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ABSTRACT: In a nuclear waste repository, the corrosion of metals
and the degradation of the organic material in the waste matrix can
generate significant amounts of gases. These gases should be able to
migrate through the multibarrier system to prevent a potential
pressure build-up that could lead to a loss of barrier integrity.
Smectite mineral particles form a tortuous pore network consisting
of larger interparticle pores and narrow interlayer pores between the
platelets of the smectite minerals. These pores are normally
saturated with water, so one of the most important mechanisms
for the transport of gases is diffusion. The diffusion of gases through
the interparticle porosity depends on the distribution of gas
molecules in the water-rich phase, their self-diffusion coefficients,
and the tortuosity of the pore space. Classical molecular dynamics
simulations were applied to study the mobility of gases (CO2, H2, CH4, He, and Ar) in Na-montmorillonite (Na-MMT) under
saturated conditions. The simulations were used to estimate the gas diffusion coefficient (D) in saturated Na-MMT as a function of
nanopore size and temperature. The temperature dependence of the diffusion coefficient was expressed by the Arrhenius equation
for the activation energy (Ea). The predicted D values of gases were found to be sensitive to the pore size as the D values gradually
increase with increasing pore size and asymptotically converge to the gas diffusion coefficient in bulk water. This behavior is also
observed in the self-diffusion coefficients of water in Na-MMT. In general, H2 and He exhibit higher D values than Ar, CO2, and
CH4. The predicted Ea values indicate that the confinement affects the activation energy. This effect is due to the structuring of the
water molecules near the clay surface, which is more pronounced in the first two layers of water near the surface and decreases
thereafter. Atomic density profiles and radial distribution functions obtained from the simulations show that the interaction of the
gas with the liquid and the clay surface influences mobility. The obtained diffusion coefficient for different gases and slit pore size
were parameterized with a single empirical relationship, which can be applied to macroscopic simulations of gas transport.

■ INTRODUCTION
Deep geological disposal of nuclear waste is considered
worldwide to be the most reliable and sustainable long-term
solution, which makes it possible to ensure the long-term safety
of people and the natural environment from possible radiotoxic
effects.1,2 The most advanced repository concepts are based on
the “multibarrier system”, where a combination of natural and
engineered barriers with specific functions is used together to
ensure integral repository safety.3,4

Significant amounts of gas may be generated in the
repository for spent fuel and high-level waste due to anaerobic
corrosion of carbon steel, radiolysis of water, and radioactive
decay in the waste.5−7 Similarly, chemical degradation of
organic waste materials in low- and intermediate-level waste
repositories and corrosion of metals can also produce large
amounts of gas, mainly H2, CO2, and CH4.

8 If these gases
cannot escape from the near field of the repository at a
sufficient rate, a local gas pressure build-up may compromise

the integrity of the barriers and the safety design of the
repository.9 Therefore, understanding the gas transport
mechanisms and processes is critical to assessing the
performance of the repository.
The increasing demand for energy over the years has led to

the demand of gas storage in geological reservoirs. For
example, the geological storage of CO2 gas has been
considered a sustainable option for sequestration of anthro-
pogenic CO2 emissions.

10−12 Over the years, H2 storage in
underground aquifers has been considered a viable solution for
renewable energy storage.13−15 These trapped gases have the
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potential to migrate into and through the water-saturated pore
space of the sealing geological medium (caprock), a
phenomenon called caprock leakage.16−18 Therefore, under-
standing gas transport through such systems is crucial for
quantifying the efficiency of the geological sealing medium.
Several European countries considered claystone formations

(argillaceous; Boom Clay, Callovo-Oxfordian Claystone,
Opalinus Clay, and Claystone Formation of Boda) as potential
host rocks for geological disposal. Furthermore, clayey
materials are foreseen to be used for engineered barriers in
most repository concepts currently under development.
Claystones are low-permeability materials consisting of a
stack of smectite and illite particles forming a polycrystalline
aggregate mixed with secondary phases (e.g., carbonate
cement, sulfates, etc.) and accessory minerals.19 These
minerals form a complex pore network consisting of larger
interparticle pores and narrow nanopores between platelets of
smectite minerals. Due to the small size of the pores, the
hydraulic conductivity of argillaceous rocks is very low, and
radionuclide transport is limited to the diffusive mechanism.
Gas transport through low-permeability rock formations is

governed by the hydraulic and mechanical properties of the
rock matrix as well as the gas pressure at the source and the
hydromechanical state of the rock.20 Phenomenological
considerations guided by the microstructural conceptualization
of the Opalinus Clay suggest that gas migration can be driven
by four different mechanisms depending on the gas
concentrations and pressure gradients: dissolved gas advection
and diffusion, visco-capillary flow of gas and water flow,
dilatancy-controlled gas flow, and gas transport in tensile
fractures.20 Other gas transport mechanisms that have been
studied over the years are capillary invasion, conduit opening,
and volume flow.18,21

During the repository construction phase, the host rock is
expected to be locally desaturated, and a temporary
resaturation period of the order of 103−104 years will be
required until the host rock becomes fully resaturated with
water. During the resaturation phase, the water content in the
host rock (degree of saturation), especially in clayey rock, is
one of the critical parameters controlling the transport of gas
and solutes. The temperature gradient can contribute to the
gas fluxes due to a phenomenon called thermodiffusion or the
Soret effect.22−24

It is evident that an assessment of the gas transport
mechanism in clay materials under saturated, partially
saturated, and desaturated conditions is necessary. It can be
anticipated that the larger pores become unsaturated first
either due to thermally induced storage effects or due to gas
production. Interlayer nanopores, on the other hand, remain
water-filled even at very low water potentials.25,26 Large gas-
saturated pores are therefore unconnected, and gas transport
under such conditions is dominated by molecular diffusion and
thus depends on the distribution of gas molecules in the water-
rich phase, their self-diffusion coefficients, and the tortuosity of
the pore space. This makes the diffusive mobility of gases in
the host rock one of the most important parameters controlling
gas discharge in disposal systems with engineered barriers.
Diffusion in Argillaceous Rocks. Three main approaches

are followed to obtain the mechanistic understanding of
diffusive transport of gases in argillaceous rocks. While some
have explored this topic experimentally, others follow
theoretical and numerical simulations for understanding gas
transport. Many experimental methods described in the

literature for determining the gas diffusion coefficients in
saturated porous media are often very complex or limited to
specific gases.27

Over the years, three different approaches have been used to
experimentally determine gas diffusion coefficients: outgassing
clay samples or boreholes, calculating the diffusion coefficient
based on the concentration profile as a natural tracer, and
performing laboratory experiments based on the single
diffusion or through diffusion technique.
The outgassing method involves measuring the concen-

tration of gas released from a clay sample stored in a vacuum
vessel or introduced into a borehole.28−30 The diffusion
coefficient is then derived from these measurements. Gomez-
Hernandez28 performed diffusion of He gas in an in situ in-
and out-diffusion experiment on Opalinus Clay in the Mont
Terri underground laboratory. However, there were some
uncertainties associated with the porosity used, which was
assumed to be influenced by the Excavation Damaged Zone
(EDZ) of the well. Vinsot et al.29 studied the degassing of
natural gases (CO2, light alkanes, He, N2) dissolved in pore
water into a borehole using two experiments conducted in
2004 and 2009 at the Mont Terri underground rock laboratory
(URL). The evolution of the gas content in the injection
interval was followed over many years and provided data for
calculating diffusion from the natural concentration of the
gases.29 Bensenouci et al.30 also applied this technique to
calculate the pore diffusion coefficient based on an He gas
concentration profile as a natural tracer obtained from
outgassing wells or samples of the Opalinus Clay.
Measurements of diffusion coefficients for naturally

occurring gases based on their concentration profile are
subject to large uncertainties.30−32 In addition, the method has
the disadvantage that it is only applicable to naturally occurring
gases in the clay, which limits the study to Ar, He, and CH4.

27

Uncertainties arise from the difficulty of handling the samples
to perform laboratory experiments in the initial state, where
the samples may outgas or absorb gas from the atmosphere.27

According to Mazurek et al.,32 outgassing of noble gases from
rock core samples requires more sophisticated equipment as
sampling, gas generation, and analysis are very demanding, and
the gases are also prone to leakage at different stages.
The in-diffusion or through-diffusion technique is a widely

used method for determining the diffusion coefficients of gases
in laboratory experiments.27,33−35 Kroos and Schaefer33

applied a through-diffusion apparatus by allowing gas to flow
from an upstream gas-filled reservoir and then observed the
composition of the gas downstream (the reservoir was initially
free of a diffusant) and calculated the diffusion coefficient using
the time-lag approach. Rebour et al.34 also performed a similar
experiment, but the upstream reservoir was filled with gas
dissolved in water. Numerous errors occurred in both
experiments, including the reduction of sample size to
compensate for gas and atmospheric pressures, the change in
porosity, and the influence of anisotropic effects.33,34 There-
fore, a more accurate apparent gas diffusion coefficient for
dissolved He and CH4 in Boom Clay was experimentally
determined by developing a double diffusion method.27 This
method was later extended by the double-through diffusion
method to measure the apparent diffusion coefficients of He
and Ar in Boom Clay, Opalinus Clay, and Callovo-Oxfordian
Clay.35 Unlike the classical through-diffusion test, the double-
through diffusion test consists of two dissolved gases (one in
each reservoir on each side of the sample) that can diffuse
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simultaneously but in opposite directions.27,35 The advantage
of this method is its versatility, which allows the measurement
of two gases in a single experiment.
Over the years, there have been a number of numerical

studies of gas transport in rocks.26,36−43 However, most of
these studies have focused on macroscopic models (partic-
ularly, the transport of oil and gas in shale rocks). Bourg and
Sposito44 have done extensive work on the diffusion of noble
gases in ambient liquid water using molecular dynamics (MD)
simulations as data on the diffusion coefficients of minor noble
gas isotopes were essentially unavailable.
MD simulations have been widely used to study solute, fluid,

and clay surface interactions.25,44−50 To date, however, few
MD simulations have been used specifically to study the
behavior of dissolved gases in hydrated clay systems. While a
significant portion of these studies has focused on the gas
dynamics and coordination, only a few studies have specifically
investigated the mobility and effect of different gas types in
hydrated clay systems.51−53 Gadikota et al.38 investigated the
adsorption of different gas types in clay interlayer nanopores.
Using their simulation, they also measured the diffusion
coefficient for gases in a 6 Å wide interlayer nanopore.
However, the influence of the nanopore size, gas type (size,
shape, and structure), and temperature on the mobility of gases
in water-saturated clays is not well known.
Recently, the ability of MD to predict the elemental and

isotopic kinetic fractionation of noble gases due to molecular
diffusion in geological fluids has been used to improve the
understanding of the transport mechanisms of gases in aqueous
phases.54,55 In the study of Hoang et al.54 they found that the
elemental fractionation of noble gases can be quantitatively
estimated by the square root relation for the main noble gases;
not only in water as previously shown in the literature, using
experiments and molecular simulations, but also in oil and gas.
In the study by Wanner and Hunkeler,55 MD simulations
showed that the mass of the diffusing species is the decisive
control factor for diffusion-induced isotopic fractionation and
not the molecular volume, as assumed in previous studies.
In this work, classical MD simulations have been applied to

gain a mechanistic understanding of the mobility of various
gases in smectite minerals, particularly Na-montmorillonite
(MMT), under fully saturated conditions. In particular, the
effects of temperature, pore size, gas type, and surface
interactions on gas mobility have been investigated. The
obtained data on the local pore-specific mobility of gases are
necessary to further investigate an upscaling approach on gas
mobility in polycrystalline rocks by multiscale numerical
simulations.

■ MODELS AND METHODS
Simulation Setup. The simulation setup consists of a

model clay structure in which the nanopore between the layers
is filled with water (Figure 1). The clay studied is a sodium
MMT with the structural formula Na0.5[Al3.5Mg0.5]-
Si8O20(OH)4. The system was set up according to a protocol
used by Churakov et al.25 The clay particle consists of parallel
stacks of TOT layers, which can be thought of as dioctahedral
sheets (O) occupied by Al and Mg and sandwiched between
two tetrahedral sheets (T) occupied by Si.25 Isomorphous
substitutions of Mg2+ with Al2+ in the octahedral sheets were
randomly distributed with the constraint that adjacent
substitutions were not allowed. Therefore, for the sake of
simplicity of the model, substitutions were considered only in
the octahedra sheet. These cation substitutions lead to a
permanent structural charge on the TOT layers, which is
compensated by Na+ occupying the macropore between the
TOT layers. In total, 24 isomorphous substitutions were
present in the system in each configuration to obtain a mean
basal surface charge density (about −0.1 cm −2) typical of
MMT.56 The interlayer nanopore of the clay was then filled
with 24 Na+ counterions to compensate for the negative
structural charge of the clay.
Two TOT layers of Na-MMT were aligned in the XY plane

of the supercell to obtain a nanopore. The initial dimensions of
the simulated supercell were 31.32 × 36.12 × 47.46 Å3. Several
system configurations with interlayer nanopore sizes ranging
from 1.0 to 2.6 nm (Figure 1) were set up to investigate the
effects of nanopore size on gas mobility. The interlayer
nanopore of each structure is then solvated with water,
resulting in systems with different hydration states. Finally,
some of the water molecules are replaced by gas molecules,
corresponding to a molar ratio of 0.01. In this work, five types
of gases (CO2, CH4, He, Ar, and H2) were studied by
individual simulations.
Simulation Details. The interatomic interactions were

described with the CLAYFF model57 for clay atoms, the SPC/
E water model,58 and the Smith-Dang model of Na+.59 Gas
molecules were described with the EPM2 model of CO2,

60 the
TKM-AA model of CH4,

61 the noble gas interaction
parameters of Bourg and Sposito for Ar and He,44 and the
spherical H2 model of Mondal and co-workers.

62 Several
models have been proposed for hydrogen.62−64 The simple
spherical H2 model used in this study has been shown to
predict well the diffusion coefficient of H2 in water.

38 Ning et
al.65 successfully used a combination of the TKM-AA potential
of CH4 and the TIP4P2005 of water to predict the lattice

Figure 1. Snapshots from MD simulation of Na-MMT at variable interlayer nanopore distances (Å). Oxygen atoms are red. Hydrogen atoms are
white. Silica atoms are yellow. Aluminum atoms are green. Magnesium atoms are black. Sodium atoms are blue. The carbon atom of methane is
pink, and hydrogen atoms of methane are light green.
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parameters of hydrates. Gadikota et al.38 accurately predicted
the diffusion coefficient of Ar, He, and CO2 using the noble gas
interaction parameters for Ar and He and the EPM2 model for
CO2, respectively. The chosen interatomic potentials (Table
S1) are suitable for accurate prediction of the structure and
dynamics of water and gases in bulk water38,50,64,66,67 and of
water in smectite interlayer nanopores at a standard temper-
ature and pressure.68,69 The total potential energy can be
written as

= + +E E E Etotal VDW Coul bond (1)

with

=E
r r

4 ij
ij

ij

ij

ij
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q q e
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i j
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2

0 (3)

where atoms i and j are rij apart and ϵij and σij are the Lennard-
Jones (LJ) energy and distance parameters, respectively.
Interatomic interactions between unequal atomic species
were predicted using the Lorentz−Berthelot combination
rules. qi is the charge of atom i, qj is the charge of atom j, e
is the elementary charge of an electron, and ϵ0 is the vacuum
permittivity. Ebond, the bonded interaction potential term, is
used only for the hydroxyl groups of the clay layer, which is
considered harmonic.
The simulations were carried out with the LAMMPS

package.70 For each system, energy minimization was
performed before the MD runs, followed by equilibration in
the NPzT ensemble (using the Noose−Hoover thermostat and
barostat for pressure coupling) for 1 ns to relax the clay layers
in the z-direction (normal to the surface) and produce a fully
saturated system in the nanopore region.71−73 The final
snapshot of the equilibrated configuration and average cell size
for each system was used for the production of 10 ns long
trajectories (with a time step of 1 fs) in the NVT ensemble at
temperatures of 300, 350, and 375 K using the Noose−Hoover
thermostat.71,72 Sampling accuracies were evaluated by
splitting each simulation trajectory into two 5 ns blocks and
treating each block as an independent replicate. The water
molecules were kept rigid using the SHAKE algorithm.74 The
clay atoms were kept fully flexible, while the CO2 and CH4
molecules were kept rigid using the rigid-body algorithm.75

Short-range interactions were calculated using the LJ and
short-range Coulomb potentials with a cutoff of 10 Å. The
long-range electrostatic interaction was calculated using the
particle−particle particle−mesh (PPPM) solver. The simu-
lation results were analyzed to determine the diffusion
coefficients, activation energies, radial distribution functions,
atomic density distribution, and immersion energies of gases
and water in the interlayer nanopore.
The diffusion coefficients D were derived from the slope of a

plot of the mean square displacement ⟨l2⟩ using the Einstein
relation

= =D
n

l
t

n
1

2
lim

d
d

( order of dimension)
t

2

(4)

The asymptotic long time limit in eq 4 was approximated by
calculating the slope ⟨l2⟩ versus t for the probe time scale τ =

100 ps, which is consistent with the convergence tests
performed by Bourg and Sposito (2010).69⟨l2⟩ was calculated
in all three dimensions in the bulk aqueous system (n = 3). In
the clay nanopore, only the x and y components of the
trajectory were used (n = 2), and they describe the two-
dimensional diffusion parallel to the interlayer nanopore.

Correction for System Size Dependence. The estimation of
the diffusion coefficient in MD simulations under periodic
boundary conditions is known to depend on the system size.76

This dependence was first analyzed for bulk water, followed by
simulations of dissolved gases in water, which were necessary
to check the force potential parameter value. This artifact can
be corrected with the relation of Yeh and Hummer76

= +D D
k T

L6PBC
B

(5)

where DPBC is the diffusion coefficient predicted using periodic
boundary conditions, D is the corrected diffusion coefficient in
the limit L → ∞, kB is the Boltzmann constant, ξ ≈ 2.837 is
the self-term for a cubic lattice at 298 K, and η is the viscosity
of the medium.

Activation Energy of Diffusion. From the D0 and D values,
we can evaluate the temperature dependence of diffusion by
predicting the activation energy of diffusion of gases using the
Arrhenius equation

=D D e E RT
0

/a (6)

where D is the gas diffusion coefficient (m2/s), Ea is the
activation energy, R is the gas constant (8.314 J K−1 mol−1), T
is the absolute temperature (K), and D0 is the pre-exponential
factor. Taking logarithm of the equation allows one to express
the activation energy as a linear function of reciprocal
temperature. A new equation without a pre-exponential term
reads

=D
D

E
R T T

ln
1 12

1

a

2 1

i
k
jjjjj

y
{
zzzzz (7)

Similar to the work of Holmboe and Bourg,68 we have a
corrected value for the activation energy of diffusion (Ea) with
the relation in eq 6 to account for the fact that our force field
models underestimate Ea in bulk water by a factor ΔEa

= +E E Ea a,MD a (8)

where Ea,MD is the uncorrected activation energy predicted by
the MD simulations. This correction was calculated for water
and all gases, and the corrections were applied to the activation
energy values obtained from the MD simulations of clay.

Stokes−Einstein Radius. The Stokes−Einstein radius (also
known as the hydrodynamic radius) of a solute is the radius of
a hard sphere diffusing at the same rate as the solute. It is
closely related to the mobility of the solute and takes into
account not only the size but also the effects of the solvent.
This parameter was used to establish a relationship between
the diffusion coefficients of gases from MD simulations and
experiments.

=D
k T

R60
B

s (9)

where D0 is the diffusion coefficient in bulk water, kB is the
Boltzmann constant, η is the viscosity of water, Rs is the
hydrodynamic radius, and T is the temperature.
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Model Assumptions and Uncertainties. As a compro-
mise between computational efficiency and statistical un-
certainty, the concentration of all gases in the simulations was
set to a dilution of 1%. This concentration is higher than the
typical gas solubility measured in bulk water under ambient
conditions.77 However, the recent study of Benazzouz et al.17

indicates that the solubility of methane and ethane increases
under confinement and become comparable with the
concentration used in this study. The molar ratio of 1% has
been widely used in previous MD simulations and provides a
good agreement with the experimental data.38,78 In fact, the gas
concentration in the simulations is low enough that the direct
interaction and collision between gas molecules is negligible.
Furthermore, no accumulation of gases was observed when
analyzing the trajectories, which means that the particles are
well dispersed in the water phase, and no gas-phase nuclei are
formed. This simulation setup thus provides a good estimate
for the diffusivity of gas molecules in natural systems.
The use of periodic boundary conditions is known to

influence the obtained diffusion coefficients in bulk simu-
lations.68,79 Simmonin et al.79 investigated the finite-size effects
of an LJ fluid under confinement and derived a hydrodynamic
correction due to the finite-size effects in the systems with a
periodic boundary. Holmboe and Bourg,68 on the other hand,
investigated the effects of finite size on the diffusion of water
and Na ions in Na-MMT and found that a finite size has no
effect on the diffusion of water and Na ions in Na-MMT,
unlike the bulk system. Accordingly, the finite-size corrections
were applied only to the diffusion coefficients in bulk and not
to the diffusion coefficients in Na-MMT.
For simplicity, only octahedral substitutions were considered

in this study. It should be noted however that in natural MMT,
Al can also substitute for Si in the tetrahedral sheet, albeit the
substitutions are predominant in the octahedral sheets. Gas
molecules are neutral and thus have weaker interaction with
structural substitution compared to the strongly polar solvent
molecules and ions. The influence of the surface charge on gas
diffusion can appear only indirectly due to the interaction of
the ions with the mineral surface. Liu et al.80 studied the
influence of the layer charge distribution on the thermody-
namic and microscopic properties of Cs-smectites. It was
found that the layer charge distribution has a significant
influence on the mobility of interlayer species and the
preference of ion-binding sites. In contrast, Ngouana and
Kalinichev81 studied the effects of differently distributed Al/Si
and Mg/Al substitutions in the tetrahedral and octahedral Cs-
MMT clay layers on the aqueous species mobility, swelling
behavior, and interlayer structure. They found that only minor
differences were observed between the Cs-MMT models
studied, except for a higher charge density of the clay layers
and/or interlayer cations. We expect that the effect for Na-
MMT used in this study is less pronounced since Na forms
outer-sphere complexes, and these have lower integration with
the surface compared to those of Cs, forming inner-sphere
complexes and thus tightly bind to the substitution sites.25,82

We argue therefore that the influence of the layer charge
distribution on the mobility of uncharged gas species in our
system is small.

■ RESULTS AND DISCUSSION
Diffusion in Bulk Liquid Water. In order to verify our

model parameters and thus accurately determine the influence
of clay particles on the diffusion coefficient and activation

energy of water and gases, we first examined the ability of our
MD simulations to reproduce the values of the self-diffusion
coefficient (D0) and activation energy (Ea) values of bulk water
and dissolved gas molecules. Figure 2 shows the DPBC of bulk
water as a function of inverse simulation cell size (L−1) for
systems with 512, 1331, 3375, and 6859 water molecules.

The dashed line illustrates the linear regression of the
plotted data for each temperature. A size-corrected D0 value
was obtained by extrapolating DPBC against L−1 values by linear
regression to 1/L = 0. Holmboe et al.68 applied a similar
method to MD simulations of water and compared the size
dependence of the D0 values from the extrapolated fit with that
obtained from the Green−Kubo method. They performed
separate simulations from the fitted data and obtained an SPC/
E viscosity (η) for each temperature by applying the Green−
Kubo relations to the autocorrelation function of the stress
tensor elements. It was concluded that eq 5 accurately predicts
the size dependence of D0 at 298 K but slightly overestimates
the temperature dependence of this size dependence.
In this simulation, a corrected D0 value of 2.92 ± 0.03 ×

10−9 m2/s was obtained for water under ambient conditions.
This value overestimates the D0 value from experiments83

(2.65 × 10−9 m2/s) by about 21%. This is consistent with the
study of Tsimpanogiannis et al.83 who performed a critical
review of the classical molecular studies of bulk water. In their
studies, they calculated the deviation of the relative self-
diffusion coefficient from the experimental value under
ambient conditions for different force fields. They calculated
that the deviation of the SPC/E water model is about 30%
from the experimental value.
It was also found that the resulting D0 values from the SPC/

E water model from this work underestimate the Ea values of
the bulk water by ΔEa = 4.9 kJ mol−1 (about 30% deviation),
as shown in Table 1. This is probably because most
interatomic potentials used in MD simulations have been
parameterized to describe the system of interest at a particular
temperature and sometimes perform poorly when applied at

Figure 2. DPBC values for bulk water as a function of inverse
simulation cell size (for simulations with 512, 1331, 3375, and 6859
molecules) at different temperatures. The size-corrected diffusion
coefficient D0 is determined by linear regression (black dashed line)
to 1/L = 0.
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very different temperatures because of the temperature
dependence of viscosity. To determine if this effect is solely
due to the SPC/E model underestimating the temperature
dependence of viscosity (η), the calculated η values from the
MD simulation were compared to the experimental values. The
results show a less significant deviation of the simulated η
values from those of the experiment (at least at temperature >
350 K), as shown in Figure 3. Therefore, viscosity alone cannot
fully account for the deviation between experimentally
measured and predicted Ea values.

The studies by Yeh and Hummer,76 Holmboe and Bourg,68

and Medina et al.84 show that the viscosity of the SPC/E water
model is insensitive to the size of the simulation cell. However,
the difference in Ea could be due to the fact that the water
density of SPC/E from MD simulations was not equated with
the experimentally measured bulk density of water. The density
of the SPC/E water was then compared to the experimental
density, and it can be seen from Figure 3 that the SPC/E water
model in our simulations underestimates the density of water
by 0.82−5.8% (with increasing temperature). The observed
underestimation of the density could explain the corresponding
underestimation of the activation energy for diffusion.
The predicted diffusion coefficients and activation energy of

diffusion of gases in bulk water are shown in Figure 4 and
Table 1. The results are in general agreement with the
experimental data.78,87 An average deviation of about 26% is
observed and could be related to the inability of the SPC/E-gas
model to accurately predict the experimental value of the

diffusion coefficient. For example, Moultos et al.88 have done
extensive work on the diffusivity of CO2 gas by combining
different CO2 and H2O force field models. In their work, they
have observed a D0 value of 2.7 ± 0.5 × 10−9 m2/s for CO2 in
the SPC/E-EPM2 model at 1 bar and 298.15 K. This is in
agreement with the experimental value of the diffusion
coefficient. This agrees with the value predicted in this work
(2.64 ± 0.30 × 10−9 m2/s at 1 bar and 300 K). They
concluded from their work that the combination of the TIP4P/
2005 H2O model with the EPM2 CO2 model (approximately
2% deviation) accurately predicts the experimental diffusion
coefficient of CO2 in bulk water. In this study, the rigid SPC/E
water model for H2O was chosen because it is able to
reproduce the D value of bulk water, the vapor−liquid
equilibrium, and the swelling behavior of clays.69,89−92

As expected, the D0 values increase with increasing
temperature (Table 1). The directly proportional relationship
between the diffusion coefficient and temperature is a well-
known concept from both theoretical and experimental
understanding of diffusion.93−95 Furthermore, the D0 values
were fitted to the Stokes−Einstein relation (eq 9). Figure 4
shows that D0 generally decreases as the size (hydrodynamic
radius) of the gas molecule increases, and it asymptotically
reaches 0. It can also be seen that MD deviates slightly from
the experiment, which represents the overestimation of the
MD simulation compared to the experiment. Similar to water,
the Ea values for gases are also underestimated with an average
deviation of about 30%. A correction value is calculated

Table 1. MD Simulation Predictions of the Self-Diffusion Coefficients D (10−9 m2/s) and Activation Energy of Diffusion
Values for Dissolved Gas in Bulk Water

T [K] He H2 CO2 Ar CH4 H2O

300 8.52 ± 0.53 6.35 ± 0.26 2.64 ± 0.06 2.86 ± 0.10 2.61 ± 0.08 2.95 ± 0.01
350 16.11 ± 0.7 11.05 ± 0.78 5.11 ± 0.11 6.32 ± 0.31 5.59 ± 0.15 6.41 ± 0.05
375 20.79 ± 1.28 13.61 ± 0.44 6.57 ± 0.21 8.95 ± 0.34 6.96 ± 0.23 8.44 ± 0.11
Ea,MD [kJ mol−1] 11.13 ± 0.00 9.54 ± 0.00 11.41 ± 0.00 14.16 ± 0.00 12.44 ± 0.04 11.58 ± 0.12
Ea,EXP [kJ mol−1] 11.70a 16.06a 19.51a 19.81a 18.36a 16.50a

aBoudreau (1997),87 Jaḧne et al. (1987),78 and Tsimpanogiannis et al. (2019).83

Figure 3. Comparison of the density of the SPC/E water model from
this study (green markers) and the experimental water density (red
line).85 The right-hand axis indicates our simulated (black markers)
and the experimental (blue line) shear viscosities.86 Red and yellow
circles represent shear viscosities predicted by other MD studies.68,84

Figure 4. Self-diffusion coefficients of gas solutes in bulk water as a
function of solute hydrodynamic radius from MD predictions from
our results and other results obtained from experiments and
previously reported MD predictions.38,78
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according to eq 8 which is added to the Ea values from the
MD-simulated gases in clay.
Pore Size Effect on Diffusion of Gases. To investigate

the dependence of the mobility of gases in Na-MMT interlayer
nanopores on the pore size and temperature, a series of
simulations were performed for five gases (He, H2, CO2, Ar,
and CH4) at seven different nanopore sizes (with an average
increase in basal distance of about 0.265 nm). Simulations
were performed at temperatures of 300, 350, and 375 K. Table
S2 in the Supporting Information shows all simulation results
representing the diffusion coefficient of gases as a function of
nanopore size and temperature. In the results, an increase in
the D value of gases with increasing temperature is observed in
the clay nanopore. This is similar to the behavior observed in
the bulk simulations, experimental studies, and theoretical
studies. However, for different pore sizes, the D value of the
gases increases at different rates. For example, when the
temperature increases from 300 to 350 K, the D value for He
gas increases from 2.59 × 10−9 to 5.18 × 10−9 m2/s for a pore
size of 1.0 nm, an increase of about 2 times, while it is only
about 1.5 times higher for a pore size of 2.6 nm.
It is also observed that the self-diffusion coefficient of He at

a pore size of 1.0 nm, for example, is 2.59 ± 0.14 × 10−9 m2/s
at 300 K. However, when the pore size is increased to 2.6 nm
at the same temperature, an approximately threefold increase
in diffusivity is observed with a resultant value of 7.46 ± 0.67 ×
10−9 m2/s at 300 K. A similar increase is observed in all other
gas simulations with an average factor of about 2.5 times. It can
be concluded that the diffusion coefficient of gases confined in
Na-MMT increases with increasing pore size and shows
different rates at different temperature−pore size pairs. This
relationship is also supported by other previous studies.96−98

For example, Wang et al.96 reported in their MD simulation
that the self-diffusion of CH4 in Ca-MMT increases with
increasing interlayer pore size in the range of 1.8−50 nm.
Experimental diffusion methods used by Yuan et al.97 on a
shale rock also show that gas diffusion is higher in micrometer-
sized pores than in nanometer-sized pores. Furthermore, Kim
et al.98 concluded in their experimental studies that the
Knudsen diffusion coefficient of gas increases with increasing
pore radius. Wang et al.99,100 sufficiently characterized the
pressure-driven flow behavior of hydrocarbons and carbon
dioxide in shale nanopores by the slip-corrected Poiseuille
equation and derived that the slip length depends exponen-
tially on the pore size.
A power curve given by eq 10 was fitted to the MD

simulation results to model the behavior of the diffusion
coefficient of gas as a function of pore size

=D D
k
h

D0,f
c

0,f (10)

where h is the pore width (expressed as the pore diameter in
nanometer) of the clay, D0,f is the diffusion coefficient in bulk
water from the fit, and kc is a fitting parameter relating to the
clay surface. Df,0 and kc values from the fit are listed in Table 2.
Figure 5 shows the results for the diffusion of gases in Na-

MMT at temperatures of 300, 350, and 375 K fitted with eq
10. The D0,f values obtained from the fitting agree with the D0
values measured in the bulk MD simulations. kc values range
from 0.67 to 0.76 nm with an average of 0.71 nm. A similar
trend in diffusion behavior with respect to the pore size is
observed for all gases, with the D value increasing with
increasing pore size. It is also observed that for the same pore

size, the size of the gas affects the diffusion coefficient in a
similar way to that observed in the bulk simulations. For
example, it can be observed that He gas with the smallest size
is the fastest (black curve in Figure 5) and CH4 gas with the
largest size is the slowest (orange curve in Figure 5).
Gadikota et al.38 studied the hydrophobic solvation of gases

(CO2, CH4, H2, and noble gases) in interlayer clay nanopores.
In their simulation, the predicted diffusion coefficient of the
studied gases under ambient conditions is about 1.5 times
larger than the values obtained in this work for a 2W hydrated
layer system. This difference can be attributed to the charge of
the clay layer used in their studies and also to the fact that their
clay layer was simulated as a rigid body. In this work, the clay
layer was simulated as a fully flexible body. Nevertheless, the D
value for CH4 from the MD simulation of Hu et al. (2021)
(0.43 × 10−9 m2/s) is close to the value determined in this
work (0.66 × 10−9 m2/s) for a 2 W hydrated layer system. In
the study by Myshakin et al.,101 they give simulation values for
the diffusion of CO2 in hydrated Na-MMT. They obtained a D
value of 0.82 ± 0.05 × 10−9 m2/s, which agrees with the value
obtained in this work (0.58 ± 0.10 × 10−9 m2/s) for a 2 W
hydrated layer at 300 K and 1 bar. The slightly lower value can
be attributed to the different concentration of CO2 in the
hydrated nanopore in the two studies (a molar ratio of 0.2 in
their work and 0.01 in this study). From their work, they
deduced that the diffusion coefficient for CO2 increases with
increasing concentration due to the associated expansion of the
interlayer nanopore.
To investigate the influence of the clay layer on the diffusion

of the interlayer species, the diffusion coefficients of the gas in
the clay layer nanopore were normalized by the diffusion
coefficient of the gas in the bulk water (D0) predicted by our
MD simulation. The normalized values could then be fitted to
the function in eq 11 by a simple rearrangement of eq 10.

=D
D

k
h

1
0

c

(11)

The curve in Figure 6 shows an average value for all
temperatures and follows the conclusion of Wang et al.99 that
the ratio at different temperatures almost converges to a single
curve as a function of pore spacing, indicating an empirical
correlation. Due to the limited transport space, diffusion of
entrapped species through the clay layers is hindered.
Therefore, the diffusion coefficients of gases are lower under
confinement than in the bulk. As the size of the nanopores
increases, D of the gases shows a monotonically increasing
trend and asymptotically approaches the value of the bulk.
However, this behavior is different for all gases so that H2
approaches the bulk value faster than, for example, CH4. This
shows that the effect of confinement is different for different
gases. One could argue that this difference could be due to the

Table 2. D0,f and kc Fitting Parameters from the Fit of the
MD Simulation Using eq 8

T [K] He H2 CO2 Ar CH4
300 9.85 7.02 2.58 2.91 2.22

D0,f 350 15.86 12.58 5.05 64.44 4.57
375 18.82 15.14 6.25 6.81 8.80
300 0.67 0.69 0.74 0.71 0.71

kc 350 0.68 0.73 0.76 0.71 0.71
375 0.67 0.71 0.75 0.70 0.70
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nature of the interactions between the gas, liquid, and clay
layer. This will be further investigated in the next sections.
From the fit, we could derive a more robust equation

relating the diffusion coefficient to the pore size for all types of
gases by inculcating macroscopic variables. To achieve this, eq
11 was further expanded by applying the Bourg and Sposito69

formulation which connects molecular-scale diffusion to the
continuum scale (eq 12). With this formulation, we were able
to calculate the apparent diffusion coefficient of gases in the
clay medium for variable pore sizes as described by eq 13.

=D
q

G
Da

nano
0 (12)

=D
D
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k
jjjjj
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zzzzz (13)

where Da is the apparent diffusion coefficient of gas, D0 is the
diffusion coefficient of gas in bulk water, qnano is the relative
diffusion coefficient (D/D0) from the MD simulation, G is the
geometric factor, and hav is the average pore width.

In most diffusion experiments, a single effective or pore
diffusion coefficient is given, which is an average sum over all
pore sizes. These simple formulations, such as eq 11 and eq 13,
are useful for testing theories and explaining experimental
results by providing a microscopic view. In addition, they
provide a basis for easy incorporation into an upscaling
framework, such as lattice Boltzmann, which can be advanta-
geous in linking nanoscale simulations with macroscale
measurements.
Comparison of MD Simulations with Experimental

Investigations. In general, direct experimental measurement
of gas diffusion coefficients in clay nanopores is not possible.38

Therefore, a direct one-to-one mapping of simulation to
experimental data is not easily achieved. The reason is that the
experimental measurements are performed at a macro scale,
where all the complex geometries of the clay matrix such as the
heterogeneity, pore network, pore distribution, and tortuosity
are taken into account. Therefore, observing the relative trends
in the experimental and theoretical data is more appropriate for
validating the simulation. Nevertheless, it is possible to

Figure 5. Diffusion coefficient of gases in saturated Na-MMT as a function of pore size fitted with eq 10 at temperatures (a) 300, (b) 350, and (c)
375 K.
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compare the simulation results for the bulk fluid. A cross-
comparison of simulations and experimental data as a function
of macroscopic parameters such as temperature and porosity
could also be performed.
In order to compare our simulations with the experimental

results, eq 13 was used to calculate the apparent diffusion
coefficients (Da). The Da obtained from the formulation is then
compared to the Da measured directly from the double-
through diffusion experiment of Jacops et al.35 They calculated
geometric factors for gases in Boom clays. They also reduced
the pore size distribution to a single pore size (Rpore) calculated
by fitting their data to a single pore size hydraulic conductivity
model obtained from hydraulic conductivity experiments.
Using the geometric factors and pore sizes from their
experiments as input parameters for eq 13, we can reproduce
the apparent diffusion coefficients measured directly from the
experiments.
Figure 7 shows a plot of the apparent diffusion coefficients

obtained from experiments with gases in three different types
of Boom clays having varying porosities and pore size
distributions. It also shows a plot of apparent diffusion
coefficients calculated using eq 13 and fitted as a function of
hydrodynamic radius. It can be seen from the plots that the
values obtained from experiments agree with those obtained
from eq 13.35 Although Jacops et al.35 had some challenges in
their measurements, the plots shows that with accurate values
for the geometric factor and dominant pore size, it is possible
to reproduce the experimental results of the apparent diffusion
coefficient for clays with eq 13.
Pore Size and Water−Gas Mixture Effects on the

Diffusion of Water. To investigate the degree of influence of
the clay layer on the self-diffusion of water in the water−gas
mixture, the diffusion coefficients of water in the clay layer
nanopore were normalized by the diffusion coefficient of water
(D0) in the bulk water predicted by our MD simulation
procedure.
Figure 8 shows a plot of the D/D0 values of water in Na-

MMT nanopores as a function of pore size, calculated for each
hydration state of the water−gas mixture and averaged over all
temperatures (fitted with eq 11). It can be observed that

confinement has a significant effect on the diffusion of water in
the Na-MMT nanopores, with an increase in pore size leading
to a corresponding increase in D values. This behavior is
similar to that observed in previous studies for water and ion
diffusion from MD simulations.68,81,83,102,103 Holmboe and
Bourg68 investigated the diffusion of water through MD
simulations in Na-MMT nanopores and found that confine-
ment significantly affects the diffusion of bulk water by a
reduction factor of about 20−90% at different pore sizes. In the
study of Bota̧n et al.,102 the D value of diffusion of SPC/E
water in Na-MMT pores is reduced by about 70% compared to
the bulk value due to the higher density and surface effects
near the clay walls. Other types of clays have also been studied
for their confining effect on water dynamics: Zhou et al.104

showed that the self-diffusion coefficient of water in MMT is
higher than that of water in an Mg-rich clay. Ngouana and
Kalinichev81 studied the structure and dynamics of hydrated
Cs-MMT and found that the mobility of Cs ions and H2O
diffusion coefficients increased with increasing water content
and distance from the clay surface. They observed the typical
structuring of water molecules due to their increased
concentration at the surface of the clay layer with increasing
water content, indicating the hydrophilic nature of water at the
clay surface. Wang et al.103 applied MD simulations to study
the properties of interfacial water on surfaces of brucite,
gibbsite, hydrotalcite, and so forth. They found that the
differences in structural charge on the octahedral layer, the
cation occupancies and distributions, and the orientations of
the OH groups affect the surface water structure. From the
atomic density profiles, they were able to determine that the
structural properties of water at the surface of talc and
muscovite are different. Water exhibits a hydrophobic property
at the talc surface and hydrophilic properties at the muscovite
surface.103 The smectite interactions in this study show high
hydrophilicity. This could be observed from the high-density
water structure at the surface of Na-MMT (see Figure 9). This
is consistent with a comprehensive study by Szczerba et al.105

They applied MD simulations to quantify the hydrophobicity
and hydrophilicity of charged smectite-siloxane surfaces. They
found that the hydrophobicity and hydrophilicity of smectite
surfaces depend on the consideration of counterions in the
integral part of the surface. They concluded that a smectite
surface without counterions is hydrophobic or moderately
hydrophilic. However, when counterions are included, the
surface is strongly hydrophilic.105

In the work of Tsimpanogiannis et al.,83 they evaluated the
self-diffusion of confined water for a variety of confining
systems representing materials that differ in the chemical
nature, shape, size, and surface charge distribution. These
features significantly affect the structural and transport
properties of the confined fluid near the interface. They
observed differences in the confining effects of carbon
compounds, minerals, biomolecules, and other confining
media. From this, they concluded that the type of the
confining material plays an important role in affecting water
diffusion.83 At mineral surfaces in particular, the presence of
water leads to interactions between water and the surface.
Thus, water with hydrophilic mineral surfaces can form
hydrogen bonds at the interface, which can divide water in
the pore into so-called water layers and thus cause a reduction
in diffusion.106

Our results show that confinement affects the self-diffusion
coefficient of water by 30−90% compared to the bulk value.

Figure 6. Fit showing the relative diffusion coefficient of gases (D/
D0) in clay nanopores as a function of pore size. The marker dots
represent averaged D/D0 for temperatures of 300, 350, and 375 K.
The lines represent the fit of D/D0 with eq 11.
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Interestingly, we found that the diffusion of water in the
nanopore is slightly affected by the type of gas present in the
mixture. It could be argued that these differences could be due
to the nature of the interactions between the gas, water, and
clay layer. This will be further explored in later sections.
Activation Energy of Diffusion. To determine the

temperature dependence of gases and water in Na-MMT,
Arrhenius plots of diffusion coefficients were constructed and
fitted with a least squares regression line. In this way, the
activation energy (Ea) of the diffusion of water (in the water−
gas mixture) and of gases could be determined. Corrected Ea
values of 8.8, 15.7, 19.0, 16.6, 18.3, and 18.54 were obtained
for He, H2, CO2, Ar, CH4, and water, respectively.
In general, our results show that the Ea values for water are

influenced slightly by the confinement. This effect is due to the
structuring of the water molecules near the clay surface, which
is more pronounced in the first two layers of water near the
surface and decreases thereafter. The average activation energy
for water in Na-MMT is about 18.54 ± 0.31 kJ/mol. This
agrees with values obtained by experiments for pure water in

clay.107,108 Van Loon et al.107 investigated the activation energy
of water in opalinus clay by diffusion and neutron spectroscopy
experiments and obtained a value of 22 kJ/mol. Sańchez et
al.108 performed macroscopic and microscopic diffusion
experiments on different types of clay materials. In particular,
for Na-MMT, they obtained values of 20.78 and 11.57 kJ/mol
for macro- and micro-experiments, respectively.108

On average, the Ea values of water in the confined state are
about 11% higher than in the bulk, which is consistent with
experimental observations.107,108 This increase in Ea values is
due to the fact that the interaction of water molecules with
their neighbors in bulk water is largely based on hydrogen
bonds. Therefore, when the environment of a water molecule
changes, for example, water in Na-MMT, the interactions of
the molecule with the clay surface can greatly increase the Ea
value from that of the bulk.
Similarly for water, confinement has a slight influence on the

Ea values of gases. As far as we know, the activation energy of
dissolved gases in saturated clay nanopores has not yet been
studied. From our results, the monoatomic gases (He and Ar)

Figure 7. Apparent diffusion coefficients obtained from experiments of gases in three different Boom clays with varying pore size distributions and
porosities, as well as apparent diffusion coefficients calculated with eq 13 fitted as a function of hydrodynamic radius.
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in the Na-MMT confinement have Ea values deviating about
20% below that of the bulk water, while the polyatomic gases
and H2 in the Na-MMT confinement have Ea values deviating
about 3% below that of the bulk water. One could argue that
He and Ar are spherically symmetric, nonpolar gases, so we do
not expect strong interactions with the clay surface. However,
the water itself in the water−gas mixture interacts with the clay
surface, changing the dynamics of the water so that the
monoatomic gases can move more freely from one water cage
to another than is the case in the bulk. In the case of
polyatomic gases, a much stronger interaction with the clay
surface and water is possible; therefore, gases are not able to
move freely as compared to the monoatomic gases. Never-
theless, the Ea for gases in clay can be taken as that of the Ea
obtained in the bulk water.
Structure of Gas−Aqueous Fluids in the Clay

Interlayer. To further investigate the structure of the
intercalated gas−water mixture, atomic density profiles and
radial pair correlation calculations were performed. Atomic
density profiles for pore sizes of 1.0 and 2.1 nm are presented
in this section. The rest of the profiles are shown in Figures
S1−S7 in the Supporting Information.

Atomic Density Profiles. The average density profile of the
gases in the interlayer region along the vertical axis is shown in
Figure 9. Regions 1 and 2 show the regions of inner- and outer-
spheres defined by Vasconcelos et al.109 at a distance from the
siloxane surface, respectively. The water molecules in region 1
on both surfaces form hydrogen bonds with oxygen atoms on
both surfaces and are therefore strongly oriented. The shoulder
peaks of Hw (hydrogen of water) at about 15.0 and 9.8 Å
(pore sizes of 1.0 and 2.1 nm, respectively) on the z-axis
indicate the orientation of the Hw molecules on the siloxane
surface. The presence of the surface strongly influences the
distribution of the water molecules up to a distance of about 5
Å from the clay surface. From this point on, the water
molecules are distributed rather randomly as is to be expected
in the bulk and as can be seen from the almost flat central area
of the profile in Figure 9b. This is not the same for a pore size
of 1.0 nm as molecules tend to be distributed only at the
surface of the clay. Although the negatively charged clay

surface attracts the Na+ ions, as can be seen from the two peaks
near the surface, Na+ tends to form outer-sphere complexes
due to its hydrophilic nature and the orientation of the water
molecules.
In all seven cases where the pore size varies between 1.0 and

2.6 nm, gases have two distinct peaks near the two clay
surfaces, indicating that gases have a fairly strong affinity for
the clay surface. He and H2 have a broader peak whose tails
extend more closer to the siloxane surface than the other gases
(see Figure 9). This is probably due to the small size of the gas
molecules. It appears that He and H2 have a large mobility
parallel to the clay surface. Ar, CO2, and CH4, on the other
hand, have peaks with tails within the high-density water
region due to their large size.

Radial Distribution Functions. The radial distribution
function (RDF) values are shown in Table 3 and the curves
are shown in full in the Supporting Information (Figures
S8−S10). It can be observed that the peak distances vary with
the molecular size (see Table S3). To fully understand the
interaction strength of the gas−liquid and gas−surface

Figure 8. Relative diffusion coefficient (D/D0) of water in a water−
gas mixture in clay nanopores as a function of pore size. The marker
dots represent D/D0 for temperatures of 300, 350, and 375 K,
respectively. The lines represent the fit of D/D0 with eq 11.

Figure 9. Density profiles of gases, water, and Na+ ions at a pore size
of (a) 1.0 and (b) 2.1 nm. The values of Ow and Hw are scaled down
to 5% for better visualization.

Table 3. Coordination Numbers of Water and Clay Oxygen
Around Gases at a Pore Size of 2.1 nm

NtO
a (Ow, Ob) rmax

b rmin
c

He 13.8 (11.8, 2.0) 3.00 4.42
H2 16.8 (14.3, 2.5) 3.23 4.65
Ar 17.3 (14.3, 3.0) 3.52 4.80
CO2 19.7 (15.0, 4.7) 3.82 5.10
CH4 20.2 (15.3, 3.7) 3.67 4.96

aNtO is the total coordination number of oxygen around gases.
brmax is

the maximum peak distance of the first coordination shell. crmin is the
minimum peak distance of the first coordination shell.
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structures, we calculated the average coordination number of
oxygen atoms around a gas particle.
Table 3 shows the coordination numbers of Ow and Ob

around gases at a pore size of 2.1 nm. The total number of
oxygen atoms surrounding the gases was calculated as NtO,
which is the sum of the coordination numbers of the oxygen of
the water and the oxygen of the siloxane surface. The values
are in agreement with the results reported in previous
studies.38,110−112 As for the gas−oxygen (water) coordination
number, our results are in agreement with the values obtained
by neutron diffraction (CH4, 19 ± 2;111 Ar, 16 ± 2112). The
results show that the least coordinated gas has the highest
mobility and vice versa. It can be concluded that as the
interaction with water and the clay surface increases, the
mobility of the gases decreases.

■ CONCLUSIONS
Pore scale diffusivity of gases and its dependency on the pore
size are of fundamental interest for gas transport modeling.
These properties are not readily accessible experimentally. MD
simulations provide an effective tool to study these
physicochemical properties of confined systems. In this
study, the influence of the pore size, temperature, and gas
type on MD simulation predictions for the diffusion of He, Ar,
H2, CO2, CH4, and water in Na-MMT nanopores was
determined. The simulations provide information for the
diffusion coefficient (D) and activation energy (Ea) values of
gases and water in saturated Na-MMT nanopores which allow
us to reveal a generic relationship with respect to fundamental
molecular parameters of these species. The D and Ea values
obtained in our study are largely in agreement with
experimental data. The predictions from this study show that
gas diffusion is influenced by the mineralogy of the
confinement, the size of the clay nanopore, and the
hydrodynamic radius of the gas. An equation linking these
parameters was derived, which will be a very useful tool for
macro-scale numerical modeling and laboratory experiments.
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where Da is the apparent diffusion coefficient of the gas, D0 is
the diffusion coefficient of the gas in the bulk water, qnano is the
relative diffusion coefficient (D/D0) from the MD simulation,
G is the geometric factor, and hav is the average pore width.
In the absence of experimental data for the diffusion of gases

in clay nanopores, a comparison of the simulation results with
macroscopic apparent diffusion coefficients from experiments
was performed. For this purpose, macroscopic parameters of
clay from experiments were substituted into our equation, and
the curve and experimental data were fitted as a function of
hydrodynamic radius of the gases. The curve is in reasonable
agreement with the apparent diffusion coefficients obtained
from experiments. Since the equation depends on the
geometric factor and average pore size from the pore size
distributions, an independent determination of these param-
eters can increase the accuracy of desired results.
It was found that the interactions of gases with water and the

clay surface strongly influence mobility. He, with a lower
interaction strength, has the highest mobility compared to
CH4, which has a stronger interaction strength and thus the
lowest mobility. The results also show that the presence of
gases changes the mobility of water even in the clay nanopore

depending on the type of the water−gas mixture. The results
also show that the clay nanopore affects the activation energy
of diffusion of gases. It was observed that symmetrically
nonpolar monatomic gases in the clay nanopore have a lower
value for the activation energy than the bulk value, while the
opposite behavior is observed for the polyatomic gases such as
CO2 with quadrupole moments and CH4 with octupole
moments. The activation energy of water in the water−gas
mixture is slightly higher than that of the bulk in the clay.
However, the value of about 18 kJ/mol from the simulations
agrees with the experimental values.
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