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Abstract

Grand canonical Monte Carlo and molecular dynamics simulations were ap-

plied to understand the molecular mechanism of ion and water transport in

montmorillonite clays as a function of relative humidity (RH). The variation of

basal spacings of montmorillonite as a function of RH predicted based on the

swelling free energy profiles was consistent with X-ray data. The hydration of

the montmorillonite shows the following well-known order: Mg2+ > Ca2+ >

Sr2+ > Li+ > Na+ > K+. The relative contribution of water on external sur-

faces only becomes significant close to the saturation pressure. However, this

behavior for K-montmorillonite starts to occur well below the saturation pres-

sure due to the clay-swelling inhibition by potassium ions. The diffusion of water

and ions generally increases with RH in all samples. However, for samples with

weakly hydrated ions, the water mobility in thin films adsorbed on external basal

surfaces of clay can be higher than that in the water-saturated mesopores. For

a given RH, mobility of interlayer species is typically lower than that from the

external surfaces. The results of the simulations were applied to interpret recent

laboratory measurements of ion mobility with changing RH. We also assess the

effect of layer charge distribution on such sorption and diffusion processes.
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1 Introduction

Smectite such as montmorillonite is one of the most common type of naturally occur-

ring clay minerals that readily swell in the presence of water.1–25 Smectite clays are

aluminosilicates comprised of negatively charged layers compensated by cations located

in the interlayer region. Clay minerals play important roles in geologic sequestration

of carbon dioxide,26–29 shale gas extraction,26,30–32 and nuclear waste disposal.33,34 For

example, successful storage of CO2 is determined by the alterations in the perme-

ability of overlying cap rock formations because of interaction with the contact fluid.

Cap rocks generally consist of shale or mudstone enriched in clay minerals such as the

smectite mineral montmorillonite. Notably, the extent to which shale formations rich

in expandable clays swell is primarily controlled by H2O contents in the contact fluid.

Understanding the fundamentals of clay-water interaction is crucial to the success of

such applications. Moreover, the clay interlayer provides a distinct structural environ-

ment for investigating the role of confinement on sorption and diffusion processes.

A number of experimental1–13 and simulation14–25 studies have been carried out to

determine the swelling properties of montmorillonite systems. These studies typically

showed two regimes of the swelling process in montmorillonite due to water uptake: (a)

Crystalline swelling at basal d−spacings below ≈ 19− 21 Å and (b) Osmotic swelling

corresponding to basal d−spacings above ≈ 30 Å. The stable basal d−spacings are

usually in the range 9.6 − 10.4 Å for dry (0W) montmorillonite. In the presence of

water, the basal d−spacings increase and are in the range 11.5-12.5 Å for a monolayer

(1W) water arrangement. The next stable state is a bilayer (2W) with basal d−spacings

in the 14.5−15.5 Å range, followed by three water layers (3W) with basal d−spacings in

the 18.0−19.1 Å range. Additional water uptake, for example, induces transition from

such crystalline swelling to the so-called osmotic swelling, where the basal d−spacing

continuously increases with water content. The relative stabilities of these hydration

states in the clay system can be determined from the minima in the swelling free energy

profile.18,20
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Several factors influence the sorption and transport properties of, e.g., water in

smectite clay minerals such as relative humidity (RH), pore space, interlayer cation,

and layer charge distribution.1–21 Ferrage et al.8,9 studied hydration of montmoril-

lonite as a function of RH by modeling of X-ray diffraction (XRD) patterns. They

also investigated the effects of interlayer cation and layer charge distribution on the

swelling mechanism of montmorillonite clays. Tambach et al.20 used simulations to

study the molecular mechanism of clay swelling hysteresis as a function of RH. Teich-

McGoldrick et al.21 applied molecular simulations to investigate the effects of interlayer

cation, layer charge location, and temperature on the swelling properties of clay miner-

als. Such factors are important in determining the diffusion rates of various interlayer

cations and water.10,13–19 Malikova et al.10 studied the diffusion mechanism of water in

montmorillonite clays at low hydration by neutron spin-echo and time-of-flight tech-

niques. The interpretation of experimental conductivity values provided the diffusion

coefficients for interlayer cations as a function of RH.13 Simulations of montmorillonite

clays with varying RH reported so far have been restricted to adsorption studies.20,21

More recently, simulations were used to understand the molecular mechanism of the

mobility of water and monovalent ions in mesopores of montmorillonite as a function

of RH.35 However, a detailed understanding of the factors which influence the sorption

and transport properties of water and ions in smectite clay minerals such as RH, pore

space, interlayer cation, and layer charge distribution is still lacking.

Computer simulations are very suitable to study the organization and dynamics

of complex systems.36–41 In this study, grand canonical Monte Carlo (GCMC) simula-

tions were carried out to obtain molecular-level understanding of the influence of RH on

water uptake by montmorillonite at 298.15 K. The focus of this study is on Wyoming-

type montmorillonite comprising of tetrahedral silica and octahedral alumina sheets

that coordinate to form a 2:1 or tetrahedral-octahedral-tetrahedral layer. Further-

more, these simulation samples are saturated with monovalent (Li+, Na+, or K+) and

divalent (Mg2+, Ca2+, or Sr2+) ions. The stable basal d−spacing values determined

from the free energy profiles and the water uptake as computed from simulations were
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used to aid in the interpretation of clay swelling experiments.3–8,11 Then, molecular

dynamics (MD) simulations were applied to understand the molecular mechanism of

ion and water diffusion in montmorillonite as a function of RH. An overall goal of our

research is to apply these simulations to interpret the experimental measurements10,13

of self-diffusion coefficients of ions and water in the clay interlayers as a function RH.

Also, sorption and diffusion properties of interlayer species as a function of RH are

compared with those from external surfaces. Finally, we report the effect of layer

charge distribution on such sorption and diffusion processes.

2 Simulation details

All GCMC and MD simulations are carried out with TOWHEE42and LAMMPS43

packages, respectively. Since the molecular model and the simulation method used

here were similar to those presented in our earlier works,38–41 we briefly outline the

simulation procedure. Our simulations use clay model based on the pyrophyllite

unit cell structure (Si8Al4O20(OH)4). The supercell of orthorhombic symmetry has

64 unit cells (2560 atoms) constituting the mineral portion of the clay phase (Fig.

1). That is, each of the two parallel clay layers has dimensions of 42.24 × 36.56 ×

6.56 Å. The z dimension of the simulation box Lz = 2d, where d is the basal spac-

ing which is the sum of the clay layer thickness (6.56 Å) and the interlayer region.

We have focused our study on Wyoming-type montmorillonite of unit cell formula

M0.75/n(Si8)(Al3.25Mg0.75)O20(OH)4, where M represents a counterion (Li+, Na+, K+,

Mg2+, Ca2+, or Sr2+) and n is the counterion valency. According to this formula, each

clay sheet accommodates 24 isomorphic substitutions of Al by Mg ion in the octahe-

dral sheet and 24 (12) compensating monovalent (divalent) counterions in the interlayer

region. All these substitutions follow the restrictions of Loewenstein’s rule (e.g., re-

placement sites cannot be adjacent to each other). The clay model was assumed to be

rigid during our simulations. Furthermore, we employed periodic boundary conditions

in three directions.
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The interactions between particles were assumed to be pairwise additive and are

modeled based on the Lennard-Jones (LJ) 12-6 potential.44 The Lorentz-Berthelot

mixing rule was used to determine interactions between particles with different LJ

parameters. The charged atoms interact with one another via the direct Coulomb

potential. The electrostatic interactions were treated using the Ewald summation

(GCMC) or particle-particle particle-mesh (MD) method with a precision value of

10−5. Force field parameters for clay are as in CLAYFF.45 Water was modeled by the

simple point charge (SPC) water having flexible intramolecular interactions45 (GCMC

simulations used rigid SPC46 model for water). The LJ parameters of the mobile Li+,47

Na+,18 K+,48 Mg2+,47 Ca2+,48 and Sr2+ 47 ions are are taken from the literature. The

LJ parameters and charges used in this study are presented in Table S1, Supporting

Information.

GCMC simulation was used to study the adsorption of water by montmorillonite

in the µH2OV T ensemble, where µH2O is the chemical potential of water. The imposed

H2O chemical potential corresponds to a pressure of RH×P0, where P0 represents the

saturated vapor pressure of the SPC model (about 0.032 bar49,50 at 298.15 K in good

agreement with the experiments). Each GCMC simulation typically consisted of about

4×107 Monte Carlo steps for the equilibration phase and 2×107 steps for the production

phase. The swelling states of the clay model are obtained using the stability analysis

based on the normal pressure (output from TOWHEE) and the swelling free energy.18,20

The final conformations outputted by our GCMC simulations were employed as the

initial conformations in the MD simulations. Equilibration runs of 1 ns were carried

out in the NV T ensemble, followed by 4 ns production runs in the NV E ensemble.

Three independent trajectories each of length 5 ns per simulation are computed to

achieve good statistical averages. The equations of motion are integrated using the

velocity Verlet algorithm with a time step of 1 fs. The temperature is controlled by

a Nośe-Hoover thermostat44 using a relaxation time of 0.1 ps and a drag value of 1.0.

The nonbond terms were handled with a cutoff at 9.5 Å. The long-range van der Waals

interactions are included via tail corrections. The differences of system temperatures
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from the preset value during NV E production runs are mostly negligible (typically

< 1%).

3 Results and discussion

3.1 Swelling curves

GCMC simulations were carried out to understand the swelling process of montmoril-

lonite as a function of RH. Oscillations in the pressure provide a signature for crystalline

swelling processes and a means for distinguishing integer-layer hydrate states.15,20,51

The simulation results for pressure and swelling free energy profiles of all samples are

shown in Figs. S1 and S2, Supporting Information. Each free energy curve displays

distinct minima that correspond to points where the normal pressure crosses the ap-

plied pressure line with negative slope.15 The applied pressure originates from both the

bulk pressure, as determined by the temperature and chemical potential of the reser-

voir, and from any external pressure. The partial water-vapor pressure is the applied

pressure in our simulations. Furthermore, Fig. 2 shows the basal spacing values at the

global energy minima as computed from simulations (symbols) and the corresponding

experimental data (lines). The experimental results are taken from Ferrage et al.8

Other available experimental results3–7,11 are in agreement with the ones plotted here

and not included for clarity. We find good agreement between our simulation results

and the experimental data. The experimental swelling curves may not identify the

equilibrium states since an adsorption/desorption hysteresis loop occurs for swelling

of the clay.8,23 The simulation results enclosed by the experimental hysteresis data

may establish the true equilibrium clay layer spacings.23 The simulated layer spacings

reported here are in good agreement with those determined by Boek et al.23 There-

fore, the global minima in our simulated swelling free energy curves may provide the

true equilibrium clay layer spacings of the system. With the aim of gaining more in-

sight into the swelling process, we plot in Fig. 3 water uptake by montmorillonite as
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computed from simulations (open symbols) and the corresponding experimental data

(lines). These experimental results are taken from Ferrage et al.8 Other available ex-

perimental results3–7,11 are in agreement with the ones plotted here and not included

for clarity. Note that for simplicity and in accordance with other studies,21,40 we used

basal distances d = 10.0, 12.0, and 15.0 Å in our simulations representing, e.g., the

swelling states ≈ 0W, ≈ 1W, and ≈ 2W, respectively. Table 1 provides approximate

RH ranges and the corresponding basal distances/hydration states, for example, ob-

served experimentally8 and used in our simulations of montmorillonite in contact with

water (see also Fig. 2). The simulation results of water uptake are in good qualitative

agreement with the experimental data. The discrepancy here may arise from minor

differences in layer charge and/or basal d−spacing between simulation and experiment

as well as force field issues. Other possible reasons for this discrepancy may include

framework flexibility, registry motion of clay sheets,15 and turbostratic stacking of clay

layers52 which are not considered in this study. Our results are also consistent with

previous simulation studies21 (solid symbols in Fig. 3). Additionally, density profiles

of different interlayer species estimated along the z-axis (perpendicular to the montmo-

rillonite surface) in relevant hydration states close to the free energy minima are shown

in Figs. S3 and S4. Note that as a result of the difference between the simulation and

experimental results of water adsorption (see Fig. 3), the present results are at least

qualitatively applicable.

Our results show that the swelling tendency of montmorillonite is related to the

hydration energy of the ions. The hydration of montmorillonite is following the well-

known order: Mg2+ > Ca2+ > Sr2+ > Li+ > Na+ > K+. We observe crystalline

swelling where the stable basal d−spacings are in the range of about 9.6-10.4 Å for

dry (0W) montmorillonites and grow in the presence of water to the range of about

11.5-12.5 Å making a monolayer (1W) water structure. The next stable state is a bi-

layer (2W) in the range of about 14.5-15.5 Å. Under conditions close to or above water

saturation, water can further form such as three layers (3W) with basal d-spacings in

the range of about 18.0-19.2 Å12 or induce transition from crystalline swelling to the
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so-called osmotic swelling, where the basal d−spacing increases continuously with wa-

ter content.1,2 Our simulations show that a typical sample at 100% RH contains about

14 H2O molecules per O20(OH)4 in the 3W state (basal d-spacing of 18 Å) which is

in agreement with previous measurements.12,19 The 3W state or the swelling of clays

for RH & 100% is not further considered in this study. Similar swelling behavior of

clay was reported by ab initio molecular dynamics (AIMD) simulations in variably hy-

drated Ca-montmorillonite.22 AIMD studies showed that initially the interlayer space

expands approximately 20% compared to the dry clay and higher water content sys-

tems indicate about 27% expansion compared to the 1W state. Interestingly, we see

that the change in RH hardly affects the sorbed amount of H2O and the distribution

of different species in each hydration state. Note that the smooth increase in the ad-

sorbed water amount observed in the experiments3–7,11 appears to be in disagreement

with the corresponding stepwise change discussed above. This difference may be de-

scribed based on the hydration-heterogeneity model that suggests the coexistence of

integral hydrations states at a fixed RH.8 However, the investigation of such complex

processes is out of scope of this work. Also, pronounced variations are obtained for the

density profiles of counterions with increasing RH, mostly because of the expansion of

the clay. The adsorption of counterions onto clay leads to both inner- and outer-sphere

surface complexes, which is in agreement with earlier simulations.18,24 An inner-sphere

surface complex has no water molecule present between the surface functional group

and the cation it binds, whereas an outer-sphere surface complex has at least one water

molecule interposed between the cation and the surface.53 The monovalent counterions

show significant population in the inner-sphere complexes and the divalent counteri-

ons exist mostly in the outer-sphere configurations. This trend is consistent with the

observation that increasing hydration energy of the cations preclude the formation of

inner-sphere configurations.18,24

Furthermore, the simulated in-plane (xy) density distributions of molecules in the

clay interlayers are given in Figs. S5-S15. The overall distribution behavior was very

similar to that obtained in the previous simulation studies.14,15,17,40 For example, coun-
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terions present in the inner-sphere configurations are typically correlated with substi-

tutions in the octahedral sheet. Our results show that water molecules are essentially

associated with the interlayer ions and water can extend over the whole surface forming

patterns at high RH. The orientation of interlayer water with respect to the normal

vector of the closest clay platelet is shown in Figs. S16-S21. The overall orientation

behavior was also very similar to that observed in the previous simulation works.20,40

We see that the favored angles for the water dipoles near a given surface are ≈ 90◦

and ≈ 135◦ in the one-layer and two-layer water systems, respectively. Notably, the

H-H vector does not lie parallel to the clay surface in the one-layer water system with

monovalent counterions.

3.2 Water films on external surfaces of montmorillonite

GCMC simulations were also carried out to understand water adsorption onto external

surfaces (basal d−spacing fixed at 65 Å) of montmorillonite as a function of RH. Fig.

4 shows the amount of water adsorbed onto external surfaces of montmorillonite as

computed from simulations (symbols). Our results are compared with the Brunauer,

Emmett, and Teller (BET)54 adsorption isotherm model (lines) which provide comple-

mentary multilayer adsorption analysis of water uptake on external clay surfaces. The

simulation results are in good qualitative agreement with the BET theory. Table S2 re-

ports the BET fitting parameters for all clay samples. As expected, samples saturated

with divalent cations display more significant water adsorption over the entire range

of RH values studied when compared to those samples containing monovalent cations.

For example, based on the BET analysis, the monolayer coverages of montmorillonite

with monovalent and divalent cations are about 4 and 7 H2O molecules per O20(OH)4,

respectively. As noted previously,11 BET analysis fails to adequately describe adsorp-

tion phenomena at RH values close to saturation. Comparing the amount of water

determined by modeling the X-ray diffraction patterns with that obtained from the

gravimetry experiments may allow discriminating the relative contributions of H2O

molecules from interlayers and pore space network.8 An important finding is that at
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identical conditions the relative contribution of H2O on external surfaces only becomes

significant close to the saturation pressure (compare, e.g., Figs. 3 and 4). However,

this behavior for K-montmorillonite starts to occur well below the saturation pressure

due to the clay-swelling inhibition by potassium ions.

Furthermore, density profiles of water and ions located at the external surfaces of

montmorillonite as a function of RH are shown in Figs. S22-S23. Under fully saturated

conditions, water shows bulk-like behavior away from the clay surface (z ' 10 Å)

in all cases. Three strongly structured water layers at z ≈ 3, 6, and 9 Å can be

identified in these density profiles. The positions of maxima and minima and their

magnitude obtained here are in excellent agreement with previous simulation studies

of water behavior in clay mesopores.35,55 Here also the ions have a strong preference to

form outer-sphere surface complexes with increasing RH and/or ion hydration energy,

consistent with other reports.35 The density minima separating the first and the second

water layers coincide with the maxima in the ion density profiles corresponding to the

outer-sphere surface complexes. As the water content is increased to saturation, ions

are seen to shift gradually from outer-sphere surface complexes to diffuse-layer species.

3.3 Diffusion of the interlayer species in montmorillonite

The self-diffusion coefficients have been estimated from the linear slope of the mean

square displacements of the species versus time, and the results are provided in Table

S3. Overall, the calculated diffusion coefficients of ions and water are in reasonable

agreement with experiments (see Table S3).10,13 Note that a relatively high amount of

water, e.g., in the simulated 2W state (see Fig. 3) might result in slightly lower mobility

of interlayer species than experimental values. The influence of framework flexibility

on diffusion coefficients increases as water content decreases which is evident from

comparison of our results with those of Greathouse et al.19 Similar behavior has been

reported by Holmboe and Bourg.56 All these self-diffusion coefficients were normalized

by the corresponding bulk values at about 298.15 K and given in Fig. 5. The bulk

diffusion coefficients of Li+, Na+, K+, Mg2+, Ca2+, Sr2+, and H2O are about 1.03, 1.33,
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1.96, 0.71, 0.79, 0.79, and 2.30 × 10−9 m2/s, respectively.57,58 Here each bulk phase

was approximated by that of water-saturated mesopore. The resulting estimates (see

below) of diffusion coefficients are close to these experimental values.57,58 As with the

sorbed amount of H2O and the distribution of different interlayer species, the change

in RH hardly affects the diffusion coefficients of different species in each hydration

state. For all systems, the self-diffusion coefficient of water in the 1W hydration state

decreases by about an order of magnitude compared to its bulk counterpart. Mobility

of an ion in the 1W state is lower than that in the bulk by about an order of magnitude

for monovalent case and two orders of magnitude for divalent case. The diffusion of

all species typically increases with RH because of the associated swelling of the clay.

Therefore, at high RH, sorbate diffusion is comparable to that in the bulk for all

samples except K-montmorillonite in which potassium acts as a swelling inhibitor. For

example, the simulated diffusion coefficient of K+ is about 2.5×10−11 m2/s independent

of RH, and the corresponding value obtained using other force fields was in the range of

about 0.6−18.0×10−11 m2/s.25 Consistent with the results of solvation energies,59 the

diffusion coefficients of water are generally higher in the hydration states of samples

saturated with monovalent ions than with divalent ions.

3.4 Surface diffusion in water film

Self-diffusion coefficients of water and ions on the external surface of montmorillonite as

a function of RH are given in Tables S4 and S5. All these self-diffusion coefficients were

normalized by the corresponding bulk values and shown in Fig. 6. The current results

agree well with previous simulation results for Na-montmorillonite.35 The ionic mobility

monotonically increases with RH in all samples, which is the expected behavior for the

shift in distribution from, e.g., inner- to outer-sphere complexes (see also Figs. S22-

S23). Consistent with this mechanism, as RH increases the number of surface oxygen

sites in the first coordination shell of Na+ decreases and water molecules become part

of it.35 This is not always the case for water. For example, if the RH is not too low, the

water mobility in thin water films is higher than that in the water-saturated system.
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We observe this enhancement in the water mobility for samples with weakly hydrated

ions. The increased water mobility in thin films in comparison to saturated samples is

due to the faster hydrogen bond dynamics at the liquid-vapor interface.60 At lower RH,

water molecules are associated with the surface-bound cations and thus become less

mobile. Our results show that for a given RH, mobility of interlayer species is typically

lower than that from the external surfaces (compare, e.g., Figs. 5 and 6). This may be

attributed to the steric constraints of the interlayer regions. For example, the diffusion

of each species in the 1W state (≈ 20% RH) is about an order of magnitude lower

than that in the films. At high RH this difference in diffusion coefficients, as expected,

becomes smaller for all samples except K-montmorillonite.

Overall, the diffusion properties of water and ions in the interlayers are controlled

by the swelling state with the global energy minimum. Our results show that ion

hydration energy plays a critical role in determining the interlayer expansion of smectite

clay minerals when exposed to water. Thus, among the investigated monovalent ions,

mainly potassium ions showed clay swelling inhibition. This means that an interlayer

species is relatively less mobile in K-montmorillonite at all RH. While, among the

investigated divalent ions, Sr2+ showed less swelling of the clay. Therefore, for divalent

case, an interlayer species is relatively less mobile in Sr-montmorillonite at all RH.

However, ion hydration energy has a much less drastic effect on the diffusion properties

of water and ions on the external surfaces. For example, among the investigated

monovalent ions, the water mobility associated with potassium ions at intermediate

RH is relatively higher than that in the water-saturated mesopores.

3.5 Influence of layer charge distribution

Montmorillonite may exhibit limited tetrahedral substitutions.8,13,28,29 In order to un-

derstand the effect of layer charge distribution on sorption and diffusion processes, we

also simulated the corresponding M0.75/n(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4 case in the

presence of water. This montmorillonite has both octahedral and tetrahedral substitu-

tions. For simplicity, arrangement of isomorphic substitutions is based on the one used
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by Chávez-Páez et al.16 Here we compare the results obtained using this model with

those obtained using M0.75/n(Si8)(Al3.25Mg0.75)O20(OH)4 (see above). We checked that

the swelling process with respect to spacing and water content was not much affected

by the layer charge distribution in all cases. The density profiles of different interlayer

species computed along the z-axis in relevant hydration states close to the free energy

minima are shown in Figs. S24 and S25. Note that, tetrahedral substitutions favor

the formation of inner-sphere surface complexes here over outer-sphere species. The

in-plane (xy) density distributions of various interlayer species are shown in Figs. S26-

S36. We generally observe two types of inner-sphere complexes in one of which ions

are associated exclusively with the negatively charged tetrahedral substitution sites.

Furthermore, the orientation of interlayer water with respect to the normal vector of

the closest clay platelet is hardly affected by charge distribution (Figs. S37-S42).

The amount of water adsorbed onto external surfaces of montmorillonite as com-

puted from simulations (symbols) is compared with the BET model (lines) in Fig. S43.

Table S6 reports the BET fitting parameters for all clay samples. In each case we find

a decrease in adsorption capacity in the presence of tetrahedral substitutions. This

decrease may be attributed to the fact that isomorphic substitution in the tetrahedral

sheet of montmorillonite favors the formation of inner-sphere surface complexes over

outer-sphere species (Figs. S44 and S45). The ion-water interaction is therefore be-

coming relatively more favorable in mesopores of montmorillonite with layer charge

exclusively in the octahedral sheet.

Self-diffusion coefficients of interlayer water and ions as a function of RH are given

in Table S7. Overall, the diffusion behavior of water is not much affected by the layer

charge distribution. Mobility of ions in the 1W state and, to a lesser extent, in the

2W state shows a marked decrease with substitutions in the tetrahedral layer. For

example, the self-diffusion coefficients can vary by as much as an order of magnitude

for divalent ions. This may be attributed to the presence of strong inner-sphere surface

complexes associated with tetrahedral substitution sites. Self-diffusion coefficients of

water and ions on the external surface of montmorillonite as a function of RH are given
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in Tables S8 and S9. Here also the diffusion coefficients of water on external surfaces

are not much affected by the layer charge distribution, while those of ions are retarded.

4 Conclusions

Molecular simulations have been used to understand the molecular mechanism of water

and ion transport in partially saturated clays. The basal spacing values at the free

energy minima and the water uptake as computed from simulations are in good agree-

ment with experimental measurements.8 The hydration of the montmorillonite follows

the order, Mg2+ > Ca2+ > Sr2+ > Li+ > Na+ > K+, suggesting that the hydration

mechanism is dependent upon the interlayer ion hydration energy. Comparing the

water uptake determined by modeling the X-ray diffraction results with that provided

by the gravimetry experiments may allow discriminating the relative contributions of

H2O molecules from interlayers and pore space network.8 While water molecules in the

interlayer spaces and mesopores contribute to the total uptake, H2O sorption is likely

dominated by uptake in the mesopores at high RH. Our simulations imply that, the

relative contribution of H2O on external surfaces only becomes important close to the

saturation pressure. This behavior for K-montmorillonite starts to appear, however,

well below the saturation pressure due to the clay-swelling inhibition by potassium

ions.

The diffusion of water and ions typically increases with RH in all investigated sam-

ples. However, for samples with weakly hydrated ions, the water mobility in thin films

adsorbed on external clay surfaces can be higher than that in the water-saturated

system. Recently Salles et al.13 reported diffusion coefficients of interlayer ions as a

function of RH by combining electrical conductivity measurements and water adsorp-

tion. Our simulation results are in good agreement with these experimental values.

These results indicate a significant variation in ionic mobility with RH and confirm the

impact of cation hydration on the overall process. In contrast, the diffusion behavior of

weakly hydrated ions (e.g., K+) in the interlayers appears to be independent of RH. For
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a given RH, mobility of interlayer species is typically lower than that from the external

surfaces which may be attributed to the steric constraints of the interlayer regions. Our

studies also indicate that the limited tetrahedral substitutions in the montmorillonite

clay mainly affect the ionic mobilities. Further simulations should be performed to in-

vestigate the influence of framework flexibility, layer charge, and geological conditions

on clay swelling. Such studies have been reported for water-saturated clays.56,61 This

approach will be extended to study samples at varying relative humidities in a future

publication.
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Table 1: Approximate relative humidity (RH) ranges and the corresponding hydration

states/basal d−spacings observed experimentally and employed in our simulations for

clay minerals 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 estimated at approximately ±0.4 Å.

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

Experiment8 Simulation (Å)

Li-montmorillonite 0 – 60 1W 12.0

60 – 100 2W 15.0

Na-montmorillonite 0 – 20 0W 10.0

20 – 60 1W 12.0

60 – 100 2W 15.0

K-montmorillonite 0 – 20 0W 10.0

20 – 100 1W 12.0

Mg-montmorillonite 0 – 20 1W 12.0

20 – 100 2W 15.0

Ca-montmorillonite 0 – 20 1W 12.0

20 – 100 2W 15.0

Sr-montmorillonite 0 – 40 1W 12.0

40 – 100 2W 15.0
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Figure 1: Equilibrium snapshots of K- (top) and Sr-montmorillonite (bottom) in con-

tact with water (RH of 60%) at T = 298.15 K. Color code: O, red; H, white; Si, yellow;

Al, light blue; Mg, light green; C, black; K, dark green; Sr, orange.
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Figure 2: RH dependence of the basal d−spacing as computed from our GCMC simula-

tions (symbols) and the corresponding experimental data8 (lines) for montmorillonite

samples saturated with (a) monovalent and (b) divalent cations at T = 298.15 K. For

simulation, the maximum error was estimated at approximately ±0.4Å.
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Figure 3: RH dependence of water uptake as computed from our GCMC simulations

(open symbols) and the corresponding experimental data8 for montmorillonite 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 1. Simulation

data of Teich-McGoldrick et al.21 are shown as solid symbols.
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Figure 4: RH dependence of water uptake as computed from our GCMC simulations

(symbols) and the corresponding BET model (lines) for montmorillonite samples sat-

urated 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 5: Normalized diffusion coefficients of interlayer ions (open symbols) and cor-

responding H2O (solid symbols) as a function of RH for montmorillonite samples sat-

urated with (a) monovalent and (b) divalent cations at T = 298.15 K. The basal

d−spacings are as given in Table 1.
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Figure 6: Normalized diffusion coefficients of ions (open symbols) and corresponding

H2O (solid symbols) as a function of RH for montmorillonite samples saturated with

(a) monovalent and (b) divalent cations at T = 298.15 K. The basal d−spacing is fixed

at 65 Å. Simulation data of Churakov35 obtained using SPC/E water model are shown

as lines.
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