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Abstract

It is quite challenging to understand the details of the complex mechanisms

involved in the swelling processes of clays such as montmorillonite as a function

of relative humidity (RH), and the adsorption and transport processes of CO2

and CH4 in swelling clays. Here we present a review of the molecular simulation

results for the swelling clay systems which not only compare well with the exper-

imental data but also provide deep insights into the details of these mechanisms.

The presence of CO2 and CH4 hardly affects the distribution and mobility of

the interlayer water and ions in these systems. Under all conditions, the stable

basal d-spacing was mainly determined by the type of counterion present in the

interlayer region and the amount of water in each hydration state was almost

independent of the RH and the layer charge. The uptake of CH4 in the 1W

state of the Na-clay was much smaller compared to that of CO2. The adsor-

bate mobility generally increased with increasing hydration/RH because of the

associated swelling of the interlayer region. Interestingly, the uptake of CO2

in the high-charge clay was dramatically decreased and the mobility of CO2 in

each hydration state was almost independent of the type of cation. The pref-

erential adsorption of CO2 over CH4 plays an important role in the diffusion

processes. Such an understanding is important for the successful mitigation of

climate change via storage of anthropogenic CO2 in geological formations.

KEYWORDS

Montmorillonite-carbon dioxide-methane system; adsorption; molecular dynamics sim-

ulations; diffusion; grand canonical Monte Carlo simulations; shale
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1 Introduction

More than 30 Gt of anthropogenic CO2 is emitted annually, mainly from combustion

of fossil fuels.1 The emissions of CO2 into the atmosphere play an important role in

global warming and lead to key environmental problems.1–4 The storage of CO2 in

geological formations is important for the successful mitigation of climate change.

Interestingly, clay minerals are key for the geologic storage of CO2 and shale gas

extraction.5–18 The permeability changes in the overlying cap rocks may impact the

successful sequestration of CO2. For instance, cap rocks may contain mudstones or

shales enriched with smectite minerals. Smectites comprise of layers of negatively

charged aluminosilicate sheets with charge-compensating counterions in the interlayer

space. Smectite minerals such as montmorillonite usually swell in the presence of water

and the extent of swelling is determined by interactions of the clays with the reservoir

fluids. Clay minerals also find applications in selective sorption,19–21 cosmetics and

pharmaceuticals,22,23 and disposal of nuclear wastes.24,25 A fundamental understanding

of the clay-water interactions and/or the adsorption and transport processes of CO2

and CH4 in swelling clays is required for the success of these applications.

The swelling processes of clays as a function of relative humidity (RH) and the

diffusion processes of interlayer water and ions in clays have been extensively stud-

ied using molecular simulations.26–59 These studies have shown that, for example, the

hydration energy of the ions in the interlayer space of the clays plays a key role in

the swelling process. The layering of water molecules was observed in the interlayer

space. Irrespective of the counterion, the stable basal d-spacings were in the ranges of

about 9.5-10.5, 11.5-12.5, 14.5-15.5, and 18.0-19.1 Å for dry (0W), monolayer (1W),

bilayer (2W), and three-layer (3W) H2O formations, respectively. The mobility of the

interlayer water and ions generally increased with increasing RH. The adsorption and

transport processes of CO2 and CH4 in swelling clays have also been extensively stud-

ied using molecular simulations.51,60–91 These studies have shown that, for example,

the presence of CO2 and CH4 hardly affects the distribution and mobility of the inter-
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layer water and ions in these systems. The preferential adsorption of CO2 over CH4

plays important roles in diffusion processes. There have been reviews of molecular

simulations of clay mineral systems.92 However, a review covering the widespread use

of molecular simulations to understand the complex mechanisms of the adsorption and

transport processes of CO2 and CH4 in swelling clays is lacking.

Here we present a review of the molecular simulation results for the swelling clays

in the presence of CO2, CH4, and their mixture. These simulation results provide deep

insights into the mechanisms of the swelling processes of clays as a function of RH,

and the adsorption and transport processes of CO2 and CH4 in swelling clays. The

details of the molecular simulation models and methods are described in Section 2. A

discussion of the adsorption and transport processes of, for example, water in swelling

clays is provided in Sections 3 and 4, respectively. A detailed review of the adsorption

and transport processes of, for example, CO2 in swelling clays is provided in Sections

5 and 6, respectively. We conclude in Section 7 with a brief summary of the important

findings from the simulation studies.

2 Simulation details

Molecular simulation techniques93–97 such as the grand canonical Monte Carlo (GCMC)

simulation95,96 are very useful to access the sorption isotherms. The molecular dy-

namics (MD) simulations97 allow one to assess the dynamic properties of the sys-

tem. For the simulations of the clay systems,26–91 the structure of the unit cell of the

clay (Si8Al4O20(OH)4) is obtained from, for example, Skipper et al.26 The simulations

mainly focus on the low-charge (Wyoming-type) montmorillonite M0.75/n(Si8)(Al3.25Mg0.75)O20(OH)4,

where M represents a counterion (e.g., Li+, Na+, K+, Mg2+, Ca2+, or Sr2+) and n is

the charge on the ion. This clay contains coordinated tetrahedral silica sheet and oc-

tahedral alumina sheet forming 2:1 tetrahedral-octahedral-tetrahedral (TOT) layers.

For this model, a clay layer with dimensions of, for example, 42.24, 36.56, and 6.56

Å (32 unit cells) accommodated 24 isomorphic substitutions of aluminum by mag-
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nesium ion in the octahedral sheet and 24 (12) compensating monovalent (divalent)

counterions in the interlayer space. The substitutions were performed under the re-

striction of Loewenstein’s rule (e.g., replacements were not adjacent to each other).98

Two parallel clay layers are typically employed in the simulations to avoid finite size

effects (Fig. 1). Therefore, the z dimension of the orthorhombic supercell Lz = 2d,

where d denotes the basal spacing (sum of the clay layer thickness (6.56 Å) and the

interlayer space). The Wyoming-type clay might also contain limited tetrahedral sub-

stitutions (e.g., isomorphic substitutions of silicon by aluminum ion in the tetrahedral

sheets). The effect of the layer charge distribution was modelled using the formula

M0.75/n(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4.
30 A high-charge (Arizona-type) montmoril-

lonite M1.0/n(Si8)(Al3.0Mg1.0)O20(OH)4 has also been well studied.34,59,73 A rigid clay is

usually considered in GCMC simulations, while both rigid and flexible clays have been

used in MD simulations.32,46,54,58,59,73 For example, one can avoid the need of evaluat-

ing the solid-solid interactions in the GCMC simulations by using the rigid framework

models and thus decrease the computational time.

The interactions between particles are assumed to be pairwise additive and mod-

elled based on the Lennard-Jones (LJ) 12-6 potential,29,32,58,59,93,94

ULJ(rij) = 4εij

[(σij
rij

)12

−
(
σij
rij

)6 ]
, (1)

where rij denotes the distance between the centers of atom i and atom j, and εij and

σij denote the LJ energy and distance parameters, respectively. The cross interactions

were estimated using the conventional Lorentz-Berthelot mixing rules:

σij =
σi + σj

2
, (2)

εij =
√
εiεj. (3)
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Charged species interact via the Coulomb potential:

UCoul(rij) =
qiqj

4πε0rij
, (4)

where qi and qj denote the partial charges of atom i and atom j, respectively, and ε0 rep-

resents the dielectric permittivity of vacuum. The long-range Coulombic interactions

are usually calculated using the Ewald summation or particle-particle particle-mesh

technique.

Harmonic potentials were employed for bond stretch and angle bend terms:

EStretch =
1

2
kr(rij − r0)2, (5)

and

EBend =
1

2
kθ(θ − θ0)2, (6)

where r0, θ, and θ0 denote the equilibrium bond length, the bending angle, and the equi-

librium bending angle, respectively. kr and kθ represent the corresponding force con-

stants. The clay, water, and counterions are modeled using, for example, the CLAYFF

force field.33 CO2 and CH4 are modeled using, for example, the flexible force field

developed by Cygan et al.62 and TraPPE force field,99 respectively.

The swelling free energy ∆F per clay platelet area A is35,36

∆F/A = −
∫ d

d0

(Pzz(d
′)− Papp)dd′, (7)

where Pzz is the pressure normal to the clay sheets, d0 is a reference basal spacing

and Papp is the applied pressure. The stable basal d−spacings were determined from

the minima of the swelling free energy curves obtained from, for example, the GCMC

simulations.36,59,73
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The isosteric heat qst is given by100

qst ' RT − 〈UN〉 − 〈U〉〈N〉
〈N2〉 − 〈N〉2

, (8)

where U and N denote the configurational internal energy and the number of sorbed

species, respectively, and each angular bracket represents a statistical average. The

isosteric heat can also be estimated by using the Clausius-Clapeyron relation.71,100

The radial distribution function (RDF) for species β around α is evaluated as:

gα−β(r) = (1/(4πρβr
2))(dNα−β/dr), (9)

where ρβ denotes the number density of β and dNα−β denotes the average number of

β lying in the region r to r + dr from a central α particle.

The final GCMC configurations were typically used as the initial configurations in

the MD simulations. The self-diffusion coefficient along the clay surface is evaluated

by the Einstein relation:

Dxy = lim
t→∞

〈∆x(t)2 + ∆y(t)2〉
4t

, (10)

where, e.g., 〈∆x(t)2〉 denotes the mean-square displacement (MSD) of a particle in x

direction. Note that density functional theory (DFT)-based MD simulations also shed

light on mechanisms of adsorption and transport processes of CO2 and CH4 in swelling

clays.64,67,83

3 Adsorption of Water and Ions in Swelling Clays

Molecular simulations26–59 provide many details of the complex mechanisms involved

in the swelling processes of clays in the presence of water vapor. For example, using

GCMC simulations, the effect of RH on the expansion of montmorillonite clays has

been studied by several authors.34,54,58,59 These simulations showed that the pressure
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normal to the clay sheets oscillates as a function of the basal d-spacing. Such oscilla-

tions arise due to the layering of water molecules in the interlayer space. The stable

basal d-spacings (Fig. 2) were determined from the minima of the swelling free energy

(see eq. (7)) curves. The simulated water uptakes obtained using the stable basal

d-spacings at the corresponding approximate RH values have also been reported (see,

e.g., Fig. 3). Irrespective of the counterion, the stable basal d-spacings were in the

ranges of about 9.5-10.5, 11.5-12.5, 14.5-15.5, and 18.0-19.1 Å for 0W, 1W, 2W, and

3W H2O formations, respectively. It can be seen that the counterions present in the

interlayer region play an important role in the swelling mechanism.34,58,59 For exam-

ple, the clay swelling follows the order of the cation hydration energy. The magnitude

of the layer charge also plays a key role in the swelling processes.50,59 For example,

simulations59 of low-charge (Wyoming-type) and high-charge (Arizona-type) mont-

morillonite clays confirmed the experimental finding101–104 that the low-charge clay

generally shifts swelling transition toward higher RH values. A similar observation

was reported by Dazas et al. in the case of synthetic saponites.50 The experiments

seem to indicate a smooth change in the sorbed H2O, while a corresponding stepwise

change is seen in the simulations. This difference may be due to the coexistence of

the different hydration states (0W, 1W, etc.) in an experimental sample at a given

RH.101–104 Experiments also show swelling hysteresis because of the free-energy barrier

separating the layered hydrates.36 It can be noted that the amount of water in each

hydration state is almost independent of the RH and the layer charge. For example, in

experiments, the minimum water contents for the 1W state in Na-saponite increased

only slightly with increasing layer charge from −0.8 e to −1.2 e per O20(OH)4 (about

2.6 and 4.1 mmol/g, respectively).50 This behavior was consistent with the results of

molecular simulations.50,58,59

The isosteric heat is an important parameter that provides insights into the surface

energetic heterogeneities and the fluid-fluid interactions.105,106 The isosteric heats typi-

cally fall in the range of 10-15 kcal/mol (Fig. 4). With increasing RH, water molecules

are placed away from the surface which lowers the fluid-solid interactions and the isos-
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teric heats. A large number of simulation studies27,29–32,34–36,54,58,59 have provided the

atomic density profiles showing the distribution of water and ions in the interlayers

and these results compare well with experimental data.45,50 For example, the density

profile of water (oxygen atom) perpendicular to the clay surface mainly shows one,

two, and three peaks for the 1W, 2W, and 3W states, respectively. The counterions

can be part of, for example, the inner- and outer-sphere surface complexes. The ions

are binded directly with the surface in the case of the inner-sphere surface complexes.

However, the solvation shell is retained by ions in the outer-sphere surface complexes.

Monovalent ions largely formed inner-sphere surface complexes, whereas divalent ones

largely formed outer-sphere surface complexes. This is because the presence of strongly

hydrated ions hindered the formation of an inner-sphere surface complex. As hydra-

tion/RH increases, the counterions might migrate from, for example, the inner-sphere

surface complexes to the outer-sphere surface complexes.27,29–32,34–36,54,58,59 For exam-

ple, for Arizona Na-montmorillonite, only the inner-sphere surface complexes were

found in the 1W (RH of 50%) state, while only the outer-sphere surface complexes

were found in the 2W (RH of 90%) state.59 For Arizona K-montmorillonite, only

inner-sphere surface complexes were found in both the 1W (RH of 50%) and 2W (RH

of 90%) states.59 Importantly, the presence of inner-sphere surface complexes leads to

a strikingly stable 1W state and inhibited further swelling of K-montmorillonite.27,58,59

The presence of tetrahedral substitutions in the clay promoted the formation of inner-

sphere surface complexes. This is responsible for the inability of Na-beidellite to swell

beyond the 1W state.51 The presence of anhydrous ions adsorbed within ditrigonal cav-

ities on the clay surface has also been reported.54,59 Note that the Poisson-Boltzmann

approach to estimate the ionic density profiles was not valid for the low hydration

states.37

Simulations can easily provide the in-plane density distributions of various species

in the interlayers.29,32,58 For example, ions forming the surface complexes were typ-

ically correlated with substitution sites in the clay. H2O molecules were essentially

associated with the counterions and as RH increases, H2O molecules spread to form
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periodic patterns reminiscent of the underlying ditrigonal rings. These distribution

patterns were also affected by, for example, the registry motion of clay sheets29 and

turbostratic stacking.47 The water dipoles were oriented at about 90o and 135o with

the clay normal in the 1W and 2W states, respectively.36,58 RDFs provide insights into

the spatial correlations among clay, counterions, and water molecules.28,31,43,48–50,53,57,59

For example, the ion-water RDFs show sharp peaks of the first hydration shell at about

2-3 Å in the interlayers of Ca- and Na-montmorillonite. Such structures are relatively

weak in the Cs-montmorillonite, indicating that solvation interaction plays a key role

in organizing interlayer H2O and ions. As hydration/RH increases, the coordination

number of a counterion coordinating to surface oxygen atoms (Os) decreases, while that

coordinating to water molecules (Ow) increases. For example, for Na-montmorillonite,

as water content increased from 97 (1W state) to 219 (2W state) mg/gclay, the number

of water molecules Ow in the first hydration shell of Na+ increased from about 3.48 to

5.90, while the number of coordinated Os correspondingly decreased from about 2.41

to 0.03.49 Similarly, for Ca-montmorillonite, the number of coordinated Ow increased

from about 4.88 to 7.91 and Os decreased from about 2.15 to 0.49

Simulation studies have also been used to understand the adsorption of water in

the mesopores of clay as a function of RH.38,43,58,59 The initial stage of this adsorption

process was well described by the Brunauer-Emmett-Teller (BET) theory.107 Under

similar conditions, the contribution of H2O in mesopores was significantly higher than

that in interlayers near the saturation pressure. However, this difference begins to

appear well below the saturation pressure for K-montmorillonite because K+ ions act as

a clay swelling inhibitor. The water content in a mesopore is also not strongly affected

by the layer charge.59 For example, the ratio between the monolayer coverage of the

high- (−1.0 e per O20(OH)4) and low-charge (−0.75 e per O20(OH)4) clay estimated

using the BET fits was about 1.67.59
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4 Transport of Water and Ions in Swelling Clays

MD simulations31,32,37,39–44,46,49,51–53,55,56,58,59 provide many details of the complex mech-

anisms involved in the diffusion processes of interlayer water and ions in clays. The

final GCMC configurations were typically used as the initial configurations in the MD

simulations. The simulated self-diffusion coefficients of the interlayer water and Na+

ions (Fig. 5) were in reasonable agreement with the experimental data.108,109 The mo-

bility of the interlayer water and ions generally increased with increasing hydration/RH

because of the associated swelling of the interlayer region. Notably, the self-diffusion

coefficient of water in the 1W state is about an order of magnitude lower than that of

its bulk value. Here, the self-diffusion coefficient of Na+ is about 1-2 orders of magni-

tude lower than that of its bulk value. The self-diffusion coefficient of a divalent ion in

the 1W state is about 2-3 orders of magnitude lower than that of its bulk value (Fig.

6).58,59 In general, the interlayer water molecules associated with strongly hydrated

ions have lower mobility.58,59 The presence of tetrahedral substitutions decreases the

mobility of an interlayer species and this effect is more pronounced on the ions in the

1W state (see, e.g., Fig. 5). The simulated diffusion coefficients were also sensitive to

the framework flexibility.46 For example, simulations with a flexible clay yielded rela-

tively higher diffusion coefficients for both Na+ and water in the interlayers.46 It was

found that the activation energies of ion and water diffusion increase with decreasing

hydration.42,44,46 The reported activation energies may depend on, for example, the

temperature range of the measurements.

In the mesopores, the mobility of water and ions generally increases with RH

(Fig. 7). However, the mobility of water adsorbed on the external surface of clays

with, for example, weakly hydrated ions, was higher than that in the water-saturated

mesopores.43,58 This is because of the enhanced hydrogen bond dynamics110 at the

liquid-vapor interfaces. The mobility of water and ions in the low-charge clays was

generally higher than that in the high-charge clays.59 It is known that the adsorbate

mobility close to the surface differs significantly from the values in the middle of the
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pore.40,110 Furthermore, the adsorbate mobility estimated using MD simulations may

be influenced by the finite system size.46,86,111 Note that MD simulations and quasi-

elastic neutron-scattering experiments108 do not take into account the geometry of

the medium beyond the interlayer region characterized by, for example, the tortuosity.

The molecular scale diffusion coefficients of water and ions need to be connected to

the experimental macroscopic diffusion coefficients obtained by applying the Fickian

expression.46 This is currently a very active field of research.39,41,52,55 It should also be

noted that the choice of the simulation force filed influences the molecular simulation

results.27,34,42,58,59 For example, the simulation results34 of the stable basal spacings as

a function of RH significantly overestimate the experimental data.101–104

5 Adsorption of Carbon Dioxide, Methane, and Their

Mixture in Swelling Clays

Molecular simulations have provided important insights into the adsorption behavior

of CO2 and CH4 in dry and wet clays.51,60–91 It was shown that the uptake of CO2

(Fig. 8) and CH4 generally increases with increasing basal spacing.63,66,68,70,71,88 The

total uptake is obtained in the simulations, whereas experiments usually provide the

excess uptake. To convert the total uptake to the excess quantity, simulations should

provide the estimates of the accessible pore volumes, for example, obtained from the

GCMC simulation of adsorption of helium in clays.71,88 However due to the fluid-solid

interactions, an enhanced adsorption of CO2 and CH4 is obtained at low pressures for

relatively small basal d-spacings. Similar enhancements have been observed in sys-

tems such as carbon nanotubes112–114 and carbon slit nanopores.115,116 The presence of

preadsorbed water generally decreased the uptake of CO2 and CH4 (Fig. 9), consistent

with experimental observations.9 However, an enhanced adsorption of CO2 and CH4

(to a lesser extend) was obtained in large pores and at intermediate water contents.

This was attributed to the fluid-fluid interactions.66,71 Similar enhancements have been
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observed in systems such as metal-organic frameworks,117 carbon nanotubes,114,118 and

carbon slit nanopores.119

The type of counterions present in the clay interlayers,61,74,78,80,84 the magnitude of

the layer charge,73 and layer charge distributions51 play a major role in the adsorption

behavior of dry/wet CO2 and CH4 in clays. In general, the adsorption of CO2 and CH4

in the interlayers of the 0W state is inhibited (Fig. 10). However, the intercalation of

CO2 and CH4 in the ≈ 0W state is observed in the case of NH4- and Cs-clay.16,80,84

This was attributed to the relatively expanded interlayer regions of the dehydrated

state of Cs- and NH4-clay. For example, the experimentally measured basal d-spacings

are about 9.75, 11.13, and 10.39 Å for dry Na-, Cs-, and NH4-montmorillonite, respec-

tively.80 As RH increases, the interlayer region expands due to the adsorption of H2O

and CO2/CH4, and the uptake of CO2 and CH4 generally decreased with increasing

RH.73,74,78,79 This was explained by the weakening of the interactions between clay and

CO2. However, an enhanced sorption of CO2 and CH4 was obtained73,74,78,79 in the

transition region from, for example, the 0W to the 1W state, consistent with experi-

ments.11,14,18 At low RH, strongly hydrated ions were relatively more efficient in the

capture of CO2. Above RH of ≈ 60%, the CO2 uptake was almost independent of

the type of cation. While the amount of water in each hydration state is almost inde-

pendent of the layer charge, the CO2 uptake in the high-charge clay was dramatically

decreased probably due to the stronger steric constraints with the increased number

of interlayer cations.73 For example, at RH of ≈ 30% (1W state), the amount of water

in the high-charge Na-montmorillonite was about 1.4 times higher than that in the

low-charge Na-montmorillonite. While, the corresponding amount of CO2 in the low-

charge Na-montmorillonite was about 4.1 times higher than that in the high-charge

Na-montmorillonite.73 Under similar conditions, the simulated uptake of CH4 in the

1W state (basal d-spacing of ≈ 12 Å) of the Na-clay was much smaller compared to

that of CO2.
79 This is consistent with the experimental observations.16 However, the

uptake of CH4
16 in the 1W state of the Ca-clay was comparable to that of CO2.

14

These studies show that the ion-water-clay interactions and the penetrant size (≈ 3.03
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Å for CO2 (≈ 5.33 Å in the long axis) and ≈ 3.73 Å for CH4
73,74,78) play a major role

in the intercalation process of CO2 and CH4 into the interlayers of the swelling clays.

For example, it is particularly interesting to note that CH4 can largely intercalate into

the interlayers of the 1W state of the Na-clay, if the basal spacing is arbitrarily chosen

as ' 12.2 Å79 (see Fig. 10). Further studies are needed to understand the influence of

the counterion type and the magnitude of the layer charge on the adsorption behavior

of dry/wet CH4 in clays.

The atomic density profiles perpendicular to the clay surface, the in-plane molec-

ular distributions, the isosteric heats of adsorption, the molecular orientations, and

the RDFs for the swelling clay systems in the presence of water, CO2, and CH4

have been reported by a number of investigators. For example, the presence of CO2

and CH4 hardly affects the distribution of the interlayer water and ions in these sys-

tems.51,61,63,65,66,68,71,73,74,78,79,82,84,88,90 The distribution of CO2 and CH4 normal to the

clay surface shows layered structures similar to those observed, for example, for water.

In general, the in-plane distributions of the interlayer water and ions almost coincide

and they were positioned in mutually exclusive regions with CO2 and CH4.
51,72,74,78,84,85

The isosteric heat of adsorption of CO2 was higher than that of CH4, which agrees with

the higher uptake of CO2.
68,71 The RDFs provide insights into the interactions of the

ion-water-clay system with CO2 and CH4.
51,60,61,65,71,73–75,78,79,84 For example, as hydra-

tion/RH increases, CO2
51,61,74,75,78 and CH4

60,65 lose coordination to surface oxygens

and become more fully solvated to water molecules. It was shown that CO2 hardly

migrates into the first hydration shell of the strongly hydrated interlayer ions (Fig. 11).

However, CO2 was found to solvate the interlayer ions as, for example, the CO2 content

in the interlayer was arbitrarily increased.62,64,67,69 The shift in the asymmetric stretch

vibration of intercalated CO2 molecules was attributed to the electric field effects on

CO2 induced by H2O.64 CO2 is typically oriented parallel to the clay surfaces, while

swelling allows CO2 molecules to explore wider ranges of angles.61,64,78 Also, pairs of

CO2 molecules typically adopt slipped parallel and T-shaped geometries at shorter

distances in the 1W and 2W states, respectively.69,74,78
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Under all conditions, the adsorption selectivity of CO2 over CH4 remained greater

than one due to the preferential adsorption of CO2 over CH4 in the clays.68,71,82,87,90

The adsorption selectivity of CO2 over CH4 generally decreases with pressure. With

increasing pressure, these adsorption selectivities converge close to one.82,87,90 This may

be explained by the fact that at low pressures, the relatively stronger interactions of

CO2 with the energetically favorable sites (e.g., close to the isomorphic substitutions)

provide enhanced selectivity. As pressure increases, the adsorption progresses at the

remaining available sites and the overall effect of the energetically favorable sites be-

comes less significant. An interesting finding is that, in the presence of H2O and at

low pressures, the adsorption selectivity of CO2 over CH4 increases with pressure (see,

e.g., Fig. 12). This may be explained by the stronger interactions of water with CO2

than with CH4.
71,82,90

6 Transport Properties of Carbon Dioxide, Methane,

and Their Mixture in Swelling Clays

Molecular simulations have also provided important insights into the transport be-

havior of CO2 and CH4 in dry and wet clays.51,60,61,65,67,70,72–74,77–79,81,85,86,89,91 The

self-diffusion coefficients of CO2 and CH4 generally increased with increasing hydra-

tion/RH (Fig. 13) because of the associated swelling of the interlayer region. The

mobility of CO2 in the 1W state is about an order of magnitude lower than that of its

bulk value, and a similar trend was observed for CH4. The mobility of CO2 in each

hydration state was almost independent of the type of cation78,85 in agreement with the

fact that CO2 hardly migrates into the first hydration shell of the strongly hydrated

interlayer ions (see, e.g., Fig. 11). Note that the presence of CO2 and CH4 hardly

affects the mobility of the interlayer water and ions in these systems. For a given pore

size, CH4 molecules in clay mesopores diffuse slowly with an increase in pressure.70,86

Furthermore, it was shown that the Darcy’s law is obeyed as long as the flow pattern

15



does not change for the two-phase flow of water and methane inside the muscovite

nanopore.77 The multiscale modeling of CO2 and CH4 transport in clay systems is an

active research field.81,91

The presence of CO2 significantly affected the mobility of CH4, for example, in

a hydration state with preadsorbed water.72 However, the presence of CH4 had less

effect on the diffusion properties of CO2. These results can be attributed to the pref-

erential adsorption of CO2 over CH4 in the clays. Similar results were obtained for

the CO2/CH4 mixture in carbon nanotubes.114 An opposite trend is obtained for the

CO2/CH4 mixture in zeolitic imidazolate frameworks (ZIFs) because of the differences

in the adsorption site preference.120 Interestingly, the mobilities of CH4 and H2 in

ZIFs are determined by the momentum transfer correlation effect that slows down

the faster-diffusing species and speed up the slower species.120 Also, CO2 can enhance

the mobility of hydrocarbons such as CH4 and butane due to the preferential CO2

adsorption.121,122

Regarding the fluid-fluid interactions for the enhanced gas adsorption (see Fig. 9),

for example, the van der Waals (and dipole-quadrupole) interactions of the H2O-CO2

pair and the van der Waals interactions of the H2O-CH4 pair are important. The bind-

ing energy of H2O-CO2 estimated by quantum chemical calculation was about −2.85

kcal/mol,123 which is consistent with the results of molecular simulations.124 The bind-

ing energy of H2O-CH4 estimated by quantum chemical calculation was about −0.92

kcal/mol.125 The simulated binding energy of H2O-CH4 was about −0.24 kcal/mol.124

The difference is probably because of the use of nonpolarizable models.126 These find-

ings indicate the stronger interactions of water with CO2 than with CH4.

This review mainly focuses on montmorillonite because it is one of the most com-

mon swelling clays found in reservoir rocks and a large number of previous simulation

studies have been performed for fluids in montmorillonite clays.26–91,127–129 There have

been few simulation studies for the swelling properties of other smectites (such as

beidellite, hectorite, and saponite)16,50,51,54,84 and mixed-layer clay minerals (such as

rectorite and illite-montmorillonite clay).130,131 Importantly, the simulation results ob-
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tained for the montmorillonite clays are generally similar to those obtained for other

swelling clays. For example, irrespective of the smectite mineral type, the stable basal

d-spacings were in the ranges of about 9.5-10.5, 11.5-12.5, and 14.5-15.5 Å for 0W, 1W,

and 2W H2O formations, respectively.16,50,51,54,84 It was also found that the diffusion

coefficient of water in the 1W and 2W states of Na-hectorite42,132 was similar to that

of the corresponding Na-montmorillonite. Further, the intercalation behavior of H2O

and CO2 in hectorite84 was similar to that observed for the corresponding montmo-

rillonite. However, for example, the formation of inner-sphere surface complexes is

promoted when the substitutions are mainly in the tetrahedral layer (beidellite).51,54

This is responsible for the inability of Na-beidellite to swell beyond the 1W state. Al-

though the swelling curve and water distribution of rectorite were similar to those of

montmorillonite, the distribution of sodium ions was clearly different.130

Molecular simulations are now capable of giving great insights into the adsorption

and transport properties of pore fluids in clays.26–91,127–129 Previous GCMC simulations

have mainly used a rigid clay model. Therefore, it would be interesting to study the

combined effect of the framework flexibility and RH on the adsorption process by using,

for example, the hybrid MC/MD simulations.133 Further simulation studies are needed,

for example, to predict the effect of the counterion type and the magnitude of the layer

charge on the adsorption behavior of variably wet CH4 in montmorillonite clays. Stud-

ies are also needed to identify the hydration phase diagrams as a function of RH for

swelling clays in the presence of CH4 and/or CO2 over a wide range of temperature and

pressure conditions. Most previous simulations have focused on montmorillonite clays,

but more attention should be paid to simulate the adsorption and transport proper-

ties of gases in other smectites and mixed-layer clay minerals.16,42,50,51,54,84,130,131 Such

simulations may also be used to study the effect of the reaction of CO2 in geological

systems.134,135
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7 Conclusions

A review of the molecular simulation results for the swelling clays in the presence of

CO2, CH4, and their mixture is presented. These results not only compare reasonably

well with the experimental data but also provide deep insights into the details of the

mechanisms involved in the swelling processes of clays as a function of RH, and the

adsorption and transport processes of CO2 and CH4 in swelling clays. The distribution

and mobility of the interlayer water and ions were hardly affected by the presence of

CO2 and CH4 in these systems. The stable basal d-spacing is mainly determined by the

type of counterion present in the interlayers and the water uptake in each hydration

state is almost independent of the RH and the layer charge under all conditions. While

the amount of water in each hydration state is almost independent of the layer charge,

the CO2 uptake in the high-charge clay was dramatically decreased. The uptake of

CH4 in the 1W state of the Na-clay was much smaller compared to that of CO2. This

shows that the ion-water-clay interactions and the penetrant size play a major role in

the intercalation process of CO2 and CH4 into the interlayers of the swelling clays.

The adsorbate mobility generally increased with increasing hydration/RH because

of the associated swelling of the interlayer region. The mobility of CO2 in each hy-

dration state was almost independent of the type of cation in agreement with the fact

that CO2 hardly migrated into the first hydration shell of the interlayer ions. The

preferential adsorption of CO2 over CH4 could play a key role in the diffusion pro-

cess. For example, the presence of CO2 significantly affected the mobility of CH4 in

a hydration state with preadsorbed water. These molecular simulation results may

help to improve the fundamental understanding of the processes involved in the stor-

age of anthropogenic CO2 in geological formations. However, these simulation studies

are far from fully covering the whole relevant CO2 storage conditions. Therefore, fur-

ther detailed simulation studies are needed to include the effects of such as chemical

reactions.10,12,13,17
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Figure 1: Simulation snapshot of Na-montmorillonite (Wyoming-type) in contact with
wet scCO2 (RH of 30%) at T = 323.15 K and a bulk pressure of 90 bar. The basal
d-spacing is 12 Å. Color code: O, red; H, white; Si, yellow; Al, orange; Mg, green; Na,
cyan; C, black.
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Figure 2: RH dependence of the basal d-spacing of the montmorillonite clays at about
298.15 K. The open symbols represent GCMC simulation data58 and closed symbols
are the corresponding experimental data.101 The lines are a guide to the eye.
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Figure 3: RH dependence of the water uptake in the low- and high-charged Na-
montmorillonite clay at about 298.15 K. The open symbols represent GCMC simu-
lation data54,58,59 and closed symbols are the corresponding experimental data.101,104

The lines are a guide to the eye.
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Figure 4: RH dependence of the isosteric heat of the montmorillonite clays. The open
symbols represent GCMC simulation data59 and closed symbols are the corresponding
experimental data.105,106 The line denotes the heat of vaporization of water.
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Figure 5: Normalized diffusion coefficients of (a) water and (b) Na+ ions in Na-clay.
The open symbols represent molecular simulation data31,32,46,56,58,59 and closed symbols
are the corresponding experimental data.108,109 f: flexible clay framework; t: tetrahe-
drally substituted clay. The lines denote Dspecies/Dbulk = 1, where Dbulk is the exper-
imental diffusion coefficient of the species in the corresponding bulk system (without
clay).
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Figure 6: Normalized diffusion coefficients of water and Ca2+ ions in Ca-clay. The
symbols represent molecular simulation data.56,58,59 f: flexible clay framework; t: tetra-
hedrally substituted clay.
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Figure 7: Simulated diffusion coefficient of water in the clay mesopore at about 298.15
K.43,58
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Figure 8: Simulated uptake of CO2 in Na-montmorillonite at 298.15 K.71 The pread-
sorbed water content is 0.2 g/cm3. The lines are fitting results to the simulation data.
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Figure 9: Simulated uptake of CO2 and CH4 in Na-montmorillonite as a function of
the amount of preadsorbed water at 298.15 K.66,71 The lines are a guide to the eye.
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Figure 10: Adsorbed amounts of interlayer (a) CO2 and (b) CH4 as a function of RH
for the Na- and Ca-clay in contact with wet CO2/wet CH4. The open symbols rep-
resent molecular simulation data65,74,76,78,79 and closed symbols are the corresponding
experimental data.11,14,16,18 The lines are a guide to the eye.
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Figure 11: Simulated RDFs of interlayer ions with (a) water and (b) CO2 for the Na-
and Ca-clay in contact with wet scCO2.

51,61,74,75,78

47



0 10 20 30 40 50 601

2

3

4

5
 Sim. d=30Å, T=298.15K, water=0.2g/cm3 (Kadoura et al., 2016)

 Sim. d=100Å, T=355K, water=0g/cm3 (Chong and Myshakin, 2018)

 IAST, d=30Å, T=298.15K, water = 0.2g/cm3 (Kadoura et al., 2016)

 

 

C
O

2 /
 C

H
4 S

el
ec

tiv
ity

P (bar)

Figure 12: Adsorption selectivity of CO2 over CH4 versus pressure for clays with and
without preadsorbed water. The preadsorbed water content is 0.2 g/cm3. The symbols
represent GCMC simulation data71,82 and the line denotes the prediction using the ideal
adsorbed solution theory (IAST).71
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Figure 13: Simulated diffusion coefficients of (a) CO2 and (b) CH4 in the interlayers
of the Na-clay in contact with wet CO2/wet CH4.
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