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ABSTRACT: Shale gas has redefined the energy landscape in
the world. The scientific community makes efforts to exploit
shale gas resources with minimum environmental impact. Shale
gas is mainly located in micropores and mesopores of shale rocks.
Molecular simulations provide insights into the kerogen structure
frameworks and hydrocarbon and nonhydrocarbon adsorption on
the kerogen-accessible surface. In this work, a new method is intro-
duced to create kerogen slit nanopores from the molecular scale
with different surface roughness. The hybrid molecular dynamics-
grand canonical Monte Carlo (MD-GCMC) simulations are used
to investigate methane adsorption in a rigid and flexible kerogen
matrix and slit nanopores at three different temperatures and
various pressures. Molecular dynamics simulations are used to study CH4 mobility in the flexible kerogen matrix and slit
nanopores. Our simulation results show that the kerogen matrix is a dynamic system in which a coupling may exist between gas
adsorption and kerogen matrix structure deformation. The chemical composition and flexibility of kerogen molecules affect
adsorption and self-diffusion in the kerogen matrix. Surface roughness and chemical composition have a significant effect on
adsorption in the kerogen slit nanopores. The effect of kerogen molecular flexibility on self-diffusion in slit nanopores may not
be significant. Our work is based on type II-A kerogen macromolecules, but our methodology for creating kerogen slit nano-
pores can be used for other types of kerogen molecules.

■ INTRODUCTION

Shale gas has redefined the energy landscape.1,2 In theU.S., shale
formations currently provide about 40% of the total natural gas
production. In 2035, it may rise to more than 45%.3 In China,
there is rapid expansion in shale gas production; the current
production is about 148 billion cubic meters per year.4 In 2018,
China’s natural gas production may rise by 9% over 2017.5

Scientific efforts are being made to exploit shale gas resources6

with minimum environmental impact.7,8

Shale gas is mainly located in micropores (pore diameter
between 10 and 20 Å) andmesopores9,10 (pore diameter between
20 and 500 Å). Shale rocks consist of inorganic minerals (quartz,
clays, calcites, etc.) and organic matter (kerogens and bitu-
mens). The organic matter is mainly composed of kerogen, and
it is considered as the main methane trapping. Kerogen is
insoluble in common polar solvents, such as chloroform and
dichloromethane.11 Its physicochemical properties depend on
the origin and on the burial history.12,13 Four different kerogen
types14−16 can be distinguished: (i) type I from a lacustrine
anoxic environment, (ii) type II from marine shale and con-
tinental planktons, (iii) type III from plants in tertiary and
quaternary coals, and (iv) type IV from older sediments redepo-
sited after erosion. All types can be classified according to the
van Krevelen diagrams,11,17,18 based on the elemental ratios of

hydrogen/carbon (H/C), oxygen/carbon (O/C), and sulfur/
carbon (S/C).
In a subsurface environment, kerogen is exposed to several

environmental constraints (temperature, pressure, fluids, etc.).
Under these conditions the type of kerogen plays a significant
role in the microstructure of the kerogen matrix (porosity and
surface shape of the pores) and in fluid behavior confined in
kerogen pores. The link between mechanical deformation and
gas adsorptionmay be a key process in shale gas production; this
interplay remains unsolved. Fluids can be in the adsorbed state
on the rock surface, as free molecules in the pores, and as
dissolved molecules in the kerogen matrix.19 Adsorption on the
surfaces may provide a significant share of fluid-in-place. The
identification of adsorption mechanism at various conditions
is crucial with respect to the determination of kerogen
physicochemical−mechanical behavior. The adsorption is
mostly associated with the accessible surface area and adsorbate
content. Most of the experimental research has focused on
adsorption in shale samples,20−26 but recent studies report
adsorption of methane, carbon dioxide, and light hydrocarbons
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(propane, n-butane, and iso-butane) in isolated kerogen.26−29

Experimental studies on the kerogen microstructure deforma-
tions remain a challenge.
Molecular simulations provide insights into the kerogen struc-

ture frameworks, adsorption, and transport. Several molecu-
lar simulations have beenmade to investigate the kerogenmatrix
properties.13,18,30−44 Most authors13,31,33−42,44 use Ungerer’s
methodology11 to create the kerogen matrix. In this approach,
first, kerogen macromolecules are placed in a large simulation
box. Then, the system is brought to realistic density by succes-
sive molecular dynamics (MD) simulations that result in equili-
bration of the system. Some authors18,30,32,43 have created the
kerogen matrix by using a hybrid reverse Monte Carlo recon-
struction technique. In the construction of the system’s configu-
ration, the kerogen microstructure is not imposed.13,38−40,42 The
use of dummy particles (DPs)31,34,37,45,46 and specific molecules47

(such as CO2, H2O, hydrocarbons, etc.) allows control of
microstructure.
The structure of the pores affects gas adsorption in kerogen.

Vasileiadis et al.37 investigated by MD simulations the structure
of the kerogen matrix based on 15, 50, and 100 type II-D kero-
gen macromolecules at T = 298.15 K and P = 1 atm. The poro-
sity of the kerogen matrix was imposed by the number (0, 1, 2,
or 3) and the size of dummy particles (σDP = 15, 20, 30, and 40Å).
They found that the methane-accessible surface area increased
with increasing the number of kerogen macromolecules, the
number of DPs, and the size of DPs. Huang et al.42 characterized
by MD simulations the structure of the kerogen matrix based on
12 type II-D kerogen macromolecules (without DP and specific
molecules) at T = 300 K and P = 1 bar. They reported a helium-
accessible surface area of 1764 m2 g−1. Sui and Yao13 studied by
MD simulations the structure of the kerogen matrix based on
6 type II-A kerogen macromolecules (without DP and specific
molecules) at T = 300 K and P = 1 MPa. They reported a
methane-accessible surface area of 1548 m2 g−1. Collell et al.47

created a kerogen matrix based on 4 type II-C kerogen macro-
molecules and 2 molecules of asphaltenes/resins at T = 300 K
and P = 20 MPa. They found a methane-accessible surface area
of 86 ± 10 m2 g−1. The accessible surface area is related to the
kerogen maturity, the number of kerogen macromolecules (or
kerogen fragments), and the method used to create pores.
Gas adsorption has been investigated by molecular simu-

lations at different temperature and pressure conditions in differ-
ent kerogen matrices. Huang et al.42 performed GCMC simu-
lations of methane adsorption in four different rigid kerogen
matrices based on (1) 6 type II-A kerogen macromolecules,
(2) 7 type II-B kerogen macromolecules, (3) 7 type II-C kero-
gen macromolecules, and (4) 12 type II-D kerogen macro-
molecules at T = 318 K and pressures to 18 MPa. Methane
adsorptions were, respectively, ∼0.6 mmol g−1, ∼0.8 mmol g−1,
∼1 mmol g−1, and ∼2.8 mmol g−1 for the kerogen matrix 1, 2, 3,
and 4 at 18MPa. Zhao et al.39 performedGCMC simulations for
methane adsorption in three different rigid kerogen matrices
based on (1) 12 immature kerogen macromolecules, (2) 11 oil
window mature kerogen macromolecules, and (3) 10 post-
mature kerogen macromolecules at T = 298, 323, and 348 K and
pressures to 15 MPa. They found the same methane adsorption
trend as in Huang et al.42 Zhao et al.39 and Sui and Yao13

performed GCMC simulations to compute methane adsorption
in the rigid kerogen matrix at T = 298 K and P to 15 MPa. The
kerogen matrix was created based on 10 (Zhao et al.39) and
6 (Sui and Yao13) type II-A kerogen macromolecules. They
calculated methane adsorption of 1.22 mmol g−1 (Zhao et al.39)

and 3.2 mmol g−1 (Sui and Yao13). Zhao et al.40 and Huang
et al.42 performed GCMC simulations to compute methane
adsorption in the rigid kerogen matrix at T = 298 and 318 K and
P to 18MPa. The kerogenmatrix was created based on 11 (Zhao
et al.40) and 12 (Huang et al.42) type II-D kerogen macro-
molecules. They found methane adsorption of 3.7 mmol g−1

(Zhao et al.40) and 2.8 mmol g−1 (Huang et al.42). Recently,
Vasileiadis et al.44 performed GCMC simulations to compute
adsorption of CH4, C2H6, n-C4H10, CO2, and their mixtures in
the rigid kerogen matrix described above at 298.15 and 398.15 K
and pressures to 250 atm. They justified the use of a rigid kero-
gen matrix by the fact that methane adsorption was very close in
the rigid and flexible kerogen matrix. They computed a methane
adsorption of 0.06 mmol g−1 and 0.065 mmol g−1 at 1 atm and
398.15 K in the rigid and flexible kerogen matrix, respectively.
At 20 atm and 298.15 K, they calculated methane adsorption of
1.91 mmol g−1 and 1.93 mmol g−1 in the rigid and flexible kero-
gen matrix, respectively. The conclusion of the authors is that
adsorption may not be affected by the flexibility of kerogen
molecules at low pressure. In this work we will investigate the
effect of pressure on flexibility of kerogen molecules to 400 atm
which is higher than the past work. We will then show as
pressure increases the adsorption becomesmore pronounced. In
a recent paper, Ho et al.41 have shown that the flexibility of the
kerogen matrix and the simulation box affect adsorption due to a
chemo-mechanical coupling between gas adsorption and
medium deformation. They investigated methane adsorption
in the flexible kerogen matrix based on 27 type II-A kerogen
macromolecules in a flexible simulation box at T = 300 K and
P to 192 atm. Ho et al.41 found that methane adsorption was
∼1.5 times higher in the flexible kerogen matrix (∼4 mmol g−1)
than in the rigid kerogen (∼2.6 mmol g−1) at P = 192 atm. The
increase in adsorption is related to the microstructure change
and the type of the kerogen matter. One of the objectives of this
investigation is further study of flexible kerogen molecules on
adsorption to a pressure of 400 atm.
The diffusion of hydrocarbons in kerogen is important in shale

gas transport. Collell et al.47 have investigated the self-diffusion
coefficient of light hydrocarbons: CH4, C2H6, C3H8, n-C4H10,
and n-C8H18 in kerogen media at T = 300 K and P = 20 MPa.
They found that the diffusivity decreased with the increase of
molecular weight from 4.8 ± 1.4 [10−9 m2 s−1] (CH4) to 2.4 ±
1.4 [10−9 m2 s−1] (n-C8H18). The self-diffusion coefficient of
light hydrocarbons in the kerogen matrix is lower by an order of
magnitude in comparison to bulk. Vasileiadis et al.44 calculated
the diffusivity of two light hydrocarbons: CH4 and C2H6 in
kerogen matrix at 298.15 and 398.15 K at various pressures.
They found that methane diffused ∼2 times faster than C2H6,
and the diffusivity increased with increasing temperature. Wang
et al.38 investigated the self-diffusion coefficient of CH4 and CO2
mixture in type II-A kerogen media at 333.15 K at various pres-
sures. They found that due to the anisotropy of the kerogen
structure, the self-diffusion coefficients of methane and carbon
dioxide were different in different directions and decrease gradually
with the increase of pressure.
Adsorption, diffusion, and transport have been also inves-

tigated in slit nanopores which is a model for more complex
nanoporous media.48−52 The comparison is then made on
surface area equivalency as well as pore size and slit nanopore
widths. Most adsorption studies are made in carbon slit nano-
pores of smooth surfaces. Wu et al.50 investigated by MD
simulations the adsorption and transport of methane in carbon
slit nanopores at 298 K at pressures to 16 MPa. They presented
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the change in the structure of methane adsorbed layers with the
slit pore width increase. At low pressure, the smallest slit pore
fills up quickly and stores more methane than the largest slits.
Jin and Firoozabadi51,52 studied by GCMC simulations methane
adsorption in carbon slit nanopores of varying widths at room
temperature and different pressures. They showed that methane-
adsorbed layers decrease as the slit pore width increases. These
conditions do not take into account the kerogen physicochemical
properties, surface chemistry, and surface roughness. Simula-
tions in the smooth slit nanoporemay not represent the behavior
in kerogen or shale media as we will demonstrate in this paper.
Recently, slit nanopores based on kerogen fragments53,54 and

kerogen macromolecules55 have been introduced. Different
methods have been used to create kerogen slit nanopores. Sun
et al.53 placed different mature kerogen fragments in two large
simulation boxes and performed MD simulations to create
two kerogen matrices. Then, they put both kerogen matrices in
the same simulation box, separated by an empty space of 21 Å to
build a kerogen slit nanopore fixing all the atomic positions. The
kerogen slit nanopore had smooth surfaces. Zhang et al.54 placed
more than 100 different mature kerogen fragments in one large
simulation box and performed MD simulations to create the
kerogen matrix. Then, the kerogen slit nanopore was created by
deleting atoms and bonds for a 20, 50, and 100 Å slit thickness.
They fixed all the atomic positions. The kerogen slit nanopore
had smooth surfaces. Okamoto et al.55 used a kerogen slit nano-
pore, with very rough surfaces, based on type III kerogen macro-
molecules, and a quartz slit nanopore with a smooth surface.
They fixed all the atomic positions. They did not discuss the
method used to create the kerogen slit nanopore.
Adsorption and diffusion in kerogen slit nanopores may

depend on the surface chemistry and its surface roughness. Sun et
al.53 investigated by GCMC simulations adsorption of methane,
carbon dioxide, and their mixture in the rigid kerogen slit nano-
pore described above at four different temperatures (298, 323,
343, and 373 K) to a pressure of 20 000 kPa. They did not observe
well-defined adsorption peaks and found that adsorption increases
with pressure and decreases with temperature. They showed that
methane self-diffusion decreased from the center of the kerogen
slit nanopore to the kerogen matrix inside. This decrease is due to
the surface roughness and the surface chemistry of the slit nano-
pore and to the adsorbate confinement inside small pores of the
kerogen matrix. The system by these authors does not represent
the structural properties of kerogen macromolecules, and the use
of a rigid structure does not allow the fluid molecules to move
through the kerogen matrix. Zhang et al.54 studied methane
adsorption by GCMC simulations in the rigid kerogen slit nano-
pores described above at different temperatures (T = 333 and
363 K) and pressures (1−25 MPa). Because of the method used
to create the kerogen slit nanopore, they observed two well-
defined adsorption peaks. They found that methane distribution
was affected by the pore width. The average gas density in the
2 nm kerogen slit nanopore was higher than in 5 and 10 nm slits.
They also observed that methane adsorption on pore surfaces is
not even. They related this observation to the surface chemistry
(interactions between different kerogen atoms and methane
molecules), the roughness of kerogen nanopores, and the pore
morphology. Okamoto et al.55 investigated by MD simulations
methane adsorption in the rigid slit nanopores described above
with a wide range of pore widths at 300 K and 12 MPa. They
noted that the dynamics of adsorbates were not well-known for
nanopore systems because of the complexity from pore size,
surface chemistry, surface roughness, wettability, etc. They found

that the density of the adsorbed phase was higher in the quartz slit
nanopore surfaces than in the kerogen slit nanopore with rough
surfaces. They observed two well-defined adsorption peaks on the
quartz slit nanopore surfaces and mildly sharp adsorption peaks in
the kerogen slit nanopore surfaces. Moreover, they found that the
effect of roughness becomes significant in very small kerogen
nanopores (less than 6 nm). One may conclude that gas adsorp-
tion is intimately related to the surface chemistry and the rough-
ness of the slit nanopore surfaces. To the best of our knowledge,
the effect of varying surface roughness of the kerogen slit nano-
pores on gas adsorption has not been studied. The flexibility of
kerogen molecules comprising the slit nanopore and associated
flexible kerogen matrix on gas diffusivity has not been also inves-
tigated. The objectives of this work are to gain insights into both
topics.
This study aims to investigate and to compare methane

adsorption and self-diffusion in kerogen slit nanopores and the
kerogen matrix based on molecular simulations of flexible
macromolecules. A combination ofMD andGCMC simulations
is used. The manuscript is organized as follows. First, the kero-
gen macromolecule and the computational details of the simu-
lation methods are provided. Then, the creation of the kerogen
matrix and slit nanopores is presented. Next, we investigate the
kerogen microstructures and methane adsorption and self-
diffusion both in the kerogen matrix and in the slit nanopores.
At the end we draw conclusions.

■ MATERIALS AND METHODS
Kerogen Model. Our investigation is centered on

adsorption and self-diffusion in type II kerogen medium,
which is the most common source of shale gas.20,56−58 Type II
kerogen is rich in hydrogen and low in carbon, and it can also be
rich in sulfur.14,17 Four different type II kerogens are distin-
guished according to the stage of maturation: immature (type II-A),
top of oil window (type II-B), middle−end of oil window (type
II-C), and overmature (type II-D).15,59,60 We selected the type
II-A kerogen macromolecule proposed by Ungerer et al.11 The
elemental ratios are close to the isolated kerogen samples studied
in our laboratory.28,29,61 The chemical formula and molecu-
lar mass are, respectively, C252H294O24N6S3 and 3887.3 g mol−1.
The structure is presented in Figure 1. The physicochemical
properties are listed inTable S1 in the Supporting Information (SI).

Simulation Methods. Molecular dynamics simulations are
performed in the NVT and NPT ensemble in order to create a
kerogen matrix and kerogen slit nanopores. In the NVT
ensemble we study methane (CH4; qCarbon CH4

= −0.2120 e;

qHydrogen CH4
= +0.0530 e) mobility in the flexible kerogen matrix

and flexible kerogen slit nanopores. The LAMMPS62 software
(version 31st March 2017) is used. The time steps in MD
simulations in the NVT and NPT ensemble are, respectively,
1.0 and 0.1 fs. These time steps are short enough to capture the
carbon−hydrogen bond vibration. The periodic boundary
conditions (PBCs) are used in the three directions of space.
The temperature and the pressure are, respectively, controlled
via the Nose−́Hoover thermostat63,64 and barostat65,66 with a
relaxation time of 1 ps. The polymer consistent force field plus
(PCFF+)67−70 is used for kerogen, graphite, and methane. The
total potential is composed of two terms:

V V VTotal Bonded Nonbonded= + (1)

The first term (VBonded) represents the bonding interactions,
which include the bond length, bond angle, dihedral, improper,
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and cross-term potentials. The second term (VNonbonded) accounts
for the nonbonding interactions between atomic pairs: 9-6
Lennard-Jones (LJ) potential and Coulombic potential. Lennard-
Jones interactions are calculated with a cutoff distance of 9.5 Å,
and the LJ cross terms are derived from the Wal̈dman and
Hagler combining rules.71 Electrostatic interactions are com-
puted using the Ewald summation.
A hybrid Monte Carlo (MC) method based on molecular

dynamics and grand canonical Monte Carlo72 (MD-GCMC) is
used to perform simulations in order to investigate methane
absolute adsorption in a rigid and flexible kerogen matrix (KM)
and rigid slit nanopores (SPs). MD-GCMC simulations are per-
formedwith the same software as theMD simulations. AGCMC
cycle including 100 GCMC exchanges (addition and deletion
are each attempted with 50% probability) and 100 GCMC
moves (translation and rotation are each attempted with 50%
probability) was performed after every 100MD steps. MD simu-
lations are carried out in the NVT ensemble during 2 ns using a
time step of 0.1 fs. The temperature is controlled via the Nose−́
Hoover thermostat63,64 with a relaxation time of 1 ps, and the
same force field as for the MD simulations is used. The MD
simulations allow for a more thorough search of configuration
space. The simulations were run on a 32- or 48-core Dell
workstation.
System Characterization. Porosity, accessible surface, the

largest pore size, and pore size distribution (PSD) are inves-
tigated by the MC algorithms. Porosity and accessible surface
area are calculated by probe particles: nitrogen molecule (σN2

=

3.653 Å) andmethane molecule (σCH4
= 3.752 Å) simplified by a

single sphere (Figure 2). The results for CH4 and N2 are
expected to be similar because themolecular diameters are close.
Porosity was computed by the Herrera et al.73 method. The

principle consists of inserting random probe particles inside
the simulation box. The criterion of this method is based on the
distance between the center of mass of the probe particle and
those of the kerogen’s atoms

D R Rij i j≥ + (2)

where Dij, Ri, and Rj are, respectively, the distance between the
center of mass of the probe particle i and the center of mass of

the nearest kerogen atom j, the radius of the probe particle, and
the radius of the kerogen atom. If the probe particle does not
overlap with the kerogen atoms, the insertion is accepted.
Porosity is the ratio of accepted insertions (NAcc) to the total
number of insertions (NTot)

V
N
N

% 100Porosity
Acc

Tot
[ ] = ×

(3)

Accessible surface area was computed by the Düren et al.74

method. The principle consists of rolling a probe particle at the
surface of the pores of the kerogen matrix to determine the
accessible surface area.
The largest pore size and PSD were calculated by the method

proposed by Bhattacharya and Gubbins.75 The principle of this
method is based on inserting random particles inside the simula-
tion box, increasing the size of the inset particles and determin-
ing the largest sphere from the center of mass of the probe
particle. The criterion of the method is based on the distance

R D Ri ij j≤ − (4)

and the particle should not overlap with any of the kerogen’s
atoms.
The microscopic self-diffusion of methane was calculated

from the Einstein equation38,47,76 based on the mean-squared
displacement (MSD). The MSD is defined as

t tr r r( ) ( ) (0)2 2Δ = ⟨| − | ⟩ (5)

where r(0) and r(t) are, respectively, the initial position and the
position at time t. From the Einstein equation, the diffusion
coefficient is defined as

D
t

t d
r ( )
2Dif

2

= Δ
× × (6)

where DDif is the diffusion coefficient, d the dimension of the
diffusion coefficient (d = 1, 2, 3), and t the simulation time.
In this work, the dimension of the diffusion coefficient is three.

■ SYSTEM CREATION
Kerogen Matrix. First, the force field parameters of each

atom of the type II-A kerogen macromolecule are automatically
assigned via the graphical user interface (GUI) of the MedeA
software environment (version 2.21). Then, the kerogen
macromolecule structure is relaxed through the “Simple Force
Field Minimization” and “Simple Force Field Dynamics”
modules of MedeA. We placed 12 kerogen macromolecules

Figure 1. Type II-A kerogen macromolecule.11

Figure 2. Methane and nitrogen probe particles.
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inside an orthorhombic cell of dimensions 100 × 100 × 100 Å3

(initial cell density is 0.08 g cm−3). The initial positions of the
kerogen macromolecules are shown in Figure 3.
In contrast to the work by Michalec and Liśal,31 Sun et al.,53

andUngerer’sMD relaxation procedure,45,47 we did not start the
first stage at high temperature.We added two first stages: (i)MD
simulation in the NVT ensemble at T = 300 K was performed on
the initial orthorhombic simulation box during 100 ps to bring
the system to the lowest energy state, and (ii) the temperature
was increased during 100 ps in order to reach a target
temperature TTarget (TTarget = 1000 K). Another simulation of
100 ps in the NVT ensemble was added to bring the system to
equilibrium. This allows the system to surmount energetic
barriers and explore the configurational space in order to find the
configuration with the lowest energy. After that, the system was
relaxed step by step in the isothermal−isobaric ensemble77 at
100 atm through three decreasing temperature stages (700, 500,
and 300 K), and each step duration was 100 ps, in the isotropic
boxes. One step before the last, a MD simulation in the NPT
ensemble at T = 300 K was performed to reduce the pressure
from 100 to 1 atm. At last, the temperature and the pressure
were, respectively, kept at 300 K and 1 atm with a simulation
time equal to 300 ps (150 ps equilibration + 150 ps production).
During the 150 ps production, the kerogen matrix properties
were calculated and averaged over 500 snapshots. The simu-
lation time was long enough to ensure the relaxation of the con-
figurational energy and the system density to reach equilibrium.
The wholeMD relaxation process to create the kerogenmatrix is
summarized in Table 1. In the construction of the system’s
configuration, dummy particles of varying size (σDP = 5, 10, 15,

20, and 25 Å) were introduced to create different micro- and
mesoporosity of the kerogen microstructures. From the initial
configuration (Figure 3), 5 other boxes containing each one DP
were generated. The DP was randomly placed in the simulation
box. The same MD relaxation procedure was applied in all
systems containing one DP. At the end of the MD relaxation
procedure, the DP was removed from the compressed kerogen
structure, leaving an empty space where gas adsorption is likely
to occur. For the system using the largest dummy particle,
another simulation of 1 ns in the NVT ensemble was added to
relax the system. It was found that the difference between the
accessible surface and the porosity found with and without this
new relaxation step was similar (less than 1.6% difference).
Therefore, we did not use this extra MD simulation. The final
configuration of each kerogen matrix is depicted in Figure S1.

Kerogen Slit Nanopore. One configuration of the kerogen
matrix without a dummy particle (Figure 4a) and one using the
largest dummy particle (σDP = 25 Å), with the average properties
(density, porosity, and accessible surface), were selected to
create our kerogen slit nanopores. The GUI of MedeA was used
to extend the box in theCSPBox-direction toCSPBox = 100 Å. Awall
of 400 dummy particles (σDPWall = 1 Å) was placed at one end
of the simulation box (Figure 4b). Then, all the atoms were
translated to bring the wall of dummy particles at the center of
the simulation box (Figure 4c). The dummy particle wall is used
to create, at the end of the MD relaxation procedure, an empty
space between the two kerogen surfaces. The largest dummy
particle (σDP = 25 Å) was kept inside the simulation box in order
to generate a kerogen slit nanopore with a rough surface. The
initial kerogen slit nanopore boxes are presented in Figure S2.
A simulation in the NVT ensemble at T = 300 K was performed
during 100 ps to bring the system to the lowest energy state.
Then, the temperature was increased during 100 ps in order to
reach a target temperature (TTarget = 2000 K). From there,
another 100 ps was added to bring the system to equilibrium.
After that, 2 annealing cycles were realized between TTarget and
T = 1000 K, in the NPCSPBox

T ensemble at 100 atm (the ASPBox-
and BSPBox-direction are fixed, and the CSPBox-direction can
fluctuate). The systems were then relaxed by decreasing the
temperature (400 ps). One step before the last, a simulation in
the NPCSPBox

T ensemble at T = 300 K was performed to reduce
the pressure from 100 to 1 atm. Finally, the pressure and the

Figure 3. Initial orthorhombic simulation box: front, side, and top views of a cell with dimensions 100 × 100 × 100 Å3.

Table 1. Molecular Dynamics Relaxation Procedure to
Generate Kerogen Matrix Structures

stage ensemble temperature [K] pressure [atm] time [ps]

1 NVT 300 − 100
2 NVT 300 → 1000 − 100
3 NVT 1000 − 100
4 NPT 1000 → 700 100 100
5 NPT 700 → 500 100 100
6 NPT 500 → 300 100 100
7 NPT 300 100 → 1 100
8 NPT 300 1 300
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temperature were, respectively, kept at 1 atm and 300 K with a
simulation time of 300 ps. During the 150 ps production, 500
snapshots were realized. The dummy particle wall was removed
to have an empty space between the two kerogen surfaces.
The space was changed to allow the desired distance. In this
work, the width of our kerogen slit nanopores is set to 20 Å (this
corresponds to the distance between the center of mass of the
very last atoms from each surface). The configurations of the
three slit nanopores used in our work are presented in Figure 5.
The smooth slit nanopore will be presented shortly. The steps to
create the kerogen slit nanopores are summarized in Table 2.
The parameters of the MD simulations are the same in the
kerogen matrix and in the slit nanopores. For the smooth slit
nanopore the details are provided next.

For a smooth surface, we used a graphite structure. The graphite is
composed of carbon sheets stacked on top of each other to form
layers.Our graphite is formedby two carbon sheets. Thedimensions
of the orthorhombic graphite simulation box are 41.75 × 42.54 ×
23.348 Å3, and the interlayer spacing is 20 Å (corresponding to the
distance between the center of mass of each carbon sheet). The
smooth nanopore, “Smooth”, is presented in Figure 5c.

■ RESULTS AND DISCUSSION
Kerogen Matrix. Structure Characterization.We analyzed

themicrostructure of our kerogenmatrices at 300 K and 1 atm to

Figure 4. Steps to create a kerogen slit nanopore: (a) kerogen matrix
(σDP = 0 Å), (b) box extension and dummy particle wall, and
(c) translation. CSPBox and BSPBox are the lattice parameters of the
simulation box.

Figure 5. Three kerogen slit nanopores: (a) kerogen slit nanopore
(σDP = 0 Å), (b) kerogen slit nanopore (σDP = 25 Å), and (c) smooth.
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investigate the effects of the dummy particle. We also studied the
microstructure of our kerogenmatrices at 300K and pressures to
150 atm to investigate the effect of pressure. The difference in
the microstructure properties (porosity, accessible surface area,
and the largest pore radius) in different simulations is included
in the standard deviation (Table S2). The pressure seems only to
affect the surface area not the largest pore radius. The lattice
parameters (AKM, BKM, and CKM) and density of the kerogen
matrix (ρKM) are summarized in Table 3. The lattice parameters
of the largest simulation box are presented in Figure 6a. The
density decreases from 1.12± 0.01 g cm−3 to 0.99± 0.04 g cm−3

when increasing the dummy particle size. The larger the size
of the dummy particle, the higher the empty space will be.
This result is in agreement with simulated results from Sui et al.13

(1.0 g cm−3), Zhao et al.39 (1.12 g cm−3), Wang et al.38

(1.073 g cm−3), and Huang et al.42 (1.07 g cm−3), who used the
same kerogen macromolecule (without controlling the porosity
of their kerogen matrix).
The porosity and accessible surface area calculated from

methane probe particles are reported in Table 3, and the
methane-accessible surface area of each kerogen matrix is
exposed in Figure S3. The results based on the nitrogen probe
particle are close to the methane probe particle because the size
of both probe particles is close. The porosity and accessible
surface area calculated from nitrogen probe particles are listed in
Table S3. The results show that the porosity and the methane-
accessible surface area increase, respectively, from 0.02 ± 0.01%
to 3.9 ± 0.2% (σDP = 25 Å) and from 10 ± 3 m2 g−1 to 320 ±
12 m2 g−1 (σDP = 25 Å) with increasing the dummy particle size.
The same trend is observed by Collell et al.47 (using σDP = 0, 9,
11, 13, 15, and 17 Å), Michalec and Liśal31 (using σDP = 0, 9, 11,
13, and 15 Å), and Vasileiadis et al.37 (using σDP = 0, 15, 20, 30,
and 40 Å). These authors used the same method as in our work
to alter the kerogen porosity.
The largest pore sizes are reported in Table 3. The pore size

distributions are plotted in Figure 7. The result shows that the
largest pore size increases from 2.69 ± 0.01 Å to 7.96 ± 0.01 Å
(σDP = 25 Å) with increasing dummy particle size. This is in
agreement with simulations by Collell et al.45 (6.44 ± 0.01 Å
using σDP = 15 Å), Michalec and Liśal31 (6.75 ± 0.01 Å using
σDP = 15 Å), and Vasileiadis et al.37 (5.7−6.9 ± 0.8−2.2 Å using
σDP = 15 Å). The PSD reveals that σDP = 0, 5, and 10 Å give
ultramicropores, and σDP = 15, 20, and 25 Å create ultramicro-
pores and micropores. All of our created porous media have a

Table 2.Molecular Dynamics Relaxation Procedure to Create
Kerogen Slit Nanopores

stage ensemble temperature [K] pressure [atm] time [ps]

1 NVT 300 − 100
2 NVT 300 → 2000 − 100
3 NVT 2000 − 100
4 NPCSPBox

T 2000 → 1000 100 100

5 NPCSPBox
T 1000 → 2000 100 100

6 NPCSPBox
T 2000 → 1000 100 100

7 NPCSPBox
T 1000 → 2000 100 100

8 NPCSPBox
T 2000 → 300 100 400

9 NPCSPBox
T 300 100 → 1 100

10 NPCSPBox
T 300 1 300

Table 3. Structure Characterizationa

dummy particle diameter [Å] lattice parameters [Å] density [g cm−3] porosity [%] methane accessible surface area [m2 g−1] largest pore radius [Å]

− 41.07 ± 0.04 1.12 ± 0.01 0.02 ± 0.01 10 ± 3 2.69 ± 0.01
5 41.09 ± 0.05 1.12 ± 0.04 0.11 ± 0.02 36 ± 5 3.29 ± 0.01
10 41.43 ± 0.05 1.09 ± 0.04 0.67 ± 0.06 86 ± 4 4.55 ± 0.01
15 41.54 ± 0.05 1.08 ± 0.04 1.16 ± 0.07 101 ± 4 6.06 ± 0.01
20 41.83 ± 0.06 1.06 ± 0.04 2.23 ± 0.09 163 ± 5 7.24 ± 0.01
25 42.85 ± 0.07 0.99 ± 0.04 3.9 ± 0.2 320 ± 12 7.96 ± 0.01

aPorosity and accessible surface area are calculated from methane probe particles at T = 300 K and P = 1 atm.

Figure 6. Lattice parameters of the (a) kerogen matrix and (b) kerogen slit nanopore.
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poor network. Despite this, methane can diffuse through the
matrix when the kerogen molecules are flexible as we will show
later.
Methane Adsorption in a Rigid and Flexible Kerogen

Matrix. We analyzed the methane adsorption isotherms in the
rigid kerogenmatrix at three different temperatures (T = 333.15,
363.15, and 393.15 K) and pressures to 140 atm to investigate
the effects of temperature. The CH4 adsorption isotherm is also
investigated in a rigid and flexible kerogen matrix at 333.15 K
and pressure up to 400 atm to examine the effect of kerogen
molecular flexibility. The system with the largest accessible
surface area was selected. Absolute adsorption, representing the

number of methane molecules in the adsorbed phase in the rigid
kerogen matrix, is plotted in Figure 8a. The excess adsorptions
and Langmuir fitting curves are, respectively, plotted in Figures S4
and S5. Figure 8a shows that the absolute adsorption at 140 atm is
2.47 × 10−3 mmol m−2 at 333.15 K, 2.00 × 10−3 mmol m−2 at
363.15 K, and 1.55 × 10−3 mmol m−2 at 393.15 K. These results
are in agreement with the general observation that absolute
adsorption increases with increasing pressure but decreases with
increasing temperature. The trends are consistent with experi-
ments25,27,78 and molecular simulations.13,39,42

Figure 8b shows thatwhen the pressure is∼200 atm, at 333.15K,
the absolute adsorption in the rigid kerogen matrix reaches a
plateau of 2.57 × 10−3 mmol m−2, whereas the methane absolute
adsorption in the flexible kerogen matrix increases to∼350 atm;
it reaches a plateau of 4.03 × 10−3 mmol m−2. Absolute adsorp-
tion of CH4 in the flexible kerogen is ∼1.57 times higher than in
the rigid kerogen. At 1 atm, rigid and flexible kerogen structures
have, respectively, methane-accessible surface areas of 320 m2 g−1

and 317 m2 g−1. Upon gas adsorption, in the flexible kerogen
structure, the methane-accessible surface area increases to
342 m2 g−1 at 200 atm (Figure 9a). With increasing pressure,
kerogen microstructure changes, and the accessible space
increases. Note the sudden change in the slope of the accessible
surface area of around 120 atm. This could be due to a change in
structure. This observation is supported by the pore size
distribution (Figure 9b). The kerogen molecular flexibility has a
significant effect on adsorption. These results have the same
trend as found by Ho et al.41 in the type II-D kerogen matrix.

Figure 7. Pore size distribution of kerogen matrices created with
different dummy particles.

Figure 8. Methane absolute adsorption in the kerogen matrix at different temperatures: (a) rigid kerogen matrix and (b) flexible and rigid kerogen
matrix.

Figure 9. Changes in the kerogen matrix: (a) methane-accessible surface area versus pressure and (b) pore size distribution at different pressures and
T = 333.15 K.
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Vasileiadis et al.44 indicated that methane adsorption in the rigid
and flexible kerogen matrix is very close (1.91 mmol g−1 and
1.93 mmol g−1, respectively) in type II-D kerogen macro-
molecules. Their conclusion is based on the results at a pressure
of 20 atm at 298.15 K. As observed in Figure 8b, methane
adsorption in the rigid and flexible kerogen matrix is somewhat
close (0.97 × 10−3 mmol m−2 and 1.07 × 10−3 mmol m−2,
respectively) at 20 atm. The absolute adsorption difference in

the rigid and flexible kerogen matrix increases with increasing
pressure. The difference between Vasileiadis et al.44 and our
results at 20 atm may be because of a different type of kerogen
macromolecule in our simulations.

Slit Nanopores. Structure Characterization. We analyzed
the rugosity of the rigid slit nanopores to study methane adsorp-
tion. The rugosity parameters, i.e., the amplitude (maximum
height of the roughness profile), the maximum depth, and the
maximum height frommethane probe particles, are presented in
Table 4. Figure 10 presents the slit nanopore surfaces. The
amplitude, the maximum depth, and the maximum height
increase from 0.3 Å to 21.9 Å, 0.2 Å to 14.0 Å, and 0.1 Å to 7.9 Å,
respectively, with increasing surface roughness. The surface
roughness of the kerogen slit nanopores without dummy particle
(Figure 5a) and with the largest dummy particle (Figure 5b) are,
respectively, referred as to “moderately rough” (Figure 10b) and
“rough” (Figure 10c).
We also analyzed the microstructure of our slit kerogen

nanopores and associated kerogen matrix at 300 K and 1 atm to

Table 4. Rugosity Parameters of Surfaces of the Slit
Nanopores

surface roughness surface
amplitude

[Å]
maximum
depth [Å]

maximum
height [Å]

smooth top 0.3 0.2 0.1
bottom 0.3 0.2 0.1

moderately rough top 13.8 10.7 3.1
bottom 10.1 7.5 2.6

rough top 21.9 14.0 7.9
bottom 18.1 13.2 4.9

Figure 10. Side, top, and bottom views of the surface (in purple) and 3D and 2D roughness profiles of each slit nanopore: (a) smooth, (b) moderately
rough, and (c) rough.
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determine the interface between the associated kerogenmatrix and
the slit space. The lattice parameters of the box of the slit pores
(ASPBox, BSPBox, CSPBox) are provided in Table 5. Figures 11a and
11b show, respectively, the density profile of the associated
kerogen matrix and the moderately rough and rough slit pores.
We like to point out that slit nanopores are not connected to a
kerogen rock matrix. However, in order to study both in the
same simulations we connect them. As stated earlier, slit pores
are a physical model for the more complex nanoporous matrix.
The density profiles are divided in two equal parts by a purple
dashed line. In the left side, the average density of the associated
kerogen matrix is calculated and plotted from CSPBox = 0 Å to the
purple dashed line. In the right side, the average density of the
associated kerogenmatrix is calculated and plotted from the very
end of the simulation box to the purple dashed line. When the
slope of density plots shows a pronounced change, the interface
between the slit pore and the associated kerogen matrix is
defined. The lattice parameter (CAKM) and the density (ρAKM) of
the associated kerogen matrix are listed in Table 5. The lattice
parameters of the rough kerogen slit nanopore are presented in
Figure 6b. Table 5 shows that the density of the associated
kerogen matrix is, respectively, 1.07 ± 0.02 g cm−3 and 0.97 ±
0.02 g cm−3 for the moderately rough and rough systems. In the
latter we used a dummy particle to generate it. Note that these
densities are in line with the results in Table 3.
Methane Adsorption in Rigid and Flexible Slit Nanopores.

We analyzed the methane adsorption isotherms in rigid slit
nanopores. The CH4 adsorption isotherm is also investigated in

rigid slit nanopores at 333.15 K to a pressure of 300 atm to
examine the effects of the chemical and roughness of the surface.
At 333.15 K and 300 atm, we investigated the effects of the
kerogen molecular flexibility in a moderately rough slit nano-
pore. The density profiles of methane in different slit nanopores
at 333.15 K are plotted in Figure 12, as well as snapshots corre-
sponding to one configuration at 300 atm. The results at 363.15
and 393.15 K are plotted in Figures S6, S7, and S8. Figure 12a
shows well-structured methane adsorption layers on each sur-
face. These results are in agreement with other density profiles
using the same type of slit nanopore,50,52 as well as the same
trend as in clays.79−81 CH4 forms a weak second adsorption layer
at pressures above 40 atm. Figures 12b and 12c show methane
adsorption layers on the kerogen slit nanopore surfaces. These
results have the same trend as by Sun et al.53 who used a kerogen
slit nanopore based on mature kerogen fragments.45 There is no
second adsorption layer, and a higher number of methane
molecules are in the middle of the nonsmooth slit nanopores
than in the smooth slit nanopore. This may be explained by the
physicochemical properties of the nanopore surfaces. The intera-
ctions between the adsorbent and the adsorbate consist of the
dispersion−repulsion interactions (represented by the 9-6 LJ
potential) and the Coulombic interactions. The smooth slit
nanopore surfaces are composed exclusively of carbon atoms
(qCarbon graphite = 0 e). Thus, methane molecules can be readily
adsorbed anywhere on the smooth slit nanopore surfaces. The
moderately rough and rough slit nanopore surfaces are mostly
composed of hydrogen atoms, partially composed of carbon

Table 5. Lattice Parameters of the Slit Nanopores and the Associated Kerogen Matrix

simulation box associated kerogen matrix

lattice parameters lattice parameter density

surface roughness ASPBox [Å] BSPBox [Å] CSPBox [Å] CAKM [Å] ρAKM [g cm−3]

smooth 41.75 42.54 23.348 − −
moderately rough 41.07 41.07 66.63 ± 0.04 42.17 ± 0.04 1.07 ± 0.02
rough 42.85 42.85 72.33 ± 0.04 34.58 ± 0.04 0.97 ± 0.02

Figure 11. Density profile of the associated kerogen matrix: (a) moderately rough and (b) rough.
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atoms, and a few oxygen, sulfur, and nitrogen atoms. Thus,
methane molecules tend to be pushed from the surfaces and end
up in the middle of the pore. The CH4 adsorption is impacted by
the surface chemistry. These results have the same trend as
found by Psarras et al.82 in four different graphitic surfaces (pure
graphitic surface, hydrated monovacancy, hydroxyl group, and a
carboxyl group), by Billemont et al.83 in two different carbon
nanoporous media CS1000A and CS1000AF and by Huang
et al.42 in different kerogen types (chemical structure varies).
Figures 12b and 12c shed light on the importance of roughness
on surface adsorption. The rougher the surface and the higher
the pressure, the lesser the adsorbed and free molecules can be
distinguished. Figures 12a and 12b help to distinguish three
different regions: the solid region (graphite or associated kero-
gen matrix), the interface region (methane adsorbed layer), and
the central region (methane free molecules).
The absolute adsorptions, representing the number of methane

molecules in the interface region from the slit nanopores, are
plotted in Figures 13a and 13b. Because of the surface roughness
of the rough slit nanopore (Figure 12c) the methane adsorption
layer can not be well-defined, and it becomes difficult to

distinguish the adsorbed molecules from the free molecules at
pressures higher than 250 atm. For the rough slit nanopore, the
adsorption is plotted in Figure 13c. Snapshots corresponding to
the surface in the ASPBox- and BSPBox-direction of one con-
figuration at 300 atm are presented in Figures 13a, 13b, and 13c.
The methane absolute adsorption is higher on the smooth slit
nanopore surfaces than on the moderately rough slit nanopore
surfaces. This may be explained by the surface properties and
surface roughness differences between the slit nanopore models,
as analyzed above. The absolute adsorptions normalized by the
accessible volume of the interface region are plotted in Figure S9.
Figure 14 shows that absolute adsorption on a smooth and
moderately rough rigid slit nanopore reaches a plateau at 5.02 ×
10−3 mmol m−2 and 3.53 × 10−3 mmol m−2 at 250 atm and
333.15 K, respectively. The smooth slit nanopore surfaces
adsorb ∼1.42 times more methane molecules than the
moderately rough rigid slit nanopore. At 300 atm, the kerogen
flexibility slightly affects methane adsorption at the rigid (3.58 ×
10−3 mmol m−2) and the flexible (3.75 × 10−3 mmol m−2)
moderately rough slit nanopore. Figure 14 also shows that
methane adsorption at the moderately rough slit nanopore rigid

Figure 12.Density profile of methane in rigid slit nanopores at various pressures and atT = 333.15 K. (a) Smooth slit nanopore. (b)Moderately rough
slit nanopore. (c) Rough slit nanopore. The snapshots correspond to configuration on the left at P = 300 atm.
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and flexible states is close to methane adsorption in the flexible
kerogen matrix (3.97 × 10−3 mmol m−2) at 300 atm, whereas
absolute methane adsorption in the smooth slit nanopore is
higher than the absolute adsorption in the rigid and flexible
kerogen matrix. The physicochemical properties and surface
roughness are important considerations in relating adsorption in
the slit nanopore and kerogen matrix.
Methane Self-Diffusion. We analyzed methane mobility

and self-diffusion in the flexible kerogen matrix and flexible slit
nanopores at T = 333.15 K and P = 140 atm. To this end, one
configuration of each flexible system at equilibrium was selected
from the MD-GCMC simulations. Then, MD simulations in the
NVT ensemble were performed during 10 ns. The microscopic
methane self-diffusion was investigated by eq 5 and eq 6. The
MSDwas calculated for the last 5 ns of the trajectory. For the slit
nanopores, the MSD of methane molecules is calculated in each
region. The methane self-diffusion coefficients in each system
are presented in Table 6. The table shows that the mobility of
CH4 decreases by 2 orders of magnitude from the central slit to
the matrix (DCentral ≥ DInterface ≥ DAssociated kerogen matrix). The
general trend is in agreement with the simulations by Sun et al.53

The trend can be explained by the fact that in the solid region the
methane molecules are confined in the pores of the kerogen

matrix; in the interface region CH4 molecules are adsorbed; and
in the central slit pore region the methane molecules interact
with each other. The surface roughness affects the self-diffusion
coefficient in the interface region: the higher the surface
roughness, the lower the mobility (Table 6). In our simulations
the methane self-diffusion coefficient in the flexible kerogen
matrix (6.8 × 10−9 m2 s−1) is close to the associated kerogen
matrix from themoderately rough (6.1× 10−9 m2 s−1) and rough
(7.1 × 10−9 m2 s−1) systems. The order of magnitude of the
methane self-diffusion coefficients in the matrix is in agreement
with Collell et al.47 (4.8 × 10−9 m2 s−1 at T = 300 K and P =
20 MPa) and Sui et al.13 (2.1 × 10−9 m2 s−1 at T = 340 K and
P = 15 MPa).
To further investigate methane diffusion through the kerogen

slit nanopores and its associated kerogen matrix, methane
molecules were followed throughout the MD simulations
(Figure S10). The tracked methane molecule starts from an
isolated pore, and the kerogen matrix deforms and creates paths,
allowing the tracked methane molecule to go back and forth
between the solid region and the central region.

■ CONCLUSIONS
In this work we have proposed a new method to create kerogen
slit nanopores based on the full kerogen macromolecules to
investigate the effect of surface roughness and atomic structure
on adsorption and self-diffusion. We used type II-A kerogen
macromolecules in our creation. The method can be used with
other types of kerogen molecules. By using a dummy particle we
created a rough surface. Without the use of a dummy particle the

Figure 13. Methane absolute adsorption in the: (a) rigid smooth slit nanopore, (b) moderately rough rigid slit nanopore, and (c) rough rigid slit
nanopore at different temperatures. In the rough slit nanopore, adsorbed and free molecules can not be distinguished at high pressure. The snapshots
correspond to the surfaces in the ASPBox- and BSPBox-direction at P = 300 atm from rigid systems.

Figure 14. Methane adsorption versus pressure in slit nanopores and
kerogen matrices at T = 333.15 K. Note that smooth nanopores are
assumed rigid in the figure and throughout in this work.

Table 6. Methane Self-Diffusion Coefficient in the Central
and Interface Regions of the Slit and the Associated Matrix
(The Width of the Slit Nanopores is 20 Å)

CH4 self-diffusion coefficient

surface roughness
DCentral

[× 10−7 m2 s−1]
DInterface

[× 10−7 m2 s−1]
DAssociated kerogen matrix
[× 10−9 m2 s−1]

smooth 5.1 3.2 −
moderately rough 5.4 2.6 6.1
rough 5.2 2.2 7.1
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surface is moderately rough. We investigated adsorption and
self-diffusion in three types of slit nanopores. One of the three is
the conventional slit nanopore often used in the literature which
is comprised of smooth carbon surfaces.
In addition to slit nanopores we also investigate adsorption

and self-diffusion in the kerogenmatrix of constant total volume.
The constant total volume is an approximation for the kerogen
matrix in the subsurface. We allow for flexibility of atoms in the
kerogen matrix and carry computations to pressures higher than
the values in the literature. Most computations are performed at
three different temperatures. The maximum pressure in our
work is 400 atm. Methane molecules are used in all of our
calculations. The main findings from our work are:

1. The plateau of themethane absolute adsorption at 333.15K
in the rigid kerogen matrix is reached at ∼200 atm and
∼350 atm in the flexible kerogenmatrix. The adsorption is
about 57% higher in the flexible kerogen matrix than in
the rigid matrix. The kerogen matrix is a dynamic system,
and a coupling may exist between gas adsorption and
kerogen matrix structure deformation.

2. Adsorption in the kerogen matrix and in the slit nanopore
(per unit surface area) may not be the same. In the smooth
nanopore, a clear adsorption layer develops. A second weak
adsorption layer may also develop at high pressure. In the
kerogen slit nanopores, sharp adsorption layers are not
developed. In the rough and moderately rough slit
nanopores, the density of methane in the middle of the
slit is higher than the density at the center of the smooth
nanopore. In the rough slit nanopore, the adsorption layer
is not well-defined, and adsorbed and free molecules can
not be distinguished at high pressure. The absolute adsorp-
tion is about 42% higher in the smooth slit nanopore than
themoderately rough slit nanopore. These results are for a
2 nm wide slit pore.

3. The methane self-diffusion coefficient decreases 2 orders
of magnitude from the center of the slit pore to the surface
and the kerogen matrix. Our results indicate that the meth-
ane self-diffusion coefficient at the surfaces of slit nanopores
is weakly affected by confinement and surface roughness.
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