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The charged surfaces of micaceous minerals, especially illite, regulate the mobility of the major radioiso-
topes of Cs (134Cs, 135Cs, 137Cs) in the geosphere. Despite the long history of Cs adsorption studies, the
nature of the illite surface sites remains incompletely understood. To address this problem, we present
atomistic simulations of Cs competition with Na for three candidate illite adsorption sites – edge, basal
plane, and interlayer. Our simulation results are broadly consistent with affinities and selectivities that
have been inferred from surface complexation models. Cation exchange on the basal planes is thermody-
namically ideal, but exchange on edge surfaces and within interlayers shows complex, thermodynami-
cally non-ideal behavior. The basal planes are weakly Cs-selective, while edges and interlayers have
much higher affinity for Cs. The dynamics of NaACs exchange are rapid for both cations on the basal
planes, but considerably slower for Cs localized on edge surfaces. In addition to new insights into Cs
adsorption and exchange with Na on illite, we report the development of a methodology capable of sim-
ulating fully-flexible clay mineral nanoparticles with stable edge surfaces using a well-tested interatomic
potential model.
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1. Introduction

Any future reliance on nuclear energy to play a major role in
lessening our dependence on fossil fuels brings with it a need to
address the potential for long-term environmental contamination
by radioisotopes [71]. Two isotopes of cesium, 135Cs and 137Cs,
are among the most important contaminants associated with the
nuclear fuel cycle because of their high fission yield, long half lives
(2.3 � 106 and 30 a, respectively), high solubility in water, and
metabolic similarity to potassium. These radioisotopes are key
concerns in the geologic storage of radioactive waste [60,35,17],
the management of legacy sites contaminated during the develop-
ment of nuclear power [28,70], and the remediation of soils con-
taminated by catastrophic releases such as those that occurred at
the Chernobyl and Fukushima Daiichi nuclear power plants
[31,104,105]. In the Fukushima region, in particular, 137Cs is the
main source of external radiation dose five years after the nuclear
disaster of March 2011. The most important process controlling the
solubility and mobility of cesium in soils, sediments, and sedimen-
tary rocks is the formation of strong surface complexes with clay
minerals [1] and particularly with the micaceous minerals, illite,
vermiculite, and mica [28,40,11,63,65]. Cesium adsorption on illite
is of particular importance in the geologic storage of radioactive
waste, because illite often dominates the mineralogy of fine-
grained sedimentary rocks considered for use as host formations
[94,35,17].

Studies of the adsorption of Cs by illite have a long history
[96,83,27,15,22,87,90,74,76,14,61,62,8,106,53,3,25,6,100]. Recent
efforts have deployed a combination of wet chemistry experiments
[102,4,26], high-resolution imaging [47,63,95,34], synchrotron X-
ray spectroscopy [29,42], and atomistic-level simulations
[68,93,44,107] to gain detailed insight into Cs adsorption mecha-
nisms, selectivity, and kinetics. The emerging view from these
studies is that Cs adsorption involves at least three types of surface
sites: basal sites located on the external basal surfaces of illite par-
ticles, slow sites located in anhydrous illite interlayers, and high
affinity sites of unclear nature. Adsorption on the basal sites is rapid
(< 24 h), reversible, and weakly selective (Table 1). The slow sites
have slow adsorption and desorption kinetics (likely weeks to
months) and a higher total capacity than the basal sites. Finally,
the high affinity sites have a very small total capacity and a very
high affinity for cesium and other weakly hydrated cations (K+,
NH4

+). The high-affinity sites and slow sites are particularly impor-
tant, because they control the long-termmigration of cesium in the
geosphere [20,100,84].

Despite the importance of the high-affinity and slow sites of
illite for cesium fate and transport, important questions remain
unanswered regarding the properties of these sites. First, the struc-
ture of the high affinity sites is a continuing topic of investigation
[46,62,93,68]. The predominant hypothesis is that they occur in
‘‘wedge” regions where illite or vermiculite interlayers transition
Table 1
Cation exchange selectivities of the high affinity and basal sites used in surface
complexation models of Cs adsorption on illite and related minerals. Some models
also include an intermediate affinity site of unclear mechanistic basis. The table
shows the range of values used in existing models of illite surface chemistry
[15,74,14,91,54,100,36,17,33,4,29]. For comparison, values for smectite basal surfaces
are shown in the last column as calculated by Bourg and Sposito [11] based on
previous studies. Cesium exchange selectivity on smectite increases with layer charge
(values are reported for smectite layer charges ranging from 0.7 to 1.4 molc kg�1). The
notation Keq

i/j refers to the equilibrium constant for the replacement of i by j on illite
surface sites.

Site type Illite basal site Illite high affinity site Smectite basal site

log Keq
Na/Cs 1.6–2.0 6.6–7.2 0.7–1.7

log Keq
K/Cs 0.4–1.1 4.1–5.5 0.2–1.2
from a collapsed state to an expanded state [18,102,68,107]. The
existence of these regions is supported by electron microscopy
observations showing that weathering induces a discernible ‘‘fray-
ing” at the edges of illite and mica crystals [62,34], perhaps associ-
ated with the replacement of K by solvated Ca near the extremities
of the anhydrous interlayers [34]. Second, the cation exchange
kinetics and selectivity of the slow sites remain poorly understood,
in part because of a lack of long-term adsorption and desorption
studies. For example, some studies have hypothesized that basal
and slow sites have essentially the same NaACs exchange selectiv-
ity [4], whereas atomistic simulations suggest that Cs is much
more selectively retained in anhydrous clay interlayers than on
external basal surfaces [79]. The few geochemical modeling studies
that described slow sites as distinct surface sites treated them as
ideal cation exchangers [22,100] despite evidence that these sites,
at least in some cases, form interstratified structures in which Cs
displaces K in some interlayers but not in others [69]. Finally, the
adsorption-desorption kinetics of the slow and high-affinity sites
remain incompletely understood. For example, several studies
have shown that solution chemistry strongly affects the kinetics
of adsorption on slow sites [4] and desorption from high-affinity
sites [25], perhaps through a mechanism analogous to the well
known salinity-dependence of smectite clay swelling [86,45]. Geo-
chemical models of cesium adsorption on illite almost invariably
ignore the slow sites [14,91,35,33] or assume that their properties
are identical to those of the basal sites [4] or the high-affinity sites
[100]. The range of values of NaACs and KACs exchange selectivity
coefficients used in surface complexation models is shown in
Table 1.

The questions listed above persist in part because the three
types of surface sites are challenging to isolate experimentally.
For example, spectroscopic or elemental mapping results are chal-
lenging to obtain at the very low surface loadings characteristic of
the high affinity sites. Atomistic simulation techniques such as
molecular dynamics (MD) simulations and density functional the-
ory (DFT) calculations can, in principle, circumvent these difficul-
ties by allowing a direct observation of individual Cs ions on
different surface sites. Existing simulation studies have probed
cesium adsorption in the interlayer nanopores of swelling clay
minerals [64,97,78,79,10,44], in anhydrous clay interlayers
[79,93], and at illite and vermiculite wedge sites [68,107]. How-
ever, no existing atomistic simulation study has examined cesium
adsorption selectivity on different surfaces of a single illite particle,
because of two methodological challenges. Ab initio MD (i.e., time-
dependent DFT) simulations are limited to timescales up to
�100 ps that are significantly shorter than the characteristic time-
scales of Cs migration on hydrated clay surfaces (on the order of
nanoseconds [64,10]). Classical MD simulations can probe time-
scales up to �100 ns, but their predictions can be highly sensitive
to the choice of inter-atomic potential parameters. The most well-
tested inter-atomic potential model for clay-water systems, the
CLAYFF model of Cygan et al. [23], was designed to simulate the
basal surfaces of infinite clay particles, and its ability to describe
the edge surfaces of clay particles is not well established. In fact,
even the detailed microstructure and stoichiometry of clay edge
surfaces remains poorly constrained [16,9,67].

Here, we present the first ever atomistic simulation study of Cs
adsorption on three binding sites (basal, edge, and interlayer) of a
model illite nanoparticle. To account for the slow migration of Cs
near clay surfaces, our simulations used relatively long (50 ns)
classical MD simulations in combination with thermodynamic
integration calculations (i.e., alchemical transformations wherein
short-range interaction potential parameters for Na are incremen-
tally adjusted to Cs at different sites on the illite surface). In addi-
tion to new insights into Cs adsorption on illite, a significant
outcome of our study is the development of a methodology capable



Fig. 1. Schematic view of the illite AC edge surface before protonation of edge O
atoms. Colors indicate O (red), H (pink), Al (light blue), Si (dark blue), and K atoms
(purple). In the absence of isomorphic substitutions, the edge surface carries two
silanol sites (Oe1, Oe2), one aluminol site (Oe3), and one bridging oxygen (Oe6). The
different edge O atoms are labeled on the figure. Isomorphic substitutions of Al for
Si near the edge surface give rise to additional types of edge O atoms, listed in
parentheses. Brackets indicate regions of the edge surface referred to hereafter as
hanging (H) and indented (I). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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of simulating fully-flexible illite nanoparticles with stable edge
surfaces based on a well-tested interatomic potential model.

2. Simulation methodology

Atomistic simulations were performed using the molecular
dynamics (MD) simulation code LAMMPS, which solves Newton’s
equations of motion for many-particle systems interacting through
pairwise potentials [73]. Interatomic interactions were described
as the sum of Coulomb and dispersive (Lennard-Jones 6-12) inter-
actions using the well-known SPC/E water model [5], the CLAYFF
model of mineral-water interactions [23], and the Smith-Dang
parameters for Na, K, Cs, and Cl [88,24]. Interactions between
unlike atoms were derived using the Lorentz-Berthelot combining
rules. Our choice of force fields has been successfully tested against
experimental data on the structure and dynamics of water and ions
on basal surfaces of 2:1 clay minerals [10,30,58,41] and on hydrox-
ylated silica and quartz surfaces [85,13]. In the case of clay-water
systems, MD simulation studies have focused almost exclusively
on the basal surfaces and hydrous interlayer nanopores. Adsorp-
tion on clay edge surfaces remains almost entirely unexamined,
in part because the CLAYFF model was not parameterized to simu-
late clay edge surfaces. The few existing MD simulations of clay
edges focused on smectite [78,43,67,99] or pyrophyllite [59,66]
rather than illite. Only three of these studies used fully flexible clay
structures [59,66,67].

2.1. System setup

A four-layer illite nanoparticle was constructed using the struc-
tural parameters reported in Gualtieri [37]. Edge surfaces were cre-
ated by cleaving the crystal structure along the so-called AC bond
chain identified by periodic bond chain theory [103], the most
stable or one of the most stable cleavage planes according to quan-
tum mechanical calculations [19,50,49]. Because of the periodic
boundary conditions, the resulting nanoparticle is effectively an
infinite needle elongated parallel to the crystallographic b-axis
and cleaved along the AC plane. Isomorphic substitutions of Si by
Al were distributed randomly throughout the particle according
to the chemical formula of illite, K0.7Al2(Si3.3Al0.7)O10(OH)2, with
the constraint that isomorphic substitutions were not allowed to
occur in neighboring tetrahedra [81]. Charge-balancing K ions were
initially distributed randomly in ditrigonal cavity positions in the
anhydrous interlayers and on external basal surfaces, with the
average occupancy of cavity positions being twice as large in the
interlayer as on the external surfaces. The initial potassium ion dis-
tribution was later optimized as described in Section 2.2. The illite
nanoparticle was surrounded by a bath of water molecules and Na,
Cs, and Cl ions (total of 33,403 atoms).

As noted above, illite edge surfaces were created by cleaving the
illite crystal along the so-called AC bond chain. Then, the cleaved
edge surfaces were healed by attaching O atoms to under-
coordinated edge metals (Fig. 1). The resulting edge surface carries
four distinct types of O atoms: aluminol O atoms (Oe3) coordinated
to octahedral Al atoms („AlOAO), bridging O atoms (Oe6) coordi-
nated to tetrahedral Si and octahedral Al atoms („AlOAOASi„),
and two types of silanol O atoms (Oe1, Oe2) coordinated to tetrahe-
dral Si atoms („SiAO). The structure also carries three additional
types of surface O atoms resulting from isomorphic substitutions
of Si by Al atom near Oe1, Oe2, and Oe6 atoms (referred to as
Oe4, Oe5, and Oe7, respectively). Finally, edge O atoms were proto-
nated in accordance with the expected protonation state at near-
neutral pH conditions. Specifically, Oe1, Oe2, Oe4, and Oe5 atoms
were assigned a single proton, Oe3 atoms were doubly protonated,
and Oe6 and Oe7 atoms were not protonated [7,98,9,55]. The
resulting edge surface has a net proton surface charge of zero.
The slanted structure of the AC cleavage leads to the formation
of two distinct edge sites, which we designate as hanging (H) and
indented (I) sites (Fig. 1). Atomic configurations adjacent to these
sites differ substantially, leading to the formation of two unique
edge-surface coordination environments for adsorbed cations.
Our simulations enabled us to distinguish the interactions of these
two different sites with aqueous ions (Na, Cs, Cl).

The partial charges of several O atoms on clay edge surfaces
(specifically, Oe3, Oe4, Oe5, Oe6, and Oe7) are not defined in the
CLAYFF model. Here, we calculated CLAYFF-compatible partial
charges for edge oxygen atoms based on an algorithm that
accounts for bond valence, charge saturation, and cation charge.
In this calculation, we assume that the partial charge on edge oxy-
gen atoms depends on the oxygen valence (�2.00 v.u.) balanced by
the total effective charge contributed by coordinating cations i:

ZP
Oej ¼ �2:00þ

X
i

NiðZi � ZP
i Þ

CNi
; ð1Þ

where Zi is the valence of cation i, ZiP is the partial charge of i, Ni is
the number of i cations coordinating edge oxygen j, and CNi repre-
sents the total number of O atoms coordinating cation i. This proce-
dure ensures net charge neutrality and captures the expected
dependence of the partial charge of edge O atoms on their degree
of over- or under-saturation from a bond-valence perspective



Table 2
Partial charges and coordination state of edge O atoms. Other properties of edge O atoms are defined by the CLAYFF model. Octahedral and tetrahedral Al atoms are referred to as
AlO and AlT, respectively.

Edge site Site description Partial charge B.V. Cation charge # Coordinating cations (Ni)

AlO Si AlT H

Oe1 Hanging „SiAOH �0.95000 2.00 0.95000 – 1 – 1
Oe2 Indented „SiAOH �0.95000 2.00 0.95000 – 1 – 1
Oe3 Octahedral „AlOAOH2 �0.84760 2.50 1.34760 1 – – 2
Oe4 Hanging „AlTAOH �1.06875 1.75 0.81875 – – 1 1
Oe5 Indented „AlTAOH �1.06875 1.75 0.81875 – – 1 1
Oe6 Bridging „SiAOAAlO„ �1.28750 1.50 0.78750 1 1 – –
Oe7 Bridging „AlTAOAAlO„ �1.40625 1.25 0.65625 1 – 1 –
AlO Octahedral edge Al 1.81250 – – – – – –

L.N. Lammers et al. / Journal of Colloid and Interface Science 490 (2017) 608–620 611
[99]. A list of edge oxygen sites, their coordination, and calculated
partial charges is provided in Table 2.

2.2. Stability of illite edge and basal surfaces

Preliminary MD simulations showed that the doubly-
protonated aluminol site „AlOAOH2 is unstable when simulated
as described above. In our preliminary simulations, the AOH2

group frequently detached from the clay surface, perhaps because
of its very small net charge of +0.0024 e [+0.425 e for each H
atom according to CLAYFF, �0.8476 e for the Oe3 atom according
to Eq. (1)]. On the CLAYFF model, O atoms are not strictly bonded
to the Al and Si metal centers, so Coulomb interactions are impor-
tant to the integrity of the clay structure. Supporting quantum
mechanical calculations performed using a small muscovite
(110) edge model showed that the detachment of AOH2 groups
is not simply an artifact of the MD simulation methodology.
These calculations demonstrate that the region mid-way between
the AOH2 group and the underlying Al atom has very little elec-
tron density (see Supplementary Material). The „AlOAOH2 bond
is distinct from other AlAO(H) bonds, with the charge neutral
OH2 ligand attracted to the aluminum by van der Waals interac-
tion with the permanent OH2 dipole. These findings are consistent
with previous DFT calculations with small pyrophyllite clusters
showing that the AlAOH2 bond is readily broken by thermal
motion [59,50]. To account for the weakness of the „AlOAOH2

bond, we slightly modified the partial charge distribution in the
Fig. 2. Molecular dynamics simulation snapshot at the end of a 50 ns production run. Wa
for ease of differentiation: „AlOAOH2 oxygens (Oe3) are in green; „SiAOH and „AlTA
oxygens (Oe6, Oe7) are in black. Other colors are as in Fig. 1. (For interpretation of the refe
article.)
AOH2 group formed by Oe3 atoms to match that of the SPC/E
water model. We transferred the small amount of residual charge
to the underlying Al atom.

To illustrate the stability of our edge surface model, a snapshot
of the 1:1 Na:Cs simulation after 50 ns is shown in Fig. 2. All water
molecules are hidden except those that were initially part of the
octahedral coordination shell of edge Al atoms. All hydroxyl groups
remained bound to the edge surface, while most of the edge water
molecules (i.e., AOH2 groups) detached from the surface. A few
edge Al atoms (blue) were observed to ‘‘pop” out of the structure
without becoming completely dissociated. It is apparent that the
edges have remained mostly intact throughout the course of the
simulation, and there is no evidence of significant instability. Our
simulations yield much more stable edge surfaces than other
recent MD simulations [66,67], perhaps because the greater nega-
tive charge of Oe6 atoms predicted by Eq. (1) helped stabilize
„SiAOAAlO„ bridges in our simulations.

Preliminary MD simulations showed that the siloxane surface is
unstable if charge-balancing K ions are randomly distributed in the
anhydrous interlayers, as noted in Section 2.1. Therefore, we used a
newly developed methodology based on stochastic sampling tech-
niques to optimally distribute K ions in the anhydrous interlayers
[72]. Our analysis of 20 optimized illite structures suggests that
clustering of K ions in regions that contain more Si to Al isomorphic
substitutions is energetically favorable. Ionic sites that have at
least three neighboring Si atoms substituted by Al are all occupied
by K ions.
ter molecules and Na, Cs, and Cl ions are not shown. Edge oxygen atoms are colored
OH oxygens (Oe1, Oe2, Oe4, Oe5) are in yellow; „SiAOAAlO„ and „AlTAOAAlO„
rences to colour in this figure legend, the reader is referred to the web version of this
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2.3. Molecular dynamics simulations

Standard (unconstrained) MD simulations were carried out to
assess the stability of the illite structure and to evaluate the ther-
modynamics and kinetics of NaACs exchange on different surface
sites. Briefly, MD simulation trajectories were calculated over
intervals in excess of 50 ns for ten different initial aqueous solution
compositions at fixed total numbers of electrolyte ions and various
mole fraction of Cs+ (xCs = NCs/(NNa + NCs) = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9 and 1.0). The total electrolyte concentration translates
to an average ionic strength I = 0.70 ± 0.01 M, equivalent to that of
seawater.

All systems were initially equilibrated for 100 ps in the NVE
ensemble (fixed number of atoms, volume, and total energy), then
for 2 ns in the NPT ensemble (fixed number of atoms, pressure, and
temperature). Production runs were performed in the NPT ensem-
ble at P = 0 MPa and T = 298 K. Temperature and pressure were
constrained using the Nose-Hoover thermostat and barostat. New-
ton’s equations of motion were solved using the Verlet algorithm
with a 1 fs time step. The dynamics of ions and clay atoms were
simulated with no constraints (the clay particle was fully flexible).
Water molecules were kept rigid using the SHAKE algorithm [80].
Electrostatic and dispersion interactions beyond a cutoff of 15.0 Å
were computed by Ewald summation with the particle-particle/
particle-mesh (PPPM) method.
2.4. Thermodynamic integration simulations

Based on our MD simulation methodology, thermodynamic
integration (TI) calculations were carried out to predict the Gibbs
free energies of ion exchange reactions between Na, K, and Cs in
bulk liquid water, on illite external basal surfaces, and in anhy-
drous interlayers. The TI method is routinely used to predict free
energies of solvation and the cation binding selectivity of proteins
[92,2,32]. Only two MD simulation studies have applied the TI
method to predict free energies of cation exchange on clay miner-
als [97,79]. Both studies focused on the interlayer nanopores of
swelling clay minerals. More recently, Okumura et al. [68] used
the TI method with DFT simulations of illite frayed edges and pre-
dicted that replacement of K by Cs at wedge sites is unfavorable
unless the illite basal spacing increases by about 1 Å.
Fig. 3. Map of Cs density averaged over the entire 50 ns simulation with xCs = 0.5. Cesium
at edge surface H-sites.
Briefly, our TI calculations consisted in simulating a K-
exchanged illite nanoparticle in the NPT ensemble (P = 0 MPa,
T = 298 K) using the MD simulation methodology described above.
Then, selected K ions on the illite surface were progressively trans-
formed to Na or Cs by modifying their short-range interaction
potentials (more precisely, their size and well-depth parameters
in the Lennard-Jones 6-12 interaction model) in a series of small
steps. Each TI simulation consisted of 15 (K to Cs) or 25 (K to Na)
small transformations. Each adjustment to the LJ interaction
parameters of the cations of interest was sufficiently small that
the total energy of the system changed by less than 2.5 kJ mol�1

[92,97]. Each small transformation step was followed by 2.5 ns of
equilibration and 1.5 ns of simulation in the NPT ensemble. The
absence of hysteresis was verified by carrying out all TI simulations
in both directions. Additional calculation details are provided in
the Supplementary Material.

In order to examine the cation-exchange selectivity of different
surface sites, we carried out four different TI simulations. The first
consisted in transforming all cations on the external basal surface
of our model illite nanoparticle. The second consisted in transform-
ing all cations in the anhydrous interlayers. The third consisted in
transforming a small subset of the interlayer cations in our simu-
lated particle (more precisely, 10 out of 277 interlayer cations).
The fourth consisted in transforming a single cation in a simulation
cell containing one cation and 999 water molecules.
3. Results and discussion

3.1. Adsorption sites on illite basal and edge surfaces

As described above, we carried out ten MD simulations of NaCl-
CsCl mixed electrolytes with a range of Na:Cs ratios to examine the
competitive adsorption of Na and Cs on illite edge and basal sur-
faces. Time integrated Na, Cs, and water O density maps were used
to identify ion adsorption sites on illite edge and basal surfaces for
each of the 10 simulations. A representative density map for Cs is
shown in Fig. 3 for the simulation with a 1:1 Na:Cs ratio. Cesium
adsorption occurs preferentially at discrete sites on the basal and
edge surfaces. On the basal surfaces, the Cs density maxima are
consistent with cesium adsorbing primarily as an inner-sphere sur-
face complex (ISSC) on the ditrigonal cavities of the siloxane sur-
primarily binds to ditrigonal cavities on the basal surfaces and to ‘‘cleaved cavities”
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face, as shown in previous studies of Cs adsorption on mica [82,52]
and smectite [57].

On the edge surface, Cs adsorbs in the plane of the anhydrous
interlayers at a distance that matches the periodicity of the distri-
bution of interlayer K ions. Interlayer K ions are located in pockets
formed by two ditrigonal cavities on opposite siloxane surfaces.
Our results indicate that edge Cs ions adsorb primarily at sites
where cleaved pockets are exposed at the edge surface. Our results
further show that Cs ions have a much greater affinity for edge H-
sites than for edge I-sites, in agreement with the distribution of
atomic partial charges in our model of edge O atoms (edge Oe6
and Oe7 atoms, which are closer to the H-site, have more negative
charge than edge Oe3 atoms, which are closer to the I-site).
Because of the symmetry of the illite structure, positive and nega-
tive charge excess sites form neighboring pairs that give the H- and
I-sites their distinct adsorption behavior.

One-dimensional atomic density profiles yield further insight
into the adsorption mechanisms of Na and Cs on the basal and edge
surfaces. Density profiles of Na and Cs on the basal surfaces are
given in Fig. 4a and b for low (xCs = 0.1) and high (xCs = 0.9) Cs
end-member simulations. Density profiles adjacent to the basal
surfaces are broadly consistent with the triple layer model (TLM)
of the electrical double layer (EDL), whereby adsorbed ions form
inner- or outer-sphere surface complexes (ISSC, OSSC) or take part
in the diffuse ion swarm, i.e., adsorbed ions form distinct species
separated from the surface by zero, one, or more than one layers
of water molecules [38,39,12]. Cesium adsorbs almost exclusively
as a single type of ISSC, as observed experimentally on the basal
surface of mica [52]. Sodium has a more complex behavior: based
on the relative location of Na and water density peaks in Fig. 4, Na
forms two types of ISSC as well as an OSSC. Our finding that Na
forms primarily ISSC on illite supports the emerging view that elec-
trolyte ions can adsorb significantly as ISSC, in contradiction with
the prevailing assumption in surface complexation models based
on the triple layer model that restricts these species to OSSC and
the diffuse swarm. The Cl density profile shows a significant den-
sity peak in Fig. 4a, suggesting that CsCl ion pairs have a significant
affinity for illite basal surfaces.

To a first approximation, the location of ISSC should be deter-
mined primarily by the size of the adsorbed ion [75,77,51]. For con-
sistency with previous studies, we define the location of adsorbed
ions on the illite basal surface as the distance z⁄ from the position
of the plane of surface O atoms. The density peak of Na ISSC (z⁄ =
1.25 Å) is much closer to that surface than expected based on the
sum of the hard-sphere radii of O and Na atoms (rO � 1.6 and rNa
� 1.3 Å according to the interatomic potential parameters used
in the present study). This large difference indicates that Na ions
Fig. 4. Density profiles of solutes (Na, Cs, and Cl) and water oxygen atoms (Ow) adjacen
Distances (z) are reported relative to the distance where all solute and solvent ion conc
are deeply ensconced in the ditrigonal cavities of the siloxane sur-
face. The Cs density peak is located further from the plane of basal
surface O atoms (z⁄ = 2.26 Å) in agreement with its larger hard-
sphere radius (rCs � 1.9 Å). A smaller fraction of the hard-sphere
radius of Cs sits below the basal surface indicating that Cs ions
do not fit as snugly in the ditrigonal cavities as does Na.

The location of the Cs density peak in Fig. 4 is remarkably con-
sistent with the peak position measured by X-ray reflectivity for Cs
ions adsorbed at the mica-water interface, z⁄ = 2.26 ± 0.01 Å [52].
In the case of Na, experimental measurements of the location of
adsorbed ISSC do not exist. However, the two ISSC peaks are
located much closer to the surface than in previous MD simula-
tions carried out with a rigid clay structure. For example, Bourg
and Sposito [12] observed Na ISSC at z⁄ = 2.6 Å in MD simulations
of Na-smectite carried out with the same set of interatomic poten-
tial parameters. The difference is likely due to the isomorphic sub-
stitutions being located in the tetrahedral sheet (closer to the basal
surface than in studies of smectite clay minerals) and, also, to the
simulations presented here being performed using a flexible clay
structure. The CLAYFF model, when used to model flexible phyl-
losilicate sheets, is known to predict an unphysical relaxation of
the siloxane surface that transforms the ditrigonal cavities to larger
hexagonal cavities [107]. The deep entry of Na in the hexagonal
cavities is an artifact of this unphysical relaxation.

On the edge surfaces, we calculated atomic density profiles as a
function of distance from the surface in two equally sized regions
centered on the H and I edge sites. Because of the corrugated
topography of the edge surface, the choice of reference plane
where z = 0 is somewhat arbitrary. In Fig. 5, this plane was chosen
as the location of closest approach of water O atoms. With this
choice of reference plane, ions located at z values smaller than
about 3 Å form ISSC, while ions located at z values of about 3–
6 Å form OSSC. Ion density profiles shown in Fig. 5 confirm that
Cs ions adsorb primarily as ISSC on both H- and I-sites. Sodium ions
adsorb only on the H-sites and they have a small preference for
forming OSSC rather than ISSC. In each cation density profile, the
low density between ISSC and OSSC suggests the presence of an
energy barrier to edge ion exchange.

3.2. Cs adsorption selectivity on basal and edge surfaces predicted by
MD simulation

Cation adsorption on different illite surface sites was quantified
as a surface excess (niw, mol m�2) using the well established for-
mulation [89]:

nw
i ¼ 1

A
Ni � ciV

fl
h i

; ð2Þ
t to illite basal surfaces during our 50 ns simulations at xCs = 0.9 (a) and xCs = 0.1 (b).
entrations go to zero.



Fig. 5. Density profiles of adsorbed ions adjacent to hanging (a) and indented (b) sites on the illite edge surface.
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where A (m2), Ni (moles), ci (mol m�3) are the interfacial area of a
given site-type, moles of i in volume Vfl (m3) adjacent to the site,
and bulk aqueous concentration of i far from the surface. Eq. (2)
allows a direct comparison of the average density of adsorbed
cations on each site (irrespective of adsorption mechanism) in units
of moles per m2. Macroscopic measurements of adsorption are often
reported as a specific surface excess over the entire solid phase,
referred to here as (niw)macro in mol kg�1 [89]. If the specific surface
area contributed by different types of surfaces (as,basal, as,H-edge, and
as,I-edge in m2/kg) is known, the value of (niw)macro can be predicted
from the molecular-scale values of niw on each type of surface (in
mol m�2):

ðnw
i Þmacro ¼ ðasnw

i Þbasal þ ðasnw
i ÞH�edge þ ðasnw

i ÞI�edge: ð3Þ

In the simulations performed here, as,basal = 1.76 � 105 m2/kg and as,
H-edge = as,I-edge = 5.56 � 104 m2/kg, where edge H- and I-site sur-
faces are defined such that their respective areas are equal to half
of the total edge area. Surface, edge-site specific, and total particle
values for Na and Cs surface excess are summarized in Table EA2
(Supplementary Material) for each of the 10 MD simulations per-
formed. The data are plotted as adsorption isotherms for basal
and edge surfaces in Fig. 6.

3.2.1. Geochemical modeling
We used a single geochemical model to describe the adsorption

results shown in Table EA2, Figs. 6, and 7. In this model, Cs adsorp-
tion on a cation exchange site of Na-illite is described with the
equation

XNaþðSÞ þ CsþðaqÞ $ XCsþðsÞ þ NaþðaqÞ; ð4Þ
with the corresponding mass action equation [11],
Fig. 6. Adsorption isotherms for Na (blue diamonds) and Cs (red circles) determined f
Isotherms were fitted using the thermodynamic model Eqs. (8) and (9). (For interpretati
version of this article.)
KNa=Cs
eq ¼ aNaaXCs

aCsaXNa
: ð5Þ

Here, we assume that the activity coefficients of surface sites are
proportional to their mole fraction on the surface (x) times an activ-
ity coefficient (c). This yields:

aXi ¼ cXixi ð6Þ
We use the regular solution model to describe surface solution
behavior,

cXi ¼ exp ax2Xj
� �

ð7Þ

where for a mixture of adsorbed ions i and j, xXi is the fraction of X
sites occupied by adsorbed ion i (xXi = ni/(ni + nj)), and a is a free
parameter that captures the excess free energy of mixing of surface
Na and Cs. This model can be used to describe the thermodynamics
of binary solid solutions [48] and assumes that the excess free
energy of mixing is entirely due to enthalpic effects. If a = 0, the reg-
ular solution model simplifies to the ideal surface solution model.
Eqs. (4)–(6), when combined with a mass balance on surface sites
(i.e., ntot = ni + nj), yield the following expressions for the specific
surface excesses of Na and Cs:

nNa ¼ ntot

1þ KNa=Cs
eq

aCscXNa
aNacXCs

ð8Þ

nCs ¼ ntot

1þ 1
KNa=Cs
eq

aNacXCs
aCscXNa

: ð9Þ

If the activity coefficients of adsorbed species are unknown, Eq. (5)
can be replaced with an empirical model such as the Vanselow
selectivity model [101]:
rom the ten 50 ns MD simulation runs on (a) basal surfaces and (b) edge H-sites.
on of the references to colour in this figure legend, the reader is referred to the web



Fig. 7. NaACs exchange isotherms for (a) basal and (b) edge sites. Basal exchange behavior is consistent with an ideal surface solution, while edges exhibit non-ideal
exchange behavior. Edges are significantly Cs-selective at low Cs surface loadings but become increasingly Na-selective as the aqueous mole fraction of Cs approaches 1.0.
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KNa=Cs
V ¼ aNaxXCs

aCsxXNa
: ð10Þ

where the Vanselow selectivity coefficient, KV, may vary with
experimental conditions unless surface solution behavior is ideal.
For ideal surface solutions, the ratio of surface activities is equiva-
lent to the ratio of surface excess concentrations and KV becomes
equal to the thermodynamic equilibrium constant Keq. Finally, if
the activity coefficients of dissolved species are unknown, a condi-
tional selectivity coefficient (Kc) can be defined that is expressed in
terms of measurable quantities including aqueous and surface spe-
cies concentrations,

KNa=Cs
c ¼ cNaxXCs

cCsxXNa
: ð11Þ

This equation follows immediately from Eq. (10) if the Davies equa-
tion is used to model activity coefficients of aqueous species. For
ideal surface solutions, Eqs. (5), (10) and (11) yield the relation: Keq-
Na/Cs = Kv

Na/Cs = Kc
Na/Cs (cNa/cCs).

3.2.2. Sorption on basal and edge surface sites
Adsorption isotherms calculated with Eqs. (8) and (9) are plot-

ted in Fig. 6 for basal and edge surfaces. For simplicity, we assumed
that aqueous Na and Cs have identical activity coefficients. Model
curves were fitted using unconstrained nonlinear optimization of
two parameters: Keq

Na/Cs, and a. The total site capacities of basal
and edge H-site surfaces (ntot = 2.17 ± 0.02 lmol m�2 and
1.66 ± 0.18 lmol m�2 2 s.e., respectively) were determined based
on the average combined surface occupancy by Na and Cs in all
MD simulations.

In the case of illite basal surfaces (Fig. 6a), adsorption of Na and
Cs is approximately linear in the simulated concentration range, in
other words, adsorption is consistent with a linear partitioning
coefficient Kd = ni/Ci, where Ci is the aqueous concentration of ion
i. The optimized surface solution activity parameter a was very
close to 0 (a = 0.01 and �1.2 < a < 0.3, 2 s.e.), indicating that ion
exchange on the basal surfaces follows ideal solution behavior.
This near-ideality indicates that NaACs exchange on illite basal
surfaces is not significantly influenced by lateral interactions
between adsorbed cations, in agreement with a previous MD sim-
ulation study of NaACs exchange in smectite interlayers [79]. The
best fit was obtained with Keq

Na/Cs = 0.7 (0.6 < Keq
Na/Cs < 0.8, 2 s.e.),
indicating that the basal surface is essentially non-selective or
slightly selective towards Na. This behavior contrasts with the
experimentally observed selectivity of illite basal surfaces towards
Cs over Na (Table 1). A plausible explanation is that the unphysical
relaxation of ditrigonal cavities on the basal surface in our model
illite nanoparticle (noted in Section 3.1) results in our model over-
estimating the affinity of Na for the illite basal surface.

Ion adsorption on edge H-sites is distinctly different from that
observed on the basal surfaces (Fig. 6b). Calculated errors on sur-
face excess values are larger than those associated with the basal
adsorption isotherms, because the smaller number of exchange
sites and slower exchange kinetics on the edge surfaces (described
below) result in poorer statistics. For edge H-sites, the optimized
a = �2.2 is significantly different from zero (�5.8 < a < �0.8, 2 s.
e.) indicating that edges are characterized by non-ideal surface
solution behavior. The optimized exchange equilibrium constant,
Keq
Na/Cs = 2.8 (1.6 < Keq

Na/Cs < 5.0, 2 s.e.), is larger than its basal sorption
counterpart. The non-ideal adsorption behavior characteristic of
the edge sites indicates that their selectivity behavior depends
upon the aqueous solution composition (in particular, on the mole
fraction of Cs in the aqueous phase).

3.2.3. Ion exchange on basal and edge surface sites
Exchange selectivity behavior can be illustrated by plotting the

aqueous vs. solid mole fractions of Cs (Fig. 7). In this framework, an
ideal non-selective isotherm will follow the 1:1 line, a Na-selective
isotherm falls below the 1:1 line, and a Cs-selective isotherm falls
above the 1:1 line. The conditional selectivity of basal surfaces is
modeled in Fig. 7a based on Eq. (11) with a Kc

Na/Cs = 0.73 = Keq
Na/

Cs. The results indicate that the simulated illite basal surface is
slightly Na-selective. The value of Kc

Na/Cs on basal surfaces is invari-
ant with xCs and equal to the calculated equilibrium constant for
Eq. (5), in agreement with the ideal surface solution model. The
exchange isotherm for the edge H-sites is plotted in Fig. 7b along
with the conditional selectivity model (Eq. (11)), where adsorption
to the edges for Na and Cs is described by their respective adsorp-
tion isotherms (Eqs. (8) and (9). The adsorption selectivity of I-sites
was not calculated, because values of Cs and Na surface excess at
these sites were typically within error of zero. In stark contrast
to the adsorption behavior observed on basal surfaces, NaACs
exchange at edge H-sites is non-ideal, resulting in a Kc

Na/Cs value
that varies with xCs. Based on the fitted selectivity model, edge



Table 3
Cation exchange selectivities of the basal surfaces and anhydrous interlayers
predicted by our TI calculations. The third column corresponds to the replacement
of all interlayer K ions; the fourth column corresponds to the replacement of a small
number of K ions (< 3%) dispersed in the three interlayers. Confidence intervals are
reported as ±2r.

Site type Basal Interlayer Interlayer (trace)

log Keq
Na/Cs �0.1 ± 0.1 2.2 ± 0.1 1.1 ± 0.1

log Keq
K/Cs �0.4 ± 0.1 �0.7 ± 0.1 �2.9 ± 0.1
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H-sites are Cs-selective (Kc
Na/Cs = 26) in low-Cs solutions (cCs < 1 -

mM) and Na-selective (Kc
Na/Cs = 0.31) in high-Cs solutions

(cCs = 0.7 M).
Cation exchange reactions involving Cs adsorption on illite and

smectite are known to be non-ideal, but this non-ideality has been
attributed in the past to variations in water activity with changes
in salinity and interlayer spacing [54,79,11]. In our simulations,
insight into the non-ideality of edge ion exchange can be gained
by scrutinizing Cs adsorption behavior at H-sites. Ions located in
the density maximum location in Fig. 5a are bound to the H-sites
as ISSC. With increasing aqueous mole fraction of Cs, the capacity
of these sites for monovalent cations (Na + Cs) actually increases
from approximately 0.5 ions per site at xCs = 0.1 to approximately
0.7 ions per site at xCs = 1.0. The significant increase in H-site occu-
pancy by inner-sphere complexed ions suggests that Cs changes
the structure of the site itself, causing the observed non-ideal
adsorption behavior.

3.3. Cs adsorption selectivity in anhydrous interlayers predicted by TI
simulation

As noted above, Cs entry in anhydrous illite interlayers was not
observed during our ten 50 ns MD simulation, in agreement with
the very slow kinetics of Cs adsorption on the illite slow site
[21,22]. To complement our unconstrained MD simulation results,
we used the thermodynamic integration (TI) technique to predict
the Gibbs free energy change associated with alchemical transfor-
mations of Na to Cs in bulk liquid water, on external basal surfaces,
and in anhydrous interlayers. More precisely, our calculations
yielded the free energy change DGNa/i associated with the replace-
ment of Na by i, where i = K or Cs. The difference between our pre-
dicted values of DGNa/i on the surface (DGads

Na/i) and in solution
(DGaq

Na/i) yields the Gibbs free energy of the cation exchange reac-
tion between Na and i (DGex

Na/i):

DGNa=i
ex ¼ DGNa=i

ads � DGNa=i
aq : ð15Þ

From our predicted values of DGex
Na/i, we calculated the ion-

exchange selectivity coefficient between Na and i with the relation:

KNa=i
eq ¼ exp �DGNa=i

ex =RT
� �

; ð16Þ
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Fig. 8. Thermodynamic integration (TI) prediction of the Gibbs free energy of cation exch
Na). The different colors show results obtained at three different sites on the illite surface
are simultaneously transformed (blue), and in collapsed interlayers where most ions rem
energies obtained for Na, K, and Cs (from left to right); smaller symbols show the inte
symbols. (For interpretation of the references to colour in this figure legend, the reader
where R is the ideal gas constant and T = 298 K. Our predicted
values of DGaq

Na/K = 73 ± 1 kJ mol�1, DGaq
Na/K = 89 ± 1 kJ mol�1, and

DGaq
Na/Cs = 113 ± 1 kJ mol�1 are almost equal to the experimental

values of 70, 90, and 115 kJ mol�1, respectively [56]. Our predicted
values of the free energy of exchange are reported in Fig. 8 as a func-
tion of DGaq

Na/i (the free energy of hydration relative to the value for
sodium). The values for Na, K, and Cs are highlighted with larger
symbols. Values of log Keq calculated from the results presented
in Fig. 8 are shown in Table 3.

Our TI simulations predict that NaACs exchange on illite basal
surfaces is essentially non-selective. This result is consistent with
the ion exchange isotherm shown in Fig. 7a and confirms that
our 50 ns MD simulations with mixed NaCl-CsCl electrolytes were
sufficiently long to probe equilibrium adsorption on the basal sur-
faces. As noted above, the non-selective nature of NaACs exchange
on illite basal surfaces is likely an artifact related to the unphysical
relaxation of the siloxane surface cavities predicted by the CLAYFF
model. The use of a rigid mineral structure in simulations of ion
adsorption on the basal surface of mica (unpublished) resulted in
a decreased tendency of Na+ ions to drop deeply within the hexag-
onal cavities, a better agreement with X-ray reflectivity data, and
less affinity of Na for the basal surfaces (logKeq

Na/Cs � 2).
The results shown in Table 3 indicate that the anhydrous inter-

layer nanopores have a high selectivity for weakly hydrated cations
(K, Cs). The predicted value of log Kex

Na/Cs in anhydrous interlayers is
lower than obtained by DFT simulations of mica at 300 K [log Keq

Na/Cs

� 4.0 [93]] and lower than the values reported for the high affinity
sites (Table 1). The difference is consistent with the unphysical
relaxation of surface ditrigonal cavities in our MD simulations
60 70 80 90 100 110

 (kJ mol-1)

ange (relative to Na) as a function of the Gibbs free energy of hydration (relative to
: on the external basal surface (red), in collapsed interlayers where all interlayer ions
ain K+ while a few dispersed ions are transformed (yellow). Large symbols show free
rmediate steps of the alchemical transformations. Error bars are smaller than the
is referred to the web version of this article.)
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causing a significant overestimation of the affinity of Na for the
external basal surfaces. Our simulations predict that adsorption
in the interlayers has very little selectivity between K and Cs, in
agreement with DFT calculations [68,93]. For example, DFT simula-
tions of mica at 300 K yielded Helmholz free energies of exchange
consistent with log Keq

K/Cs � �0.6 [93] a value essentially equal to
our prediction. Our results demonstrate for the first time that the
specific affinity of interlayer sites for K ions relative to other alka-
line metals of smaller and larger size is in essence a ‘‘Goldilocks”
effect, indicating that the K+ ion has an optimal size to accommo-
date these sites. This effect explains why K concentration in soils is
a good predictor of the abundance of illitic clay minerals.

Finally, our TI calculations provide evidence of a strong driving
force for cation segregation in collapsed illite interlayers: KACs
exchange has little selectivity if the entire population of interlayer
cations is transformed from K to Cs, but it is highly unfavorable (by
16.4 ± 0.7 kJ mol�1) if only a few K ions are exchanged for Cs in an
otherwise K-filled interlayer. This strong selectivity difference
likely derives from the fact that, during replacement of the inter-
layer population of interlayer cations, the collapsed interlayer
adjusts its basal spacing to accommodate the size of the interlayer
cations. If only a few K ions are replaced by Cs in an otherwise K-
filled interlayer, the large population of interlayer K ions imposes a
basal spacing that is too small to comfortably accommodate Cs.

3.4. Ion exchange kinetics on basal and edge surfaces

Molecular dynamics simulation results were used to investigate
the kinetics of ion exchange at basal and edge surface sites using a
waiting time distribution technique analogous to a 1D jump diffu-
sion model [12,57]. Over the course of these simulations, no ions
migrated from the bulk solution to the interlayer or within the
interlayer itself due to significant energetic barriers to interlayer
ion exchange. The dynamics of interlayer ion exchange will be
the subject of future work. We determined the amount of time that
Na and Cs ISSC reside in the vicinity of each individual site type
(basal, H-, and I-) to compare element- and site-specific exchange
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Table 4
Average timescales over which 90% of inner-sphere complexed ions exchanged with outer
with different Na/Cs ratios. Confidence intervals are reported as ±2r.

Na

s90 basal (ns) s90 edge H-site (ns) s90 edge I-site (ns)

0.30 ± 0.03 0.82 ± 0.47 0.22 ± 0.07
dynamics. Positions of high affinity Na and Cs sorption sites were
identified using density maps integrated over the entire simulation
time. Geometries of inner-sphere edge sites differed from those of
basal sites, so exchange events at these sites were calculated in a
slightly different way. Ions were assumed to have left (or entered)
an edge site when crossing out of (or into) a cylindrical zone with
2 Å radius surrounding the Cs or Na site, a sufficiently large size to
encompass edge ISSC. Ion exchange events involving a hop along
the edge were not counted. Basal surface ion exchange events were
counted when an ion left or entered a slab within 3 Å of the
closest-approaching Na+ ions, which approximately separates
inner- and outer-sphere surface complexes for both Cs and Na
(Fig. 4a). For each type of site, we calculated the distribution of
ion residence times between exchange events (Fig. 9), as well as
the time within which 90% of the Na or Cs ions leave the site
(Table 4). We refer to the latter quantity as s90. This approach
enables us to directly compare the ion exchange fluxes between
sites for both Na and Cs.

The typical distribution of ion residence times included a high
probability of exchange over short timescales (i.e., many transient
visits to the site) and a low probability of exchange over long time-
scales, on order of the duration of the entire simulations (i.e., few
prolonged visits to the site). An example histogram of residence
times is plotted for Na and Cs on basal surfaces and edge H- and
I-sites for the xCs = 0.5 simulation in Fig. 9. The s90 values for each
ion and site type averaged over all ten simulations are listed in
Table 4. On average, Na and Cs s90 residence times on the basal sur-
faces are within error of one another at 0.30 ± 0.03 ns and
0.34 ± 0.03 ns, respectively. In contrast, the average s90 value of
Cs ions at edge H-sites (7.25 ± 2.34 ns) is considerably longer than
that of Na ions at the same sites (0.82 ± 0.47 ns). The same may be
true for edge I-sites (2.93 ± 2.83 ns for Cs and 0.22 ± 0.07 ns for Na)
except that the large errors for Cs make the values nominally equal.
The results shown in Table 4 indicate that Cs binding at edge sites,
in addition to being thermodynamically favored, is considerably
more stable than for Na. The results also confirm the necessity of
simulating several tens of nanoseconds to reach complete
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s90 basal (ns) s90 edge H-site (ns) s90 edge I-site (ns)

0.34 ± 0.03 7.25 ± 2.34 2.93 ± 2.83
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exchange equilibrium with respect to Cs at edge H-sites. The much
poorer statistics for edge compared to basal sites arises from the
fact that there are many more available basal sorption sites in each
simulation.
4. Conclusions

Molecular dynamics simulations of a new fully-flexible illite
structure displaying edge, basal, and interlayer sites give Na/Cs
sorption selectivities broadly consistent with the range of existing
experimental data. Cesium sorbed to the exterior surfaces of illite
form primarily ISSC at both basal and edge sites, while both Na
and Cs form ISSC on basal surface sites adjacent to ditrigonal cav-
ities on the siloxane surface, similar to existing X-ray reflectivity
data. Ion exchange proceeds relatively rapidly for both Na and Cs
at basal sites, in stark contrast with the slow exchange dynamics
of Cs at edge sites, indicating a source of the high affinity for Cs
at edges. Interlayer ions were found to be non-exchangeable over
the timescale of the MD simulations reported here (50 ns), so ther-
modynamic integration calculations were performed instead to
investigate the affinity of Cs for interlayer sites. These TI calcula-
tions demonstrate that complete K/Cs exchange in the interlayer
sites is weakly selective and that there is a strong thermodynamic
preference for Cs relative to Na in anhydrous interlayers. Exchange
of trace interlayer K for Cs is highly unfavorable compared with
complete replacement of K for Cs, revealing a strong driving force
for interlayer ion stratification upon migration of Cs to slow sites.
Together, these findings suggest that previously identified slow
sites are likely located in the interlayers of micaceous clays, as
hypothesized. The kinetics of interlayer ion exchange are not pos-
sible to resolve in these 50 ns MD simulations and will be the sub-
ject of a future study.

Geochemical modeling of the simulated adsorption and selec-
tivity data reveals a fundamentally different ion adsorption behav-
ior at edge and basal adsorption sites that had not previously been
resolved, because of the difficulty of isolating these sites experi-
mentally. In particular, adsorption at edge sites is shown to be
non-ideal due to the impact of high Cs concentrations on edge site
capacities, and edge sites are Cs selective at low Cs loadings. We
conclude that the flexible model presented here is a substantive
advance on existing models as it enables simultaneous investiga-
tion of molecular-level mechanisms governing ion exchange on
various sites, including edge sites. Future studies will make use
of this structure, which also allows for edge expansion, to specifi-
cally address the mechanisms of high-affinity frayed edge site for-
mation. Alternative simulation techniques including
metadynamics will be useful to elucidate the thermodynamics
and mechanisms of frayed edge site formation.
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Electronic Annex 1 

 Density functional theory (DFT) methods. We evaluated the electronic structure 2 

of a muscovite (110)-edge using DFT-based calculations performed in the Vienna Ab 3 

initio Simulation Package (VASP; Kresse and Hafner, 1993, 1994; Kresse and 4 

Furthmüller, 1996), which supports the projector augmented wave (PAW; Kresse and 5 

Joubert, 1999) and generalized gradient approximations (GGA), among others. We use 6 

BLYP functional (Becke, 1988; Lee et al., 1988) with Grimm’s van der Waals correction 7 

(Grimme et al., 2010). The cut-off energies in structural relaxation calculations are set to 8 

be 600 eV and 5×1×3 k-point grids are taken in the relaxation. In all the calculations, the 9 

structural relaxation is repeated until all the forces on all atoms are below 0.02 eV/ Å. All 10 

the DFT calculations are executed the SGI ICE X supercomputer at the Japan Atomic 11 

Energy Agency. 12 

We constructed a periodically replicated (110)-type edge structure for muscovite, 13 

with edges separated by 10 Å of vacuum (Figure EA1). The lattice constants of the unit 14 

cell are provided in Table EA1. Charge density is evaluated for comparison with the Oe6- 15 

and Oe3-Al chemical bonds. The charge density in the vicinity of Al, Oe3, and Oe6 16 

atomic positions are shown in Figures EA2. The maximum electron density is 0.04 /Å3 in 17 

these figures. Figure EA2c clearly shows a significant break in electron density in the Al-18 

Oe3 bond.  19 

Thermodynamic integration (TI) calculation methods. For our TI calculations, the 20 

size (σi) and well-depth (εi) parameters describing the Van der Waals interaction energy 21 

φ between two ions of type i on the Lennard-Jones 6-12 interaction model [φ(ri) = 4 εi 22 

[(σi/ri)12 - (σi/ri)6] were modified from the value for K to the value for Na or Cs were 23 



 2 

modified in a series of small steps. More precisely, we chose a thermodynamic path in 24 

which σ (λ) = (1-λ) × σK + λ × σfinal (with σfinal = σNa or σCs) and λ was incremented in 25 

15 (K to Cs) or 25 (K to Na) regular steps. The parameter εi was not varied, because εNa = 26 

εK = εCs according to the Smith-Dang parameters for Na, K, Cs, and Cl (Smith and Dang, 27 

1994; Dang, 1995). Each small transformation step was followed by 2.5 ns of 28 

equilibration and 1.5 ns of simulation in the NPT ensemble. At each λ-value, 350 (for the 29 

ions in water) or 1100 to 1500 snapshots (for the ions on the clay surface) of the 30 

coordination of the ions of interest were used to calculate the ensemble average value of 31 

〈𝜕𝜕ℋ 𝜕𝜕𝜕𝜕⁄ 〉𝜆𝜆, where ℋ is the Hamiltonian. Finally, the Gibbs free energy difference for the 32 

transformation of K to Na or Cs was calculated as ∆𝐺𝐺 = ∫ 〈𝜕𝜕ℋ 𝜕𝜕𝜕𝜕⁄ 〉𝜆𝜆
1
0 d𝜕𝜕. 33 

 34 

Table EA1. Lattice constants of the (110)-edge system. 35 

a (Å) b (Å) c (Å) α (degrees) β (degrees) γ (degrees) 

5.220 23.9759 10.2837 80.3973 95.8120 90.0791 

 36 



 3 

 37 

Figure EA1. Illustration of the (110)-edge structure of muscovite. Purple, silver, blue, 38 
red, and pink spheres represent potassium, aluminum, silicon, oxygen, and hydrogen 39 
atoms. Projected figure on (a) b-c (b) c-a and (c) a-b planes are shown. The width of the 40 
vacuum space in the b-axis direction is 10Å. The lattice parameters are shown in Table 41 
EA1. 42 
 43 

 44 

Figure EA2. Cross section (a) of the electron density distribution surrounding Al, Oe3, 45 
and Oe6 (b), with a maximum electron density of is 0.04 Å-3. The electron density 46 
minimum separating doubly protonated Oe3 is shown in greater detail in (c).  47 
 48 
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Table EA2. Specific surface excess of Cs and Na on basal and edge sites, with 2 s.e. 49 
uncertainties. Edge H- and I- site surface excess values are normalized to the total edge 50 
area and basal values are normalized to the basal surface area. Basal surfaces and edge H-51 
sites accommodate the majority of cation sorption to illite exterior surfaces. Adsorption 52 
in the interlayers was not observed on the 50 ns time scale of our MD simulations. 53 
 54 

 nwCs (μmol m-2)  nwNa (μmol m-2)  
xCs basal  edge H-

site  
edge I-
site  

whole 
particle  

basal  edge H-
site  

edge I-
site  

whole 
particle  

0.1 0.15(3) 0.22(5) -0.03(2) 0.34(5) 1.69(14) 1.13(17) 0.25(6) 2.91(5) 
0.2 0.29(2) 0.57(6) -0.01(4) 0.69(6) 1.62(12) 0.65(9) 0.05(8) 2.41(4) 
0.3 0.44(4) 1.24(9) 0.03(4) 0.95(8) 1.52(11) 0.54(10) -0.09(7) 2.32(5) 
0.4 0.74(5) 0.92(7) -0.04(4) 1.31(11) 1.10(8) 0.94(7) 0.05(8) 1.86(4) 
0.5 0.75(5) 1.39(9) 0.01(9) 1.57(9) 1.26(7) 0.66(7) -0.09(9) 1.72(7) 
0.6 1.17(9) 1.10(19) -0.32(11) 1.71(10) 0.82(12) 0.76(16) 0.24(6) 1.55(8) 
0.7 1.33(6) 1.38(10) -0.23(11) 1.94(11) 0.70(13) 0.40(7) 0.14(11) 1.16(4) 
0.8 1.68(6) 1.43(8) -0.04(8) 2.61(16) 0.43(8) 0.42(5) 0.016(5) 0.73(3) 
0.9 1.78(7) 1.28(20) 0.22(10) 3.04(27) 0.25(5) 0.35(3) -0.01(5) 0.41(2) 
1.0 2.23(6) 1.23(7) 0.05(5) 3.29(13) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 

 55 
 56 
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