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Abstract

To explore the effects of layer-charge distribution on the thermodynamic and microscopic properties of Cs-smectites, clas-
sical molecular dynamic simulations are performed to derive the swelling curves, distributions and mobility of interlayer spe-
cies, and Cs binding structures. Three representative smectites with distinct layer-charge distributions are used as model clay
frameworks and interlayer water content is set within a wide range from 0 to 380 mgwater/gclay. All the three smectites swell in
a similar way, presenting the characteristic swelling plateaus and similar trends of swelling energetic profiles. The full-mono-
layer hydrate, corresponding to the global minima of the immersion energy, is the most stable hydrated state of Cs-smectites.
The calculated diffusion coefficients of interlayer species disclose the confining effects in all smectites: both water molecules
and ions diffuse slower than corresponding bulk cases and they are much more mobile in the direction parallel to the clay
surfaces than perpendicular to them. The formed inner-sphere complex structures are very similar in different smectites: ions
bind on the H-sites or T-sites and water molecules form cage-like caps covering the ions. Layer-charge distribution is found to
have significant influences on the mobility of interlayer species and preference of ion binding sites. A general sequence is pro-
posed to elucidate the preferences of various hexagonal sites (H-sites) and triangular sites (T-sites), that is, tetrahedrally
substituted H-sites > nonsubstituted H-sites > tetrahedrally substituted T-sites > nonsubstituted T-sites, but the influence of
octahedral substitutions on the preference of the neighboring sites is not obvious. Analysis of mobility indicates that H-sites
are more stable Cs-fixation positions than T-sites and smectite with higher fraction of octahedral charges seems to be the most
effective barrier material no matter how water content varies although all smectites can immobilize Cs ions in relatively dry
conditions. These findings will not only facilitate basic research in geochemistry and material sciences, but also promote the
barrier material designing.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The basic structure of smectite is the ‘‘T-O-T” layer con-
sisting of an octahedral sheet sandwiched by two tetrahe-
dral sheets (Grim, 1962; Brindley and Brown, 1980;
Bleam, 1993). Isomorphic substitutions in octahedral and/
or tetrahedral sheets commonly make the clay platelets neg-
atively charged, which are compensated by interlayer ions.
Water and other polar solvents can enter interlayer regions
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and cause clay-swelling, and water is found to be able to
form integer-number molecular layers in smectite hydrates
(Mooney et al., 1952a,b; Boek et al., 1995; Skipper et al.,
1995a,b; Karaborni et al., 1996; Skipper, 1998; Skipper
et al., 2006). These properties make smectites important
in many geological processes and industrial applications
(Grim, 1962; Bleam, 1993). Smectites have been widely used
as adsorbents in environmental engineering and the barrier
materials to fix radioactive nuclides in nuclear waste dis-
posal. Among various radioactive nuclides, 134Cs and
137Cs are especially dangerous being long half-lives and
high bioavailability (Evans et al., 1983; Cho et al., 1993;
Cornell, 1993). Bentonite, mainly consisting of smectites
(mostly montmorillonite and also others, e.g. beidellite
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and nontronite), has been found very suitable to adsorb and
fix Cs ions in interlayer spaces, and hence suitable to be
used as barrier to separate nuclear wastes from the host
environment in disposal sites (Onodera et al., 1998). So,
low mobility of Cs ions in the interlayer space of smectites
is prerequisite.

Although some previous investigations have focused on
Cs-smectite, some issues remain open especially on the
microscopic structural and dynamic properties. It has been
suggested that a Cs-smectite hydrate with water less than
one-half monolayer holds stably even under high humidity
and that additional water adsorbs in interparticle microp-
ores but not in interlayer spaces (Calvet, 1972; Sutton
and Sposito, 2001). But others argued that the full-mono-
layer hydrate is the most stable state based on molecular
simulation investigations (Smith, 1998; Young and Smith,
2000; Whitley and Smith, 2004). Although it is accepted
that Cs ion prefers binding on phyllosilicate surfaces, the
binding mechanism and the coordination states are still
not well understood (Schlegel et al., 2006). It is deduced
that layer-charge distribution can influence the physical
and chemical properties of Cs-smectites (Weiss et al.,
1990; Kim et al., 1996; Onodera et al., 1998), but neither
the mechanism nor the extent of this influence has been pic-
tured yet. Onodera et al. (1998) reported that the residual
Cs amount after Ba2+-exchange correlates well with octahe-
dral charges, but the underlying mechanisms are blurred by
the complexity involved in the cation exchange process
(Teppen and Miller, 2006).

In the past decade, molecular dynamics (MD) simula-
tion has been widely employed to study the clay-fluid sys-
tems and many good agreements with experiments have
been reached (He et al., 2005; Skipper et al., 2006 and ref-
erences therein). However, previous simulations of Cs-
smectites cannot distinguish the effects of layer-charge dis-
tributions sufficiently due to the disability of their force
fields to treat different isomorphic substitutions (Smith,
1998; Young and Smith, 2000; Sutton and Sposito, 2001,
2002; Masashi et al., 2003; Whitley and Smith, 2004). In
this study, we carried out comprehensive MD simulations
on Cs-smectites with a wide range of water contents in or-
der to obtain thermodynamic and microscopic properties of
Cs-smectite and to disclose the effects of layer-charge distri-
butions. Three representative smectites with different iso-
morphic substitutions were selected as model smectites
and the advanced clayff force field (Cygan et al., 2004b)
was employed. Swelling curves, swelling thermodynamics,
spatial distributions, mobility of Cs ions and interlayer
water, and microscopic structure were derived. Extensive
comparisons show that the swelling behaviors and confin-
ing effects of the interspaces are similar for the three smec-
Table 1
Chemical formulae, CECs and layer-charge distributions of the model sm

Model Chemical formula CEC

Ari (Arizona-type
montmorillonite)

Cs[Si8][Al3Mg]O20(OH)4 117.6

Wyo (Wyoming-type
montmorillonite)

Cs0.75[Si7.75Al0.25][Al3.5Mg0.5]O20(OH)4 91.7

Bei (beidellite) Cs0.75[Si7.25Al0.75][Al4]O20(OH)4 91.6
tites. Effects of isomorphic substitutions on the mobility of
interlayer species and distributions of surface binding sites
were revealed in detail.

2. METHODOLOGY

2.1. Model smectites

Three smectites including Arizona-type montmorillon-
ite (Ari), Wyoming-type montmorillonite (Wyo) and beid-
ellite (Bei) (Sutton and Sposito, 2001; Tambach et al.,
2004a,b) were selected in this study for their layer-charge
distributions are distinctly different, i.e. Ari only bears
octahedral charges, Bei only has tetrahedral charges,
and Wyo has both types. Table 1 displays their chemical
formulae, cation exchange capacities (CECs) and layer-
charge distributions. In this paper, nonsubstituted trian-
gular site (Tn) and substituted triangular site (Tt) repre-
sent the T-sites above the tetrahedral silicon and
tetrahedral aluminum, respectively. Ht denotes the H-site
adjacent to a tetrahedral aluminum atom and Hn stands
for other H-sites. The isomorphic substitutions obey Loe-
wenstein’s rule (Loewenstein, 1954), i.e. two substitution
sites cannot be adjacent. The simulation cell consists of
two clay platelets of eight unit cells each: 2 in x-dimen-
sion and 4 in y-dimension and the system contains two
interlayer spaces. Thence there are 8, 6 and 6 Cs ions
in each interlayer region of the Ari, Wyo and Bei models,
respectively. It has been proved the current model is large
enough to avoid finite size effects (Chávez-Páez et al.,
2001). The basal surface area is about 21.12 � 18.28 Å2

and the thickness of a clay sheet is 6.56 Å (Fig. 1(A)).
In the simulations, the periodic boundary condition is im-
posed on three dimensions.

2.2. Simulation details

All molecular dynamics simulations were undertaken by
using the LAMMPS package (version 10 Nov_2005)
(Plimpton, 1995), and clayff force field was used to describe
the interatomic interactions. Clayff assigns partial charges
of different coordinating oxygen accurately and distin-
guishes tetrahedral and octahedral substituting atoms in de-
tail, which makes clayff superior for addressing the effects
of different substitutions. This force field incorporates the
flexible version of the SPC model to describe water mole-
cules (Berendsen et al., 1981; Teleman et al., 1987). Clayff

has been widely used in geochemical and material simula-
tions, and has shown a wonderful performance (Wang
et al., 2004, 2006; Cygan et al., 2004a,b; Greathouse and
Cygan, 2005; Kirkpatrick et al., 2005; Liu and Lu, 2006).
ectites

(meq/100 g) Tetrahedral charge (%) Octahedral charge (%)

0 100

33.33 66.67

100 0



Fig. 1. (A) Snapshot of Ari with water content of approximately
110 mgwater/gclay. (B) Illustration of different binding sites. Tn:
nonsubstituted triangular site; Tt: substituted triangular site; Ht:
hexagonal site adjacent to a tetrahedral aluminum atom; Ho:
hexagonal site above an octahedral magnesium atom (not
denoted); Hn: other hexagonal site rather than Ht and Ho. Cation
Cs = purple, atom O = red, H = white, Si = grey, Al = faded pink
and Mg = green. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
paper.)
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In clayff, the total energy can be expressed as (Cygan
et al., 2004b),

Etotal ¼ ECoul þ EVDW þ Ebond stretch þ Eangle bend ð1Þ

where ECoul means the long-range coulombic interaction
and EVDW stands for the short-range interaction referred
to as the Van der Waals term. Ebond stretch and Ebond bend de-
note the bond stretch and bond bend terms, which are given
as the simple harmonic forms. A 9.0 Å cut-off is used for the
short-range interaction. The coulombic interaction is trea-
ted using the Ewald summation (Frenkel and Smit, 1996)
and the number of k-space vectors is determined to reach
a precision of 1.0e�4 in conjunction with the pairwise cal-
culation within a cut-off of 9.0 Å.

In order to study the swelling behaviors of Cs-smectites,
we performed 15 simulations for each model, with water
content increasing from 0 to about 380 mgwater/gclay. As
the initial state, ions were placed near the midplane of each
interlayer region and water molecules were put randomly in
each interlayer space. NPT (298 K, 1 atm) simulations were
performed in two stages, firstly an equilibrium stage for
500 ps and then a following production stage for 500 ps
to record the results. In these NPT simulations, the z-com-
ponent of the simulation cell was allowed to vary and the
other two were fixed.

In determining the swelling curves, three representative
water contents of approximately 55, 110 and 380 mgwater/
gclay were selected to study the structural and dynamical
behaviors of interlayer species. These water contents corre-
spond to 20, 40 and 140 water molecules in each interlayer
of simulated clay model, respectively. As shown by compar-
ison between the simulated and experimental swelling curves
(Section 3.1), the case with water content of about
110 mgwater/gclay represents the most stable monolayer hy-
drate, i.e. the usual form of Cs-smectite in water-rich environ-
ment while the case of 55 mgwater/gclay was used to mimic the
relatively dry condition. The interlayer space of the smectite
with the water content of 380 mgwater/gclay can be regarded as
a broad slit-like pore and was used as an analogy of inter-par-
ticle packed pore constructed by two opposite clay sheets in
aqueous solutions (Wang et al., 2004; Skipper et al., 2006).
For these calculations, a further 500 ps NVT simulation
was performed following the previous 1000 ps simulation.
A time step of 1.0 fs was used for all cases and the interval
of 100 fs for recording trajectories.

2.3. Simulation analyses

The basal spacing value (b) is calculated by averaging
the dumping box volume during the production NPT steps,

b ¼ hV i=ð2� SÞ ð2Þ

Here hVi means the statistically averaged volumes and S

is the basal surface area.
Swelling thermodynamic is described by using the

immersion energy and hydration energy (Smith, 1998; Boek
et al., 1995). The immersion energy is defined as,

Q ¼ hUðNÞi � hUðN 0Þi � ðN � N 0ÞU bulk ð3Þ

where hU(N)i stands for the average potential energy of the
smectite hydrate with water content N, N0 is water content
of the selected reference state and Ubulk is the internal en-
ergy of bulk water. In this study we select the state with
the highest water content as the reference state for the three
smectites. The hydration energy is calculated as,

DU ¼ ðhUðNÞi � hUð0ÞiÞ=N ð4Þ

Here hU(0)i means the average potential energy of the
dry clay. The energy values used in Eqs. (2) and (3) are ta-
ken from the production NPT simulations.

The spatial distributions of interlayer species are charac-
terized by the atomic density profiles in the z direction (per-
pendicular to the clay surface), which are calculated by
averaging over the trajectories from the NVT simulations.
Taking the plane defined by the average bottom octahedral
oxygen positions in Fig. 1 as the origin (z = 0), the atomic
density reads,

qðzÞ ¼ hNðz� Dz=2; zþ Dz=2Þi=ðDz� SÞ ð5Þ
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Here hN(z � Dz/2,z + Dz/2)i is the averaged atom num-
ber locating in the height interval of (z � Dz/2,z + D z/2).

The self-diffusion coefficients D of the interlayer water
and ions are calculated according to the Einstein relation
(Allen and Tildesley, 1987; Chang et al., 1997),

1

N

XN

i¼1

hjriðtÞ � rið0Þj2i ¼ 2dDt ð6Þ

where N is the number of atoms of interest and ri(t) is the
center-of-mass position of the ith one at time t; d is the dif-
fusion dimension, that is, d = 3 for the total coefficient and
d = 1 for the component coefficient on the separate x, y, or
z direction. The left-hand side of Eq. (6) is usually termed as
mean squared displacement (MSD).

Cs ion in interlayer pores tends to form inner-sphere
complexes by binding to clay surface and the hexagonal site
(H-site) and the triangular site (T-site) are main binding
sites (Weiss et al., 1990; Kim et al., 1996; Smith, 1998; Ebi-
na et al., 1999). The occupations of different binding sites
are derived from the simulation trajectories. All the binding
sites are further classified according to layer charge loca-
tions (Fig. 1(B)). Cs ions can also form outer-sphere com-
plexes and enter diffuse layer (Bostick et al., 2002;
Masashi et al., 2003) and those sites far away from the clay
surface are all denoted as ‘‘O” for short.

3. RESULTS AND DISCUSSIONS

3.1. Swelling behaviors

Fig. 2 illustrates the derived swelling curves compared
with Calvet’s experimental measurements. The three simu-
lated curves are very similar and no significant difference
is observed. A plateau is presented on each curve as water
content is lower than 110 mgwater/gclay, which agrees well
with previous XRD analysis. Table 2 summarizes the basal
spacing values of dry smectites and the plateaus from both
simulations and measurements in literature. It can be seen
that our simulations agree with experiments fairly well.
Fig. 2. Cs-smectites swelling curves from the simulations and
experimental measurements (Exp.) of Calvet (1973). In most cases,
the error bars are smaller than the symbol size.
After the plateau, the basal spacings increase linearly with-
out any stepwise manner as water content increases.

Figs. 3 and 4 display the calculated immersion energy
and hydration energy curves. In the immersion energy
curves, the global minima are clearly presented at about
110 mgwater/gclay and the local minima are at about
220 mgwater/gclay. On each hydration energy curve (Fig. 4),
one distinct minimum locates at about 110 mgwater/gclay

and the local one occurs between about 170 and
250 mgwater/gclay. The hydration energy is comparable with
the calorimetric measurement renormalized by adding the
condensation heat of water (�43.9 kJ/mol) (Chang et al.,
1995, 1998; Skipper et al., 1995a,b). The global minima of
the simulated hydration energy curves are from �47.6 kJ/
mol (±2.8 kJ/mol) to �45.0 kJ/mol (±3.0 kJ/mol), and
they are very close to the range of calorimetric measure-
ments: �48.9 � �46.5 kJ/mol (approximately
105 � 130 mgwater/gclay) (Bérend et al., 1995). The above
good agreement between the measurements and our simula-
tion provides a reliable basis for further analysis. Since the
swelling curves and the energy profiles of three smectites
present similar trends, it is considered that the mode of iso-
morphic substitution does not significantly affect the swell-
ing behaviors of Cs-smectites.

It has been found that the energy contribution domi-
nates the swelling free energy, and that the entropy term
only serves as a secondary role. The local minima on the
swelling immersion energy curve can be used to specify
the possible stable hydrate states, and the energy differences
of these minima can indicate the relative stabilities of differ-
ent states (Smith, 1998; Young and Smith, 2000; Smith
et al., 2004; Whitley and Smith, 2004). Nevertheless, it
should be clarified that in experiments of clay hydration,
vapor pressures are usually controlled (i.e. fixed chemical
potential of water), but our strategy is performing a series
of NPT simulations (fixed water contents) to find the possi-
ble hydrate states, which thence can be viewed to be proper
approximations of the ‘‘truly” stable states. Because all the
global minima of calculated immersion energy occur at
water content of about 110 mgwater/gclay (Fig. 3), the hy-
drated states with such water content should be the thermo-
dynamically most favorable ones, in which one clay unit cell
contains 5 water molecules approximately, i.e. a full water
monolayer (Skipper et al., 1995a,b). There is no minimum
present at lower water contents than 110 mgwater/gclay,
which suggests that no stable hydration state can exist with
less water than a full monolayer in water-rich environ-
ments. This finding is quite different from the previous
inference that a partial monolayer can stabilize Cs-smectites
with only 1.2�1.4 water molecules per unit cell (Calvet,
1972; Sutton and Sposito, 2001).

We find another local minimum on each immersion en-
ergy curve at about 220 mgwater/gclay, which indicates the
possible occurrence of double layer hydrates. This has also
been reported in previous simulations (Smith, 1998; Whit-
ley and Smith, 2004). But, no experiment has detected such
a double layer hydrate of Cs-smectite (Calvet, 1972; Bérend
et al., 1995). According to our simulation, it is deduced that
the high energy barrier between 110 and 160 mgwater/gclay

(about 15 J/gclay) may inhibit the continuous swelling to



Table 2
Comparison of simulated and experimentally measured basal spacings

Water content [mgwater/gclay] Sim. [Å] Exp.[Å]

Ari Wyo Bei

0 10.39 ± 0.07 10.46 ± 0.13 10.42 ± 0.12 10.7 � 11.5a

80 12.11 ± 0.11 12.30 ± 0.12 12.35 ± 0.15 12.2b

110 12.60 ± 0.15 12.65 ± 0.15 12.80 ± 0.15 12.9b

a Calvet (1973); Bérend et al. (1995).
b (Mooney et al., 1952b; Calvet, 1973; Bérend et al., 1995; Chiou and Rutherford (1997).

Fig. 4. Simulated hydration energy curves of the three Cs-
smectites. The dotted horizontal line corresponds to the bulk
energy of SPC water.

Fig. 3. Simulated immersion energy curves of the three Cs-
smectites.
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double layer hydrate. Additionally, the profiles of immer-
sion energy (Fig. 3) are similar to that of K-smectite, but
different from that of Na-smectite (Liu and Lu, 2006). In
the case of Na-smectite, the global minimum of the hydra-
tion energy curve also occurs at low water content but the
immersion energy curve presents the global minimum at a
higher water content corresponding to the more expanded
double-layer state. This reflects the difference of Cs+ and
Na+: the former is a clay-swelling inhibitor analogous to
K+, but the latter is a promoter.
3.2. Interlayer structures

Fig. 5 shows the density profiles of interlayer water and
ions, which are averaged over the two interlayer regions of
the simulated models. In the cases of low water contents
(Fig. 5(D) and (F)), water molecules are arranged in mon-
olayers according to the mono-peak shape of density pro-
files except very slight splits observed for Wyo and Bei at
about 110 mgwater/gclay. As water content increases to
380 mgwater/gclay, water molecules tend to form four layers
in the space between two opposite clay layers (Fig. 5(B)).

In all cases, ions always locate at about 2.2�2.5 Å away
from clay surfaces (the range of 0�3.28 Å on the distance
axis in Fig. 5 stands for half a clay sheet). This distance
range is very close to a recent measurement of Cs ion on
the muscovite (001) plane, which gives the range of
2.15�2.16 Å (Schlegel et al., 2006). Differently, for Wyo
and Bei with water content of 380 mgwater/gclay, Cs ions
present relatively high probabilities occurring in the farther
regions from the surfaces, whereas the Cs ions of Ari smec-
tites can hardly escape from the surfaces (Fig. 5(A)). In
addition, asymmetries are present in the cases of Ari at
the two lower water contents (Fig. 5(C) and (E)). The ions
tend to compensate the layer charges from both sides of
clay sheet, so the full symmetries of the density profiles
are not necessary (Chang et al., 1995, 1998).

The inner-sphere complex structures of binding Cs ions
are very similar in different smectites. Taking the monolayer
hydrate of Wyo with the water content of 110 mgwater/gclay

as an example, Fig. 6 shows the snapshots taken from the
simulation trajectories. It can be seen that the distance of
Cs-water is around 3.0 Å and the distance of Cs-basal oxy-
gen ranges from 3.5 to 3.8 Å. In these binding structures, Cs
ion contacts the clay surface directly and the surrounding
water molecules form a cage-like cap over the ion. Such
coordination environments are exactly analogous to those
found in the K-smectites (Park and Sposito, 2002; Liu
and Lu, 2006). Therefore, it is proposed that these com-
plexes may be typical coordination structures of surface-
preferring metal ions binding on basal surfaces of
phyllosilicates.
3.3. Mobility of interlayer species

The calculated self-diffusion coefficients of water are dis-
played in Fig. 7. The magnitudes of the total coefficients of
smectites with water contents of 55 mgwater/gclay (Fig. 7(A))
and 110 mgwater/gclay (Fig. 7(B)) are about 10�10, much



Fig. 5. Density profiles of Cs (left) and water (right) in the interlayer spaces of Ari, Wyo and Bei.

Fig. 6. Local coordination environments of Cs ion on (A) H-site
and (B) T-site. Cs = purple, O = red, H = white, Si = grey and
Al = faded pink. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
paper.)
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lower than that of the bulk value (2.3 � 10�9 m2/s) (Ohtaki
and Radnai, 1993). The coefficients increase with water
contents and get close to the bulk value at 380 mgwater/gclay

(Fig. 7(C)). It is also clear that the diffusion along the z axis
are negligible for the three smectites at all water contents,
whereas the coefficients of the diffusion parallel to (001)
plane are much larger.
Fig. 8(A) illustrates the MSDs of Cs ions in the three
smectites at 55 mgwater/gclay, which cannot be fitted with
Eq. (6). These MSD data show that the motions of ions
are in fact below the detectable limits (Skipper et al.,
1993), and thence no macroscopic diffusions can be defined.
So the ions can be viewed to be stationary with this water
content. This shows that all the three smectites can fix Cs
ions effectively at relatively dry conditions. At
110 mgwater/gclay, the three total coefficients are two orders
of magnitude lower than that of the bulk solution
(2.0 � 10�9 m2/s) (Nye, 1979) and at the same time the
ZZ components are extremely low. At 380 mgwater/gclay,
all of the total coefficients increase obviously and those of
Wyo and Bei reach the same magnitude with the bulk value.
Interestingly, the ZZ components of Wyo and Bei increase
obviously in the simulation time span, whereas that of Ari
still remains trivial. Notably, the ion mobility in Ari is the
lowest among the three smectites at both high and low
water contents. For both water and ions in all cases, the
observation that the ZZ coefficients are much lower than
the corresponding (XX+YY)/2 components can be attrib-
uted to the confining effect of the clay surfaces: the con-
strained geometry of clay pore limits the movement in the
z direction whereas the direction in x–y plane is relatively
open (Skipper et al., 2006).



Fig. 7. Self-diffusion coefficients of water in the simulated Cs-smectites. The water contents are (A) 55 mgwater/gclay, (B) 110 mgwater/gclay and
(C) 380 mgwater/gclay. The separate contribution on each direction is denoted by XX, YY, and ZZ. The term ‘‘(XX+YY)/2” stands for the
contribution of the movement parallel to the x-y plane.
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3.4. Distributions of Cs binding sites

Fig. 9 shows the distributions of ion binding sites at the
three water contents, where the total sites are represented in
grey. In the data of Ari and Wyo, it is found that the per-
cent of Ho occupation is always almost equal to that of Hn

binding, i.e. the octahedral substitutions cannot improve
the preference level of H-site. So, in Fig. 9 the occupied
Ho and Hn amounts are combined together and noted as
‘‘Hn” for purpose of clarity.

Fig. 9 shows that in Ari with the three water contents,
Cs ions always locate above H-sites and never occur above
T-sites. In Wyo and Bei, ions can bind to both types of sites
and more T-sites are occupied in Wyo than in Bei. With the
water content of 380 mgwater/gclay (Fig. 9 (C)), more ions
can move away from the surfaces in Wyo and Bei than in
Ari, that is consistent with the corresponding density pro-
files (Fig. 5).

It is indicated that both energetic and geometric factors
make H-site preferable to the T-site. While T-sites being
two times more than H-sites in the three smectites, much
more H-sites are occupied than the former (Fig. 9(A)–(C)),
it is deduced that H-sites are always preferable to T-sites.
Furthermore, in Wyo and Bei, while Ht is much less than
Hn, there are more Ht-sites occupied than Hn-sites. Hence,
Ht is preferable to Hn. In a similar way, we can also
know that Tt is preferable to Tn, too. In short, the relative
preferable site of ion binding follows the order of
Ht > Hn > Tt > Tn. This sequence has an atomic origin.
Firstly, Cs ion above the H-site interacts with six hexagonal
oxygen atoms simultaneously, whereas it interacts with only
three bridging oxygen atoms above the T-site (Fig. 6).
Secondly, the tetrahedral silicon atom (about 0.5 Å below
the T-site) must repulse the ion more strongly than the
structural hydroxyl (about 2.3 Å below the H-site). Thirdly,
the larger area of H-site (17.5 Å2) than T-site (3.4 Å2) also
makes H-site superior to stabilize Cs ion. Fourthly, based
on molecular orbital study, Ebina et al. (1999) found that
Cs adsorption energy on H-site is lower than that on T-site.
These supportive evidences confirm the preference of H-sites
over T-sites. The aluminum atom of Tt-site is less positive
than the silicon of Tn (1.575e vs. 2.1e), and the three bridging
oxygen atoms are a little more negative than the bridging
oxygen of Tn (�1.1688e vs. �1.05e) (Cygan et al., 2004b).
This makes Tt-site more accessible for Cs ion than the
Tn-site (also explaining Ht is preferable to Hn in Wyo and
Bei). Accordingly, ions can never bind to the T-sites in Ari
as no Tt-site present, but they do bind to T-sites in Wyo
and Bei as Tt-sites exist (Fig. 9). Subsequently, Cs ion on
T-site is more mobile than on H-site, and thence the least
T-site occupations in Ari lead to the lowest ion mobility.
More T-site bindings in Wyo (Fig. 9(B)) are responsible
for the highest mobility of Cs ions (Fig. 8(B)). This makes
Cs ions in Wyo and Bei more possibly migrate away from
the clay surfaces at higher water content (Fig. 8(C) and
Fig. 5(A)) and enter the diffuse layer easily.



Fig. 8. Mobility of Cs ions. (A) MSDs of Cs ions in the three smectites with water content of 55 mgwater/gclay. Self-diffusion coefficients of ions
at water content of 110 mgwater/gclay (B) and 380 mgwater/gclay(C).
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The site-preference sequence can be used to qualitatively
predict binding behavior of the cations and positively
charged headgroups of organic matters binding to nega-
tively charged clay surface. For example, it is found that
ammonium cations always bind to H-sites rather than T-
sites in organo-clay nanocomposite (Greenwell et al.,
2005; Liu et al., 2007). Furthermore, this finding can be eas-
ily applied to other phyllosilicate members. Because the
interaction with solvents is ignored in above discussion, it
should be emphasized that this sequence is useful particu-
larly for surface-preferring ions (e.g. K+, Cs+), but less
meaningful for easily hydratable ions (e.g. Na+, Ca2+),
which usually tend to escape from the clay surface and form
outer-sphere complexes or diffuse ions (Sposito and Prost,
1982; Sposito et al., 1999; Liu and Lu, 2006).

3.5. Implications for Cs fixation

Current simulations show that on one hand the H-site
rather than the T-site favors Cs-fixation, on the other hand,
the unique swelling behavior of smectites increases the
opportunity for ions to enter interlayer spaces and contact
more clay surfaces. These explain why smectites are very
suitable to be used as buffer materials in practice. It is also
suggested that both nonswelling phyllosilicates (e.g. pyro-
phyllite) and some swelling ones with higher fraction of tet-
rahedral charges (e.g. vermiculite) cannot fix Cs ions
satisfactorily. Because the layer-charge distributions of
smectites from different mines differ from each other (Yariv
and Michaelian, 2002), evaluation of the characteristic of
layer-charge distribution and selection of the raw clays with
higher octahedral charge fraction become important for
application of buffer materials. Additionally, the simula-
tions show that all smectites effectively immobilize Cs in
dry conditions, so predrying the barrier materials could im-
prove the efficiency of Cs fixation.

The current study has simulated the behaviors of Cs-
smectites under near-surface conditions with initial motives
to mimic the environmental realities of low-level and inter-
mediate-level nuclear waste disposal sites (Kittel, 1989).
However in deep geological disposal of the high-level nucle-
ar waste, both higher pressure and higher temperature have
most likely nonnegligible effects on the behavior of smec-
tites, and the influences of radiation of the high-level nucle-
ar wastes on the crystallinity of contact minerals are found
to be significant (Farnan et al., 2007). Under such condi-
tions, some properties of smectites may change accordingly
(Odriozola et al., 2004), which calls for further studies.

4. CONCLUSIONS

Molecular dynamics simulations provide comprehensive
insights into effects of layer-charge distribution on various
properties of Cs-smectites, including swelling behaviors,



Fig. 9. Distributions of Cs ion binding sites in the simulated smectites with water contents of (A) 55 mgwater/gclay, (B) 110 mgwater/gclay and (C)
380 mgwater/gclay.
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ion binding sites, distributions and mobility of interlayer
species. The new advances of this study include:

(1) Layer-charge distribution has negligible influence on
the swelling behaviors of Cs-smectites. Under ambi-
ent conditions, the most stable swelling state of Cs-
smectite corresponds to the full-monolayer hydrate
with water content of about 110 mgwater/gclay.

(2) Layer-charge distribution has obvious effects on the
mobility of interlayer species. The smectite with the
highest octahedral charges has the lowest ion mobil-
ity at both high and low water contents, which is
much lower than the corresponding bulk case.

(3) Layer-charge characteristic significantly influences
the distribution of Cs+ binding sites: the H-sites are
preferable to the T-sites, and tetrahedral substitu-
tions can enhance the preferences of both types of
sites, whereas octahedral substitutions cannot obvi-
ously improve the preference level of H-sites. This
conclusion is extendable to the adsorption of other
surface-preferring ions on 2:1 type phyllosilicates.
The inner-sphere complex structures of Cs+ are very
similar in different smectites: ions bind on the H-sites
or T-sites and surrounding water molecules form
cage-like caps covering the ions.
(4) All types of smectites can fix Cs ions in relatively dry
conditions and the smectite with higher octahedral
charge fraction is more effective barrier material
without dependence on water content.
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