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Abstract

Monte Carlo simulations show that the adsorption position of the Sr2+ or Ba2+ ion on the cleaved muscovite surface is
determined by the radius of the ion’s first hydration shell, hydrogen bonding of the first shell water molecules with the basal
oxygens of muscovite as well as a requirement of minimization of the number of muscovite’s lattice cations in the ion’s first
coordination shell. Accordingly, Sr2+ or Ba2+ adsorbs in ditrigonal cavities at a distance of 1.12 Å or 1.35 Å, respectively,
from the basal surface on dehydrated mica and above tetrahedral substitutions at a height of 1.93 ± 0.02 Å or
2.15 ± 0.03 Å, respectively, at the highest simulated water coverage of 28 H2O per ion. The ion’s displacement from a ditri-
gonal cavity occurs upon adsorption of 2 H2O per ion for Sr2+ and 3 H2O per ion for Ba2+. At a coverage of 28 H2O per ion,
outer-sphere adsorption of Sr2+ or Ba2+ at a height of 3.9 ± 0.2 Å or 4.17 ± 0.07 Å, respectively, is possible albeit unfavorable
on the free energy scale by 107 ± 7 kJ/mol or 89 ± 13 kJ/mol, respectively, as compared to inner-sphere adsorption. Activa-
tion energies for the transformation between inner-sphere and outer-sphere adsorptions are calculated to be 121 ± 3 kJ/mol
for Sr2+ and 99 ± 10 kJ/mol for Ba2+. A comparison of these values with those reported recently for Mg2+ and Ca2+ results in
an adsorption affinity sequence Mg2+ > Ca2+ > Sr2+ > Ba2+ in agreement with the sequence predicted recently for low dielec-
tric constant solids (which include mica) (Sverjensky, 2006). A recent resonant anomalous X-ray reflectivity study of Sr2+

adsorption on muscovite (Park et al., 2006) has questioned the common assumption (Stumm, 1992), which is supported
by the present simulation results, that inner-sphere adsorption is stronger than outer-sphere adsorption. A modification of
the cleaved muscovite surface as a result of Sr2+ adsorption in muscovite’s ditrigonal cavities and related destabilization of
muscovite’s hydroxyl groups is proposed as a possible reason for this controversy.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Understanding the Sr2+ and Ba2+ adsorption at min-
eral–water interfaces still remains a challenging and contro-
versial issue in geochemical science despite considerable
attention in the past two decades. Notwithstanding their
indisputable affinity to environmentally and industrially
important smectites, illites, and micas, which carry a per-
manent negative lattice charge and have very similar struc-
tures of the basal surface, there is a strong disagreement on
the strength of this affinity. From surface force apparatus
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(Pashley and Israelachvili, 1984) and X-ray absorption fine
structure spectroscopy studies (Chen and Hayes, 1999; Cole
et al., 2000) carried out at ion concentrations below
�1 mM, it has been concluded that only weak adsorption
of Sr2+ and Ba2+ as outer-sphere complexes occurs on clay
minerals belonging to these three groups. On the contrary,
strong adsorption of Sr2+ and Ba2+ as inner-sphere com-
plexes along with their outer-sphere adsorption has been
concluded from X-ray absorption fine structure (Zhang
et al., 2001), X-ray reflectivity (XR) (Schlegel et al., 2006;
Lee et al., 2007), and resonant anomalous X-ray reflectivity
(RAXR) (Park et al., 2006) spectroscopy studies carried out
at ion concentrations above �5 mM. Albeit low applied
concentrations may be a reason for the observation of weak
adsorption of these alkaline earth ions, as a compensation
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Fig. 1. Lateral density of Sr2+ (atoms/Å2, color box) sampled with
the Metropolis algorithm (a) and PMF profiles (kJ/mol) as
functions of the distance between Sr2+ and mica (b) for the
dehydrated muscovite surface. For muscovite, only structural ions
and basal oxygens of the tetrahedral sheet at the interface with
vacuum are shown in (a). Equilibrium positions of Sr2+ ions are
not exactly above the tetrahedral substitutions because of a
depression by 0.22 Å (Schlegel et al., 2006) of one of the three
basal oxygens bonded to a tetrahedral substitution. Five different
PMF paths are considered in (b): above the equilibrium Sr2+

position (denoted 1PMF), above ditrigonal cavity centers closer to
the other adsorbed Sr2+ ions (marked by a “+” symbol and
denoted 2PMF, 3PMF, and 4PMF), and above a neighboring
tetrahedral substitution (denoted 5PMF). The position of the basal
oxygens of muscovite was set to z = 0 Å. PMF profiles were
arbitrarily set to zero at z = 6 Å.
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of the mica lattice charge by inner-sphere adsorbed Ca2+

has been found to occur at higher CaCl2 concentrations
of �10 mM (Scales et al., 1990; Schlegel et al., 2006), the re-
cent experimental results for Sr2+ adsorption on mica have
not really contributed to a final resolution of the contro-
versy. Indeed, ion-specific electron density profiles for
Sr2+ measured with RAXR in the direction perpendicular
to the muscovite–water interface have revealed equivalent
occupancies of inner-sphere and outer-sphere adsorption
positions by Sr2+ with the total occupancy corresponding
to that necessary to compensate the negative charge of
muscovite lattice (Park et al., 2006, 2008). The logical
conclusion from this observation about the equivalence of
inner-sphere and outer-sphere adsorption strengths contra-
dicts the common assumption (Stumm, 1992), however, as
has been admitted by Park et al. (2006). Notably, the results
for Rb+ adsorption on the cleaved muscovite surface in the
same studies by Park et al. (2006, 2008) agree with the com-
mon assumption that inner-sphere adsorption is stronger
than outer-sphere adsorption (Stumm, 1992).

Here, the results of Monte Carlo (MC) simulations with
the Metropolis algorithm for sampling structural properties
and the Wang–Landau algorithm (Wang and Landau,
2001) for sampling free energy profiles in the direction per-
pendicular to the mineral surface on dehydrated as well as
hydrated Sr2+– and Ba2+–muscovites are presented. Fol-
lowing the experimental procedure applied previously to
study interfacial properties of the cleaved muscovite in
dependence on increasing water film thickness controlled
by air humidity (Beaglehole et al., 1991; Xu and Salmeron,
1998a,b), the cleaved muscovite surface with incrementally
increasing water coverages is considered in the present
study to examine changes in adsorption positions and
hydration structures of adsorbed Sr2+ and Ba2+ ions up
to a water film thickness corresponding to a relative air
humidity of 95–100% (Beaglehole et al., 1991). The simu-
lated system is configured following the model of the pro-
cess studied in the X-ray experiments (Schlegel et al.,
2006; Park et al., 2006, 2008; Lee et al., 2007), which states
that (1) Sr2+ or Ba2+ adsorption from (2) aqueous solution
occurs on (3) the cleaved muscovite surface. The calculated
free energy characteristics of Sr2+ and Ba2+ adsorption are
discussed in the context of the experimental studies in order
to help clarify the existing controversy on adsorption of
alkaline earth ions at the cleaved mica surface.

2. SIMULATION DETAILS

The simulation cell with lateral dimensions of
�20.75 Å � �18.01 Å and a thickness of 116.6 Å encloses
eight unit cells of 2M1-muscovite mica with the formula
unit KAl2(Si3Al)O10(OH)2 (unit cell area Auc = 46.72 Å2)
and a vacuum slab of 100 Å as measured between the basal
oxygens of the cleaved surfaces (Fig. EA-1 in electronic an-
nex). Al substitutions in tetrahedral sheets of muscovite lay-
ers are arranged in accordance with Löwenstein’s rule of
avoidance of Al–O–Al linkages, so that hexagonal rings
of Si4Al2 and Si5Al1 compositions are equally represented
in the modeled mica layer (Fig. 1a). Six basal oxygen atoms
bridging Si and Al atoms of the same hexagonal ring are in
the vertices of the two equilateral triangles with side lengths
of �4 Å and �5 Å featuring a ditrigonal cavity in the
muscovite surface (Kuwahara, 2001). Atomic positions
and parameters of the muscovite unit cell were taken from
an XR study (Schlegel et al., 2006).

To simulate thin water films adsorbed on the cleaved
surface of Sr2+- and Ba2+-exchanged muscovites, i water
molecules per Auc (i = 2–6, 8, 12, 14) were randomly distrib-
uted in a slab near one of the cleaved mica surfaces, at
which K+ ions were replaced by 0.5 Sr2+/Auc or 0.5 Ba2+/
Auc in accordance with the experimental procedure, in
which K+ is completely exchanged from the cleaved musco-
vite surface (Schlegel et al., 2006; Park et al., 2008). To
examine the dependence of the interfacial solution structure
on Ba2+ coverage, the cleaved muscovite–water interface
with 0.125, 0.25, and 0.5 Ba2+/Auc were simulated addition-
ally at the maximum water coverage (0.75 or 0.5 H3O+/Auc
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were added at the muscovite–water interface for the two
lowest coverages in order to compensate the muscovite lat-
tice charge). Water oxygen or basal oxygen is considered as
an acceptor A of a hydrogen bond from a water molecule
when the separation between the water oxygen and the
acceptor is less than 3.5 Å and the H–O� � �A angle is less
than 30� (Ferrario et al., 1990).

The MC simulations were carried out in a constant-NVT

ensemble at 298 K. The TIP4P model (Jorgensen et al.,
1983) was used for water and a TIP4P-based model (Gert-
ner and Hynes, 1998) was used for H3O+. OPLS-AA force
field equations and potential parameters (Jorgensen et al.,
1996) along with the procedure by Skipper et al. (1995)
for rigid mineral layers were applied to calculate potential
energies of interactions. The imposed rigidity of the mica
layers is a reasonable approximation considering that min-
eral atoms show relaxations of <0.05 Å at the interface be-
tween muscovite and deionized or BaCl2 solutions and
�0.01 Å within the mineral layer (Cheng et al., 2001; Lee
et al., 2007). Three-dimensional boundary conditions, a
cut-off distance of 9 Å and the all-image convention were
adopted for the short-range interactions, and the Ewald
technique as modified for systems with slab geometry
(Yeh and Berkowitz, 1999) was applied to handle the
long-range Coulomb interactions.

In the first step, the Metropolis algorithm was employed
for the sampling of structural properties with a mean of
�1.4 � 106 MC cycles (a trial displacement of all interfacial
cations as well as a trial displacement or rotation of all
water molecules were attempted during one MC cycle) used
for equilibration and a mean of �2 � 104 MC cycles used
for sampling. In the second step, the expanded ensemble
density of states (EXEDOS) method (Kim et al., 2002)
based on the Wang–Landau algorithm (Wang and Landau,
2001) was applied to the equilibrated systems for the calcu-
lation of the potential of mean force (PMF) between inter-
facial cation and mica. For this purpose, three of four
interfacial cations in the simulation cell were fixed in their
equilibrium positions, whereas one interfacial cation was al-
lowed to move along a line normal to the mineral surface
and intersecting the equilibrium lateral position of this cat-
ion obtained in the preceding Metropolis Monte Carlo run
(Fig. 1a). Its distance z from the surface (height) was al-
lowed to change in the ranges 1.6–6 Å (1.5–6 Å on dehy-
drated mica) for Sr2+ or 1.85–6 Å (1.7–6 Å on dehydrated
mica) for Ba2+ in the equilibrium positions above a tetrahe-
dral substitution as well as in the ranges 0–6 Å for Sr2+ and
Ba2+ in the equilibrium positions above a ditrigonal cavity
center.

For water coverages in the range 2–4 H2O/Auc, a second
PMF path was considered in addition to the equilibrium
positions. For this purpose, if the latter was above a ditri-
gonal cavity center (1PMF in Fig. 1a), the same cation was
displaced into the position above a neighboring tetrahedral
substitution (5PMF in Fig. 1a) and vice versa. On dehy-
drated mica, three further PMF paths were considered, in
which an interfacial cation was displaced from its interfacial
position above a ditrigonal cavity center (1PMF in Fig. 1a)
into positions above centers of neighboring ditrigonal cav-
ities (2PMF, 3PMF, and 4PMF in Fig. 1a).
The Wang–Landau acceptance ratio min{1, exp
(�(Unew � Uold)/kT � (ln gnew � ln gold))} was applied for
trial moves with interfacial cations, where densities of state
g(z) were initially set to e0.1 for all z in the considered range
(divided into bins with the width Dz = 0.01 Å). Water
molecules were allowed to rearrange through arbitrary trial
moves with the Metropolis acceptance ratio min{1, e-
xp(�(Unew � Uold)/kT)}. After each trial move of the inter-
facial cation (one per MC cycle), the density g(z) of the
corresponding state z was updated by a convergence factor
f (set initially to e0.1). After each state was visited at least
100/(ln f)1/2 times (Zhou and Bhatt, 2005), ln f was halved,
and a new EXEDOS cycle was started. A simulation was
run for five EXEDOS cycles, sufficient for the calculation
of free energy profiles for a single or several reaction coor-
dinates at a fixed temperature (Kim et al., 2002). The PMF
�kT ln g(z) representing the free energy profile in the direc-
tion perpendicular to the surface was calculated at the end
of the simulation. For water coverages in the range 5–14
H2O/Auc, free energy profiles for all four interfacial cations
in the simulated cell were calculated in four parallel simula-
tion runs in order to calculate average free energy profiles
and average free energy characteristics of Sr2+ and Ba2+

adsorption on the cleaved muscovite surface.
The applied procedure prevents a relaxation of the

distribution of three interfacial ions upon sampling of
the free energy profile for the fourth one. However, it
should be kept in mind that the primary interest of this
study is the free energy difference between the first and
the second minima of the free energy profiles, which cor-
respond to the inner-sphere and outer-sphere adsorptions.
If the depth of the first or second minimum with respect
to the state at 6 Å (which is the sampled state most dis-
tant from the surface) is to be determined most precisely,
the state, in which all interfacial ions are in their most
favorable adsorption state, should be involved. Impor-
tantly, the applied algorithm uses a predefined reaction
path, which is not necessarily identical to the (unknown)
experimental one, and prescribes that an ion follows this
path five times (five EXEDOS cycles away from the sur-
face and back). Therefore, it should be provided that the
possible ion relaxation at the algorithm’s step, at which
the chosen ion is far from the surface, does not prevent
or strongly disfavor its return to the original most favor-
able adsorption position. An important example of such
a relaxation is that the three ions remaining at the sur-
face rearrange to increase the mutual separations (which
is favorable as shown in Section 3.1). As a result, the
ion, which is up to 6 Å away from the surface, will need
to return in a very different structure on the muscovite
surface with either (1) the previously free neighboring
adsorption site being occupied or (2) its previous adsorp-
tion site being occupied as a result of the ion distribution
relaxation. Since the reaction path cannot change, both
situations would be fatal for the correct sampling of
the free energy profile. Classical simulation methods gen-
erally represent an approximation to the real system, and
in the present study, the fixation of the ion distribution
for sampling free energy profiles is one of the necessary
approximations.
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3. RESULTS AND DISCUSSION

3.1. Adsorption of Sr2+ and Ba2+ on the dehydrated surface

of cleaved mica

A comparison of free energy profiles for Sr2+ on the
dehydrated surface of cleaved mica (Fig. 1b) shows that dif-
ferently than the smaller alkaline earth cations Mg2+ and
Ca2+ (Meleshyn, 2009a,b), Sr2+ adsorbs preferentially
above the center of ditrigonal cavities containing two tetra-
hedral substitutions (Si4Al2 hexagonal ring) at a height (dis-
tance from the mica surface) of 1.12 Å (1PMF, Fig. 1a),
whereas its adsorption above tetrahedral substitutions at
a height of 1.85 Å (5PMF) is less favorable. A match be-
tween the hydration radius of Sr2+ and the size of mica’s
ditrigonal cavity is responsible for the preferential Sr2+

adsorption in the latter. Indeed, in this position, Sr2+ coor-
dinates to three oxygens of the cavity’s smaller triangle at a
distance of 2.56 Å, which is in very good agreement with
the experimental values of 2.56–2.65 Å for the Sr2+–oxygen
distance in the first hydration shell (Ohtaki and Radnai,
1993; D’Angelo et al., 1996a; Chen and Hayes, 1999; Sew-
ard et al., 1999; Sahai et al., 2000; Moreau et al., 2002), and
three more oxygens of the cavity’s larger triangle at 3.09 Å
(Fig. 2), whereas only three oxygens at 2.44 Å would be
coordinated to Sr2+ in the position 5PMF. This match com-
pensates for the larger number of positively charged lattice
ions in the first coordination sphere of Sr2+ with two Al3+

and four Si4+ ions at distances of 3.46–3.49 Å (Fig. EA-2)
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Fig. 2. Radial distributions of basal oxygens as functions of the
distance r(Å) from Sr2+ adsorbed on the cleaved muscovite surface
(a) and corresponding coordination numbers (b). Radial distribu-
tion function gives the probability of finding a pair of atoms a
distance r apart relative to the probability expected for a
completely random distribution at the same density.
in the position 1PMF as compared to only one Al3+ and
three Si4+ ions at distances of 2.51 Å and 3.86 Å, respec-
tively, in the position 5PMF.

Accordingly, for the larger alkaline earth ion Ba2+, the
free energy difference between these two adsorption posi-
tions is larger than for Sr2+. In the preferred position above
the ditrigonal cavity center at a height of 1.35 Å (1PMF,
Fig. 3), Ba2+ coordinates to three oxygens at a distance
of 2.69 Å, which is comparable to the experimental values
of 2.78–2.90 Å for the radius of the first hydration shell
of Ba2+ (Ohtaki and Radnai, 1993; D’Angelo et al.,
1996b), to three further oxygens at 3.15 Å and 3.4 Å
(Fig. 4) as well as to two Al3+ and four Si4+ ions at a dis-
tance of 3.6 Å (Fig. EA-3). In the position above a tetrahe-
dral substitution at a height of 2.05 Å (5PMF), Ba2+ would
coordinate to only three oxygens at a less favorable distance
of 2.61 Å, as well as to one Al3+ and three Si4+ ions at dis-
tances of 2.73 Å and 4.03 Å, respectively.

It can be further concluded from Figs. 1b and 3b that
much the same as for Mg2+ (Meleshyn, 2009a) and Ca2+

(Meleshyn, 2009b), a random distribution of Sr2+ and
Ba2+ on cleaved mica (2PMF, 3PMF), which would necessar-
ily lead to their adsorption in neighboring Si4Al2 or Si5Al1
hexagonal rings, is strongly unfavorable as compared to
their regular distribution (1PMF). For the considered ran-
dom distributions, the effect of the hexagonal ring stoichi-
ometry on Sr2+ or Ba2+ adsorption in a cavity next to the
occupied one consists of a strongly increased adsorption
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the Metropolis algorithm (a) and PMF profiles (kJ/mol) as
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dehydrated muscovite surface. Other details and symbols as in
Fig. 1.



 0

 5

 10

 15

 20

 25

 2.4  2.6  2.8  3  3.2  3.4  3.6  3.8  4

g(
r)

a
14 H2O/Auc
3 H2O/Auc
2 H2O/Auc
0 H2O/Auc

  0

  1

  2

  3

  4

  5

  6

 2.4  2.6  2.8  3  3.2  3.4  3.6  3.8  4

C
oo

rd
in

at
io

n 
nu

m
be

r

r (Å)

b 14 H2O/Auc
3 H2O/Auc
2 H2O/Auc
0 H2O/Auc

Fig. 4. Radial distributions of basal oxygens as functions of the
distance from Ba2+ adsorbed on the cleaved muscovite surface (a)
and corresponding coordination numbers (b).

0.00

0.05

0.10

0.15

 0  1  2  3  4  5  6  7  8  9  10

O
xy

ge
n 

de
ns

ity
 (Å

−3
)

a
14 H2O/Auc
12 H2O/Auc
8 H2O/Auc
6 H2O/Auc
5 H2O/Auc

0.00

0.05

0.10

0.15

 0  1  2  3  4  5  6  7  8  9  10

H
yd

ro
ge

n 
de

ns
ity

 (Å
−3

)

z (Å)

b 14 H2O/Auc
12 H2O/Auc
8 H2O/Auc
6 H2O/Auc
5 H2O/Auc

Fig. 5. Water oxygen (a) and water hydrogen (b) atomic density
profiles as functions of the distance from the cleaved and Sr2+-
exchanged surface of muscovite. The position of the basal oxygens
of muscovite was set to z = 0 Å.

Adsorption of Sr2+ and Ba2+ at the cleaved mica–water interface 1489
height of 1.29–1.32 Å (Sr2+) or 1.47–1.50 Å (Ba2+) for a
Si5Al1 ring (2PMF and 4PMF) as compared to that of
1.12 Å (Sr2+) or 1.37 Å (Ba2+) for a Si6Al2 ring (3PMF).
Furthermore, a random distribution with lower mutual sep-
arations between adsorbed Sr2+ or Ba2+ ions (4PMF) is less
favorable than that with higher separations (2PMF).

Figs. 1b and 3b reveal that the free energy difference be-
tween the specific adsorption state and the state at the
height of 6 Å equals 1097 kJ/mol and 1036 kJ/mol for
Sr2+ and Ba2+, respectively. The electrostatic energy re-
quired to separate two layers of K+–muscovite has been
calculated to be �480 kJ/mol for a separation distance of
6 Å with a simple model as compared to the cleavage energy
of �700 kJ/mol measured in the high vacuum (Giese, 1974).
The values calculated in the present study are in line with
those reported for K+, considering that Sr2+ and Ba2+ have
twice the positive charge.

Adsorption heights of Sr2+ and Ba2+ on the dehydrated
surface of cleaved mica can be assumed to be lower than
their distances to mica surfaces in the interlayer space be-
cause of (1) ion attraction to two opposed mica layers in
the latter case and (2) repulsive electrostatic interactions be-
tween these layers. In agreement with this assumption, Ba-
rich trioctahedral micas are characterized by interlayer
Ba2+–mica distances of 1.64–1.71 Å (Brigatti and Poppi,
1993), whereas exchanged dehydroxylated dioctahedral mi-
cas also show larger distances of 1.55 Å and 1.67 Å between
mica and interlayer Sr2+ and Ba2+, respectively (calculated
from reported basal spacings (Keppler, 1990) using thick-
nesses of 2.3 Å for the tetrahedral sheet and 2.1 Å for the
octahedral sheet of muscovite). Interestingly, the interlayer
Ca2+–mica distance calculated from the same dataset
(Keppler, 1990) equals 1.52 Å in a very good agreement
with the adsorption height of 1.53 Å for Ca2+ on the dehy-
drated surface of cleaved mica (Meleshyn, 2009b) and
seemingly in a contradiction to the above assumption.
However, differently than Sr2+ and Ba2+, Ca2+ adsorbs
above tetrahedral substitutions (Meleshyn, 2009b), which
obviously allows an effective screening of electrostatic
repulsion between opposite mica layers.

3.2. Water layering and hydration of adsorbed ions on

cleaved Sr2+– and Ba2+–micas

Exposed to air humidity, muscovite exhibits strong
water adsorption with measured water film thicknesses
varying between 0.5–0.6 Å at a relative humidity of �20%
up to 7.5–12.5 Å at relative humidities of 95–100% (Beagle-
hole et al., 1991). This water adsorption leads to the forma-
tion of a layer of water molecules singly hydrogen-bonded
(H-bonded) to mica at a height of 2.6 Å on Sr2+– and
Ba2+–micas (Figs. 5 and 6) much the same as on H3O+–,
K+–, and Ca2+–muscovites (Cheng et al., 2001; Wang
et al., 2005; Meleshyn, 2008a,b, 2009b). In addition, a min-
or contribution due to waters (up to 0.75 H2O/Auc) doubly
H-bonded to the surface at 1.7 Å (Fig. 6a, compare to the
shoulder at 1.2 Å in Fig. 6b), which have been previously
observed for H3O+–, K+–, and Cs+–muscovites (Wang
et al., 2005; Meleshyn, 2008a,b), occurs on Sr2+– and
Ba2+–micas at coverages of 12–14 H2O/Auc. At these water
coverages, the formation of the water structure up to a
height of 7–7.4 Å is accomplished, and a further water layer
at 8–9 Å begins to form (Figs. 5 and 6).



0.00

0.05

0.10

0.15

 0  1  2  3  4  5  6  7  8  9  10

O
xy

ge
n 

de
ns

ity
 (Å

−3
)

a 14 H2O/Auc
12 H2O/Auc

8 H2O/Auc
6 H2O/Auc
5 H2O/Auc

0.00

0.05

0.10

0.15

 0  1  2  3  4  5  6  7  8  9  10

H
yd

ro
ge

n 
de

ns
ity

 (Å
−3

)

z (Å)

b 14 H2O/Auc
12 H2O/Auc

8 H2O/Auc
6 H2O/Auc
5 H2O/Auc

Fig. 6. Water oxygen (a) and water hydrogen (b) atomic density
profiles as functions of the distance from the cleaved and Ba2+-
exchanged surface of muscovite. The position of the basal oxygens
of muscovite was set to z = 0 Å.
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Strong differences in water layering in the height range
of 3–5 Å on Sr2+– and Ba2+–micas are related to peculiar-
ities of Sr2+ and Ba2+ hydrations on mica. Figs. 7 and 8
show that at higher water coverages, the first hydration
shell of Sr2+ or Ba2+ is centered at 2.60 Å or 2.80 Å in a
very good agreement with the experimental values of
2.56–2.65 Å (Ohtaki and Radnai, 1993; D’Angelo et al.,
1996a; Chen and Hayes, 1999; Seward et al., 1999; Sahai
et al., 2000; Moreau et al., 2002) or 2.78–2.90 Å (Ohtaki
and Radnai, 1993; D’Angelo et al., 1996b) and consists of
6.0 or 6.5 water molecules, respectively, in addition to three
basal oxygens (Figs. 2 and 4). The resulting total coordina-
tion numbers of 9.0 and 9.5 agree well with reported exper-
imental values of 7.8–10.3 (Ohtaki and Radnai, 1993;
D’Angelo et al., 1996a; Chen and Hayes, 1999; Seward
et al., 1999; Sahai et al., 2000; Moreau et al., 2002; Ramos
et al., 2003) or 7.8–9.5 (Ohtaki and Radnai, 1993; D’Angelo
et al., 1996b) for Sr2+ and Ba2+, respectively. The differ-
ences in the hydration radii of Sr2+ and Ba2+ ions account
for the differences in the positions of the water layer ad-
sorbed at 4.5 Å and 4.8 Å on Sr2+– and Ba2+–micas, respec-
tively (Figs. 5a and 6a). This layer is very similar to that
adsorbed on Ca2+–mica at 4.1 Å in accordance with the
even smaller hydration radius of 2.4 Å of the Ca2+ ion
(Meleshyn, 2009b) and consists of the waters adsorbed in
the first hydration shells above adsorbed ions (up to 0.5
H2O/Auc, see also Fig. EA-4c and EA-4f) as well as of
waters singly H-bonded to their first hydration shells (up
to 0.5 H2O/Auc).

Notably, an intermediate water layer develops on Ba2+–
mica at 4.0 Å, unlike Sr2+–mica, starting from a coverage of
8–12 H2O/Auc and becomes completed at 14 H2O/Auc (to-
gether with the layer at 6.4 Å H-bonded to it) (Fig. 6a).



Adsorption of Sr2+ and Ba2+ at the cleaved mica–water interface 1491
Its formation is accompanied by an increasing displacement
of water hydrogens from positions at 2.8 Å to those at
3.6 Å (Fig. 6b), which is very similar to the previously ob-
served redistribution of water hydrogens between positions
at 2.4 Å and 3.2 Å on Mg2+–mica (Meleshyn, 2009a) and
occurs as a result of a reorientation of water molecules ad-
sorbed at 2.6 Å to donate H-bonds to next-higher adsorbed
water layer(s).

Interestingly, formation of this layer is related to a for-
mation along the crystallographic b-direction of a larger
scale Ba2+ hydration structure of paired hydration shells
with coordination numbers (CN) of 6 and 7 as shown in
Fig. 9a and b. In each paired shell, six waters are arranged
in two triangles centered on an adsorbed Ba2+ ion. One tri-
angle consists of waters adsorbed at a height of 2.6 Å and is
rotated by 60� with respect to the underlying oxygen triad
bonded to an Al substitution. The second triangle is aligned
with the oxygen triad and formed either by waters all ad-
sorbed at a height of 4.0 Å (the shell with CN = 6) or by
two waters at a height of 4.0 Å and the third one at 2.6 Å
(the shell with CN = 7). The seventh water in the latter shell
is adsorbed above the Ba2+ ion (Fig. 9a and b). The paired
shells in this larger scale structure are connected through H-
bonding by a water molecule, which is adsorbed at a height
of 2.6 Å or 4.0 Å depending on which side of the shell with
CN = 6 it resides. The fit between the lengths of connecting
H-bonds and the radius of the hydrated Ba2+, on one hand,
and the Ba2+–Ba2+ distance of �9 Å, on the other hand,
Fig. 9. Snapshots of equilibrium interfacial structures: side (a) and top
hydrated Sr2+ on the cleaved muscovite surface at a coverage of 14 H2O/
oxygens and tetrahedral structural ions are shown. For Ba2+, two wa
additionally. Bonds between basal oxygens and tetrahedral structural io
double dashed lines. Thick sticks connect an ion and its first shell water
precludes a pairing of two shells with CN = 7 in the crystal-
lographic b-direction. The larger Ba2+–Ba2+ distance of
�10.3 Å in the a-direction, on the contrary, allows such a
pairing, which leads to a replication of the paired shells in
the a-direction. In the hydration shell structure characteris-
tic for specifically adsorbed Sr2+ at 12–14 H2O/Auc, waters
adsorbed in the layer at 2.6 Å are arranged in a pentagon,
whereas the sixth water molecule adsorbs above the ion
much the same as for Ba2+ (Fig. 9c and d).

3.3. Adsorption of Sr2+ and Ba2+ at water coverages of 2–4

H2O/Auc

Simulation results reveal that already at such a low
water coverage as 2 H2O/Auc for Sr2+ or 3 H2O/Auc for
Ba2+, a displacement of ions from adsorption positions in
the ditrigonal cavities into those above tetrahedral substitu-
tions occurs. At a coverage of 2 H2O/Auc, adsorption of
Sr2+ in ditrigonal cavities (1PMF) at an increased height of
1.30 Å becomes distinctly less favorable than that above tet-
rahedral substitutions (5PMF) at a height of 1.86 Å (Fig. 10),
which results in a corresponding displacement (Fig. EA-4a).
On the contrary, adsorption of Ba2+ in ditrigonal cavities
(1PMF) at an increased height of 1.68 Å remains more favor-
able compared to that above tetrahedral substitutions
(5PMF) at a height of 2.13 Å (Fig. 10), so that no displace-
ment occurs (Fig. EA-4d). At a coverage of 3 H2O/Auc,
however, Ba2+ does become preferentially adsorbed above
(b) views of hydrated Ba2+ as well as side (c) and top (d) views of
Auc. Only the first shell water molecules as well as underlying basal
ter molecules connecting neighboring hydration shells are shown
ns are shown as double solid lines. Hydrogen bonds are shown as
molecules.
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tetrahedral substitutions as well (Fig. EA-4e) at a height of
2.09 Å.

These changes in the adsorption positions of Sr2+ and
Ba2+ occur as a result of a competition between ion hydra-
tion and mica hydration. The first process requires that
water molecules reside on a sphere with the radius charac-
teristic for the ion’s first hydration shell and have positions
and orientations, which minimize the unfavorable ion–
hydrogen, hydrogen–hydrogen and oxygen–oxygen interac-
tions. The second process requires that adsorption height
and lateral position of a water molecule allow it to singly
or doubly H-bond to the basal oxygen(s) of mica. Addition-
ally, a requirement of minimization of the number of posi-
tively charged lattice ions in the first coordination sphere of
the adsorbed ion favors both an increase in the adsorption
height and a displacement from a ditrigonal cavity center
into a position above a tetrahedral substitution. A mis-
match between the first two requirements, which are related
to hydration, and the influence of the third one, which is re-
lated to ion pairing, lead to changes in lateral and vertical
positions of the adsorbed ions.

Indeed, according to the data in Fig. 10, a configuration
with three or four water molecules in the first hydration
shell like that observed for Ba2+ above a ditrigonal cavity
center (Fig. EA-4d) is less favorable for Sr2+ than another
one above a tetrahedral substitution (Fig. EA-4a). Hence,
the above discussed mismatch occurs for Sr2+ upon its
hydration by 3–4 water molecules. Similarly, incorporation
of the fifth water molecule into the first hydration shell of
the Ba2+ ion residing in a ditrigonal cavity is apparently less
favorable than a reorganization of the hydration structure
upon its displacement from there (compare Figs. EA-4d
and EA-4e). Additionally, as a result of such a displace-
ment, the total number of Al3+ and Si4+ ions coordinated
to Sr2+ or Ba2+ within a radius of 5.2 Å decreases from
six to four (Figs. EA-2 and EA-3) with 80% of positive
charge residing at a distance increased by 0.5 Å (Figs.
EA-2b and EA-3b). An effect of the mismatch between
the two hydration processes is demonstrated by the differ-
ence in the structure of the first hydration shells of specifi-
cally adsorbed Sr2+ and Ba2+ at a coverage of 4 H2O/Auc
(Figs. EA-4c and EA-4f). A planar pentagonal arrangement
of water in the hydration shell of Ba2+ at this low water
coverage matches the positions of basal oxygens apparently
much better than that of Sr2+, which becomes stabilized
only at 12–14 H2O/Auc (Fig. 9c and d). At a coverage of
4 H2O/Auc, only four first shell waters are shared between
Sr2+ and mica instead, whereas the fifth water is adsorbed
above the Sr2+ ion.

Interestingly, at a coverage of 2 H2O/Auc, the simulated
adsorption height of 1.68 Å for Ba2+ corresponds very well
to experimentally observed interlayer Ba2+–mica distances
of 1.64–1.71 Å for Ba-rich trioctahedral micas (Brigatti
and Poppi, 1993) and of 1.67 Å for dehydroxylated diocta-
hedral micas (Keppler, 1990). Although no value should be
attached to this fortuitous correspondence itself, it allows
an analysis of the coordination environment of Ba2+ at a
position characteristic for interlayer Ba2+ ions. In particu-
lar, no satisfactory explanation has been given to Ba–O
peaks at 3.20 ± 0.03 Å and 3.56 ± 0.03 Å with coordination
numbers of 1.2 and 1.5 observed in an EXAFS study of
Ba2+ adsorption on montmorillonite (Zhang et al., 2001).
The simulated data indicate that these two peaks are due
to basal oxygens in the coordination sphere of Ba2+ ad-
sorbed in ditrigonal cavities at a height close to 1.68 Å
(Fig. 4a). Coordination numbers for these peaks agree very
well with the reported ones (Fig. 4b) taking into account
that the neglect of double-electron excitation effects (as in
the study by Zhang et al., 2001) results in an underestima-
tion of the coordination numbers for Ba2+ by 10–15%
(D’Angelo et al., 1996b). The simulated Ba–Si/Al distances
of 3.7–3.8 Å at this water coverage (Fig. EA-3a) are also in
agreement with the reported value of 3.88 ± 0.03 Å (Zhang
et al., 2001).

The agreements in peak positions suggest that at the ap-
plied experimental conditions (Zhang et al., 2001), Ba2+ is
specifically adsorbed in ditrigonal cavities in the interlayer
space of montmorillonite. Furthermore, the agreement in
coordination numbers suggests that Ba2+ is not equidistant
to the two interlayer montmorillonite surfaces, as otherwise
the experimental values of coordination numbers for basal
oxygens would be larger by a factor of 2 than the simulated
ones for the cleaved surface. This non-equivalence can be
rationalized considering, e.g., Ba2+ adsorption near a tetra-
hedral substitution not matched by a tetrahedral substitu-
tion on the opposite mineral surface (within the projected
area of the first coordination shell of Ba2+), which is very
probable because of the low tetrahedral charge of
montmorillonite.
3.4. Adsorption of Sr2+ and Ba2+ at water coverages of 5–14

H2O/Auc

As can be seen in Figs. 11 and 12, an increase of water
coverage beyond the value of 4 H2O/Auc leads to only small
changes in Sr2+ and Ba2+ adsorption heights, which vary in
the ranges 1.89–1.95 Å for Sr2+ and 2.12–2.19 Å for Ba2+

and equal 1.93 ± 0.02 Å and 2.15 ± 0.03 Å, respectively,
at a maximum simulated coverage of 14 H2O/Auc (Table
1). These changes are related to the advancing completion
of the first hydration shells of specifically adsorbed ions,
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−400

−300

−200

−100

0

 1.5  2  2.5  3  3.5  4  4.5  5  5.5  6

PM
F 

(k
J/

m
ol

)

z (Å)

14 H2O/Auc
12 H2O/Auc
8 H2O/Auc
6 H2O/Auc
5 H2O/Auc

Fig. 12. PMF profiles (kJ/mol) as functions of the distance
between Ba2+ and mica at the mica–water interface. The position
of the basal oxygens of muscovite was set to z = 0 Å. PMF profiles
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which is accompanied by adjustments in the hydration shell
structure to match the mica surface structure as discussed
Table 1
Characteristics of Sr2+ and Ba2+ adsorption on the cleaved muscovite su

Coverage (H2O/Auc) 0 2 3 4 5

hPMF
1

a (Å)
Sr2+ 1.12 1.86 1.86 1.88 1.89 ± 0.0
Ba2+ 1.35 1.68 2.09 2.10 2.12 ± 0.0

hPMF
2

b (Å)
Sr2+ – – – – –
Ba2+ – – – – –

DF1,2
c (kJ/mol)

Sr2+

Ba2+

Ea
d (kJ/mol)
Sr2+

Ba2+

a Height (above the muscovite surface) of the first free energy minimu
b Height (above the muscovite surface) of the second free energy minim
c Free energy difference between the first and the second free energy m
d Activation energy for a transformation between inner-sphere and oute

the first maximum and the first minimum).
above. No changes in lateral positions of the adsorbed ions
occur as dictated by their favorable coordination with oxy-
gen triads bonded to Al substitutions (Fig. 9).

Outer-sphere adsorption, which is indicated by the sec-
ond free energy minimum in the calculated free energy pro-
files, becomes possible upon water adsorption beyond the
layer at 4.5 Å at a coverage of 8 H2O/Auc for Sr2+

(Fig. 5a) and upon the formation of the layer at 4.0 Å at
a coverage of 14 H2O/Auc for Ba2+ (Fig. 6a). The adsorp-
tion heights for outer-sphere adsorbed Sr2+ and Ba2+ equal
3.9 ± 0.2 Å and 4.17 ± 0.07 Å, respectively, at a coverage
of 14 H2O/Auc (Table 1). At this coverage, the free energy
difference DF1,2 between the first and the second minima
equals 107 ± 7 kJ/mol for Sr2+ and 89 ± 13 kJ/mol for
Ba2+, whereas the activation energy for a corresponding
transformation (the difference between the PMF values at
the first maximum and the first minimum) equals
121 ± 3 kJ/mol and 99 ± 10 kJ/mol, respectively (Table
1). Since at this water coverage water layering is largely
accomplished in the relevant interfacial region, a transfor-
mation from an inner-sphere adsorption complex to an out-
er-sphere adsorption complex upon a further water
adsorption can be dismissed considering the latter prohibi-
tively large values.

A comparison with the corresponding activation ener-
gies of 165 kJ/mol (Meleshyn, 2009a) and 144 kJ/mol
(Meleshyn, 2009b) for Mg2+ and Ca2+, respectively, sug-
gests that adsorption affinities for alkaline earth ions on
mica decrease in the sequence Mg2+ > Ca2+ > Sr2+ > Ba2+

in agreement with the sequence predicted recently for low
dielectric constant solids (Sverjensky, 2006). Considering
the value of 83 ± 10 kJ/mol determined experimentally for
K+ desorption from the cleaved mica surface (Raviv
et al., 2002), the simulation results further suggest a higher
affinity of Ba2+ than K+ to muscovite.

Two recent experimental studies have reported total
electron density profiles as well as integrated electron den-
sities for the cleaved muscovite in contact with 0.005 M
rface.

6 8 12 14

2 1.93 ± 0.01 1.94 ± 0.02 1.95 ± 0.04 1.93 ± 0.02
1 2.14 ± 0.02 2.16 ± 0.02 2.19 ± 0.03 2.15 ± 0.03

– 3.7 ± 0.2 3.8 ± 0.2 3.9 ± 0.2
– – – 4.17 ± 0.07

109 ± 7 106 ± 9 107 ± 7
89 ± 13

114 ± 8 118 ± 6 121 ± 3
99 ± 10

m.
um.

inima.
r-sphere adsorptions (the difference between the free energy values at
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Fig. 13. Total electron density profiles for Ba2+ coverages of 0.125,
0.25, and 0.5 Ba2+/Auc as functions of the distance from the
muscovite surface (a) and corresponding integrated electron
densities (b). To calculate a total electron density profile in (a),
the sampled atomic density profiles were multiplied by the
corresponding numbers of electrons (1 for hydrogen, 8 for oxygen,
36 for Sr2+, and 54 for Ba2+) and summed. Simulated values in (b)
were calculated by integrating the total electron density profiles
from 0 up to 3.2 Å or 3.6 Å in accordance with the data from
experiments with 0.01 M (Schlegel et al., 2006) or 0.005 M (Lee
et al., 2007) BaCl2 solutions, respectively. Experimental values
(solid and dashed lines) and their measurement uncertainties
(dotted lines) in (b) are shown as lines crossing the whole simulated
coverage range, as no exact experimental determination of Ba2+

coverage has been carried out. For a coverage of 0 Ba2+/Auc, the
value calculated for 1 H3O+/Auc at the muscovite–water interface
(Meleshyn, 2008b) was used in (b). The position of the basal
oxygens of muscovite was set to z = 0 Å.
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(Lee et al., 2007) and 0.01 M (Schlegel et al., 2006) BaCl2
solutions. To derive the coverages and adsorption heights
of Ba2+, a best-fit procedure has been used in these pa-
pers, which assumes either that the water density at the
muscovite–water interface equals that in the bulk water
(Schlegel et al., 2006) or that water on Ba2+-exchanged
muscovite is distributed in exactly the same way as on
the H3O+-exchanged muscovite (Lee et al., 2007). Both
assumptions are rather crude, as (1) the density of water
adsorbed on clay minerals is considerably higher than
the bulk water density within the first 5 Å (Mitchell,
1993) and (2) the water distribution on Ba2+-exchanged
muscovite (Fig. 6) is predicted in this study to differ from
that on H3O+-exchanged muscovite (Cheng et al., 2001).
Based on the position of the first peak in the total electron
density profiles as well as on the discussed empirical struc-
tural considerations, a height of �2 Å (2.02 ± 0.05 Å
(Schlegel et al., 2006) or 1.98 ± 0.02 Å (Lee et al., 2007)
has been derived from the best-fit modeling of the mea-
sured XR data for inner-sphere adsorbed Ba2+, which dif-
fers from the simulated value of 2.15 ± 0.03 Å (Fig. 12). A
comparison between the experimental and simulated val-
ues of the integrated electron densities suggests, however,
that in the experimental systems coverages of specifically
adsorbed Ba2+ could have been significantly lower than
0.5 Ba2+/Auc as used in the present PMF calculations to
compensate the negative mica charge.

Indeed, an integration of the total electron density pro-
files simulated for Ba2+ ions specifically adsorbed on the
cleaved muscovite at coverages of 0.125–0.5 Ba2+/Auc

(Fig. 13a) within �3.2 Å (first broad solution layer in the
study by Schlegel et al. (2006)) or �3.6 Å (first two rather
sharp solution layers in the study by Lee et al. (2007)) from
the surface suggests a coverage of �0.1–0.2 Ba2+/Auc in the
experimental systems (Fig. 13b). This coverage is lower
than the coverages of 0.3 Ba2+/Auc (Schlegel et al., 2006)
and 0.44 Ba2+/Auc (Lee et al., 2007) derived with empirical
structural models from XR data for 0.01 M and 0.005 M
BaCl2 solutions, respectively. However, it agrees with the
experimental observations that a compensation of the
muscovite charge by the more strongly adsorbing Ca2+ oc-
curs at CaCl2 concentrations above �0.01 M (Scales et al.,
1990) and that the coverage of specifically adsorbed Sr2+ at
SrCl2 concentration of 0.01 M equals 0.28 ± 0.12 Sr2+/Auc

(Park et al., 2006). Furthermore, it can be seen in
Fig. 13a that a fit of the interfacial solution structure below
�3.2–3.6 Å by one broad peak or two peaks with similar
areas does not necessarily provide an adequate representa-
tion of the partial Ba2+ electron density profile and may re-
sult in a biased Ba2+ adsorption height. Therefore, a
reconsideration of the empirical structural model used to
fit the excellent XR data (Schlegel et al., 2006; Lee et al.,
2007) taking into account the presented molecular simula-
tion results as well as an experimental study with a BaCl2
concentration higher than 0.01 M would possibly allow a
fairer test of the validity of the simulated adsorption height.
A further peak at 4.13 ± 0.08 Å in the total electron density
profile for a mixed BaCl2 and fulvic acid solution on
muscovite has been assigned to Ba2+ in the study by Lee
et al. (2007) and corresponds well to a height of 4.17 ±
0.07 Å calculated for outer-sphere adsorbed Ba2+ in the
present study (Fig. 12).

Differently than for Ba2+, both ion-specific and total
electron density profiles have been determined for Sr2+ on
muscovite using RAXR in the excellent study by Park et
al. (2006). The observation of two Sr2+ peaks at
1.26 ± 0.22 Å and 4.52 ± 0.24 Å with very similar occupan-
cies of 0.28 ± 0.12 Sr2+/Auc and 0.36 ± 0.12 Sr2+/Auc has
led to the logical conclusion that outer-sphere adsorption
is not weaker than inner-sphere adsorption (Park et al.,
2006, 2008). On the contrary, the simulated large free en-
ergy difference of 107 ± 7 kJ/mol between these two types
of Sr2+ adsorption (Fig. 11) supports the common assump-
tion (Stumm, 1992).

In the study by Park et al. (2008), the Gibbs free energy
of Sr2+ adsorption has been determined to be 32 ± 5 kJ/
mol for muscovite covered with a 2–10 lm-thick water
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layer. This value is significantly smaller than the calculated
activation energy for the transformation between inner-
sphere and outer-sphere Sr2+ adsorptions of 121 ± 3 kJ/
mol, which can be considered as an estimate of the lower
limit for the free adsorption energy. However, Park et al.,
2006 have also found that Sr2+ is stronger adsorbed on
muscovite than H3O+, which in turn has a comparable
adsorption strength as K+ as discussed by Park et al.
(2008). The adsorption free energy of K+ on the cleaved
muscovite surface has been experimentally determined to
be 83 ± 10 kJ/mol (Raviv et al., 2002). These observations
imply that either the adsorption affinity of Sr2+ or that of
K+ or the relation between them must be questioned.

The present simulation confirms the relation between the
adsorption affinities of Sr2+ and K+ and suggests that the ori-
gin of this contradiction is very likely related to yet another
disagreement between the simulated and the experimental in-
ner-sphere adsorption heights of 1.93 ± 0.02 Å and
1.26 ± 0.22 Å (Park et al., 2006), respectively. Notably, the
adsorption height of 1.12 Å simulated for Sr2+ on dehy-
drated mica is very close to the value measured experimen-
tally in the presence of water. The only structural analysis
of Sr2+ in the interlayer space of mica known to the author
has been made for dehydroxylated mica (Keppler, 1990)
and yielded a Sr2+–mica distance of 1.55 Å as discussed in
Section 3.1 (notably, to the author’s knowledge, the literature
gives only one reference to a naturally occurring Sr-enriched
mica (Tischendorf et al., 2007), which is a sodium-strontium
paragonite). In an indirect support of the simulated results,
the relation between Sr2+– and Ba2+–mica distances in dehy-
droxylated mica (1.55 Å and 1.67 Å, respectively) is much
more similar to the relation simulated on the cleaved musco-
vite (1.93 ± 0.02 Å and 2.15 ± 0.03 Å, respectively) than to
that derived from RAXR and XR studies (1.26 ± 0.22 Å
and �2 Å, respectively).

Accordingly, it can be suggested that the difference in
the simulated and the experimental inner-sphere adsorption
heights of Sr2+ is due to a component or a reaction present
in the experimental system but absent in the model system,
which stabilizes Sr2+ adsorption at the experimentally ob-
served height. Dissolved CO2 can be considered as such a
component, since it has been found to possibly enhance
Sr2+ adsorption on kaolinite and illite (Cole et al., 2000; Sa-
hai et al., 2000). In this case, surface polymerization or pre-
cipitation of strontium carbonate should be assumed to
occur on the mica surface, as it is otherwise not clear how
Sr2+–carbonate complexation can lead to a strong decrease
in Sr2+–mica distance from the energetically most favorable
adsorption height of 1.93 ± 0.02 Å to the experimentally
observed value of 1.26 ± 0.22 Å. A precipitation of potas-
sium carbonate (Ostendorf et al., 2008) or calcium carbon-
ate (Alcantar et al., 2003) has been proposed as explanation
for the observed crystallite growth on the cleaved muscovite
surface or between two closely apposed mica surfaces,
respectively. Still, the observed equivalent occupancies of
inner-sphere and outer-sphere adsorption positions by
Sr2+ cannot be explained by this mechanism alone, as it
should not lead to a strong decrease in the surface density
of Sr2+ ions positioned at a height of 1.26 ± 0.22 Å from
0.5 Sr2+/Auc necessary to compensate the muscovite lattice
charge to the observed 0.28 ± 0.12 Sr2+/Auc (Park et al.,
2006).

Therefore, an additional or an alternative modification
of the muscovite–water interface should be assumed to oc-
cur. A dissociation of hydroxyl groups in the mica lattice as
a result of Sr2+ adsorption in ditrigonal cavities, which can
be suggested as a possible reaction beyond the scope of the
present model incorporating muscovite in accordance with
the experimentally studied system, may resolve the dis-
cussed disagreements. Indeed, the simulated distance be-
tween Sr2+ adsorbed in a ditrigonal cavity on dehydrated
mica (at a height of 1.12 Å) and hydrogen (positioned just
below Sr2+) or oxygen of a muscovite hydroxyl group
equals 3.36 Å or 3.50 Å, respectively, and is comparable
with Sr2+–basal oxygen distances (Fig. 2). It is very likely
that this close approach can result in a destabilization of
the OH group followed by a hydrogen detachment and
either (1) a subsequent protonation of a basal oxygen
bonded to an unbalanced (by Sr2+) tetrahedral substitution
in accordance with a mechanism proposed by Bhattachar-
yya (1989) or (2) a subsequent protonation of a water
molecule resulting in H3O+ ion adsorption above an unbal-
anced tetrahedral substitution (Meleshyn, 2008b). The total
negative lattice charge of muscovite does not change in the
first case and becomes even more negative in the second
case. Tetrahedral rotations in the ditrigonal cavity, which
loses a hydrogen, can be expected to follow a disappearance
of hydrogen bridges (Keppler, 1990) and may lead to a de-
crease in the distance between Sr2+ and basal oxygens of the
cavity’s larger triangle and stabilization of Sr2+ adsorption
in the ditrigonal cavity.

Such a modification of the muscovite–water interface
with one additional positive charge formed there upon
one adsorbed Sr2+ ion would explain the observation that
the surface density of inner-sphere adsorbed Sr2+ (0.28 ±
0.12 Sr2+/Auc Park et al., 2006) is by a factor of two lower
than that necessary to compensate the muscovite lattice
charge (0.5 Sr2+/Auc). Outer-sphere adsorption of 0.25
Sr2+/Auc in excess of the inner-sphere adsorbed 0.25 Sr2+/
Auc on the modified muscovite surface may become energet-
ically more favorable in this case, which can be rationalized
considering changes in free energy profiles upon changes in
the distances between adsorbed cations as discussed for
Fig. 1. Note also that the hydroxylation of the muscovite
surface can also initiate carbonate ion adsorption as ob-
served by Bhattacharyya (1989), which may be followed
by surface polymerization or precipitation of strontium
carbonate.

It is important to stress that the model of the process
studied in the experiment by Park et al. (2006) states that
(1) Sr2+ adsorption from (2) aqueous solution occurs on
(3) the cleaved muscovite surface. The aim of the present
study was to study Sr2+ adsorption on the cleaved surface
of muscovite according to this experimental model. A study
of a deprotonated muscovite, which can be expected to
have a very different structure of the basal surface in partic-
ular and of the mineral layer in general as discussed above,
is beyond the scope of the present study, as the formulated
problem in the understanding of Sr2+ adsorption on the
cleaved muscovite and its possible solution proposed in
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the present study should be proven in experiments first.
Eventually carrying out classical molecular simulations
could follow, as they generally require experimental data
on the mineral structure as input information.

4. CONCLUSIONS

On dehydrated mica, Sr2+ and Ba2+ adsorption in ditri-
gonal cavities at heights of 1.12 Å and 1.35 Å is preferred
due to a match between their hydration radii of 2.60 Å
and 2.80 Å, respectively, and the ditrigonal cavity size. In
the frame of the used rigid muscovite lattice approach,
which conforms to the observed negligible relaxations of
<0.04 Å for mineral atoms at the mica–water interface
(Cheng et al., 2001), an adsorption of 2–3 H2O/Auc leads
to a displacement of Sr2+ and Ba2+ ions into positions
above tetrahedral substitutions, which allow for a better
match between their hydration shells and the muscovite sur-
face as well as for a decreased number of positively charged
lattice ions in their first coordination sphere.

At the maximum simulated water coverage of 14 H2O/
Auc, Sr2+ and Ba2+ are adsorbed as inner-sphere complexes
in these positions at heights of 1.93 ± 0.02 Å and
2.15 ± 0.03 Å, respectively. At this coverage, the activation
energy for a transformation from an inner-sphere adsorp-
tion complex to an outer-sphere adsorption complex equals
121 ± 3 kJ/mol for Sr2+ and 99 ± 10 kJ/mol for Ba2+. A
comparison with the recently reported activation energies
of 165 kJ/mol for Mg2+ (Meleshyn, 2009a) and 144 kJ/
mol for Ca2+ (Meleshyn, 2009b) suggests that adsorption
affinities for alkaline earth ions on mica decrease in a se-
quence Mg2+ > Ca2+ > Sr2+ > Ba2+ in agreement with the
sequence predicted recently for low dielectric constant sol-
ids (which include mica) (Sverjensky, 2006). Taking addi-
tionally into account the corresponding activation energy
of 83 ± 10 kJ/mol for K+ (Raviv et al., 2002) results in an
adsorption affinity sequence Mg2+ > Ca2+ > Sr2+ > Ba2+ >
K+ for mica.

A comparison with experimental results for Sr2+ adsorp-
tion on muscovite (Park et al., 2006, 2008) reveals a strong
difference between simulation and experiment in the heights
of inner-sphere adsorbed Sr2+ as well as in relative stabili-
ties of inner-sphere and outer-sphere adsorbed Sr2+ ions.
However, the simulation results agree with the common
assumption (Stumm, 1992) that inner-sphere adsorption is
stronger than outer-sphere adsorption. The present study
proposes that a modification of the muscovite–water inter-
face, which is not incorporated in the present simulation
model, as a result of Sr2+ adsorption in ditrigonal cavities
may be responsible for this controversy. This mechanism
may prevent a reliable, unbiased experimental determina-
tion of adsorption strengths of Sr2+ inner-sphere and out-
er-sphere aqua complexes on mica.
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APPENDIX A. SUPPLEMENTARY DATA

The structure of water at the cleaved mica–water inter-
face. Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.gca.2009.
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