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ABSTRACT: In geologic settings relevant to a number of extraction and
potential sequestration processes, nanopores bounded by clay mineral
surfaces play a critical role in the transport of aqueous species. Solution
structure and dynamics at clay−water interfaces are quite diﬀerent from
their bulk values, and the spatial extent of this disruption remains a topic of
current interest. We have used molecular dynamics simulations to
investigate the structure and diﬀusion of aqueous solutions in clay
nanopores approximately 6 nm thick, comparing the eﬀect of clay
composition with model Na-hectorite and Na-montmorillonite surfaces.
In addition to structural properties at the interface, water and ion diﬀusion
coeﬃcients were calculated within each aqueous layer at the interface, as
well as in the central bulk-like region of the nanopore. The results show
similar solution structure and diﬀusion properties at each surface, with
subtle diﬀerences in sodium adsorption complexes and water structure in the ﬁrst adsorbed layer due to diﬀerent arrangements of
layer hydroxyl groups in the two clay models. Interestingly, the extent of surface disruption on bulk-like solution structure and
diﬀusion extends to only a few water layers. A comparison of sodium ion residence times conﬁrms similar behavior of innersphere and outer-sphere surface complexes at each clay surface, but ∼1% of sodium ions adsorb in ditrigonal cavities on the
hectorite surface. The presence of these anhydrous ions is consistent with highly immobile anhydrous ions seen in previous
nuclear magnetic resonance spectroscopic measurements of hectorite pastes.

■

INTRODUCTION
Chemical reactivity and transport of water and aqueous species
in nanoporous materials are typically controlled by structure,
composition, charge distribution, protonation state, and related
properties of the mineral−water interfaces. Surface chemistry
and the reactivity of clay minerals, in particular, can inﬂuence
mineral−water interfaces and control many geochemical
processes in the environment.1,2 These include adsorption,
dissolution, precipitation, solute and water diﬀusion, nucleation,
and growth phenomena that can impact mesoscopic and
macroscopic rock properties, such as permeability, porosity,
wettability, and mechanical strength.
Recent interest in the extraction of gas and oil from
unconventional geological reservoirs such as shale rocks3−5
highlights the need for an improved assessment of nanoporosity
and the physical chemistry of the dominant clay−water
interactions in such tight rock environments. Similarly, the
interfacial chemistry of clay−water nanopores is relevant to
understanding the geochemistry of CO2 storage and sequestration in the subsurface,6−9 in performance assessment activities
for safe nuclear waste treatment and storage in geological
formations,10−13 in evaluating reactive transport and ﬂow in
soils and sediments,14−17 and in other related environmental
and geological applications.18−20
© 2015 American Chemical Society

Molecular details of these geochemical processes are typically
beyond the sensitivity of most experimental and analytical
techniques and therefore require accurate models and
simulation methods to guide the interpretation of the molecular
behavior. Molecular simulations provide a unique probe of the
mineral−water interface and oﬀer details of the structure,
energetics, and dynamics of the interface, including the mineral
substrate and adsorbates, solutes, and water molecules of the
aqueous phase. Molecular dynamics (MD) simulations oﬀer
analysis of time-dependent processes ranging from femto- to
pico- to nanoseconds and for spatial scales from Ångstroms to
tens of nanometers. In some instances these molecular results
can inﬂuence the interpretation of geological events involving
large scales of time (millennia to millions of years) and space
(meters to kilometers), although such upscaling approaches
remain a challenge for many geological applications.21−24
Of the spectroscopic methods that are complementary to
molecular simulation, nuclear magnetic resonance (NMR)
spectroscopy can be used to probe interlayer dynamics at time
scales accessible to MD simulation.25−32 Hectorite is a swelling
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(smectite) clay with layer charge localized in the octahedral
sheet that results from Li+ substitution for Mg2+. The limited
amount of Fe that occurs in natural hectorite clays makes it an
ideal material to experimentally probe the structure and
dynamics of water and interlayer ions in the clay mineral
using NMR. The low Fe content enables NMR spectroscopists
to avoid the line broadening and related interferences
associated with paramagnetic centers of Fe that typically
occur in in the common montmorillonite form of smectite in
which Al, Mg, and Fe reside in the octahedral sheet. NMRbased studies of hectorite have established constraints on the
rates of water dynamics, including reorientation and librational
behavior, provided insight into the activation energies of
dynamic processes, and suggested models for the geometry and
mechanism of H2O dynamics over a range of temperature
scales. Similar insights to the rate and mechanism of cation
motion have been provided for cations that interact with the
interlayer and external clay surfaces, such as at the ditrigonal
cavity site.26−28,33,34 These spectroscopic ﬁndings involving
detailed molecular mechanisms of the interlayer dynamics were
subsequently supported by the recent MD simulations of Nahectorite interlayers.35 Neutron scattering methods and
complementary MD simulations have also been used to
examine the dynamics of interlayer water in hectorite and
suggest slower rates and greater activation energies for diﬀusion
of water molecules parallel to the clay surface.36−39
Numerous studies have examined the diﬀusion of water and
various chemical species in clay mineral interlayers using MD
simulation.35−46 Most of these investigations have derived
diﬀusion coeﬃcients of interlayer water and alkali cations (Na+,
Cs+, etc.), often at multiple hydration states, which typically for
smectite clays can occur as stable one-, two-, or three-layer
hydrates. In general, diﬀusion rates for cations and water
increase with interlayer water content, but these rates also
depend on cation charge, cation hydration energy, clay surface
structure, and clay charge distribution. Several recent molecular
simulation studies have investigated diﬀusion rates of cations or
water molecules, or their distribution, on external surfaces of
clay and related minerals. These eﬀorts have explored the
wetting process through simulations of the sequential hydration
with water monolayers to, in some cases, a water-saturated
nanopore: brucite (Mg(OH2)),47 boehmite (γ-AlO(OH)),48
muscovite (KAl 2 (Si 3 Al)O 10 (OH) 2 ), 4 9 montmorillonite,24,46,50−52 and other layered minerals.53
In the present computational study, we extend the previous
MD studies of hectorite35−37,45,54 by examining the structure
and behavior of water and Na+ on the external basal surface of
hectorite. Rather than examine the conﬁnement of cations and
water within the interlayer, our simulations represent the watersaturated environment expected for a nanopore in which the
distribution of water and Na+ in an aqueous pore is impacted
by two opposing hectorite surfaces. MD simulations of an
equivalent nanopore based on montmorillonite surfaces are
used to compare the inﬂuence of substrate structure and charge
distribution on the aqueous structure of the nanopore. Of
particular note, our analysis of water and Na+ diﬀusion in the
nanopores is based on survival probabilities in well-deﬁned
water layers. The resulting proﬁle of diﬀusion coeﬃcients
clearly shows the eﬀect of surface properties on diﬀusion in clay
nanopores.

Article

SIMULATION METHODS

Montmorillonite and hectorite were investigated as model
smectite minerals to represent the surfaces exposed in a claybounded nanopore. Basal surfaces of smectite phyllosilicates
typically dominate the total surface area of these phases,
although edge surfaces can represent the more reactive surface
sites for clay minerals. While clay nanopores could contain
hydroxylated edge surfaces, we limit the present study to basal
surfaces for consistency with previous MD studies of hectorite
interlayers.35−37 Additionally, our nanopore model is analogous
to the hectorite paste samples used in recent NMR experiments, where the total water content is known to be well into
the osmotic swelling regime [interlayer spacing ∼3 water layers
(0.75 nm) and greater].27 The initial dry hectorite model was
built from an orthogonalized unit cell with an anhydrous
stoichiometry of M0.5(Mg2.5,Li0.5)Si4O10(OH)2 and dimensions
of x = 5.25 Å, y = 9.21 Å, and z = 9.35 Å, where M represents
the charge-compensating interlayer cation. The initial dry
montmorillonite model was derived from a unit cell of
M0.5(Al1.5,Mg0.5)Si4O10(OH)2 with dimensions of x = 5.17 Å,
y = 9.01 Å, and z = 9.31 Å. Layer charge for each model was
localized in the octahedral sheet and is associated with the
heterovalent substitution of metal cations; that is, Li +
substitution for Mg2+ in hectorite and Mg2+ substitution for
Al3+ in montmorillonite. Additionally, hectorite has all three
available octahedral sites occupied (trioctahedral smectite)
whereas montmorillonite has one vacant site for every two
occupied octahedral sites (dioctahedral smectite). The extent of
octahedral substitution determines the total layer charge and
inﬂuences the cation exchange capacity and swelling property
of the clay mineral. Both molecular models possess a layer
charge of −0.5 e per O10(OH)2, a charge representative of a
swelling smectite phase.
Each model was expanded to a 16 × 8 × 4 supercell with full
periodic boundaries and having four interlayer regions. Neutral
charge was maintained by adding 128 Na+ per interlayer. Three
of the interlayers were kept dry, including the layer through
which the z periodic boundary passed. The remaining interlayer
was expanded with 10 240 H2O molecules to form a nanopore.
The ﬁnal dimensions of the supercell for hectorite were x =
84.0 Å, y = 73.7 Å, and z = 89.9 Å, with a total of 52 736 atoms.
The ﬁnal dimensions of the montmorillonite supercell were x =
83.0 Å, y = 72.1 Å, and z = 88.4 Å, with 51 712 total atoms. A
snapshot of an MD-equilibrated hectorite nanopore is shown in
Figure 1.
Force ﬁeld parameters were taken from Clayﬀ and assigned
to each atom of the two clay models.55 This fully ﬂexible force
ﬁeld has been successfully applied to many oxide, hydroxide,
and clay mineral systems of environmental interest.35,36,40,47−49,53,56−69 Clayﬀ consists almost exclusively of
nonbonded (van der Waals and electrostatic) energy terms,
with bonded interactions only deﬁned for layer hydroxyl groups
and water molecules. Force ﬁeld parameters were taken from
Clayﬀ without modiﬁcation except atomic charges of the obss
(bridging oxygen with double substitution) and obos (bridging
oxygen with single substitution) atomic charges, which were
adjusted to maintain electroneutrality. The revised atomic
charges are −1.237725 (obss in hectorite) and −1.180850 (obos
in montmorillonite).
All MD simulations were performed with three-dimensional
periodic boundary conditions using the LAMMPS software.70 A
real-space cutoﬀ of 10.0 Å was used for short-range interactions,
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(note that pinned atoms are ﬁxed in scaled coordinates only,
allowing their real coordinates to change as cell parameters
changed). Each of the equilibrated supercells was then used to
create ten initial conﬁgurations. All atoms were held ﬁxed
except for sodium ions and water molecules, which were
assigned random initial velocities for a 200 ps NVT simulation
at 1000 K. These short simulations resulted in random sodium
conﬁgurations throughout each nanopore, removing any
conﬁgurational bias from the previous NPT simulation at 298
K. Conﬁgurations were saved every 10 ps during the ﬁnal 100
ps of simulation, providing ten random initial conﬁgurations for
each nanopore model.
Each random conﬁguration was cooled to 298.0 K, followed
by a 10 ns NVT simulation in which all atoms moved except the
four originally pinned atoms. Structural properties were
obtained from simulation trajectories over the ﬁnal 5 ns with
a sampling frequency of 200 fs. A total of 50 ns of trajectory
data were collected for each nanopore model.
Nanopore Structure. One-dimensional (1D) atomic
density proﬁles were obtained from MD trajectories and
averaged over the ten replicate simulations. Water layers were
deﬁned by identifying minima in the water oxygen (Ow) density
proﬁles. The average position of siloxane oxygen atoms at the
lower clay−solution interface (Figure 1) was set to z = 0.0 to
provide a consistent point of reference. The percentage of
sodium ions corresponding to each peak in the 1D density
proﬁle was obtained from integration and averaged over both
surfaces in each replicate simulation. Representative twodimensional (2D) density proﬁles were obtained from a single
MD trajectory for each model nanopore.
Diﬀusion Coeﬃcients. Following Liu et al.,75 we applied
virtual boundary conditions during the analysis to calculate
diﬀusion coeﬃcients for water (Ow atoms) and sodium ions in
speciﬁed layers in the nanopores. Thus, Ow and Na+ contribute
to the mean-square displacement (MSD) for a given layer only
when present in that layer. The relative time step of an atom’s
contribution to the MSD is reset to time t = 0 each time that
species enters the layer. We deﬁne S(t, t + τ) as the set of all
N(t, t + τ) particles that stay within a layer between time t and t
+ τ, where N(t) is the number of particles in the layer at time t.
Using atomic positions in the x-direction for atoms in layer L1
as an example, the MSD is calculated as

Figure 1. Snapshot of the hectorite simulation supercell representing
the equilibrated nanopore structure. Atoms are colored as follows: Na
(blue), O (red), H (white), Si (yellow), Li (purple), and Mg (green).
Aqueous layers are identiﬁed as L1 − L4 and Diﬀ (diﬀuse).

and long-range electrostatics were calculated with the particle−
particle particle−mesh (PPPM) summation algorithm71 at a
precision of 1.0 × 10−4. A time step of 1 fs was used for longrange interactions, and short-range interactions were calculated
every 0.5 fs. During all simulations, one atom in each clay layer
was “pinned”, that is, excluded from thermodynamic calculations to prevent unwanted movements of the clay layers. Such
translational moves are a consequence of random initial
velocities and can lead to a shearing motion between clay
layers. The four pinned atoms were selected from the Mg
atoms of the octahedral sheet for hectorite and from the Al
atoms of the octahedral sheet for montmorillonite. A minimum
of one atom in each clay layer is needed to prevent translation,
but a total of four atoms is necessary to avoid potential
rotations and realignment of the layers, which would
signiﬁcantly complicate the trajectory analysis.
The simulation methodology is summarized in Table 1 and is
similar to our previous MD simulation studies.72−74 Where
Table 1. Summary of MD Simulation Methodology
ensemble

mobile atoms

from initial supercell conﬁgurations
NVE
all but pinned atoms
NVT
NPT
NVT
water and Na+ only
from each new conﬁguration output
NVT
all but pinned atoms
NVT
NVT

temperature (K)

run time (ns)

298
298
298
1000

0.05
0.05
1.0
0.2

1000 → 298
298.0
298.0

0.1
5.0
5.0

⟨Δx 2(τ )⟩L1 =

1
Tmax

Tmax

∑
t=1

1
N (t )

∑

(xi(t + τ ) − xi(t ))2

i ∈ S(t , t + τ )

(1)

The survival probability P(t) that a particle is still within layer
L1 is
P(τ )L1 =

1
Tmax

Tmax

∑
t=1

N (t , t + τ )
N (t )

(2)

where Tmax is the total number of steps in the time window of
length τ, ranging from Δt to MΔt, where M is the maximum
number of lags. The expression for Dxx and Dyy can be written
as

appropriate, Nosé−Hoover thermostats and barostats were
used as implemented in LAMMPS with relaxation times of 0.1
and 1.5 ps, respectively. The initial conﬁguration was
equilibrated with a 50 ps NVE (number of particles N, volume
V, and potential energy E) simulation at a temperature of 298.0
K to allow atoms to relax from the initial lattice conﬁguration.
This was followed by a 50 ps NVT (temperature T) simulation.
The supercell thickness was then equilibrated by a 1 ns NPT
(pressure P set to 0 bar) simulation. Only the supercell zdimension was allowed to change during the NPT simulation

Dxx ,L1 = limτ→∞

⟨Δx 2(τ )⟩j
2τP(τ )

(3)

In practice, however, the limit is undeﬁned for large τ when
calculated for a bounded layer. As τ increases, the MSD
increases over short displacements before decreasing as the
17128
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Figure 2. 1D atomic density proﬁles in hectorite and montmorillonite nanopores relative to surface oxygen atoms. Aqueous regions are labeled along
the top horizontal axis as L1, L2, L3, and L4, with boundaries between these layers indicated by gray dotted lines. Density units are shown separately
for clay atoms (left axis) and solution atoms (right axis). Only one of the four clay layers is shown in each of the atomic proﬁles. Colors are as
follows: Na (blue), O (red), H (black), Si (brown), Mg (green), Li (orange), and Al (purple).

compared to those in the aqueous region (e.g., Na). As
expected, density peaks corresponding to hectorite and
montmorillonite layers are nearly identical, except for the
distribution of hydroxyl hydrogen atoms. The lack of vacancy
sites in the octahedral sheet of trioctahedral hectorite forces
most of the hydroxyl groups to be oriented perpendicular to the
sheets (large H peaks at −5.4 and −1.0 Å) with the hydroxyl
groups centered in the ditrigonal cavity.76 However, some
sodium ions adsorb in ditrigonal cavities on the hectorite
surface (Na+ peak at 0.5 Å), which directs those hydroxyl
groups into a more parallel orientation (small H peaks at −1.8
and −4.5 Å).
The asymmetry observed in the hydrogen peaks associated
with the hectorite hydroxyl groups is due to the aqueous phase
in contact with only one of the two hectorite surfaces (>0 Å).
The hectorite surface at −6.5 Å is adjacent to a dry interlayer
region consisting only of sodium ions that remain adsorbed in
ditrigonal cavities (−7.0 Å). The orientation of layer hydroxyl
groups parallel (perpendicular) to the clay sheets is governed
by the presence (absence) of a sodium ion in that ditrigonal
cavity, respectively. Previous simulations of the neutral end
member of this clay mineral (talc) indicate that all layer
hydroxyl groups are oriented perpendicular to the basal
surface.77 In contrast, montmorillonite layers contain octahedral vacancy sites that allow for layer hydroxyl groups to be
oriented nearly parallel to the clay sheets (broad H peaks at
−2.3 and −4.2 Å).
Although MD snapshots were not stored frequently enough
to conclusively determine the formation mechanism of
anhydrous sodium ions on the hectorite surface, we believe
that the approach of the ion into the ditrigonal cavity causes the
proximate layer hydroxyl group to tilt away due to repulsion.
Anhydrous sodium ions are present in the dry interlayers of
hectorite and also on the hydrated hectorite surface, near an
octahedral lithium ion (charge site). Additionally, the layer
hydroxyl group always tilts toward the lithium site rather than a
magnesium site, presumably because the lithium site results in
reduced electrostatic repulsion compared to a magnesium site.
The favorable interaction between these anhydrous sodium
ions and the six oxygen atoms lining the ditrigonal cavity

number of surviving particles approaches zero. The survival
probability vanishes at the same rate as the MSD, leading to the
numerical instability inherent in eq 3. After some trial and error,
we chose the following rule, as it allows consistent application
without requiring individual determination of window sizes.
The diﬀusion coeﬃcient in each direction parallel to the surface
(Dxx or Dyy) is calculated directly as
Dxx,L1 =

⟨Δx 2(τm)⟩L1
2τmP(τm)

(4)

where τm corresponds to the maximum in the MSD for a given
species in a given layer. For the results presented here, the
diﬀusion coeﬃcients Dxx and Dyy were averaged together to
obtain D∥ (diﬀusion coeﬃcient parallel to the surface). It
should be noted that for “thin” regionsin this case <5 Å in
widththe maximum MSD(t) typically occurred when P(t)
was between 0.3 and 0.4. The value of τm was similar to the
calculated average residence time.
Residence Times. Noting that particle transport between
aqueous layers near a surface is similar to diﬀusion from a thin
ﬁlm, the time dependence of particle survival probability in a
layer was ﬁt with an exponential decay constant γ

P(t ) = P0 e−γt

(5)

where the characteristic residence time TR = 1/γ.
Residence times and diﬀusion coeﬃcients were calculated for
each replicate simulation and surface individually and then
averaged together as n = 20 samples for each nanopore. While
diﬀusion coeﬃcients perpendicular to the surface could be
calculated with a multiple regression model, this was not done
in the present study because we are interested in diﬀusion
through nanopores.

■

RESULTS AND DISCUSSION
The average interfacial structure at the lower nanopore surface
of each clay mineral is shown in Figure 2. Results for the upper
surfaces are equivalent but are not shown for clarity. Diﬀerent
atomic densities in the clay and aqueous regions were used for
ease of viewing, so some peaks in the clay layers appear small
17129
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Figure 3. Two-dimensional atomic density proﬁles (xy plane) for (a, b) hectorite and (c, d) montmorillonite showing the location of water oxygen
atoms in the ﬁrst and second adsorption layers (gray) overlaid on surface oxygen sites (red). The inset (middle) shows one siloxane ring and
adsorbed L1 water molecules.

surface are less ordered than the ﬁrst three layers, so an
arbitrary layer thickness of 5.0 Å was used to deﬁne layer L4. All
water molecules beyond L4 are termed “diﬀuse.”
Small diﬀerences in aqueous structure very near the surfaces
greatly aﬀect the 2D arrangement of these adsorbed layers
(Figures 3 and 4). The 1D water proﬁles indicate a more
ordered water structure at the hectorite surface, and this results
in substantially more 2D ordering compared to the
montmorillonite surface (Figure 3a, c). For water molecules
adsorbed on the hectorite surface (L1 layer), Figure 3a
indicates that Ow atoms form a 2D hexagonal structure based
on the strong interactions between these L1 waters and surface
oxygen atoms. In contrast, Figure 3c shows that L1 waters on
the montmorillonite surface have primary adsorption sites
above the ditrigonal cavities, with lines of reduced Ow density
corresponding to water exchange between adsorption sites.
Despite this noticeable diﬀerence in 2D structure, water

appears to overcome the electrostatic and steric repulsion
between the hydroxyl hydrogen atom and the octahedral
lithium ion. Diﬀerences in interfacial structure between these
two similar mineral surfaces are likely governed by the presence
of vacancy sites in montmorillonite, but detailed quantum
mechanical calculations would be needed to provide further
explanation.
In the aqueous pores, the distributions of water molecules
and sodium ions beyond 2.0 Å from the hectorite and
montmorillonite surfaces are nearly identical. In Figure 2,
distinct aqueous layers relevant to both clay surfaces are deﬁned
as L1, L2, and L3 based on minima in the water density proﬁles.
For montmorillonite, the ﬁrst peak in the water hydrogen (Hw)
proﬁle is slightly broader near the surface compared to the
corresponding hectorite peak, and the water oxygen (Ow) peak
has a small shoulder between 1.5 and 2.0 Å that is absent near
the hectorite surface. Layers farther from the clay mineral
17130
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Figure 4. Two-dimensional atomic density proﬁles (xy plane) for (a, b) hectorite and (c, d) montmorillonite showing the location of sodium ions in
the ﬁrst and second adsorption layers (blue) overlaid on surface oxygen sites (red).

The 1D distribution of sodium ions near the clay mineral
surfaces reveals two familiar adsorption complexes and one
complex unique to the hectorite surface. In the 1D density
proﬁle (Figure 2), the Na+ peak at 0.5 Å is due to ions adsorbed
in the ditrigonal cavities on the hydrated hectorite surface.
These adsorbed ions have been termed anhydrous, because
their ﬁrst hydration shells contain primarily surface oxygen
atoms.27 This adsorption site is not observed on the
montmorillonite surface. The L1 layer at both clay mineral
surfaces shows a minor sodium peak at 2.5 Å (Figure 2),
corresponding to inner-sphere (IS) surface complexes. The vast
majority of adsorbed ions exist as outer-sphere (OS) surface
complexes represented by broad peaks ∼4 Å from each surface
(Figure 2). The relatively high sodium density between IS and
OS peaks suggests rapid exchange between these sodium
surface complexes.
The 2D distributions of sodium ions in the L1 layers (Figure
4a, c) show much less ordering than water molecules in the

molecules in the L1 layers on both surfaces display nearly
identical hydrogen bond coordination to neighboring water
molecules and surface oxygen atoms. An analysis of radial
distribution functions (data not shown) reveals that the average
coordination number between Hw atoms and Osurface atoms is
slightly greater for hectorite (0.58) than for montmorillonite
(0.45 Å), which is compensated by a slightly smaller
coordination number for intermolecular water (Ow − Hw)
interactions at the hectorite surface.
There is substantially less 2D ordering of water in the L2
layers (Figure 3b, d), as predicted by the very broad L2 peaks in
the 1D proﬁles (Figure 2). However, traces of ordered water in
the L1 layer are still exhibited in the L2 layer, at distances of up
to 7.5 Å from the surface. Comparing the L1 and L2 water
proﬁles side-by-side, we observe that lines of high water density
in the L2 layer are oﬀset from the corresponding density lines
in the L1 layers.
17131
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same layer. Anhydrous ions appear as distinct blue dots above
ditrigonal cavities on the hectorite surface (Figure 4a), and their
surface locations correlate exactly with the unusual water
distribution above those cavities (Figure 3a). The 2D traces of
IS ions are aligned with surface oxygen atoms that are
coordinated to these ions. There is no discernible 2D structure
of OS ions on either surface (Figure 4b, d), because these ions
are coordinated to the surface via weak water-surface hydrogen
bonds rather than stronger ion-surface electrostatic interactions.
The gradual hydration of ions with increasing ion-surface
distance is presented in Figure 5 with representative snapshots
of each sodium surface complex. The coordination shell of
anhydrous ions consists almost entirely of surface oxygen atoms

(Figure 5a). One water molecule can coordinate directly above
the ion, indicated by the small circular regions of high water
density centered over some ditrigonal cavities on the hectorite
surface (Figure 4a). On both surfaces, IS complexes are partially
coordinated by surface oxygen atoms (Figure 5b), and OS
complexes are completely hydrated (Figure 5c).
Sodium peaks in the 1D distribution were integrated to
obtain the percent composition in each aqueous layer (Table
2). Residence times of ions and water molecules in each layer
Table 2. Percentage of Sodium Ions in Each Adsorption
Layer in the Aqueous Pores
adsorption layer

hectorite

montmorillonite

anhydrous (L1)
inner-sphere (L1)
outer-sphere (L2)
diﬀuse (L3 − L4)

0.9
3.3
53.1
42.6

3.9
52.9
43.3

were obtained from the diﬀusion analysis and are presented in
Table 3. As shown in Table 2, these anhydrous ions account for
Table 3. Water and Sodium Ion Residence Times (ps)
species

adsorption layer

hectorite

montmorillonite

H2O

L1
L2
anhydrous (L1)
inner-sphere (L1)
outer-sphere (L2)

11.0(2)
93.0(1)
65(22)
2.3(1)
31.1(5)

13.5(6)
90.1(1)

Na+

3.1(2)
27.1(5)

only a small portion (1%) of the aqueous ion distribution on
the hectorite surface. In fact, the anhydrous surface complex
occurs so infrequently that its presence could easily be
overlooked in simulations using smaller system sizes or shorter
run times. The highly coordinated ﬁrst shell about these ions
consists of surface oxygen atoms, resulting in a long residence
time (65 ps) for anhydrous ions.
Moving away from the surfaces, inner-sphere ions (L1 layer)
constitute only a small fraction (3−4%) of sodium ions in the
pores, and their 2D density proﬁles (Figure 4a, c) indicate
limited surface diﬀusion paths. These ions have a relatively
short residence time in the L1 layer (2−3 ps) before moving
away from the surface and into the L2 layer. The similarity of IS
ion properties between the hectorite and montmorillonite
surfaces (density proﬁles, percent composition, and residence
times) suggests that eﬀects due to clay structural features
(octahedral vacancy sites and orientation of layer hydroxyl
groups) have little inﬂuence on the interfacial structure even at
a short distance of 2.5 Å from the surface.
Outer-sphere ions (L2 layer) represent 53% of all aqueous
ions and ∼93% of adsorbed ions at each surface. Table 2 shows
that the residence times of OS ions (∼30 ps) are an order of
magnitude longer than those of IS ions. For reference, a 30 ps
residence time corresponds to 167 exchange events per ion
(into or out of the L2 layer) during a 5 ns production
simulation. The large model systems and long simulation times
used in this study are critical to obtaining accurate statistics for
analysis of ion residence times and aqueous diﬀusion. Finally,
the partitioning of sodium ions between short-lived IS and
long-lived OS complexes suggests that the latter are more
energetically stable, although we have not attempted to
calculate adsorption free energies. Several recent studies have

Figure 5. Representative snapshots (xz plane) showing adsorbed
sodium ions in (a) anhydrous, (b) inner-sphere, and (c) outer-sphere
surface complexes on the hectorite surface. Atoms are colored as in
Figure 1.
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nanopores, in which the transition from surface-like to bulk-like
water diﬀusion occurs between 1 and 2 nm from the surface in
each case. It is worth noting that in our simulations Dw never
reaches the bulk value for a roughly 6 nm pore, while in the 10
nm pore the bulk value is surpassed for water molecules >3 nm
from the surface.19 This diﬀerence in water diﬀusion behavior
could be due do the slightly diﬀerent water models used (rigid
SPC\E in the previous work compared with ﬂexible SPC here),
or possibly system size eﬀects in the lateral dimensions. A
recent comparison of the eﬀect of simulation box size and
shape on diﬀusion coeﬃcients suggests that both properties can
signiﬁcantly aﬀect ﬂuid diﬀusion coeﬃcients.84
Although much more work is needed to make generalizations
about the eﬀect of nanopore thickness on diﬀusion, the results
presented here and elsewhere indicate that bulk-like solution
behavior is seen within 1−2 nm of strongly interacting clay
surfaces.
Average values for Dw and DNa are given in Table 4 for the L1
and L2 layers, where diﬀerences between hectorite and

used potential of mean force calculations to derive these free
energies for the adsorption of cations and molecules onto
minerals and zeolite materials.78−80
The trend for water residence times is similar to that for
sodium ions: residence times for OS-hydrating (L2) and IShydrating (L1) waters are approximately 90 and 10 ps,
respectively. The consistency between ion and water residence
times in aqueous layers can be attributed to the ability of an ion
to maintain a partial or full hydration shell while exchanging
between adsorption layers. The residence time of water in the
ﬁrst coordination shell of a sodium ion is ∼20 ps, calculated
from MD simulations using a related water model at 298 K.81,82
Within each layer, the exchange of water molecules between ion
hydration shells therefore results in longer residence times for
water compared to sodium ions.
The mobility of water and ions in the nanopores is shown
graphically as diﬀusion coeﬃcients for each aqueous layer in
Figure 6. Results are presented only for diﬀusion parallel to the

Table 4. Lateral Diﬀusion Coeﬃcients (10−10 m2·s−1) in the
First Two Water Layers
species

adsorption layer

hectorite

montmorillonite

H2O

L1
L2
L1
L2

17.2(3)
20.7(2)
5(1)
8.3(1)

14.0(2)
20.8(1)
6(1)
8.6(2)

Na+

montmorillonite surfaces are observed. In the L1 layer, Dw
for hectorite is slightly greater than that of montmorillonite,
consistent with the slightly shorter residence times at the
hectorite surface (Table 3). Although the 2D density proﬁles
indicate a more ordered water structure on the hectorite surface
(Figure 3a, c), the regions of high water density near ditrigonal
cavity sites on the montmorillonite surface result in slower
lateral motion. In the L1 layer of hectorite, DNa includes
contributions from both anhydrous and inner-sphere sodium
ions, with the latter showing very limited mobility due to the
constrained coordination environment.
Diﬀusion coeﬃcients in the second aqueous layer have not
reached the bulk-like plateau values seen in Figure 6, but these
values are nearly identical at the two surfaces. Note that the
majority of ions in the L2 layer are adsorbed as outer-sphere
surface complexes, but some ions farther from the surface form
a shoulder at ∼5 Å (Figure 2). These “diﬀuse” ions exhibit
more rapid lateral motion, resulting in slightly increased DNa
values.

Figure 6. Diﬀusion coeﬃcients for water molecules (Ow, top) and
sodium ions (Na+, bottom) for each adsorption layer in Na-hectorite
(blue) and Na-montmorillonite (red) nanopores, for translational
motion parallel to the basal surfaces (xy plane). Boundaries between
adsorption layers are indicated by gray dotted lines, and uncertainties
for each diﬀusion coeﬃcient are indicated by vertical lines.

basal surfaces (xy plane), because this motion best represents
transport through such pores. Beyond the ﬁrst aqueous layer
(L1), diﬀusion is similar for each clay surface. Interestingly,
both ion and water diﬀusion coeﬃcients (Dw and DNa)
approach bulk-like values within 10 Å of the surface.
The water diﬀusion proﬁles are also consistent with 1D
atomic density proﬁles of water near a variety of other mineral
surfaces, which also show bulk-like structure within 10 Å of the
surface regardless of surface composition, surface charge, or
hydrophobicity.53 For reference, Dw and DNa values in the bulk
layer are slightly less than values obtained from a simulated
dilute solution (4 Na+ and 4 Cl− in a 50 Å cubic box) at 300 K
using these same ion and water potentials: Dw = 32.8 × 10−10
m2·s−1 and DNa = 15.4 × 10−10 m2·s−1. Translational motion
normal to the clay surfaces was also analyzed, but Figure 6
indicates the presence of bulk-like diﬀusion coeﬃcients within a
few aqueous layers of the clay surfaces.
The water diﬀusion proﬁles presented here are qualitatively
similar to those reported from MD simulations in much larger
(10 nm),19 and slightly smaller (3.3 nm),46,83 montmorillonite

■

CONCLUSIONS
Molecular dynamics simulations of clay-based nanopores
provide signiﬁcant insight into the structure, dynamics, and
interactions of water and Na+ at clay mineral−solution
interfaces. Through a comparison of two similar smectite
mineralshectorite and montmorillonitewith equivalent
charge and comparable localized charge distribution, we
observe subtle diﬀerences in the adsorption and diﬀusion
behavior of water and Na+ at the clay surface. Equilibrated
structures for both hectorite and montmorillonite exhibit innerand outer-sphere complexes for Na+ adsorption at the siloxane
surface of the clay tetrahedral sheets. However, the structure of
trioctahedral hectorite has hydroxyl groups primarily directed
toward the ditrigonal cavity, while the dioctahedral montmor17133
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2014, 41, 492−499.
(6) Kaszuba, J. P.; Janecky, D. R.; Snow, M. G. Experimental
Evaluation of Mixed Fluid Reactions between Supercritical Carbon
Dioxide and NaCl Brine: Relevance to the Integrity of a Geologic
Carbon Repository. Chem. Geol. 2005, 217, 277−293.
(7) Shao, H.; Ray, J. R.; Jun, Y.-S. Dissolution and Precipitation of
Clay Minerals under Geologic CO2 Sequestration Conditions: CO2Brine-Phlogopite Interactions. Environ. Sci. Technol. 2010, 44, 5999−
6005.
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1999, 38, 3−24.
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Issues at a Geologic Repository for High-Level Nuclear Waste. Annu.
Rev. Earth Planet. Sci. 2004, 32, 363−401.
(12) Pusch, R. Clays and Nuclear Waste Management. In Handbook
of Clay Science, Second ed.; Bergaya, F., Theng, B. K. G., Lagaly, G.,
Eds.; Elsevier: Amsterdam, 2006; Vol. 1, pp 703−716.
(13) Sellin, P.; Leupin, O. X. The Use of Clay as an Engineered
Barrier in Radioactive-Waste ManagementA Review. Clays Clay
Miner. 2013, 61, 477−498.
(14) Davis, J. A.; Yabusaki, S. B.; Steefel, C. I.; Zachara, J. M.; Curtis,
G. P.; Redden, G. D.; Criscenti, L. J.; Honeyman, B. D. Assessing
Conceptual Models for Subsurface Reactive Transport of Inorganic
Contaminants. EOS 2004, 85, 449−455.
(15) Goldberg, S.; Criscenti, L. J.; Turner, D. R.; Davis, J. A.;
Cantrell, K. J. Adsorption−Desorption Processes in Subsurface
Reactive Transport Modeling. Vadose Zone J. 2007, 6, 407−435.
(16) Rose, D. A.; Abbas, F.; Adey, M. A. The Effect of Surface−
Solute Interactions on the Transport of Solutes through Porous
Materials. Eur. J. Soil Sci. 2009, 60, 398−411.
(17) Zhang, S.; Kent, D. B.; Elbert, D. C.; Shi, Z.; Davis, J. A.; Veblen,
D. R. Mineralogy, Morphology, and Textural Relationships in Coatings
on Quartz Grains in Sediments in a Quartz-Sand Aquifer. J. Contam.
Hydrol. 2011, 124, 57−67.
(18) Zhao, Q.; Burns, S. E. Modeling Sorption and Diffusion of
Organic Sorbate in Hexadecyltrimethylammonium-Modified Clay
NanoporesA Molecular Dynamics Simulation Study. Environ. Sci.
Technol. 2013, 47, 2769−2776.
(19) Botan, A.; Rotenberg, B.; Marry, V.; Turq, P.; Noetinger, B.
Hydrodynamics in Clay Nanopores. J. Phys. Chem. C 2011, 115,
16109−16115.
(20) Botan, A.; Marry, V.; Rotenberg, B.; Turq, P.; Noetinger, B.
How Electrostatics Influences Hydrodynamic Boundary Conditions:
Poiseuille and Electro-Osmostic Flows in Clay Nanopores. J. Phys.
Chem. C 2013, 117, 978−985.
(21) Jaramillo-Botero, A.; Nielsen, R.; Abrol, R.; Su, J.; Pascal, T.;
Mueller, J.; Goddard, W. A., III. First-Principles-Based Multiscale,
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illonite shows hydroxyl groups disposed mostly subparallel to
the clay layer, which for each case inﬂuences the tight binding
of anhydrous Na+ in the ditrigonal cavity (without any
coordinating water molecules).
Two-dimensional density proﬁles of the surfaces indicate the
stable nature of this minor adsorption site for the hectorite
nanopore, while the diﬀuse distribution of Na+ in the next water
layer is remarkably similar for both clay nanopores. A most
striking diﬀerence between the two nanopores is observed in
the surface density proﬁles for the two water layers at the clay
surfaces. Water on hectorite exhibits a structure that mirrors the
hexagonal symmetry of the siloxane surface, while montmorillonite displays an asymmetry to the density contours that
most likely represents the vacancy in the octahedral sheet. This
is a remarkable diﬀerence in water structure given that both clay
minerals have the equivalent siloxane sheet exposed to the
aqueous solution of the nanopore.
The large simulation cells (roughly 80 Å × 70 Å × 90 Å) and
long simulation times (>50 ns) provide signiﬁcant improvements in the statistics associated with MD trajectory analysis of
interfacial behavior while reducing periodic boundary interactions for a larger representative surface and contributing to a
better representation of long-range lateral interactions on that
surface. Additionally, a detailed view of solution transport
through the expanded interlayers (nanopores) is provided
through a rigorous analysis of diﬀusional motion in each
aqueous layer near the surface. As a result, the molecular
simulations represent an improvement in the analysis of
adsorption behavior and associated residence times, and in
determining diﬀusion rates of cations and water as aﬀected by
the clay mineral surfaces.
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