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Abstract

Molecular simulations using classical force fields were performed to study the

adsorption and diffusion properties of water and ions in the high-charge (Arizona-

type) montmorillonite clays with varying relative humidity (RH) at 298.15 K.

The simulation results of basal distances derived from swelling free energy curves

and of water uptake are in good agreement with experiments. Overall, the sim-

ulated self-diffusion coefficients of the interlayer species are in reasonable agree-

ment with experiments and lower than those estimated for the external surfaces.

Influence of the magnitude of the layer charge was studied by comparing these

simulation results with those obtained for the low-charge (Wyoming-type) mont-

morillonite clays. Most importantly, these comparisons confirm the experimental

finding that the high-charge clay generally shifts swelling transitions toward lower

RH values. Therefore, the adsorption and dynamics of water and ions are signif-

icantly different in the low- and high-charge clays near the transition RH values.

We find that the amount of water in an interlayer hydration state is mostly in-

dependent of the layer charge, probably due to steric reasons. In contrast, the

externally adsorbed water content increases with increasing layer charge. Fur-

thermore, the mobility of water and ions is generally lower in the high-charge

montmorillonite than in the corresponding low-charge system. However, mobil-

ity of cations in the mesopores of high-charge montmorillonite is typically higher

than that of the corresponding low-charge system which might be attributed to

the presence of the tetrahedral substitutions in the later case.

KEYWORDS: Montmorillonite, adsorption, diffusion, molecular dynamics simulation,

Monte Carlo simulation.
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1 Introduction

The interlayer space in smectite minerals such as montmorillonite can be easily ex-

panded by intercalating water.1–33 Montmorillonite is a layered aluminosilicate where

sheets of octahedrally coordinated Al atoms and tetrahedrally coordinated Si atoms

are stacked in a 2:1 ratio to form a tetrahedral-octahedral-tetrahedral (TOT) layer. In

montmorillonite, the TOT layers are negatively charged due to substitution of Al by

Mg in the octahedral sheets and by less common substitution of Si by Al in the tetra-

hedral sheets. The negative charge of the TOT layers is compensated by counterions

present in the interlayer space. Furthermore, clay minerals have significant applica-

tions in the area of nuclear waste disposal,34,35 geologic storage of CO2,
36–39 and shale

gas extraction.36,40–42 They are also used in commercial applications.43,44 Of particu-

lar importance is the successful storage of carbon dioxide which is influenced by the

permeability of caprock formations. Caprocks may be composed of shale or mudstone

enriched in clay minerals including montmorillonite which can swell depending on the

environmental conditions (e.g., relative humidity (RH)). A molecular-level understand-

ing of clay-H2O interactions is essential for the development of such applications.

Extensive experimental1–17 and simulation18–32 studies have been performed to elu-

cidate the swelling mechanism of montmorillonite systems. These studies showed that

the stable basal distances are typically in the ranges of 9.5 − 10.5 Å, 11.5 − 12.5 Å,

14.5 − 15.5 Å, and 18.0 − 19.1 Å for dry (0W), monolayer (1W), bilayer (2W), and

three layer (3W) water arrangements, respectively. Many factors affect the sorption

and diffusion mechanisms of H2O and ions in clays such as layer charge, ion type, pore

space, and RH. For example, Ferrage et al.12,13 experimentally studied the influences of

layer charge and counterion type on the swelling behavior of montmorillonite clays with

varying RH. They observed that the hydration properties of smectites are controlled by

the type of interlayer cation and an increase of layer charge shifts the 0W-to-1W and

the 1W-to-2W transitions toward lower RH values. Notably, simulations carried out

with a fully flexible, rather than rigid, clay structure yielded the best agreement with
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experimental results.27 The amount of water on clay surfaces plays an important role

in the gas adsorption and selectivity properties.45,46 For example, attributed to their

multilayer adsorption, carbon dioxide and methane favorably adsorb onto the clay sur-

faces with intermediate water contents.46 The adsorption selectivity of carbon dioxide

over methane decreases with pressure in dry conditions, while this trend is reversed in

the presence of water.45,46 Recently, molecular simulations have been applied to study

the influence of RH on the adsorption and dynamics of water and ions in low-charge

(Wyoming-type) montmorillonite.26,29,31 However, a detailed knowledge of the effect of

factors such as layer charge on adsorption and diffusion properties of H2O and ions in

smectites is still lacking.

Our previous studies have shown that molecular simulations are a useful approach

to assess the surface and chemical interactions.31,46–51 In this study we employ grand

canonical Monte Carlo (GCMC) calculations to acquire a molecular-level description of

the effect of RH on H2O uptake by high-charge clays (Arizona-type montmorillonite) at

298.15 K. The simulation results of basal distances obtained from swelling free energy

curves and of H2O uptake were applied to aid in the interpretation of experimental

measurements6,9,13 on high-charge montmorillonite clays. In addition, we performed

molecular dynamics (MD) calculations to determine the mechanisms of water and ion

diffusion in high-charge montmorillonite clays with varying RH. We also compared the

sorption and diffusion results of the interlayer species with those obtained from the

external surfaces. We then studied the influence of the magnitude of the layer charge

on the sorption and diffusion properties.

2 Simulation details

We performed GCMC and MD calculations using TOWHEE52and LAMMPS53 molec-

ular simulation packages, respectively. The simulation model and method were the

same as those used in our earlier work.31,46,49,50 The clay model used in the present

work was based on the unit cell of pyrophyllite (Si8Al4O20(OH)4). Our simulations
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employed 64 unit cells (2560 atoms) and an orthorhombic box with lateral dimensions

of 42.24 × 36.56 Å (Fig. 1). We typically used two parallel clay layers each with a

thickness of 6.56 Å. We have focused here on Arizona-type clay of unit cell formula

M1.0/n(Si8)(Al3.0Mg1.0)O20(OH)4, where M denotes a cation (lithium, sodium, potas-

sium, magnesium, calcium, or strontium) and n is the charge on the ion. Therefore,

each clay sheet consists of 32 isomorphic substitutions of aluminium by magnesium

ion in the octahedral sheet and 32 (16) compensating monovalent (divalent) cations in

the interlayer space. We made sure that Loewenstein’s rule (for example, substitution

sites are not adjacent to each other) is obeyed. Furthermore, the clay is held rigid

during the GCMC calculations and a fully flexible clay is used for all MD simulations.

Periodic boundary conditions were applied in all directions.

The general expression for the total potential energy is

ETot = ELJ + ECoul + EStretch + EBend. (1)

In the above equation, the nonbonded interactions between particles are described by

pairwise Lennard-Jones (LJ) 12-6 potential:54

ELJ = 4εij

[(σij
rij

)12

−
(
σij
rij

)6 ]
, (2)

where rij is the distance between the centers of i and j sites, and εij and σij are the

LJ energy and distance parameters, respectively. The LJ parameters for interactions

between unlike atoms were obtained by use of the Lorentz-Berthelot combining rules:

σij =
σi + σj

2
, (3)

εij =
√
εiεj. (4)

The nonbonded interactions between charged atoms are described by the Coulomb
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potential:

ECoul =
qiqj

4πε0rij
, (5)

where qi and qj are the partial charges of the sites i and j, respectively, and ε0 is the

dielectric permittivity of vacuum. The long-range Coulombic interactions are estimated

by the Ewald summation (GCMC) or particle-particle particle-mesh (MD) technique

with a precision of 10−5. The nonbond cutoff for interactions was 10.0 Å.

Harmonic potentials are used for the bond stretch and angle bend terms:

EStretch =
1

2
kr(rij − r0)2, (6)

and

EBend =
1

2
kθ(θ − θ0)2, (7)

where r0 is the equilibrium bond length, θ is the bending angle, θ0 is the equilibrium

bending angle, and kr and kθ are the corresponding force constants. We used the

CLAYFF force field55 to describe the interactions of the clay atoms. A rigid56 and a

flexible55 simple point charge (SPC) water model were used in GCMC and MD simula-

tions, respectively. The force field parameters of lithium,57 sodium,24,55 potassium,55,58

magnesium,57 calcium,55,58 and strontium57 counterions are obtained from literature.

The atomic charges and LJ parameters employed in this work are given in Table 1.

The water content in the montmorillonite was calculated from GCMC calculations

in the µH2OV T ensemble (µH2O is the chemical potential of H2O
59,60). Typically, each

simulation ran for at least 6 × 107 Monte Carlo steps, of which first 4 × 107 were for

equilibration. Depending on the imposed chemical potential, up to about 9×108 Monte

Carlo steps were used in the case of mesopores. We obtained stable basal d−spacings

from stability analysis based on the pressure normal to the clay platelets Pzz (outputted

by TOWHEE) and the free energy ∆F per clay platelet area A.24,25 The swelling free

6



energy per clay platelet area is

∆F/A = −
∫ d

d0

(Pzz(d
′)− Papp)dd′, (8)

where, d0 is the arbitrarily chosen reference basal spacing of 10.0 Å (≈ 0W state) and

Papp represents the applied pressure. In our simulations, the basal d−spacings of the

clays were chosen in the range 10.0-15.0 Å for the swelling region up to the 2W state

(see below), whereas the basal d−spacing of the mesopore was maintained constant at

65.0 Å.

The isosteric heat qst is obtained from the GCMC simulations using the fluctuation

method:46,61

qst ' RT − 〈UN〉 − 〈U〉〈N〉
〈N2〉 − 〈N〉2

, (9)

where U and N are the configurational internal energy and the number of adsorbed

water molecules, respectively, and the angular brackets represent statistical averages.

The final configurations outputted by the GCMC simulations were taken as the

initial configurations in the MD simulations. MD simulations were performed in the

NV T ensemble. The equations of motion were integrated using the velocity Verlet

algorithm with a time step of 1 fs. Temperature was controlled by a Nośe-Hoover

thermostat54 with a relaxation time of 0.1 ps. An equilibration phase of 5 ns was

followed by a production run of 10 ns. Six independent trajectories each of length 15

ns were averaged to achieve good statistics. Self-diffusion coefficients along the clay

surfaces were evaluated by the two-dimensional Einstein relation:

Dxy = lim
t→∞

〈∆x(t)2 + ∆y(t)2〉
4t

, (10)

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

direction.
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3 Results and discussion

3.1 Swelling of montmorillonite

We performed GCMC simulations to investigate the swelling properties of montmoril-

lonite clays with varying RH. Oscillations in the pressure are indicative of crystalline

swelling properties of montmorillonte clays.21,25,62 Fig. 2 shows the results of the pres-

sure normal to the surface Pzz and the swelling free energy per clay platelet area ∆F/A

as a function of the basal d−spacing for Sr-montmorillonite at 298.15 K (Figs. S1 and

S2, Supporting Information, show the corresponding results for all studied cases). The

free energy curves show distinct minima corresponding to points where Pzz passes the

applied pressure line with a negative slope. The bulk pressure and any external pres-

sure both contribute to the applied pressure. In these simulations, the applied pressure

is the partial water-vapor pressure. In Fig. 3, we compiled the resulting d-spacing val-

ues located at the global energy minima (symbols) in the swelling free energy curves

and corresponding experimental results (lines).6,13 There is good agreement between

our results and the available experimental data. Furthermore, Fig. 4 displays the H2O

content in the montmorillonite as obtained from our GCMC calculations (symbols) and

corresponding experimental results (lines).9,13 For simplicity and comparison purpose,

basal spacings of d = 10.0, 12.0, and 15.0 Å for the 0W, 1W, and 2W swelling states,

respectively, were used in these simulations. The approximate hydration states/basal

d-spacings and the corresponding RH ranges, for example, found experimentally6,13

and employed in these simulations are given in Table 2 (see also Fig. 3). Moreover, a

good qualitative agreement between the simulation and the experiment is observed for

the water uptake. We think that the difference may arise mainly from the coexistence

of integral hydrations states (i.e., 0W, 1W etc.) in experimental samples at a given

RH.13 Also, other factors such as slight changes in basal distances between model and

experiment might affect the accuracy of the results. Then to gain information on the

equilibrium structures of relevant hydration states, we plot in Figs. S3 and S4, density

profiles of water and ions evaluated along the z-axis (perpendicular to the clay surface).
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Our simulation data show that similar to the order of ion hydration energy, the

swelling tendency of the clay follows: Mg-> Ca-> Sr-> Li->Na->K-montmorillonite.

We find stable basal d−spacings for the dry (0W) state of montmorillonite clays be-

low about 10.5 Å. The interaction of montmorillonites with H2O induces swelling to

the values equal to the 1W state (d−spacings of about 11.5-12.5 Å). We see that

with increasing RH, the d−spacings increase to the next stable values in the range of

about 14.5-15.5 Å (2W). Higher hydration states such as three water layers (3W) can

be formed close to or above water saturation.6 However, clay swelling mechanism for

RH & 100% is not considered in this work. Notably, in all cases the change in RH

hardly influences the water content and the distribution of water and cations in each

hydration state.

As in the case of water, swelling due to humidity changes significantly affects the

density profiles of cations. Here we observe both inner- and outer-sphere surface com-

plexes. An inner-sphere surface complex is formed when a cation binds directly with

the clay surface.63 Whereas, a cation in the outer-sphere surface complex retains the

solvation shell. Our results show that monovalent and divalent cations mostly form

inner- and outer-sphere surface complexes, respectively. Similar results are found for

low-charge montmorillonite.24,31 Such a behavior can be attributed to the fact that

strongly hydrated ions hinder the development of inner-sphere surface complexes. In-

terestingly, the presence of the inner-sphere surface complex leads to a striking stabil-

ity of the 1W state for the K-montmorillonite clay and inhibits further swelling of the

clay.19,31

3.2 Adsorption of H2O on the external surfaces of montmo-

rillonite

Molecular simulations can readily distinguish between the intercalated and the exter-

nally adsorbed water contents in clay minerals. Thus, simulations were also performed

to provide a systematic study of adsorption of water in the mesopores of montmoril-
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lonite with varying RH. The basal d−spacing of the mesopore was chosen to be 65 Å

in all our simulations. Fig. 5 displays the H2O content in the mesopore obtained from

molecular simulations (symbols). The analysis of these results using the Brunauer,

Emmett, and Teller (BET)64 isotherm model (lines) gives complementary information

on the multilayer adsorption process. The fit parameters are given in Table S1. Al-

though the BET theory is a simplification of multilayer adsorption, it describes well the

initial stage of this process here. It is clear that for any given RH, the water content

is higher for samples saturated with divalent cations than for samples saturated with

monovalent cations. The monolayer coverages of monovalent and divalent cases from

BET analysis, for instance, are about 6 and 9 H2O molecules per O20(OH)4, respec-

tively. We see that the BET model does not adequately describe adsorption of water

vapor by montmorillonite at high RH values as noted earlier.15 The comparison be-

tween gravimetric and X-ray diffraction results can be used to discriminate the relative

contributions of water located in smectite interlayers and on external clay surfaces.12

Our results show that under a similar condition, relative contribution of water in the

mesopore is significant near the saturation pressure (see, for example, Figs. 4 and 5).

We find that these differences begin to appear well below the saturation value. No-

tably, this behavior for K-montmorillonite is because of clay-swelling inhibition by K+.

We see that for mesopores, complete filling of the pore volume does not occur in the

GCMC simulations until the pressure is about 1.2 times higher than the bulk vapor

pressure of SPC water. This may be because the environment for hydrogen bonding

is unfavorable relative to the bulk liquid state. A similar behavior was also found in

other adsorbents.65,66

We also calculated the equilibrium density profiles showing the arrangement of

H2O and counterions in the mesopore (Figs. S5-S6). In all cases, we observe bulk-like

properties of water away from the surfaces (z ' 10 Å) at high RH conditions. For

water saturated systems (≈ 100% RH), the profiles show three clear peaks of water

located at z ≈ 3, 6, and 9 Å in good agreement with earlier studies.26,67 The number

and/or magnitude of the water peaks increase with RH and seem to follow the pattern
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of the water saturated systems. For example, the water density profiles compare well

with those of the saturated systems up to z ≈ 3 Å at 40% RH and up to z ≈ 6 Å at

80% RH, especially for the strongly hydrated ions in the latter case. As RH and/or

hydration energy increase, the ions move away from the clay surfaces, thus forming

outer-sphere surface complexes. The maxima in distribution of ions, associated with

the outer-sphere complexes, coincide with the minima in the water density profiles

between the first and second H2O layers. Our results show that, as RH increases,

counterions associated with outer-sphere surface complexes gradually accumulate in

the diffuse-layer. The later is located beyond the first two water monolayers and the

detailed characteristics of this diffuse-layer in mesopores could also be determined by

the solution of the Poisson-Boltzmann equation.68 Churakov observed similar results

for low-charge montmorillonite clays.26 Notably, earlier studies in the fields of elec-

trokinetics and supercapacitors show similar features as those reported in this study

(see, e.g., Figs. S3-S6).69–71

The formation of surface complexes and differences in adsorption are also evident

from the calculated radial distribution functions (RDFs) of ion-water and ion-surface

oxygens (Figs. S7-S10). For example, the peaks for water molecules in the first hy-

dration shells around ions are located at about 2-3 Å. In this region, we can see also

that the ions tend to be coordinated by surface oxygens (inner-sphere complexes) or

by water molecules alone (outer-sphere complexes). As expected, over most of the RH

range, the amounts of interlayer water in the first hydration shells (Figs. S11-S14)

around potassium ions are lower as compared to those of the mesopore.

Fig. 6 shows the simulated isosteric heat values for water adsorption on the mont-

morillonite as a function of RH. The isosteric heats were calculated from the fluctua-

tions of the energy (see eq. (9)).46,61 The isosteric heat is related to the surface energetic

heterogeneity and the fluid-fluid interaction. It can be seen that the isosteric heat de-

creases with increasing RH. This is because when water loading is increased, molecules

are now further from the surface, giving lower solid-fluid interaction. The simulated

isosteric heats of the 1W-2W states are in the range of about 12-15 kcal/mol (see Fig.
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6a). These values are in good agreement with the experimental results obtained from

the isotherms recorded at three temperatures.72 At a given RH, the isosteric heats of

adsorption of water are relatively lower for the mesopores (see Fig. 6b) as expected.

Also here the isosteric heats above about 80% RH remain unchanged and equal to the

heat of vaporization of pure water. Furthermore, in a given hydration state or in the

mesopore, the isosteric heats are found to be similar for all counterions.

3.3 Diffusion of H2O and counterions in montmorillonite in-

terlayers

Figs. S15-S16 show typical MSDs of H2O and counterions in the interlayers of montmo-

rillonite. Tables S2-S3 show the self-diffusion constants calculated from the linear slope

of the displacement vs time plots. The estimated diffusion coefficients of water and ions

are generally consistent with experiments14,17 and previous simulation results27,30 (see,

for example, Table S2). The quasi-elastic neutron scattering techniques are suitable to

study water dynamics on the scales which can also be probed by MD simulations.14

However, typically experimental measurements report the continuum-scale apparent

diffusion coefficients for water and cations which depend on many factors such as tor-

tuosity, pore-size variability etc. For example, the macroscopic scale diffusion values

of water and its diffusion coefficients in the interlayer nanopores are offset by a fac-

tor of about 4.27 Furthermore, Fig. 7 shows the normalized diffusion coefficients as a

function of RH. Here we chose the bulk values from water-saturated mesopores (see

below) which are close to the experimental ones.73,74

Our results show that the diffusion coefficients of water and ions in a given hy-

dration state are not much affected by changes in RH. This is similar to the behavior

of the sorbed amount of water and the various density profiles, as discussed above.

Except for divalent ions, the diffusion coefficient of each species in the 1W hydration

state is about 1-2 orders of magnitude lower than the bulk. The diffusion coefficient of

a divalent ion in the same state is about 2-3 orders of magnitude lower than the bulk.
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As expected, the mobility of water and ions increases as a function of RH because of

the related expansion of the basal spacings. However, this effect is not observed in the

case of K-montmorillonite since K+ act as a clay swelling inhibitor. It can be seen that

the self-diffusion coefficients of H2O in hydration states of montmorillonites saturated

with divalent counterions are typically lower than with monovalent counterions. This

is in line with the observations for the solvation energies.75 Comparing with the solva-

tion energies of divalent ions (e.g., ≈ −477.6 kcal/mol for Mg2+), the lower solvation

energies of monovalent ions (e.g., ≈ −86.1 kcal/mol for K+) indicate a looser solvation

shell around the monovalent ions. This fact suggests a higher mobility of water asso-

ciated with the monovalent ions than with the divalent ions.28,30 However, there are

exceptions, e.g., water is less mobile in the 1W hydration state of Li-montmorillonite

possibly due to the presence of inner-sphere surface complexes. Interestingly, in the

presence of CO2, the water diffusion is more restricted in Cs-montmorillonite when

compared to K-montmorillonite.76

3.4 Diffusion of H2O and counterions in mesopores

Figs. S17-S18 show typical MSDs of H2O and counterions in the mesopores of mont-

morillonite. Tables S4-S5 show the self-diffusion constants calculated from the linear

slope of the displacement vs time plots. Furthermore, Fig. 8 shows the normalized

diffusion coefficients as a function of RH. Our results show that ionic mobilities mono-

tonically increase with increasing RH in all cases. This behavior is expected because

the density distributions show a shift from, for instance, the inner- to the outer-sphere

surface complexes with increasing RH (see, for example, Figs. S5-S6). Also, it must

be noted that the number of surface oxygens in the first coordination shells of the

counterions decreases and H2O becomes part of these shells as RH increases26 (see,

for example, Figs. S13-S14). The association of water with the surface-bound ions

decreases with increasing RH, and therefore water mobility increases.

At a given RH, probably due to steric reasons, the self-diffusion coefficients of water

and ions in the interlayer regions are generally lower than those in the mesopore (see,
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for example, Figs. 7 and 8). The species mobility in the 1W hydration state (≈ 20%

RH), for instance, is about 1-2 orders of magnitude lower than that in water films.

This difference in mobilities becomes smaller with increasing RH for all cases, except

K-montmorillonite which shows a limited swelling.

Overall, the ion solvation energy and steric effects may play important roles in

determining the swelling state and the diffusion properties. For example, among the

monovalent systems, an interlayer species in the K-montmorillonite is generally the

least mobile at all RH due to the clay-swelling inhibition. However, the swelling states

are generally similar among the divalent systems at all RH (see, e.g., Table 2). There-

fore, a higher mobility of the interlayer species in Sr-montmorillonite may be due to the

lower solvation energy of Sr2+ which suggests a looser solvation shell. In mesopores,

among the monovalent systems, potassium ion which forms stable inner-sphere surface

complex is generally the least mobile at all RH, whereas water in K-montmorillonite

exhibits a higher mobility. Here again the adsorbed species in Sr-montmorillonite

generally show a higher mobility among the divalent systems.

3.5 Influence of layer charge

Here we compare simulation data of low-charge (M0.75/n(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4)

and high-charge (see above) montmorillonite clays. GCMC simulations of this low-

charge montmorillonite (Wyoming-type) in contact with water can be found else-

where.31 Note that a rigid framework of clay was employed in all our previous work.31

Furthermore, as in the case of the high-charge system, flexible models of water and

clay are used here for new MD simulations of the low-charge system.

The comparison shows that the high-charge clay generally shifts swelling transitions

toward lower RH values consistent with experiments6,13 (see, for example, Tables 2 and

S6). Notably, this shift seems to be less pronounced for weakly hydrated ions such as

potassium. For example, Fig. 9 shows the variations of the normal pressure and the

swelling free energy per clay platelet area as a function of the basal d−spacing of the

low- and high-charge Sr-montmorillonite at RH values of 10 and 30%. It is evident
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from the figure that the 1W state with basal d−spacing of about 12 Å and the 2W

state with basal d−spacing of about 15 Å are stable for the low- and high-charge

Sr-montmorillonite, respectively, at 30% RH. However, the 1W hydration state with

basal d−spacing of about 12 Å is the stable state for both cases at 10% RH. It can

be inferred that layer charge plays a major role in determining the hydration state

of the clay mineral. A similar trend was found in previous experimental study of

synthetic Na-saturated saponites.77 Such behavior was also observed in the presence

of carbon dioxide.78 This is probably due to the fact that high-charge clays contain

a relatively large number of hydrated cations. Therefore, it can be seen that, the

amount of adsorbed water is significantly different in the low- and high-charge clays

near the transition RH values. Also, for a given hydration state, the water content per

O20(OH)4 is mostly independent of the magnitude of the layer charge, possibly due

to steric reasons (see, for example, Fig. 4 and ref. 29). That is, the water content

per cation decreases with increasing layer charge. Our results show that, for a given

RH, the water content per O20(OH)4 in the mesopores of montmorillonite generally

increases with layer charge (see, for example, Fig. 5 and ref. 29). For example, the

ratio between the monolayer coverage of low- and high-charge montmorillonite obtained

from the BET fits is about 0.6 in all cases. That is, the water content per cation is

almost constant with increasing layer charge.

It is important to note that our high-charge montmorillonite model has only oc-

tahedral substitutions, while the low-charge clay used here contains both tetrahedral

and octahedral substitutions. For a given layer charge, the swelling process with re-

spect to the basal distance and the H2O uptake was not much influenced by the layer

charge distributions.31 However, the water content per O20(OH)4 in the mesopores of

montmorillonite decreased in the presence of tetrahedral substitutions.31 For example,

the ratio between the monolayer coverage of low- (no tetrahedral Al) and high-charge

montmorillonite obtained from the BET fits is about 0.7 in all cases. Overall, in a given

hydration state or in the mesopore, the density profiles of H2O and counterions (Figs.

S19-S22) and RDFs (Figs. S23-S30) were not much affected by the increasing layer
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charge. At a fixed RH, however, the layer charge can significantly affect the density

profiles and rdfs because of the fact that the high-charge clay shifts swelling transi-

tions toward lower RH values. As expected, the presence of tetrahedral substitutions

leads to a relative increase in the amount of the inner-sphere surface complexes in the

low-charge case. A similar behavior was also observed for the simulated isosteric heats

of adsorption of water.

Factors such as the steric effects and the enhanced electrostatic interactions may

play important roles in the diffusion process. We see that the self-diffusion coeffi-

cients of water and ions in the high-charge montmorillonite are generally lower than

those of the corresponding low-charge system (see Tables S2-S5 and S7-S10, and Fig.

S31). An opposite trend is expected near the transition RH values due to the fact

that the high-charge clay shifts swelling transitions toward lower RH values. Notably,

in the low-charge montmorillonite, for not too low RH and weakly hydrated ions, the

diffusion coefficients of H2O present on the external surfaces were also higher than

those in the water-saturated mesopores.26,31 This was attributed to the fewer hydro-

gen bonds79 at the liquid-vapor interface which reduce the effective friction experienced

by water molecules, resulting in higher diffusion coefficients. Interestingly, the mobil-

ity of cations in the mesopores of high-charge montmorillonite is typically higher than

that of the corresponding low-charge system. This may be attributed to the relatively

stronger cation-surface interactions due to the presence of tetrahedral substitutions

in the low-charge montmorillonite (see, for example, Figs. S21-S22). Note that the

high-charge system has only inner octahedral substitutions in our simulations. Such

confinement and surface charge effects can also influence, e.g., the electrokinetic trans-

port in nanochannels.70

Overall, one of the main effects of layer charge on adsorption and diffusion proper-

ties is due to the shifts in the swelling transitions. Thus the major differences in such

properties are restricted to narrow regions of RH lying between the swelling transitions

of the low- and high-charge clays. We confirmed that these shifts in swelling transitions

are more pronounced for strongly hydrated ions. Also, the interlayer water content per

16



cation in a hydration state decreases with increasing layer charge. However, the water

content per cation in the mesopore is almost constant with increasing layer charge.

We note that both the magnitude and the distribution of layer charges play important

roles in diffusion processes.

4 Conclusions

GCMC and MD calculations were applied to investigate the adsorption and diffu-

sion properties of H2O and ions in interlayers and on external surfaces of high-charge

montmorillonite clays (Arizona-type) with varying RH. In total, six counterions were

considered in this work: lithium, sodium, potassium, magnesium, calcium, and stron-

tium. The simulation results of basal distances derived from the swelling free energy

curves and the quantity of adsorbed water were in agreement with experimental obser-

vations.6,9,13 We find that the cation solvation energy plays a key role in the swelling

mechanism of clays. In general, for weakly solvated ions (e.g., K+), the amounts of

water adsorbed on the external clay surfaces were significantly higher than those in the

interlayers. This can be attributed to the clay swelling inhibition by such cations. Fur-

thermore, the estimated self-diffusion coefficients of intercalated H2O and counterions

were consistent with experiments.14,17 At a fixed RH, possibly due to steric factors, the

simulated diffusion coefficients of the interlayer species were generally lower than those

calculated for the external surfaces. This difference in mobilities becomes smaller with

increasing RH for all cases, except clays saturated with weakly solvated ions which

exhibit a limited swelling.

The effect of the layer charge on adsorption and diffusion of H2O and ions in

clays was investigated by comparing the simulation results obtained for high-charge

(Arizona-type) and low-charge (Wyoming-type) montmorillonites. Our comparisons

confirm the experimental observation that the high-charge montmorillonite generally

shifts swelling transitions toward lower RH values, probably because of the fact that

the high-charge clays contain a relatively large number of hydrated cations. Therefore,
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we see that the adsorption and dynamics of water and ions near the transition RH

values are significantly different in the low- and high-charge montmorillonites. An

important finding is that for a given interlayer hydration state, possibly due to steric

reasons, the water content per O20(OH)4 is almost independent of the layer charge.

However, at a given RH, the water content per O20(OH)4 in the mesopore increases

with increasing magnitude of the layer charge. The self-diffusion coefficients of water

and ions in the high-charge clay are generally lower than those of the corresponding

low-charge system. As an exception to this, the diffusion coefficients of counterions

in the mesopores of high-charge montmorillonite are typically higher than those of

the corresponding low-charge system. This may be attributed to the presence of the

tetrahedral substitutions in the low-charge montmorillonite. These findings should

provide a basis for future studies, e.g., on the influence of geological conditions on clay

swelling processes at varying relative humidity.
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Table 1: Charges q and LJ parameters σ and ε of water, clay, and ion.

Force or charge site σ (Å) ε/kB (K) q (e)

Water (SPC) 55,56

O 3.1656 78.2000 −0.8200

H 0.0 0.0 0.4100

Montmorillonite (CLAYFF) 55

Hydroxyl H 0.0000 0.0000 0.4250

Hydroxyl O 3.1656 78.2000 −0.9500

Hydroxyl O with substitution 3.1656 78.2000 −1.0808

Bridging O 3.1656 78.2000 −1.0500

Bridging O with octahedral substitution 3.1656 78.2000 −1.1808

Tetrahedral Si 3.3020 9.2618 × 10−4 2.1000

Octahedral Al 4.2712 6.6918 × 10−4 1.5750

Octahedral Mg 5.2643 4.5440 × 10−4 1.3600

Ion

Li57 1.3723 9.2130 1.0000

Na24,55 2.3500 65.5128 1.0000

K55,58 3.3340 50.3584 1.0000

Mg57 1.6444 440.6085 2.0000

Ca55,58 2.8720 50.3584 2.0000

Sr57 3.4620 50.3584 2.0000
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Table 2: Approximate RH ranges and the corresponding hydration states/basal
d−spacings observed experimentally and employed in our simulations for Arizona
montmorillonite in contact with water at T = 298.15 K. The maximum deviation
of the basal spacings obtained by swelling free-energy analysis/experiments from those
used here was about 5%.

Clay type RH (%) hydration state/basal d−spacing

Experiment6,13 Simulation (Å)
Li-montmorillonite 0 – 50 1W 12.0

50 – 100 2W 15.0
0 – 10 0W 10.0

Na-montmorillonite 10 – 50 1W 12.0
50 – 100 2W 15.0

K-montmorillonite 0 – 10 0W 10.0
10 – 100 1W 12.0

Mg-montmorillonite 0 – 10 1W 12.0
10 – 100 2W 15.0

Ca-montmorillonite 0 – 10 1W 12.0
10 – 100 2W 15.0

Sr-montmorillonite 0 – 20 1W 12.0
20 – 100 2W 15.0

29



Figure 1: Equilibrium snapshot of Arizona Sr-montmorillonite in contact with water
(RH of 80%) at T = 298.15 K. Color code: O, red; H, white; Si, yellow; Al, cyan; Mg,
orange; Sr, green.
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Figure 2: Variations of (a) normal pressure Pzz and (b) swelling free energy per clay
platelet area ∆F/A as a function of the basal d−spacing for Arizona Sr-montmorillonite
at T = 298.15 K. Simulations are performed under different RH conditions.
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Figure 3: RH dependence of the basal d−spacing as computed from our GCMC sim-
ulations (symbols) and the corresponding experimental data6,13 (lines) for Arizona
samples saturated with (a) monovalent and (b) divalent cations at T = 298.15 K. In
simulations, the maximum error was about 5%.
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Figure 4: RH dependence of water uptake as computed from our GCMC simulations
(symbols) and the corresponding experimental data9,13 for Arizona samples saturated
with (a) monovalent and (b) divalent cations at T = 298.15 K. Error bars are smaller
than the symbol size. The basal d−spacings are as given in Table 2.

33



Figure 5: RH dependence of water uptake as computed from our GCMC simulations
(symbols) and the corresponding BET model (lines) for Arizona samples saturated
with (a) monovalent and (b) divalent cations at T = 298.15 K. Error bars are smaller
than the symbol size. The basal d−spacing is fixed at 65 Å.
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Figure 6: RH dependence of the isosteric heat of adsorption of water in (a) interlayers
and on (b) external surfaces of the Arizona montmorillonite. The line represents the
heat of vaporization of water.72
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Figure 7: Normalized diffusion coefficients of interlayer ions (open symbols) and corre-
sponding H2O (solid symbols) as a function of RH for Arizona samples saturated with
(a) monovalent and (b) divalent cations at T = 298.15 K. The basal d−spacings are
as given in Table 2.
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Figure 8: Normalized diffusion coefficients of ions (open symbols) and corresponding
H2O (solid symbols) as a function of RH for Arizona samples saturated with (a) mono-
valent and (b) divalent cations at T = 298.15 K. The basal d−spacing is fixed at 65
Å.
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Figure 9: Variations of (a) normal pressure Pzz and (b) swelling free energy per clay
platelet area ∆F/A as a function of the basal d−spacing for low- and high-charge
Sr-montmorillonite at T = 298.15 K.
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