as the increase of total adsorption amounts. With
regard to the pattern of the curves, the excess adsorption of all
three gases increases until reaching a maximum, at around 5-8
MPa, and decreases afterward, which is consistent with other
studies (Sui et al., 2015; Zhang et al., 2015). This behavior
is explained by the fact that there are many available places
for adsorption at lower pressures, meaning the density of the
adsorbed state increases. Once all the available adsorption
sites are filled, further increase in pressure does not affect
the density of adsorbed state. The density of the bulk phase,
on the other hand, always increases as pressure increases.
Thus, the excess adsorption, which is the difference between
the adsorbed state and bulk phase densities, increases at first
and decreases towards zero at higher pressures (Mosher et
al., 2013). Moreover, there is a maximum excess adsorption,
which means there is an optimal pressure for maximum gas
storage in slit pores (Sui et al., 2015).

According to Ottiger et al. (2006), the CH4 and N, excess
adsorptions demonstrate a slight peak because the temperature
in the shale exceeds their critical temperatures of —82.6 and
—147 °C (Green and Perry, 2008), respectively. However, a
distinctive trend can be observed for carbon dioxide, since its

critical temperature, 31.2 °C (Green and Perry, 2008), is close
to the temperature in the shale. Its adsorption increases sharply
at low pressures and decreases after reaching a maximum in
the 5 to 8 MPa pressure range. An increase at the beginning
is explained by a significant increase in the density of carbon
dioxide when its phase changes from gaseous to supercritical
state (Weniger et al., 2010). Similar to CHs and N, the
subsequent decrease in excess adsorption quantity is due to the
filling up of the pores. The same tendency of carbon dioxide
adsorption was observed in other studies (Ottiger et al., 2006;
Busch et al., 2008; Weniger et al., 2010; Merey and Sinayuc,
2016; Liu et al., 2019).

The isosteric heat of all three gases decreases with the
increase in pore size, as shown in Fig. 9. This is because,
at narrow pores (0.85 nm), only one layer of fluid is formed,
which can directly interact with the graphene surface (Hlushak,
2018). When the pore is wide enough for the formation of
two (1.00 nm) or three (1.50 nm) fluid layers, the solid-
fluid interaction becomes weaker, resulting in a decrease
of the isosteric heat (Hlushak, 2018). At larger pore sizes
(> 2.00 nm) more than three fluid layers are formed, and
the direct interaction of the fluid with the surface is not
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Fig. 8. Excess adsorption isotherms of CH4, CO, and N, molecules for the pore sizes of (a) 0.85 nm, (b) 1.00 nm, (c) 1.50

nm and (d) 2.00 nm, and temperature of 318 K.

possible (Hlushak, 2018). It is also noted that the isosteric
heats of all three gases increase with the increase in loading
amount. According to several studies, the upward trend is
attributed to an increase in the mutual attraction between
adsorbate molecules with the increase of loading (Yuan et
al., 2013; Hlushak, 2018; Zhou et al., 2019). Moreover, the
increasing behavior of the isosteric heat with loading indicates
the homogeneity of the graphene surface (Yuan et al., 2013).
However, CO, experienced a sharper increase in isosteric heat
than CHy and N,. This can be attributed to the fact that CO,
molecules are more attracted to each other than to the carbon
surface (Krungleviciute et al., 2012). Finally, it the isosteric
heat of CO; is significantly higher than the isosteric heat of
CH4 and N,. This tendency signifies the stronger interaction
of the adsorbent surface with CO, molecules than CH4 or N
(You et al., 2016). According to Abdulsalam et al. (2020), the
chemisorption process is indicated by the heat of adsorption
being at least 80 kJ/mol. The isosteric heats of adsorption,
in Fig. 9, obtained for different pore sizes are in the range
of 12-24 kJ/mol for CHy, 9-19 kJ/mol for N, and 30-50
kJ/mol for CO;. These values are significantly less than that
for chemisorption, meaning the adsorption of gas molecules
on the graphene surface is physisorption. This finding agrees
with other similar studies (Zhou et al., 2019; Abdulsalam et
al., 2020).

To investigate the effect of the pore size on adsorption and
study the adsorption structures, the number density distribution
profiles of methane in different slit pores (0.6 nm, 0.7 nm,
1.0 nm, 1.5 nm and 2.0 nm) were calculated and are shown
in Fig. 10. The results agree with the simulation snapshots
shown in Fig. 11. As is shown in Fig. 10, the minimum slit
pore width at which methane molecules can penetrate the slit

pore is 0.7 nm. With interlayer widths of 0.6 nm, the methane
molecules cannot penetrate the slit pore (see Fig. 11(a)) since
the radius of the methane, considering it as a spherical particle,
is 0.38 nm (Mohamad et al., 2016) and adding 0.25 nm
of the interlamellar distance between methane and graphene
molecules (Yang et al., 2018) gives 0.63 nm which is bigger
than 0.6 nm. At an interlayer width of 0.7 nm, the methane
molecules create a single adsorption layer in the center of the
pore (Fig. 11(b)). Two or more symmetrical peaks might occur
due to the separation of the attractive potentials from the two
walls by increasing pore size. At an interlayer width of 1 nm,
the methane molecules create two adsorption layers with the
lower peaks of the number density distribution (Fig. 11(c)).
For a slit pore size of 1.5 nm, the methane molecules create
three adsorption layers (Fig. 11(d)). Note that the central peak
has a much lower intensity than the main peaks at the edges.
Finally, at an interlayer width of 2 nm, there are five adsorption
layers (Fig. 11(e)). The central layer has the lowest intensity,
which could be neglected.

3.4 Displacement of adsorbed methane

Displacement of loaded methane by CO;, molecules starts
from the adsorption of the CO, molecules on the vacan-
cies. Since the adsorption capacity of CO; is stronger than
the CHy4, CO, molecules might replace the adsorbed CHj.
Consequently, the adsorbed methane molecules get dismissed
from the graphene layers and return to the free phase. Shi et
al. (2019), indicated that since the most probable interaction
energy for methane is around —4.5 to —2.5 kJ/mol and CHy4
CO, is about —8.3 to —5.1 kJ/mol, methane should be at the
higher energy adsorption site, while CO; is at the lower energy
adsorption site. In other words, the adsorption capacity of CHy
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Fig. 10. Number density profiles of CHy in different slit pores
(0.6 nm, 0.7 nm, 1.0 nm, 1.5 nm and 2.0 nm) based on the
distance from the pore center at a temperature of 293 K.

is weaker than that of CO;. In the case of N», the adsorption
capacity of CHy is stronger than that of Ny, therefore the N,
molecules can only adsorb on the vacancies and substitution
does not occur. However, the N molecules might cause
desorption and displacement of the CH4 molecules since Ny
can isobarically decrease the partial pressure of CHy (Wu et
al., 2015). Moreover, the displacement efficiency demonstrated
a downward trend with the increase in temperature: with
increasing temperature the number density profiles of CO; and
N; started to behave similarly.

In experimental studies by Zhu et al. (2003) and Turt et
al. (2008), it was found that CO, propagates through coal at
constant velocity, while N, moves more rapidly. The obtained
results in Fig. 12 strongly correlate with those studies. In
general, both gases could displace the adsorbed methane effici-

Graphene

I nm

Fig. 11. Snapshots for 3D models of methane adsorption in
slit pores with different interlayer distances: (a) 0.5 nm, (b)
0.6 nm, (¢) 0.7 nm, (d) 1.0 nm, (e) 1.5 nm and (f) 2.0 nm at
a temperature of 293 K.

ently. However, injecting CO, molecules results in a relatively
slow breakthrough time and a sharp front. In contrast, a
relatively fast breakthrough time and a wide front are observed
while injecting N> molecules (Fig. 12). This can be explained
by the fact that CO, travels slowly through the pore since it
gets absorbed. In the case of Ny, it travels quickly through the
pore since it is less strongly adsorbed than CH4. While CO,
breaks through, the concentration of CH, decreases gradually.
Similar results on the displacement process were also obtained
by Wu et al. (2015) using a coarse-grained unitedatom model.

The RDFs g(r) between CHy, CO,, N, and graphene (C)
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are shown in Fig. 13. For CO, and graphene layer, there is
a distinct peak at r =~ 1.2 nm and relatively weaker peaks at
r 2 0.45 and 0.85 nm. The same tendency is observed for CHy
but with lower intensity. In the case of Ny, the same peaks are
observable, however, the intensity of the RDF curve of N is
lower than that of CH4 which indicates that the arrangement
of CO, molecules in the pores is more compact than that of
N».

Fig. 14 presents the number density profiles of methane
molecules at different temperatures. It is found that the injec-
tion of gases such as CO, and N, decreases the absorption
of CHy4, and at all temperature values, the number density of
methane after gas injections is much lower than in the absence
of gas injection. Recall that the adsorption capacity of the three
gases decreases in the order of CO,, CHy and N (see Fig. 7).
With a higher adsorption capacity, CO, molecules displace
methane molecules and get adsorbed more intensively than
N, molecules. This is the primary reason why ESGR, which
could be performed by injection of CO;, plays a vital role
in the understanding of CO, sequestration. By comparing the
adsorption isotherms of three gases in Fig. 7, for all the pore
sizes, the value of N; adsorption is the smallest, and CO;
adsorption is the greatest. This trend can be explained by the
fact that the diameter of CO, molecules (0.33 nm) is less than

250 7

w10

2 b

5200

2200 4

2

2150

3 $508378 $——u—

5100

o 1 o CHa

g ] ° N2

z 0P —CH fit
E —N: fit

o+
0 0.2 0.4 0.6 0.8 1
Time (ns)

of CHy displacement by (a) CO, and N, at a temperature of 293 K and pore

that of CHy (0.38 nm) and N, (0.36 nm) molecules (Shieh
and Chung, 1999), meaning more CO, molecules can enter
the pore than CH4 and N» molecules.

4. Conclusions

The mechanisms of methane adsorption and displacement
in slit pores are studied and identified using all-atom molecular
dynamics and grand canonical Monte Carlo simulations. A
comparison of the adsorption isotherms obtained from four
different forcefield models (CVFF, PCFF, COMPASS, and
COMPASS 1II) shows that while the results are qualitatively
similar, the amount of adsorption at the same temperature,
pressure, and pore width condition follows that PCFF <
COMPASS ~ COMPASS I < CVFE. Because COMPASS
and COMPASS 1I are relatively new forcefield models and
are in better agreement with the experimental data, they were
used in this study for further simulations.

The minimum slit pore size at which CH4 molecules can
penetrate the pore is found to be approximately 0.7 nm.
As expected, with the increase of the slit pore width, the
adsorption amount increases, and the adsorption structure of
methane transitions from a single adsorption layer to mul-
tiple adsorption layers. In addition, the number of adsorbed
molecules increases with increasing pressure or decreasing
temperature.

It also confirms that the adsorption capacity of three gases
decreases in the order of CO,, CHy and Nj, meaning CO,
can directly replace CHy. Although the adsorption capacity of
N; is lower, it can still replace CHy4 by decreasing its partial
pressure. Thus, it is concluded that both of the two gases can
displace the adsorbed methane efficiently.

This study provides a detailed, microscopic understanding
of the competitive adsorption mechanisms of CHy4, CO,, and
N, in organic nanopores common in shale gas and coalbed
methane reservoirs. For future studies, several topics need to
be discussed and analyzed. For instance, in this work shale and
coal rock minerals were simplified as graphene. However, it is
necessary to take into account the influence of other functional
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groups. Moreover, the effect of water and its competitive
adsorption with methane on the organic pore surface need to
be investigated. In addition, it is highly necessary to explore
the impact of gas flow at the nanoscale on methane adsorption
and displacement in a broader sense.
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