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Summary
Molecular diffusion dominates over pressure-driven convection as the major mass transport mechanism in nanoporous media with <10-
 nm pores, which is typical pore size for shale gas recovery. To study fluid behavior at this scale, molecular dynamics (MD) simulation 
has been widely applied. Nevertheless, classic capillary tube or slit models are of uniform geometry that miss the converging-diverging 
pore-throat feature, while more realistic models lose simplicity and generality.

In this work, we propose a novel geometric model that can reproduce the realistic converging-diverging structure in subsurface porous 
media without any additional complexity compared to classic slit or capillary models. In this pore-throat model, we are able to identify 
how nonuniform geometry affects the methane diffusion for both pure methane and for methane mixtures with water, carbon dioxide, 
and helium.

For a pure methane system, we demonstrate the fundamental impact of throat width on diffusion coefficient when the throat width is 
narrower than 20 Å and identify a critical throat width that determines whether methane can self-diffuse though the throat. This critical 
throat size is regulated by the energy barrier at the throat rather than by molecular size. We then introduce a semianalytical model to 
predict self-diffusion coefficient as a function of pressure, temperature, and throat width.

For mixtures, we observe the key impact of spatially nonuniform fluid distribution in determining diffusion. Water or carbon dioxide 
can locally concentrate at the throat, which reduces methane diffusivity, while helium prefers to stay in the pore body, which mildly 
enhances methane diffusivity. Specifically, although residual water reduces methane diffusion (26% reduction for 20% water molar frac-
tion), it completely blocks the throat and thus prohibits pressure-driven methane convection. By comparison, the dominance of molecular 
diffusion over convection can be extended to larger pores in presence of residual water. It provides an explanation on shale gas production 
when connate water is expected to block the flow path.

Introduction
Porous media consisting of nanometer-scale pores (nanoporous media) in subsurface stratum, such as shale, play key roles in energy 
recovery and environmental engineering. In terms of shale gas recovery, shale provides storage space and migration paths for methane 
(Lee et al. 2016; Song et al. 2015). In terms of carbon capture, usage, and storage, shale acts as cap layers to inhibit carbon dioxide migra-
tion and leakage (Aljama and Wilcox 2017; Li et al. 2020; Skarmoutsos et al. 2013). Therefore, investigating gas transport mechanisms 
in nanoporous media is required (Guo et al. 2015; Jin and Firoozabadi 2015a).

Gas transports in porous media in two major ways: convection, driven by pressure gradient; and diffusion, driven by concentration 

gradient. Convection is commonly estimated by Darcy’s law (Darcy 1856), written as 
‍
u =

k
�

rP
‍
, where u is Darcy velocity, k is permea-

bility, ‍r‍P is pressure gradient, and μ is viscosity. Diffusion is commonly estimated by Fick’s law (Fick 1855), written as ‍J = �D � rC ‍, 
where J is the molar diffusion flux, D is the diffusion coefficient, and ‍r‍C is the molar concentration gradient. For conventional porous 
media, convection and convection-induced mechanical dispersion are generally presumed as the dominant mass transport mechanisms 
(Kasaeian et al. 2017). However, convection dramatically weakens with the decrease of pore size in quadratic order, while the diffusion 
is only mildly correlated to pore size. Therefore, dominance of convection may not still hold in shale that is mostly composed of nanopores 
(Jiao et al. 2014).

We estimate mass flux through Fick’s law (‍mFick = J �M ‍) and Darcy’s law (‍mDarcy = u � �‍), where M is the molecular weight, and ρ 
is the fluid density. A modified Péclet number can be defined as the ratio between fluxes driven by convection and by diffusion as 

‍
Pe� =

mDarcy

mFick
=

k
kref ‍

, where 
‍
kref =

D � �

P ‍
 can be defined as a reference permeability. If Pe* > 1 (k > kref), convection dominates the mass 

transport; otherwise, diffusion dominates. Substituting typical subsurface environmental parameters (350 K, 20 MPa) (Wei et al. 2013) 
into its definition, we can estimate a typical reference permeability as kref = 0.005 md, corresponding to the pore diameter of 10 nm 
according to Kozeny-Carman estimation (Bear 1988). All shale gas reservoirs contain a significant portion of pores of less than 10 nm 
(Liehui et al. 2019), and many shale reservoirs are of lower permeability than 10−3 md (Shen et al. 2018). Diffusion can thus be a dominant 
mechanism of gas transport over convection in shale. Unfortunately, most investigations on gas transport through nanoporous media are 
still on convection (Kou et al. 2017; Pang et al. 2017).
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Gas diffusion in nanoporous media is distinct from that in the macropores. Due to the smaller pore size compared to gas mean free path 
(Javadpour et al. 2007), continuum assumption is not available (Wu et al. 2015a). Molecular diffusion is through Knudsen diffusion 
(Phillip et al. 2006), where molecules frequently collide with the pore wall (Malek and Coppens 2003) and through surface diffusion, 
where molecules randomly hop between adsorption sites on the surface (Wu et al. 2015b). As a result, classic estimation of self-diffusion 
coefficient cannot be directly applied in nanoporous media.

It is challenging to conduct direct experimental measurements on gas diffusion in nanoporous materials (Lu et al. 2019) due to the 
limitation of time cost as well as high requirement of accuracy (Shilov et al. 2021). Consequently, MD method is prevalently adopted 
(Allen 2004). MD allows tracking of molecule trajectory to obtain the self-diffusion coefficient (Rapaport 2004). Based on molecule 
trajectory information, two methods can be applied to calculate the gas self-diffusivity in MD: Einstein’s relation and the Green-Kubo 
relation. Einstein’s relation uses mean square displacement (MSD) to observe the time, where the Green-Kubo relation uses the velocity 
autocorrelation function (Allen and Tildesley 2017; Frenkel and Smit 2001; Haile 1992).

A premise of conducting convincing MD simulations of mass transport in nanoporous structure is to construct an appropriate geometry 
model, which should represent key features of the investigated problem while balancing simplicity (for saving computational cost) and 
generality (for being representative). Commonly used geometries to represent nanopores include nanoslit and nanocylindrical tube. A 
slit-shape model can be constructed using graphene, kerogen, etc. as the wall, while the two walls are parallelly placed and separated by 
nanometer-scale space (Tesson and Firoozabadi 2018). Another commonly adopted geometry is capillary tube (Liu et al. 2005; Nanok 
et al. 2009). In capillary models of nanopore, carbon nanotube (CNT) is used extensively as the capillary material to simulate the organic 
nanopores (Chen et al. 2006; Jakobtorweihen et al. 2007; Skoulidas et al. 2002).

Regrettably, both the slit-shape models and capillary-shape models in MD studies miss the key feature of porous media—the 
converging-diverging porous geometry or “pore-throat structure.” Pore-throat structure largely determines fluid transport in porous media 
of all scales (Skoulidas and Sholl 2003; Yan et al. 2017; Zhang et al. 2015). Throats are of local minimum of fluid conductivity so they 
quantize the porous media to be pore-network (Gensterblum et al. 2015). Throats are of local maximum of specific area so adsorption and 
capillary condensation preferentially emerge at throats (Yu et al. 2017). The pore-throat structure thus may result in nonuniform fluid 
distribution which can hardly be well reproduced in uniform capillary or slit models. Some researchers introduce kerogen to construct 
complex geometry, which can overcome this problem for specific cases (He et al. 2020); however, such construction of porous structure 
is very sensitive to kerogen molecular structure, thus lacks generality and is computationally costly. A simplified geometry model for MD 
that can represent pore-throat structure of nanoporous media is thus highly required.

In this proof-of-concept study, we introduce a representative and simple geometric model for MD simulation to study methane diffu-
sion in pore-throat nanostructure:

1.	 First, we study the self-diffusion of pure methane in this nanopore-throat structure. We aim to quantify the effect of throat size, pres-
sure, and temperature on self-diffusion coefficient and establish empirical model that takes pore-throat geometry into consideration.

2.	 Then, we extend the model to the mixtures of methane with carbon dioxide, water, and helium. We demonstrate how this geometry 
can simulate phenomena that cannot be reproduced in slit and capillary models, such as preferential adsorption and condensation 
at the throat.

3.	 Finally, we discuss some field-scale implications based on our MD observations, especially fundamental impact of nonuniform fluid 
distribution on methane transport mechanism in the presence of pore-throat structure.

Methods
MD simulation is used to study gas transport mechanisms at the nanoscale. All the parameters set for the MD simulation are based on the 
practical conditions of shale reservoir. A CNT model (Severson and Snurr 2007; Striolo et  al. 2003) is built in visual MD software 
(Humphrey et al. 1996), material studio (MS) software (BIOVIA 2014) is used to calculate the molecular interactions, and large-scale 
atomic/molecular massively parallel simulator (or LAMMPS) software (Thompson et al. 2022) is used to simulate the MD. Open visual-
ization tool (Stukowski 2009) and MATLAB® (MATLAB 2020) software are used to analyze the simulation results.

Geometry Setup and Boundary Conditions. A pore-throat structures model is built in the MD simulation box to study the gas self-
diffusion in microscale. A fixed CNT with a radius of 10.16 Å is set in the center of the cubic rectangle box passing through the z-axis 
from the top to the bottom, as shown in Fig. 1a, to mimic fixed adsorbable organic matter in the nanoporous media. No gas molecules 
are to be set inside the CNT. The vacant space of simulation box in the x-axis is designed as the comparably large pore space with the 
length of 80 Å. The narrow space between the CNT and the up/bottom boundary along y-axis is to mimic the narrow pore throat between 
the nanotube and the mirrored nanotube in range of 6 to 60 Å. Molecules can be in the pore space and diffuse to other pores through the 
pore throat. Periodic boundaries are applied to all three axes of the simulation box, so particles can exit one end of the box and re-enter 
the other end (Rappe et al. 1992). According to this, a comprehensive porous media composed of pore-throat dual structures is formed in 
our simulation model as shown in Fig. 1b. The perspective view of simulation box is shown in Fig. 1c.

The space outside the CNT in the system can be classified into two regions—the “near-throat” region and the bulk region. The principle 
of classification is whether the molecule is directly affected by the nanotube in the system, which in simulation is decided by the global 
cutoff for molecular interactions. In this study, a distance of 14 Å is set as the global cutoff (Jones 1924).

The throat width can be regulated by the modification of the simulation box in the y-direction. There is thus no need to build a new 
nanotube model to conduct the simulation. Furthermore, even with the same unit cell structure, the change of nanotube diameters also 
affects the steric configuration of the nanotube unit structure, resulting in a different potential field. This deviation may give risk to the 
simulation results between case studies.

This introduced simulation model composed of pore-throat structures is closer to the real porous media than the traditional CNTs that 
molecules transport inside the tube of constant aperture, while no additional complexity is posed. The periodic boundary makes the MD 
more efficient to simulate porous media in a finite size, which saves a lot of computing capacity. The throat diameter can be simply regu-
lated by modifying the simulation box size, with a fixed nanotube all the way through. In addition, there is no limit diameter for the throat.

Molecule Models. For the intermolecular potential, Lennard-Jones (L-J) potential is selected to describe the molecular interactions in the 
MD simulation. The L-J potential can be expressed as,

	﻿‍
Elj = 4"

���

r

�12
�
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, r < rc,
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(1)
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where Elj is the L-J pair potential, ε is the depth of the potential well (or “dispersion energy”), σ is the distance at which the particle-
particle potential energy is zero (or “size of the particle”), r is the distance between two interacting particles, and rc is the global cutoff. 
Columbian force can be expressed as,

	﻿‍
Ec =

Cqiqj
˛r

, r < rc,‍�
(2)

where Ec is the Columbic force, C is an energy-conversion constant, qi and qj are the charges on the two atoms, and α is dielectric constant. 
Arithmetic mixing rules (‍�ij =

�
�i + �j

�
/2‍ and ‍"ij =

q�
"i + "j

�
‍) are applied for the intermolecular pair potential calculation.

Columbian force is not considered for the coarse-grained methane molecule model, because methane is the nonpolar atom with no 
partial positive or negative charges. For the full-atom molecule model, both L-J pair potential and Columbian force is introduced to the 
system. The following combining rules are used to determine the cross parameters (Singh et al. 2009):

	﻿‍
�ij =

1
2

�
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(3)
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(4)

	﻿‍ ˛ij =
�
˛i j̨

�1
2 .‍�

(5)

Based on the literature and MS software, all the data used in this study is shown in Table 1.
The global cutoff is set as 14 Å, which is much larger than the adsorption layer thickness. Atom pair potentials are acquired from the 

literature: The TraPPE model is applied for the coarse grained methane molecules (Jin and Firoozabadi 2015b), and helium model is 
obtained by a steepest descent optimization routine (Talu and Myers 2001). For the full-atom model molecules, the pair potentials are 
outputs from the MS software under the CVFF and CLAYFF force field: CVFF force field is prevalently used in the organic and inorganic 
hybrid system (Lifson et al. 1979), and CLAYFF force field shows good promise in a wide adaption for molecular simulations of solid-
liquid interfaces (Cygan et al. 2004). The applied molecule force field in this study has been verified by the literature, through accurately 
describing the physical phenomena of methane, water, and other substances (Kondori et al. 2019; Phan et al. 2012). All the L-J interac-
tions are truncated at 1.4 nm, molecules under this truncation radius cannot interact with their image molecules. The CNT is fixed, and 
methane molecules are simulated in the canonical ensemble [number/volume/temperature (NVT) ensemble], where a Nose-Hoover ther-
mostat is applied to control the temperature, and molecule motion is integrated by Verlet algorithm. In this ensemble, the simulation 
system can exchange energy with the heat bath to keep a fixed temperature, but the system total energy will change during the simulation 
process (Gibbs 1902).

Ensemble Setup. NVT ensemble is used to conduct the MD simulation in this study, for easy control and adjustment of the spatial 
structure of nanopores. With NVT ensemble, the pressure is calculated after certain molecules are inserted in fixed volume with fixed 
temperature.

To calculate the pressure, an imaginary wall is placed in the boundary of the x-direction, where methane molecules are all in the bulk 
phase. The hypothesis is that the methane colliding with the imaginary wall will be reflected at the same angle with the same velocity. 

Fig. 1—Simulation model configurations: (a)  top view of the simulation box, the orange zone indicates the molecules affected 
by the nanotube, and the blue zone indicates the molecules unaffected by the nanotube; (b) pore-throat dual structures porous 
media; and (c) the perspective view of MD simulation box.
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Under these conditions, the changes of momentum, which are impulses, are summarized for methane molecules passing through one 
direction in the x-axis to calculate the pressure (Blundell and Blundell 2010), as:

	﻿‍ P =
PN

n=1 2mv cos � ,‍� (6)

where P is the calculated system pressure, n is the methane molecule number, N is the total amount of methane molecules which pass 
through one direction boundary in the x-axis, m is the methane molecule weight, v is the methane velocity, and θ is the normal angle for 
the imaginary wall.

Every time we set a molecule number, the resulting pressure using NVT ensemble can be calculated. If the resulting pressure is higher 
(or lower) than the wanted pressure, we reduce (or increase) the number of molecules and conduct next try. Within a few iterations, we 
can find the N for the wanted P, so further sensitivity analysis case studies can be carried out.

Numerical Experiment Procedures. The simulation workflow can be divided into three steps. First, the methane molecules are inserted 
randomly into the simulation box outside the CNT and relaxed for 100 picoseconds (ps) to balance the system. Second, an extra 50-
ps simulation is conducted to quantify the system pressure. If the pressure is not acceptable (>1 MPa larger or smaller than the target 
pressure), the first step will be replayed with increased or reduced methane molecule numbers. After an acceptable pressure is achieved, 
the methane diffusion coefficient or molecule flux is measured in 1,000 ps.

To verify that the equilibrium has been reached after 100-ps relaxation, the system total energy and molecule number difference 
between the left and right sides are calculated. The result is shown in Fig. S-1 in the Supplementary Material, system total kinetic energy 
variation is less than 4% and the mean difference of methane molecule number is close to zero, indicating a good system equilibrium.

Data Acquirement. To count for the number of methane molecules flowing through the throat, an imaginary wall is placed in the center 
of the throat in the y-z direction. If the methane molecule flows through the imaginary wall in the x-direction, then the counted number of 
methane molecules passing through the wall is added or deducted by one. The timestep used in this simulation is 1 femtosecond. Using 
the counted number of methane molecules divided by area of imaginary wall and simulation time, the absolute molecule flux can be 
calculated.

As the throat is specifically conducting transport at the x-axis, we study the diffusion coefficient in the x-direction, where gas must pass 
through a sequence of throats and pore bodies to diffuse through porous media. There are mainly two methods to calculate the self-
diffusion coefficient, which are Einstein’s relation (Ma et al. 2017) and the Green-Kubo relation (Mouas et al. 2012). Einstein’s relation 
integrates the differentiation of MSD with respect to time. In the Green-Kubo relation, the diffusion property is calculated as an integral 
of the velocity autocorrelation function with respect to time. Considering the isotropic system simulated in this study, the simple Einstein’s 
relation is applied to calculate the self-diffusion coefficient (Miller 1924), shown as:

	﻿‍
˝
�x2

�
t
�˛
= 2Dxt,‍� (7)

where ‍
˝
�x2

�
t
�˛

‍ is the ensemble of mean squared displacement inthe x-direction during simulation time, Dx is the parallel self-diffusion in 
the x-direction, and t is the simulation time.

Self-Diffusion of Pure Methane
We first demonstrate the applicability of this model in studying pure methane self-diffusion. The coarse-grained method is prevalently 
used in MD simulations (Jacobson and Molinero 2010; Rudd and Broughton 1998), especially for the highly symmetrical structured 
methane (Sobolewski et al. 2009). Due to the relatively isotropic nature of methane molecules, the coarse-grained method is applied in 
this study to save computational resources.

Critical Throat Width. Methane self-diffusion in geometries of different throat widths is studied under the same condition (350 K, 
20 MPa). Fig. 2a shows the absolute molecular flux (total frequency of passing the throat over the throat area, regardless of its direction).

A critical throat width of 6.3 Å for fluid self-diffusion through the porous media is identified, below which no methane molecule trans-
ports through the throat. We note that it is larger than the diameter of methane molecules (4.14 Å), which indicates that whether a molecule 

Atom Pair ε/k (K) σ (Å) q (e) References

C(graphene) 74.571 3.6170487995 0 MS

CH4 148 3.73 0 Literature data*

C(CH4) 80.6173 3.474505 −0.4 MS

H(CH4) 19.14661 2.449971 0.1 MS

C(CO2) 74.571 3.617049 0.5748 MS

O(CO2) 114.8797 2.859785 −0.28774 MS

O(H2O) 78.30782 3.16552 −0.82 MS

H(H2O) 0 0 0.41 MS

He 10.9 2.64 0 Literature data†

*Jin and Firoozabadi (2015b).
†Talu and Myers (2001).

Table 1—Lennard-Jones (L-J) 12-6 potential parameters for adsorption 
in graphene.
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can pass through a throat is determined not only by molecular size. To better analyze this phenomenon, we calculate the potential energy 
between methane and graphene in the throat.

Fig. 2b shows a schematic diagram of the throat formed by two CNTs. The potential energy field overlaps together, which forms an 
energy barrier (or well) in the center of the throat (Fig. 2c). If the height of barrier or depth of the well is higher than the molecular kinetic 
energy, the molecules would be repelled from or trapped inside it, thus preventing the molecules flux through the throat. Only if the kinetic 
energy is higher than the potential barrier or well, might methane molecules have a chance to move through the throat. The kinetic energy 
(ke) of methane molecules can be estimated by ke = 3/2 × kT, where k is the Boltzmann constant and T is the system temperature. As 
shown in Fig. 2d, under the simulation conditions, the kinetic energy for methane molecule is about 4.5 kJ/mol, indicating a critical throat 
width of around 6.9 Å. The simulated critical throat width for methane to move through is comparable to the thermodynamic calculation 
results. It rationalizes our observation of this critical throat width to allow molecular flux.

In summary, a critical throat width exists in porous media, which is determined by the ratio of potential barrier over molecular kinetic 
energy, rather than by molecular diameter.

Self-Diffusion Coefficient. We calculate the evolution of MSD with time for methane molecules under different throat widths, pressures, 
and temperatures. To eliminate the deformation of spatial structure induced by the change of pore-throat relation, a steric configuration 

parameter θ is introduced as 
‍
� =

Lt
Lt + Ln ‍

, where Lt is the width of the throat and Ln is the length of nanotube diameter. The simulation 

results of MSD/θ at 350 K and 20 MPa are shown in Fig. 3a.
As is clearly shown in Fig. 3a, the evolution curves of methane molecule MSD for all throat widths well overlap at the beginning while 

hey deviate significantly when time is larger than 200 ps. We note that the moment of deviation is about (60 Å)2, which well corresponds 
to the size of the pore body. It indicates that the self-diffusion of methane in a single pore is captured in an earlier timestep. And in the late 
periods, the self-diffusion capacity of methane is characterized to transport through one pore unit and another (i.e., nanoporous media).

Specifically, the MSD when throat width of 6 Å (blue line) reaches the plateau is at about 200 ps. The height of this plateau is approx-
imately the maximum MSD inside a single pore, showing that molecules cannot pass through the throat, which echoes the zero molecular 
flux through throat at this throat width. For a throat wider than the critical width, an approximately proportional correlation between MSD 
and time is captured after 200 ps, which agrees with the Einstein equation. Larger throat size results in larger MSD. We can thus calculate 
the self-diffusion coefficient in the following simulation analysis using linear fitting of data after 200 ps.

Under the temperature of 350 K and pressure of 20 MPa, we calculate methane self-diffusion coefficients for throat width ranging from 
0 to 60 Å, as shown in Fig. 3b. With the increase of the width of the throat, the methane self-diffusion coefficient increases first with 
fluctuation and reaches a maximum when the throat width is approximately 18 Å and then becomes relatively stable. MSD data for all 
numerical experiments are shown in Figs. S-2 through S-4 and Tables S-1 through S-14 in the Supplementary Material.

We further quantify the self-diffusion coefficient of methane under pressures of 10, 30, and 50 MPa with different throat widths from 
6 to 60 Å at 350 K, as shown in Fig. 4a. The methane self-diffusion coefficients for high pressures (20, 30, and 50 MPa) share a similar 
trend. As the throat width increases, the methane self-diffusion coefficient increases relatively dramatically until reaching the peak at 
about 18 Å. Then, the methane self-diffusion coefficient tends to be constant after a small reduction. However, the maximum diffusion 
coefficient does not sit at 18 at 10 MPa, although a local peak value does sit there. In the Supplementary Material, we show our hypothesis 
that this peak at 18 Å for high pressure is highly correlated to the adsorption layers in Fig. S-5.

Fig. 2—Methane critical throat width analysis in the pore-throat structure model. (a) Methane  molecule flow through throat. 
(b) Schematic diagram of L-J potential energy. (c) Potential energy distribution in 6-Å throat. Red lines represent the right CNT, 
blue lines represent the left CNT, and gray line represents the mixed potential energy. (d) Potential barrier energy of the throat in 
different throat width.
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To investigate the effect of temperature, a lower temperature of 320 K and a higher temperature of 400 K are simulated under the 
pressure of 20 MPa. The results of methane self-diffusion are shown in Fig. 4b. Statistically, higher temperature correlates to larger meth-
ane self-diffusion coefficient.

Prediction of Methane Self-Diffusion Coefficient in the Pore-Throat Structure. For bulk gas, it has been discovered that self-diffusion 
coefficient is inversely proportional to the pressure and is proportional to 3/2 power to the temperature (i.e., D/P−1 is a constant at a fixed 
temperature and D/T3/2 is a constant at fixed pressure) (Blundell and Blundell 2010). We thus test whether these scaling arguments still 
work for methane self-diffusion.

Fig. 3—(a)Calculated MSD/θ vs. simulation time. (b) Revised methane self-diffusion coefficient under 350 K, 20 MPa.

Fig. 4—Methane self-diffusion coefficients under different throat width, pressure, and temperature: (a)  methane self-diffusion 
coefficient vs. throat width under different pressures; (b)  methane self-diffusion coefficient vs. throat width under different 
temperatures; (c) methane self-diffusion coefficients under different pressures overlap after being rescaled by P; and (d) methane 
self-diffusion coefficients under different temperatures overlap after being rescaled by T3/2.
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We plot D/P−1 vs. throat width for all data at 350 K as shown in Fig. 4c and plot D/T3/2 vs. throat width for all data at 20 MPa as shown 
in Fig. 4d. We find that these curves well overlap, although the diffusion is not for bulk fluid.

Data show that throat width significantly affects the value of D/P−1 and D/T3/2. It increases rapidly when throat width increases from 
the critical width to 20 Å. For throat width larger than 20 Å, D/P−1 and D/T3/2 do not change much with throat width anymore.

Accordingly, we propose a semianalytical model to predict gas self-diffusion coefficient that takes pressure, temperature, and throat 
width ino consideration, as

	﻿‍
D = a

T3/2

P
˚
1 � exp

�
b

�
w0 � w

���
,
‍�

(8)

where a is a parameter so that 
‍
a
T3/2

P ‍
 equals to self-diffusion coefficient in bulk, w is the throat width, and w0 (6.3 Å in this study as we 

measured) is the critical throat width to allow gas diffusion passing through. We note that only b is a fitting parameter. Fig. 5 shows that 
Eq. 8 fits the numerical simulation data well, where b is determined as 0.7. We thus provide a bridge to the knowledge gap of diffusion 
coefficient through nanoconfinement between 0 to 5 nm.

Fig. 5—Comparison between numerical simulation of methane self-diffusion coefficients in the pore-throat geometry at different 
pressures, temperatures, and throat widths.

Diffusion of Carbon Dioxide, Water, Helium, and Their Mixture with Methane
In this section, we extended the application beyond pure methane to methane mixtures with other components. The aim of this section is 
to show how this pore-throat geometry can well reproduce the uneven fluid distribution and how this uneven fluid distribution may change 
methane migration mechanisms.

Carbon dioxide and water are chosen for demonstration as they are the two most typical components that may emerge in a methane 
reservoir (Heller and Zoback 2014; Ross and Marc Bustin 2009). In addition, helium is also investigated due to its high economic value 
and its emergence in methane reservoir (Li et al. 2021).

Given the anisotropic nature of carbon dioxide and water molecules, full-atom models (rather than coarse-grained models) are applied 
in this section as introduced in Molecule Models. To verify the coincidence of full-atom model and coarse-grained model, the pure meth-
ane self-diffusion in the introduced pore-throat structure is simulated with the throat width of 10 Å and temperature of 350 K. Three 
hundred methane molecules are simulated in the simulation box; the system pressure is calculated as 16 and 14 MPa for the full-atom 
model and the coarse-grained model, respectively. The revised self-diffusion coefficient for the full-atom model is 1.2427×10−7 m2/s and 
for the coarse-grained model is 1.3591×10−7 m2/s. The difference is thus less than 10% between the full-atom model and the coarse-
grained model.

Critical Throat Width for Pure Carbon Dioxide, Water, and Helium. We first test the diffusion of pure carbon dioxide, water, and 
helium in the pore-throat model. Corresponding images are as shown in Figs. 6a through 6c. Different from methane that cannot pass 
through a throat narrower than 6.3 Å (verified with full-atom model as shown in Fig. S-6 in the Supplemental Material), carbon dioxide, 
water, and helium molecules can all pass through throats as narrow as 6 Å.

We note that molecule diameters of carbon dioxide and water are 3.5–5.1 and 4 Å, which are slightly larger than that of the methane, 
so their capability to pass through smaller throats than methane needs rationalization. We attribute the smaller critical throat width for 
carbon dioxide and water to their different configuration from methane’s. Methane has a relatively isotropic 3D configuration while car-
bon dioxide and water are highly anisotropic with 1D or 2D configuration. Therefore, by aligning with the throat direction, the potential 
energy barrier at the center of the throat can be significantly reduced, as shown in Fig. 6d.
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Methane Diffusion in Mixtures. We simulate the behaviors of methane-water mixture (Fig.  7a), methane-carbon dioxide mixture 
(Fig. 7b), and methane-helium mixture (Fig. 7c) in the nanopore-throat unit. In this demonstrative simulation, three mixtures are of the 
same molar ratio (the molar ratio between methane and carbon dioxide, water, or helium is 4:1), under the same reservoir conditions 
(350 K and 20 MPa), in a pore-throat geometry with throat width of 20 Å. Given the complexity of the mixture system, the relaxation 
time is extended to 500 ps. The simulation results of methane diffusion coefficients, their change compared to pure methane, and species 
ratio at different regions are shown in Table 2.

Methane Diffusion 
Coefficient (m2/s)

Methane Diffusion 
Coefficient Change Methane Ratio in Throat Methane Ratio in Pore

Methane-carbon 
dioxide mixture

1.11×10−7 −26% 2.8:1 7.8:1

Methane-water mixture 1.14×10−7 −24% 2.4:1 21.1:1

Methane-helium 
mixture

1.64×10−7 +9% 38.6:1 1.8:1

Table 2—Methane mixture simulation results.

Methane diffusion coefficients in these mixtures are calculated as 1.11×10−7 m2/s for carbon dioxide-methane mixture, 1.14×10−7 m2/s 
for in water-methane mixture, and 1.64×10−7 m2/s helium-methane mixture. As a reference, the pure methane self-diffusion coefficient at 
same condition is calculated by full-atom model as 1.50×10−7 m2/s. The results show that the existence of 20% carbon dioxide, water, and 
helium change the diffusion coefficient of methane by −26, −24, and +9%.

From the observation of molecular spatial distribution (Fig. 7), we attribute this change of diffusion coefficient to the preferential 
adsorption of specific component in throat. We calculate the molar ratio of the mixture in the throat region (green part) and in the bulk 
region (orange part), as shown in Fig. 7d. For methane-carbon dioxide mixture, the molar ratio between methane and carbon dioxide in 
the throat region is 2.8:1 and in the pore region is 7.8:1. For methane-water mixture, the molar ratio between methane and water in the 
throat region is 2.4:1 and in the pore region is 21:1. In both cases, the molar ratio of methane in the near-throat region is much lower than 
the average molar ratio and that in the bulk region is much higher than the average molar ratio. Specifically, the distribution of water 
shows clear capillary condensation behavior (Yamashita et al. 2017). This preferential adsorption of carbon dioxide and water provides 
additional obstacles for methane to diffuse through the throat. In contrast, for helium-methane mixture, the molar ratio between methane 
and helium in the throat region is 38.6:1 and in the pore region is 1.8:1, showing that methane is preferential to adsorb in the throat. The 

Fig. 6—Pure carbon dioxide, water, and helium simulation results. (a) Top view of pure carbon dioxide simulation box and the 
trajectory of one carbon dioxide molecule diffusing through the 6-Å throat in pure carbon dioxide system. Cyan and brown particles 
represent the carbon and oxygen of carbon dioxide. (b) Top view of pure water simulation box and the trajectory of one water 
molecule diffusing through the 6-Å throat in pure water system; purple and green particles represent the oxygen and hydrogen of 
water. (c) Top view of pure helium simulation box and the trajectory of one helium molecule diffusing through the 6-Å throat in pure 
helium system; gray particles represent the helium. (d) Energy barrier of the throat in different throat width.
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molar ratio of methane in the near-throat region is much higher than the average molar ratio, resulting in increased frequency to path 
through the throat and therefore higher diffusion coefficient.

We note that this preferential adsorption cannot be reproduced in traditional slit or capillarity models, due to the absence of converging-
diverging geometry. It thus highlights the advantage of our new pore-throat model in future MD investigations of transport phenomena in 
porous media.

Impact of Residual Water on Methane Diffusion. As shown in Fig. 7b and Table 2, water prefers to distribute at the throat when 
it coexists with methane. This is like the capillary condensation that prefers high specific-area region, which cannot be reproduced by 
traditional slit or capillarity models. We then look into how residual water content influences methane diffusion.

We simulate water-methane mixture under the condition of 350 K, 20 MPa, with the throat width of 20 Å. We vary the water molar 
fraction from 0 to 90%. Methane diffusion coefficients at different water contents are demonstrated in Fig. 8A. Not surprisingly, methane 
diffusion coefficient decreases with increased water content. From pure methane to 50% water, the methane diffusion coefficient reduces 
by approximately 60%.

Fig. 8—Methane diffusion coefficients in methane-water mixtures of different water molar fractions.

Although diffusion is suppressed by residual water in pore-throat geometry, the reduced diffusion coefficient is still at the same order 
of magnitude as pure methane. In contrast, the residual water completely blocks the hydrodynamic flow path. Any pressure-driven con-
vection needs to overcome the capillary pressure barrier to be initiated, which in this case is approximately ~107 Pa per pore, which is far 

Fig. 7—Top view of methane mixture simulation results: (a) carbon dioxide-methane mixture simulation in the 20-Å throat, where 
cyan and brown particles represent carbon and oxygen of carbon dioxide molecules, and yellow and blue particles indicate carbon 
and hydrogen of methane molecules; (b) water-methane mixture forms the condensed water phase in the 20-Å throat, where purple 
and green particles represent oxygen and hydrogen of water molecules, and yellow and blue particles represent carbon and 
hydrogen of methane molecules; (c) helium-methane mixture simulated in the 20- Å throat, where gray particles represent helium 
molecules, and yellow and blue particles represent carbon and hydrogen of methane molecules; and (d) schematic diagram of 
molar ratio distribution division of different regions.
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beyond realistic practice. As a consequence, the dominance of molecular diffusion over pressure-driven convection is largely enhanced 
when residual water exists.

Implications
1.	 Single-component simulations show that a geometric criterion exists for methene and other gas to mobilize in nanoporous media, 

which is determined by whether energy barrier dominates over molecular kinetic energy rather than by the size of molecules. It 
would help us to analyze the potential in-situ availability of methane in tight organic matters after resolving the geometry.

2.	 Preferential distribution on throat largely determines the diffusion of different components in mixture. In presence of other com-
ponents (water, carbon dioxide, etc.) that preferentially adsorb at throat, methane diffusion is suppressed. Therefore, a “relative 
diffusion coefficient” idea may be necessary as an analog to relative permeability concepts to depict multicomponent diffusion 
in nanoporous media. In carbon dioxide-based shale gas enhanced oil recovery practices (Ebrahim and Akkutlu 2014; Louk et al. 
2017; Xiang and Elsworth 2015; Xu et al. 2017), this reduction of methane mobility should be considered.

3.	 Another interesting implication is that methane can still be recoverable when connate water exists that forms liquid bridges, even if 
the liquid bridge disables pressure-driven flow. That is because connate water bridge at the throat still allows molecular diffusion, 
although the diffusion coefficient is mildly reduced. Thus, the emergence of connate water results in dominance of diffusion over 
convection in even larger pores, which makes the transport of methane still possible when pressure-driven flow is blocked.

Conclusion
A simple and representative pore-throat model is introduced in MD simulation to study gas diffusion in nanoporous media. It provides 
adjustable converging-diverging geometry that is a key feature to differentiate porous media from uniform geometric confinements while 
requiring no additional computational complexity than traditional slit or capillary models.

We first study pure methane self-diffusion in nanoporous media under subsurface conditions. A critical throat width about 6.3 Å is 
identified, below which methane molecules cannot diffuse through the throat. This critical size is theoretically rationalized by comparing 
energy barrier at the throat and molecular kinetic energy. We show that DP/T3/2 throat width curves for all investigated pressures and 
temperatures overlap well, which are highly sensitive to throat width when throat is narrower than 20 Å. We accordingly propose a semi-
analytical model to predict D as a function of T, P, and throat width.

We further generalize this model to carbon dioxide, water, and helium as well as their mixtures with methane. We show that the pres-
ence of carbon dioxide and water significantly weakens the diffusion of methane through the throat due to the preferential adsorption or 
capillary condensation of carbon dioxide and water at the throat that provides additional resistance to methane. In contrast, helium mildly 
enhances the diffusion of methane through the throat, as helium prefers to stay in the pore body and concentrates methane near the throat. 
The impact of water molar fraction on methane diffusion coefficient is further quantified. The discovery of spatially nonuniform molecule 
distribution between throat and pore body highlights the physical feasibility of our model in MD investigation of mass transport in 
nanoporous media.

We show the following implications that may be of significance for field applications:
•	 A geometric criterion of throat width exists for methane to mobilize in nanoporous media, which determines in-situ availability of 

shale gas.
•	 Methane diffusion is suppressed in the presence of other components that preferentially adsorb at the throat, which brings new ques-

tions for carbon dioxide-based shale gas enhanced oil recovery.
•	 Connate water may completely disable pressure-driven flow while still allowing molecular diffusion, which may rationalize the shale 

gas production at high water content where water blockage is expected.

Data Availability Statement
MD simulation model is built up through the visual MD (Humphrey et al. 1996), http://www.ks.uiuc.edu/Research/vmd, and MS 
7.0 software (BIOVIA, 2014), http://www.​nsccsz.​cn/​nsccsz2020/​index.​shtml. LAMMPS software is used to simulate the MD model 
(Thompson et al. 2022), https://www.lammps.org/. MD simulation figures are made with open visualization tool software (Stukowski 
2009), https://www.ovito.org/. MATLAB (R2020b) is used to analyze the simulation output data (MATLAB 2020), https://www.​
mathworks.com/. The data presented in this study are included in the Supplemenatary Materials. Detailed information about our MD 
simulation data for the figures are available online, Figshare, https://​doi.​org/​10.​6084/​m9.​figshare.​19753582. Translation available via 
browser plug-in.
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