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Abstract—The reactivity and stability of the edge faces of swelling clay minerals can be altered by layer
charge and the stacking structure; however, these effects are poorly understood due to experimental
limitations. The structure and stability of the montmorillonite {110}, {010}, {100}, and {130} edge faces
with a layer charge of either y = 0.50 or y = 0.33 (e /Si4O;() were investigated using first-principles
calculations based on density functional theory. Stacked- and single-layer models were tested and
compared to understand the effect of stacking on the stability of montmorillonite edge faces. Most stacked
layers stabilize the edge faces by creating hydrogen bonds between the layers; therefore, the surface energy
of the layers in the stacked-layer model is lower than in the single-layer model. This indicates that the
estimates of edge face surface energy should consider the swelling conditions. Negative surface energies
were calculated for these edge faces in the presence of chemisorbed water molecules. A high layer charge
of 0.50 reduced the surface energy relative to that of the low layer charge of 0.33. The isomorphic
substitution of Mg for Al increased the stability of interlayer Na ion positions, which were stable in the
trigonal ring next to the Mg ions. The lowest surface energies of the {010} and {130} edge faces were
characterized by the presence of Mg ions on edge faces, which had a strong cation adsorption site due to the
local negative charge of the edges. The coordination numbers of O atoms around cations adsorbed to these
edge faces were small in comparison to interlayers without water.

Key Words—Chemisorbed Water Molecule, Clay, Density Functional Theory, Interlayer Bonding
Energy, Isomorphic Substitution, Layer Charge, Single Layer, Smectite, Stacked Layer, Surface

Energy.

INTRODUCTION

Clay minerals have a layered structure and the
stability is related to the interlayer bonding energy and
surface energy of the edges and basal planes. The atomic
structure of the interlayer space, the edges, and basal
planes are, therefore, important factors in understanding
and controlling mineral crystal growth and dissolution.
The high affinity of clay mineral surfaces for cations and
organic molecules has been noted in the recovery of
toxic and radioactive materials from the environment
(Welfare et al., 1999; Tachi and Yotsuji, 2014). Clay
minerals, thus, are used in oil recovery (He ef al., 2015;
Mohammed and Babadagli, 2015) and chromatography
(Lew et al., 1946; Nakamura et al., 1989; Yamagishi and
Sato, 2012) and to prepare clay-polymer nanocomposites
(Ray, 2014).

The structure of clay surfaces is also strongly
correlated with the adsorbent properties. The atomic
structure of adsorbent surfaces has been investigated
using a combination of X-ray diffraction (XRD), nuclear
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magnetic resonance (NMR), vibrational spectroscopy,
and titration analysis. The XRD method is used to
examine periodic systems; therefore, many studies have
focused on the periodic interlayer structure of clay
minerals (Ferrage et al., 2005, 2010; Morodome et al.,
2011). Recent advances in X-ray surface scattering
revealed the surface structure at muscovite/liquid inter-
faces (Cheng et al., 2001; Schlegel ef al., 2006; Sakuma
et al., 2011; Lee et al., 2012; Pintea et al., 2016). The
X-ray surface scattering method, however, is limited to
measuring the surface of large, single crystals, such as
muscovite. Although the structures of the interlayer
space and basal planes have been studied, the edge sites
of clay minerals are poorly understood due to experi-
mental limitations. These edge sites are particularly
important, however, for small clay particles with large
specific surface areas. Although NMR (Bowers et al.,
2008; Tansho et al., 2016), X-ray absorption fine
structure (XAFS) (Bostick et al., 2002; Fan et al.,
2014), vibrational spectroscopy (Kubicki et al., 1999),
and titration (Tournassat et al., 2004) analyses have
revealed the local environments of adsorbent and clay
surfaces, a structural model of the edge sites is still
missing but is required to understand the results of these
experimental methods.
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The edge structures of 2:1 dioctahedral clay minerals
were examined (White and Zelazny, 1988) on the basis
of a crystal growth theory (Hartman, 1973). The stable
edges were estimated to occur on a parallel plane with
continuous chains of strong bonds in the structure and a
similar bulk composition. These edges were described as
{110} and {010} faces assigned in a conventional unit
cell of a trans-vacant (C2/m) montmorillonite (Tsipursky
and Drits, 1984). Two other possible faces, {100} and
{130}, have been observed in phlogopite synthesized
using a hydrothermal method (Sun and Baronnet, 1989a;
1989b). The four {110}, {010}, {100}, and {130} edge
faces were, therefore, considered in the present study as
the plausible edge planes of 2:1 clay minerals.

The surface Coulomb energies of the {110}, {010},
{100}, and {130} edge faces were determined using
simple electrostatic calculations for pyrophyllite (Bleam
et al., 1993). They selected pyrophyllite as a model 2:1
dioctahedral clay mineral because isomorphic substitu-
tions are absent, which simplifies the variation in edge
structures. Their work, however, assumed point charges,
fixed atoms at the bulk unit-cell positions, and no
tetrahedral tilting and neglected the van der Waals
interaction, which resulted in many uncertainties in
examining the stability of edge planes.

The relaxed structures of the pyrophyllite {110} and
{010} edge faces were estimated using first-principles
calculations based on density functional theory (DFT)
(Bickmore et al., 2003). This approach revealed realistic
interatomic distances for the edges, which are useful for
estimating the pKa values of the functional groups at the
edge faces. Others (Churakov, 2006; Martins et al.,
2014; Newton and Sposito, 2015) evaluated the stability
and reactivity of the pyrophyllite {010}, {110}, {100},
and {130} faces using DFT and classical molecular
dynamics (MD) calculations. The dynamics of protona-
tion and deprotonation reactions and adsorbed metal ions
at some pyrophyllite edge faces have also been
investigated using first-principles MD simulations
(Churakov, 2007; Liu et al., 2012b), including the
adsorption of Cd(II) complexes (Zhang et al., 2016).
For simplicity, these pioneering works focused only on
pyrophyllite, but they set the stage for investigation of
more complex, isomorphically substituted systems.

Liu et al. (2012a) and Kremleva et al. (2015)
examined the effects of isomorphic substitutions in the
octahedral (Mg for Al) and tetrahedral (Al for Si) sheets
on the atomic-scale structures and reactivity of the
{010} and {110} faces using first-principles MD
simulations. Values for pKa were recently estimated
(Tazi et al., 2012; Liu et al., 2013, 2014) for clay
minerals by using a combination of the vertical energy
gap method and first-principles MD simulations. The
pKa value of SiOH (6.8 + 0.4) on the pyrophyllite {010}
face can increase by 2—3 pKa units from isomorphic
substitutions in the octahedral sites (Mg for Al) (Liu et
al., 2013). This finding implies that the layer charge can
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alter the reactivity and stability of edge faces. The layer
charge induced by isomorphic substitution in the
aforementioned studies was fixed to 0.25 (e /SizOqy),
possibly due to the limited size of clay minerals in the
simulation cell. The layer charge of swelling clay
minerals ranges from 0.2 to 0.6; therefore, a wide
range of layer charges should be examined for further
discussion.

In a recent theoretical study using classical MD
simulations and DFT simulations, Newton et al. (2016)
evaluated the structure and stability of montmorillonite
{110} edge planes with a layer charge of 0.40, 0.375, or
0.25 (e7/Si401¢) derived from stable Mg substitutions in
the octahedral sheet. The increased layer charge due to
Mg substitution yielded five-coordinate Mg ions at the
edges. This type of structural change may explain the
modeled sorption of U(VI) and Np(V) on a mont-
morillonite edge surface with a layer charge of 0.25
(e7/Si4019) (Kremleva et al.,, 2015; Kremleva and
Kriiger, 2016). In order to understand better the structure
and stability of possible edge structures and the sorption
of various cations onto these edge faces, further
quantitative investigation of the surface energies of
{110}, {010}, {100}, and {130} edge faces as a function
of layer charge and Mg substitution is needed.

Molecular simulations are a powerful tool to under-
stand clay mineral properties as was demonstrated in a
recent special issue of Clays and Clay Minerals
(Kalinichev et al., 2016). The purpose of the present
study was threefold: (1) to use the DFT method to model
the surface energies of the {110}, {010}, {100}, and
{130} edge faces of a single montmorillonite layer
having a layer charge of 0.33 or 0.50 (e /Si4Oy9),
obtained by octahedral Mg substitution; (2) to determine
the effects of layer charge and isomorphic substitution
on the edge face stability; and (3) to apply the technique
to stacked structures in order to calculate interlayer
bonding energy, with an eye to developing the funda-
mental physics of clay mineral swelling.

STRUCTURAL MODEL OF MONTMORILLONITE

Montmorillonite is a 2:1 dioctahedral smectite and
Mg for Al octahedral isomorphic substitutions induce a
negative layer charge, which is compensated by inter-
layer cations that connect the layers together. The layer
charge magnitude can be determined from the amount of
isomorphic substitutions using the following mont-
morillonite chemical formula:

(M;-nH,0)(A3",Mg; ")(Si3"010)(OH), (1

where y is the interlayer charge (e /Si4O,) that can range
from 0.2 to 0.6, M" is a monovalent interlayer cation, and
n is the number of interlayer water molecules. The high
computational cost of DFT calculations can be minimized
by restricting the number of atoms in a periodic unit cell.
The stability of the montmorillonite edge faces was
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evaluated using a single layer in the unit cell. In this periodic boundary conditions parallel to the edge faces. A
model, the periodic edge faces are described by the minimum of four octahedral sites is required to describe

Figure 1. Top (center) and side (right) views of single-layer edge models for layer charge y = 0.50. The octahedral sheets are shown
on the left to indicate the isomorphic substitution of Mg for Al. The edge faces are nearly parallel to the ab plane. The a, b, and ¢ axis
values that were used to define the supercell were different than the montmorillonite axis parameters.
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the {100} and {130} faces. The smallest number of unit
cell atoms under this constraint depends on the layer
charge (y) and is 82 atoms for y = 0.50 and 122 atoms for
y=0.33. To remove a dangling bond from the edge faces,
four H,O molecules were chemisorbed on both sides of
the edge faces. To avoid an artifact that can arise from the
periodic boundary conditions and the interactions between
both sides of the edge faces, the unit cell length (a) and
the distance between the edge faces were taken to be
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>9 A. The total number of atoms in the unit cell was 106
atoms for y = 0.50 (Figure 1) and 146 atoms for y = 0.33
(Figure 2). Various initial configurations for the Na and
Mg ions were tested to obtain the energy differences,
which depended on the ion positions. Two constraints
were employed to avoid unstable configurations. One Na
ion was placed on each of the top and bottom surfaces, but
the two Mg ions were not allowed to occupy a
neighboring octahedral site. This single-layer model is

Figure 2. Top (center) and side (right) views of single-layer edge models for layer charge y = 0.33. The octahedral sheets are shown
on the left to indicate the isomorphic substitutions. The edge faces are nearly parallel to the ab planes.

https://doi.org/10.1346/CCMN.2017.064062 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2017.064062

256

Sakuma et al.

Clays and Clay Minerals

Table 1. Calculated and experimental montmorillonite unit cell constants and £y g values.

y a (A) b (A) c(A) B O Eype (meV/A?)

Wyoming montmorillonite 0.26 5.18 8.98 10.10 99.5

(Tsipursky and Drits, 1984)
Panama montmorillonite 0.45 5.18 8.98 10.08 101.0

(Tsipursky and Drits, 1984)
DFT (PBE) 0.25 5.25 9.09 10.08 99.27

(Voora et al., 2011)
This study (PBE) 0.33 5.24 9.09 10.01 101.5 -1.79
This study (PBE) 0.50 5.23 9.09 9.83 96.55 —3.37

sufficient to examine a dispersed montmorillonite mono-
layer in aqueous solutions; however, in order to under-
stand the behavior of montmorillonite under low-humidity
conditions, the effect of layer stacking in a 1M polytype
was investigated for y = 0.50 (this value was chosen to
reduce computational costs by having a smaller number of
atoms in the unit cell).

COMPUTATIONAL DETAILS

First-principles calculations

The total energy of montmorillonite with the edge
faces, bulk montmorillonite, and an isolated H,O
molecule were calculated using first-principles electronic
state calculations based on DFT (Hohenberg and Kohn,
1964; Kohn and Sham, 1965). The generalized gradient
approximation proposed by Perdew, Burke, and Ernzerhof
(PBE) (Perdew et al., 1996) was employed to determine
the exchange-correlation energy. The valence electrons of
atoms were explicitly treated using a pseudopotential
method (Rappe et al., 1990). The electronic wave
functions were determined on the basis of the plane
wave set with a cutoff energy of 60 Ry. The atomic
position was relaxed to satisfy the convergence of total
energy to <0.1 mRy and maximum force acting on all
atoms to be <0.1 mRy/bohr. The reliability of the
employed pseudopotentials was confirmed by comparing
the lattice constants (a, b, ¢, and ) of montmorillonite
with experimental results (Tsipursky and Drits, 1984)
(Table 1). These calculations were conducted for the
1 x1x2 supercell with a 4x2x1 Monkhorst—Pack
k-point mesh (Monkhorst and Pack, 1976). The calculated
lattice constants were consistent with values calculated by

Voora et al. (2011) using the same method and with
experimental values reported by Tsipursky and Drits
(1984). No significant differences in the lattice constants
were identified for differences in layer charge y.

The shape of the orthorhombic supercell used for the
calculated edge faces of the single-layer montmorillonite
(Table 2) was used to calculate the unit area of an edge
face. The unit area of an edge face was calculated using
the following equation: 4 (A%) = a (A)x 10 (A)/sin®,
where the layer thickness was assumed to be 10 A in the
dry state without swelling and 6 is the angle between the
edge face and the basal plane. Two edge faces were in
the supercell and k-point sampling was only performed
for the I" point because of the large supercell used in the
present study. The total energy difference between the
sheet silicate minerals was determined using these
computational methods (Sakuma, 2013; Sakuma and
Suchara, 2015). All DFT calculations were conducted
using Quantum-ESPRESSO computer software
(Giannozzi et al., 2009).

The surface energy of the edge faces can be affected
by stacked layers because of interactions between
adjacent layers in the stacked-layer model (Figure 3)
and this effect should be evaluated by comparing the
energies between the single and stacked layers.

The surface energy Eg,¢ of the single-layer model
was calculated as follows:

EPm — (B 4+ nERO — 24y, 0 Firpr)

Esurf _ surf 2iis (2)

where Egr is the calculated total energy of the edge
surfaces, Epyi is the energy of bulk montmorillonite,

Table 2. Shapes of the supercell used to calculate the surface energies of single-layer montmorillonite edge faces and the unit
area of an edge face with two unit areas included in a supercell.

Edge faces a (A) b (A) ¢ (A) sin® Unit area, 4 (A%)
(110} 10.513 36.751 50.000 0.98487 106.745
{010} 10.493 36.751 50.000 0.98487 106.542
{100} 9.0754 36.751 50.000 0.99487 91.222
{130} 9.0936 36.751 50.000 0.98001 92.791
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_
Stacked-layer model

Figure 3. The single-layer and stacked-layer models used to
calculate the surface energy of edge faces. The solid line
identifies the supercell used for the calculations. Periodic
boundary conditions were applied normal to the page surface for
both models. Hydrogen bonds between the SiOH groups of
adjacent layers are shown by the dotted lines in the stacked-layer
model.

g

Ey e is the interlayer bonding energy of montmorillon-
ite, Eff., is the energy of an isolated H,O molecule,  is
the number of chemisorbed H,O molecules on the edge
faces, Ap,sa 1 the area of the basal plane, and A4 is the
area of the edge face. The interlayer bonding energy is
the energy that connects the basal planes of layered
minerals together (Giese, Jr., 1973). The energy Eygg
can be determined from the total energy difference
between the relaxed structure of two bonded layers,
Ejjayer» and an isolated single layer, Ejjayer, using the
formula Eyge = Esiagyer — 2E11ayer (Sakuma, 2015;
Sakuma and Suehara, 2015). The surface energy per unit
area was determined by summing the energy required to
form edges with the hydration energy of H,O molecules
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chemisorbed to edge faces. Two edge faces were
included in the supercell; therefore, the surface energy
was the average energy of these two faces.
The surface energy of stacked-layer models was
calculated using the following equation:
it — (B + nEg2Y) 3)
24

Esurf =

with variables as defined in equation 2.

Variations in the locations of Na and Mg ions

The extent of isomorphic substitution of Mg for Al in
octahedral sites varies, as illustrated by the various Mg
sites in {110} edge faces for a layer charge of y = 0.50
(Figure 4). Five configurations, denoted P1 to PS5, for the
isomorphic substitution of Mg for Al were considered
for the initial configurations. To clarify the location and
distance between Mg ions, the substituted locations were
classified into three positions, such as outermost edge
sites (E), near edge sites (N), and the other bulk sites
(B). The notation “EEd6.1” indicates that two Mg ions
occupy the outermost edge sites and the distance
between the Mg ions is 6.1 A. Plausible stable positions
of interlayer Na ions are at the center of the ditrigonal
ring of the montmorillonite surface. In these edge faces,
the eight positions include four at the top and the bottom
surfaces of each site, which were used as the initial Na
ion configurations. In these 80 initial configurations,
ionic optimization was conducted to obtain the surface
energy of the edge faces.

The surface energy differences between the same
isomorphic substitutions (Figure 5) were ascribed to the
different positions of the Na ions. Most of the structures
had positive surface energies, although negative surface
energies were obtained for about 10% of the structural
models tested. Such negative surface energies are
unrealistic for a single-component system; however, a
multicomponent system, such as a solid surface with
chemisorbed and dissociated water molecules, can have
a negative surface energy (Lodziana et al., 2004; Mathur
et al., 2005; Newton and Sposito, 2015). The minimum
energy in these isomorphic substitutions are discussed in
the following sections. Similar procedures were con-
ducted for four edges with two layer charges.

System-size effect on the surface energy of edge faces

The limited size of the system may affect the stability
of isomorphic substitutions. Two systems in the unit cell
were tested to compare the surface energy of edge faces
with y = 0.5. One-unit and two-unit systems include 106
and 188 atoms in the unit cell, respectively (Figure 6).
The difference between these systems is mainly the
length of the bulk layer. The surface energy of the large
system slightly changed from the small system due to the
increased degree of freedom (Figure 6). The energy
difference between small and large systems, however,
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P1: EEdG.1 P2: NNd6.0

P35: EEdE. 1

Figure 4. The five different isomorphic substitutions that were considered for the {110} edge faces of the single-layer model at y =
0.50. The notations, such as “EEd6.1”, indicate the location and distance between Mg ions as explained in the text. These are the
most stable structures for the various locations of Mg and Na ions. The octahedral sheets are shown above to indicate the isomorphic
substitutions.
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Eyrf [MmeV/AZ]

P1 P2

P3 P4 P5

(EEd6.1) (NNd6.0) (NNd5.2) (EEd5.2) (EEdS.1)
Initial configurations of Mg and Na ions

Figure 5. The surface energies of the {110} edge faces for the five different isomorphic Mg ion substitutions as shown in Figure 4 and

the various locations of Na ions.

was <0.01 eV/atom and was smaller than the typical
energy of covalent (>1 eV/bond), ionic (>1 eV/bond),
and hydrogen (>0.1 eV/bond) bonds. The surface
energies in order of decreasing energy were {010} >
{110} > {100} > {130} and were estimated using the
small system. This was identical to that calculated for
the large system and, therefore, the conclusion was the
same for both systems.

RESULTS

Interlayer bonding energy

The interlayer bonding energy (Ejgg) of mont-
morillonite was calculated using the same method that
was previously reported for mica and clay minerals
(Sakuma and Suehara, 2015). The interlayer bonding
energies calculated in the present study were stronger for
the high layer charge, y = 0.50, than for the low layer
charge, y = 0.33. The £y gg values of the y =0 and y =

{010} {110} {100} {130}

1 unit 1
2 unitsC—

2 units

L

Figure 6. A comparison of the surface energies of edge faces calculated using one-unit and two-unit structures. The surface energies
of the {130} edge faces of one-unit and two-unit structures are shown at left.
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1.0 layer charges were derived from the results for
pyrophyllite and muscovite (Sakuma and Suehara,
2015), respectively. The energy decreased with an
increase in the layer charge (Figure 7). This change in
the energy can be attributed to a strong Coulombic
interaction between the layers of high layer charge
minerals. It should explain the reason why the Ejpg
value of pyrophyllite was nearly zero. This would be
unrealistic for considering stacked pyrophyllite layers in
a natural environment. The PBE method usually under-
estimates the dispersion force; therefore, an empirical
dispersion force correction has often been applied for
pyrophyllite. The energy differences, however, between
clay minerals determined using the PBE method are
linearly related to the differences calculated using
methods that included empirical corrections (Sakuma
and Suchara, 2015). For the above reason, we discuss the
energy differences between minerals using the pure PBE
method.

Surface energy of edge faces for the layer charge of
0.50

{110} edge faces (y = 0.50). The most stable configura-
tions for the five models (P1 to P5) (Figure 4) have
different surface energies (Figure 8). The energy
differences imply that Mg is stable in the bulk part
rather than near the edge faces and that the long
interatomic distance between the two Mg ions is stable
(Figure 4). The energy difference as a function of the
average interatomic Na—Mg distance (d(Na-Mg)) and
the interatomic Na—Na distance (d(Na-Na)) can be
useful to understand the relationship between the
structure and surface energy. These maps (Figure 9)
indicate that Na ions are stable near Mg ions, which is
reasonable because the isomorphic substitution of
divalent Mg for trivalent Al ions creates a negative
charge in the structure.

Pyrophyllite
(1] v T

-10.0 |

EILBE (ITIEV."AZ)

-15.0

Muscovite

20.0 e e

0.0 0.2 0.4 0.6 0.8 1.0
Layer charge, y

Figure 7. Interlayer bonding energies (£ gr) calculated using

the PBE method as a function of layer charge. The muscovite and

pyrophyllite values were obtained from previous calculations
(Sakuma and Suehara, 2015).
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Initial configurations of Mg substitution

Figure 8. A comparison of the minimum surface energies for Mg
substitutions in single and stacked layers.

The surface energy of the stacked-layer model was
lower than that of the single-layer model (Figure 8). This
can be attributed to SiOH group hydrogen bonds
between adjacent layers, as shown by the dotted lines
that connect the layers in the stacked-layer model
(Figure 3). The four SiOH groups create hydrogen
bonds between two layers.

{010} edge faces (v = 0.50). The same analysis that was
used for the {110} edge faces was conducted for the
{010} edge faces for six different isomorphic substitu-
tions of Mg for Al (Figure 10). The Na ions are stable
near the Mg ions, which is indicated by the local
negative charges near the MgOs sites. The structure of
P6 was the most stable for both the single and stacked
models (Figure 10). A long interatomic distance between
Mg ions is required to stabilize this edge face. The high
surface energy that corresponds to unstable edge faces
can be characterized by long Na-Mg distances and most
low-energy areas are found at long Na-Na distances (see
Supplementary Material section (deposited with the
Editor-in-Chief and available at https://www.clays.org/
Journal/JournalDeposits.html)).

No energy difference between the single-layer and
stacked-layer models was observed for P3 and P6
(Figure 10), which was implied by the absence of
hydrogen bonds between SiOH groups in the stacked
model (Figure 10). The difficulty in creating the
hydrogen bonds can be attributed to the structure of
the {010} edge faces. The distance between SiOH
groups in different layers at the {010} edge faces were
longer than the distance for {110} edge faces. The
energy of the stacked model was higher than that of the
single-layer model for P1, P2, P4, and P5, which is
completely different from that at the edge of {110}. A
plausible explanation is that the Na and Mg distances
can be smaller in the single-layer model than those in the
stacked model. As demonstrated by the stable structure
of P4 (Figure 10), the Na ions were stable near the edge
faces in the single-layer model. In the stacked model,
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Figure 9. The surface energies of {110} edge faces for five different isomorphic Mg ion substitutions (P1 to P5) for a single
montmorillonite layer as a function of average interatomic distance d (Na-Mg) and d (Na-Na).

compensation of the negative charge of montmorillonite edge faces. Low surface energy was obtained for short
layers by only Na ions is impossible. Na-Mg distances and long Na-Na distances (see Figure

S2 in Supplementary Materials section (deposited with
{100} edge faces (v = 0.50). The Na ions were stable the Editor-in-Chief and available at http://www.clay-
near octahedral Mg ions in a similar manner as those at s.org/JOURNAL/JournalDeposits.html)). The decreased
the {110} and {010} edge faces (Figure 11). The most surface energy of the stacked model was indicated by
stable structure was P1, which indicates that the Mg hydrogen bonding networks at the edge faces as shown
should be in the bulk part of the structure to yield stable in the {110} edge faces.
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Figure 10. Six different isomorphic substitutions considered for the {010} edge faces for layer charge y =0.50. The octahedral sheets
are shown at the top to indicate the isomorphic substitutions. The bottom left figure compares the minimum surface energies of these
edge faces. The bottom right figure shows the stable structure of the P6 stacked-layer model. No clear hydrogen bonds were formed

between the SiIOH groups of adjacent layers.

{130} edge faces (v = 0.50). The Na ions were stable
near octahedral Mg ions for all edge faces (Figure 12).
The most stable structures were found for long Mg-Mg
distances (P6). Low surface energy was obtained for
short Na-Mg distances and long Na-Na distances (see
Figure S3 in Supplementary Materials). Most configura-
tions of the stacked model except for P2 decreased the
surface energy relative to that in the single-layer model,
which is explained by the hydrogen bonds between the
layers of the stacked model.
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Surface energy of edge faces for a layer charge of 0.33

Many combinations of isomorphic substitutions can be
considered for the layer charge y = 0.33 as discussed for
y = 0.50 in the previous sections. Here, symmetric edge
faces were tested for y = 0.33 because such symmetric
configurations were stable for all edges at y = 0.50. The
effect of stacking on the surface energy appears to depend
on the presence of hydrogen bonds between the SiOH
groups rather than isomorphic substitutions and, therefore,
the single-layer model was used here.
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Figure 11. Six different isomorphic substitutions considered for the {100} edge faces for layer charge y=0.50. The octahedral sheets
are shown at the top to indicate the locations of the isomorphic substitutions. The bottom figure compares the minimum surface

energies of these edge faces for various initial Mg positions.

{110} edge faces (v = 0.33). Two Mg ions were included
in the isomorphic substitutions of these structures
(Figure 13). The surface energy differences between
the three different isomorphic substitutions indicate that
P2 was more stable than Pl and P3. The energy
difference implies that the Mg is stable in the bulk
part of the structure rather than at the edge. When the
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Mg-Mg distance was long, such as that shown in the P1
and P2 structures, the stable structures were character-
ized by long Na-Na and short Na-Mg distances (see
Figure S4 in Supplementary Materials). If the Mg-Mg
distance is short, such as that in the P3 structure, the Na-
Na distance can also be short due to the strong attractive
interactions between the Na and Mg ions.
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Figure 12. Six different isomorphic substitutions considered for the {130} edge faces for layer charge y=0.50. The octahedral sheets
are shown at the top to indicate the isomorphic substitutions. The bottom figure compares the minimum surface energies of these

edge faces for various initial Mg positions.

{010} edge faces (v = 0.33). The Na ions were stable
near Mg ions (Figure 14). The most stable structure was
P1, which can be attributed to the strong attractive
interactions between Mg and Na ions at the edge faces.
The relationship between the surface energy and
interatomic distances was similar to those for the
{110} faces with stable short Na-Mg and long Na-Na
distances (see Figure S5 in Supplementary Materials).
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This was not the case for P3 because the short Mg-Mg
distance created a stable local structure at the short Na-
Na site distance due to the strong attractive interactions
between the Mg and Na ions.

{100} edge faces (y = 0.33). In the stable structures of
four different isomorphic substitutions (Figure 15), the
P2 and P3 models were more stable than P1, which
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Figure 13. Three different isomorphic substitutions considered for the {110} edge faces for layer charge y = 0.33. The octahedral
sheets are shown at the top to indicate the isomorphic substitutions. The bottom right figure compares the minimum surface energies

of these edge faces for various initial Mg positions.

indicates that the Mg ions are stable in the bulk part of
the structure rather than near the edge faces. A small
energy difference between the P2 and P4 models was
implied by the high repulsive energy created by the short
Mg-Mg distance in the P4 model. The relationship
between the surface energy and Na-Na and Na-Mg
distances (see Figure S6 in Supplementary Materials) is
similar to that of the {110} and {010} edge faces.

{130} edge faces (y 0.33). The energy difference
between four different isomorphic substitutions indicates
that the short Mg-Mg distance is unstable in these
structures (Figure 16). The relationship between the
surface energy and the Na-Na and Na-Mg distances (see
Figure S7 in Supplementary Materials) is similar to that
in the other edge faces tested in the present study.

https://doi.org/10.1346/CCMN.2017.064062 Published online by Cambridge University Press

DISCUSSION
Difference between stacked- and single-layer models

The surface energy of the stacked model was lower
than that of the single-layer model for the {110}, {100},
and {130} edge faces, which is implied by the presence
of hydrogen bonds between the SiOH groups of adjacent
layers. The hydrogen-bonding energy was estimated to
be 2—3 meV/A? in our model. This value was based on
the assumption that the energy of hydrogen bonds
between the SiOH and SiO4 groups was 2.7 to 4.1
kcal/mol, which was based on the energy of Si(OH),4
adsorption to a kaolinite surface with terminal SiO4
groups (Han et al., 2016). This is consistent with the
energy difference between the single and stacked layers
of the {110} edge faces. This difference in surface
energy indicates that the stacking of clay minerals can


https://doi.org/10.1346/CCMN.2017.064062

266

P1: EEd11.1

Sakuma et al.

(EEd11.1)
Initial configurations of Mg substitution

Clays and Clay Minerals

P1 P2
(NNd8.0)

P3
(BBd5.2)

Figure 14. Three different isomorphic substitutions considered for the {010} edge faces for layer charge y = 0.33. The octahedral
sheets are shown at the top to indicate the isomorphic substitutions. The bottom right figure compares the minimum surface energies

of these edge faces for various initial Mg positions.

stabilize the edge faces. A 1M polytype was assumed for
these stacked models. Different polytypes create differ-
ent stacking structures and the hydrogen bonds at the
edges differ from that in a 1M polytype.

Stability of Mg ions and positive ion adsorption sites on
the edge faces

The stable Mg substitutions (Table 3) were clearly
correlated with the edge face type. No confirmed
correlation was observed between stable Mg substitutions
and layer charge in all of the edges tested in this study.
The stability of the Mg substitutions in the {110} edge
faces were consistent with previous DFT research that
used different layer charges (Newton et al., 2016). The
differences between the stable Mg substitutions in the
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edge faces can be attributed to the number of shared O
atoms between the MgOg octahedra, AlO4 octahedra, and

Table 3. Stable Mg positions in the edge models where the
term “edge” indicates the MgOg octahedra located at the
outermost positions of edge faces. The term “bulk”
distinguishes the MgOg octahedra in the bulk structure from
the “edge” positions.

Edge faces y=205 y =033
{110} bulk bulk
{010} edge edge
{100} bulk bulk
{130} edge edge
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Figure 15. Four different isomorphic substitutions considered for the {100} edge faces for layer charge y = 0.33. The octahedral
sheets are shown at the top to indicate the isomorphic substitutions. The bottom figure compares the minimum surface energies of
these edge faces for various initial Mg positions.
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Figure 16. Four different isomorphic substitutions considered for the {130} edge faces for layer charge y = 0.33. The octahedral
sheets are shown at the top to indicate the isomorphic substitutions. The bottom figure compares the minimum surface energies of
these edge faces for various initial Mg positions.

https://doi.org/10.1346/CCMN.2017.064062 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2017.064062

Vol. 65, No. 4, 2017

SiO,4 tetrahedra. In the bulk structure, all O atoms are
shared by at least two polyhedra, but unshared O atoms
can be present at edge faces. Although the charge of
unshared O atoms is partially compensated by chemi-
sorbed hydrogen atoms, the partial negative charge can be
larger than that of shared O atoms. This large negative
charge can stabilize the Mg substitutions. The MgOgq
octahedra of the {010} and {130} edge faces have two

-
(%0.06e) "(-0.08¢)

5, 3%e) 2 g\ o 7
(-0,36e)

i, o

(-0.09¢)

-

(=0.39¢) » 249

(c) {130} edge face

Figure 17. Structure (a) of adsorbed Na ions at {010} and {130}
edge faces. Two stable Na adsorption sites were obtained for the
{130} faces as shown in (b) and (c¢). The numbers indicate the
distance (A) between the adsorbed Na ion and the surrounding O
atoms. The numbers in parentheses indicate the calculated
Loéwdin charges of the surrounding O atoms.
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unshared O atoms, whereas the octahedra of {110} and
{100} edge faces have only one unshared O atom. The
presence of two unshared O atoms at the {010} and {130}
edge faces can result in stabilized Mg ions in comparison
with the {110} and {100} edge faces. The interlayer Na
ions were stable near the substituted Mg sites as shown by
the relationship between the Na-Mg distance and the
surface energy. These results imply that positively
charged ions strongly adsorb to the {010} and {130}
edge faces rather than to the {110} and {100} edge faces.
The coordination number of O atoms around the Na ion at
the {010} edge face was 5 and coordination numbers of
the {130} faces were 6 and 4 according to the number of
O atoms within the cutoff distance of 3.1 A (Figure 17).
The presence of the surrounding water molecules
increases the coordination number through hydration.
This result provides a plausible structural model to
analyze clay mineral adsorption sites by comparison to
the Extended X-ray Absorption Fine Structure results
(EXAFS) (Bostick et al., 2002; Fan et al., 2014) and NMR
methods (Tansho et al., 2016). To confirm the charge
distribution between atoms, the partial charges of atoms
were calculated using Lowdin population analysis imple-
mented in Quantum-ESPRESSO computer software
(Giannozzi et al., 2009). The largest partial charges of
—0.85¢ and —0.65¢ were obtained for O atoms in MgOg
octahedra at these edge faces (Figure 17). The charges
that ranged from —0.29 e to —0.47 e for O atoms in SiO4
tetrahedra and AlOg4 octahedra were larger than those that
ranged from —0.04 e to —0.09 e for O atoms in the bulk
structure. This result indicates that these edge sites have a
local negative charge, which is enhanced by the presence
of a MgOg octahedron at these edge faces and, therefore,
it strongly adsorbs cations.

Comparison of the surface energies for layer charges of
y =0.50 and y = 0.33

The lowest surface energies were at y = 0.50 and were
lower than those at y = 0.33 for all edge faces
(Figure 18), which indicates that the edge faces at y =

0.50 are more stable than those at y = 0.33 in the
i {110} {010} {100} {130}
T

&

< -2} &

B
g -3f
5t - ]
y=050—=a
- M T

Figure 18. Lowest surface energies of the four edge faces for
layer charges of y = 0.50 and 0.33.
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presence of water. The size and morphology of clay
minerals is important in estimating ion adsorption sites.
The difference between edge face types with the same
layer charge was small; therefore, identifying the
dominant edge face in montmorillonite was difficult.
Negative surface energy values were achieved due to the
presence of chemisorbed water molecules on the edge
faces. These edge faces were highly reactive and were
stabilized in the presence of water. Once the surfaces are
hydroxylated, crystal growth can be difficult due to the
high energy barrier to remove chemisorbed water
molecules from the edge faces. This effect was stronger
for the high y = 0.50 layer charge than for y = 0.33. The
mechanism of crystal growth, however, is not simple for
clay minerals which have many defects (Meunier, 2006)
and, therefore, further research is needed to understand
the crystal growth of clay minerals.

Solvation effect on the edge faces

In the present study, the structure and stability of
edge faces with a few water molecules chemically
adsorbed in a vacuum were considered, but the structure
and stability can be changed by the presence of liquid
water near the surface. A comparison between edge
faces in a vacuum and edge faces in contact with a
solution was conducted for pyrophyllite using the first-
principles method (Churakov, 2007). The edge geome-
tries are qualitatively similar, but the lengths of chemical
bonds are slightly affected by the presence of water. The
stiffer Si-O bonds were hardly changed by the presence
of water, but the length of the relatively soft Al-O bonds
was changed by the presence of hydrogen bonds. The
strength of Mg-O bonds can be weaker than that of Al-O
bonds based on the bond valence model (Brown, 2002);
the Mg-O bond length at {010} and {130} edges, which
have stable Mg substitutions at the edges, can, therefore,
be altered by the presence of water.

Protonation and deprotonation are critical for cation
adsorption to edge faces in the presence of water
(Kremleva and Kriiger, 2016). The Mg-OH,OH, acidity
constant for the (010) edge face at y = 0.25 was
estimated to be 13.2 using a first-principles calculation
and indicated that the protonated state supports common
pH values (Liu et al., 2013). This discussion may be
applicable to the present system, but the actual acidity
constants should be estimated for y = 0.33 and 0.50 for
further discussion. The acidity constants of Si-OH and
Al-OH, groups were estimated to be smaller than 10
(Liu et al., 2013) and the protonation state should be
carefully considered depending on the solution pH.

CONCLUSIONS

The structure and stability of the four montmorillon-
ite {110}, {010}, {100}, and {130} edge faces were
examined using density functional theory. The surface
energy of the edge faces for layer charges of y = 0.50 and
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y=0.33 (¢ /Si140/0) had negative values in the presence
of chemisorbed water molecules. The surface energy was
lower at the high layer charge (0.50) relative to the
surface energy at the low layer charge (0.33), which
implies that the size and morphology of a single crystal
of montmorillonite can be altered by changes in the layer
charge.

To examine the effect of stacking on the stability of
the edge faces, the surface energies of stacked layers and
single layers were examined. The surface energies of the
edge faces for most of the stacked layers were reduced
relative to the single-layer models due to the presence of
hydrogen bonds between the layers at the edge faces.
This indicates that the stability of the edge faces can be
altered by the degree of swelling. Such a stacked-layer
model is necessary to simulate non-swelling clays and
mica minerals because the surface energy calculated
with a single-layer model would otherwise overestimate
the surface energy. In the present study, a stacked-layer
model was constructed on the basis of a 1M polytype
structure. The stacking structure was shown to depend
on the polytype, but further discussion is required to
apply the results to various clay minerals.

The location of Mg for Al isomorphic substitutions in
octahedra is related to the location of interlayer cations.
Stable Na ions on the ditrigonal rings in the interlayer
space were examined to identify the ring nearest to the
Mg ion location. The lowest surface energies of the
{010} and {130} edge faces occurred for Mg ions
located on the edge faces. These edge faces provide
strong cation adsorption sites due to the local negative
charge of the edges, which implies that montmorillonite
morphology is related to the number of strong cation
adsorption sites. These results contribute to an under-
standing of the structure, stability, and cation adsorption
sites of montmorillonite edge faces. Various divalent
and trivalent cations can substitute for the cations in the
octahedral and tetrahedral sites of clay minerals. In
future research, the effects of different elements on
isomorphic substitutions at the edge faces should be
investigated to determine the fundamental physics and
chemistry of clay minerals.
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