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Abstract 

Adsorption and mobility of radioactive Cs+ isotopes in soil are among the most important 

factors affecting the long term environmental footprint of nuclear accidents such as Chernobyl 

(1986) and Fukushima Daiichi (2011). In particular, Cs+ ions can be retained through their 

exchange with K+ naturally present in muscovite mica, one of the common soil mineral 

components. ClayFF force field allowed us to realistically represent local inhomogeneities of the 

structure, composition, and charge on the muscovite (001) surface, and to identify three 

structurally different types of adsorption sites. We performed molecular dynamics simulations of 

Cs+ and K+ adsorption at the hydrated muscovite surface and used quasi-one-dimensional site-

specific potential of mean force calculations to quantify the energetics of ion exchange in this 

system for each individual site and for the entire muscovite surface on average. Irrespective of 

the type of adsorption site, both K+ and Cs+ cations are preferably adsorbed on the basal (001) 

muscovite surface at the centers of ditrigonal cavities as inner sphere surface complexes. The free 

energy difference between the most favorable and the least favorable surface sites for Cs+/K+ ion 

exchange amounts to 11.7 kJ/mol, with the most favorable sites occupying half of the surface, the 

least favorable type – 1/6 of the surface, and the rest exhibiting an intermediate adsorption and 

ion exchange capacity. The simulation results are compared with available thermodynamic 

estimates based on recent X-ray reflectivity measurements. 
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Introduction 

 Sorption of ions at mineral surfaces often controls their distribution in both natural and 

technological settings.1-5 The adsorption and retention properties of toxic elements by soil 

components, such as clay minerals, determine their transport in near-surface and sub-surface 

environments. These properties are strongly affected by two important factors: (i) structure and 

composition of the mineral substrate5,6 and (ii) near-surface solution structure which is different 

from that of bulk aqueous environments.7-9 The structure and mobility of aqueous species at clay 

mineral interfaces have been extensively investigated in recent years by various experimental10-16 

and computational molecular modelling17-24 techniques.  These works have provided important 

molecular scale information on such properties as ion adsorption, surface hydration structure, 

orientational and diffusional dynamics for several monovalent and divalent cations and H2O 

molecules. However, there is often a considerable discrepancy between the properties predicted 

using thermodynamic modeling and those observed experimentally.25,26 For instance, Bourg and 

Sposito27 have identified Na+ adsorption environments at smectitic surface contrasting those 

predicted by the triple layer model theory. The study also indicated that properties such as 

electroosmosis arising from long range electrostatic interactions could not be properly predicted 

by the thermodynamic surface speciation models. One of the main reasons for such descrepancies 

is the simplification of the conventional surface models used to explain the adsorption 

phenomena. The ion adsorption strength and distribution coefficient at clay surfaces is usually 

described by a single surface-specific constant. For example, X-ray reflectivity studies28 use a 

single surface-averaged value for the free energy of adsorption (∆G)  for Rb+ and Sr2+ ions at the 

muscovite surface. Similarly, simulation studies provide a single value for diffusion coefficients 

of hydrated ions for the entire basal surface.7,9,21-24 The dependence of these properties on the 
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existence of different types of adsorption sites at the clay surfaces is not usually taken into 

account and is difficult to determine experimentally.16,25 However, with recent advances in 

computational molecular modeling of such systems, a detailed site-specific information about the 

structure, dynamics, and energetics of interfacial aqueous species can now be obtained and 

quantified on a fundamental atomistic scale. 

 The interfacial properties of muscovite mica, a phyllosilicate mineral which is abundantly 

present in soils and sediments, have been widely investigated.9-15,17-20  The high structural charge 

of muscovite is responsible for the adsorption of hydrated cations at its surface through 

electrostatic forces.29 Contrary to chemisorption, where experiments and thermodynamic models 

can predict the active site interactions with specific ligands,30 physisorption is often difficult to 

examine because of its much weaker character and the absence of new covalent bonds formed. 

For instance, ions can be adsorbed both as inner sphere surface complexes (IS) or outer sphere 

surface complexes (OS) and different thermodynamic models are used to describe the interfacial 

properties.31-33 Although the most advanced experimental techniques can now probe the energetic 

and structural distribution of such surface complexes in a surface-averaged way, it is still difficult 

to obtain more detailed data about the adsorption at various individual surface sites and their 

corresponding energetic contributions.34  

At the same time, muscovite mica is a significant substrate surface in geo- and 

environmental chemistry because of its high cation exchange capacity.32-41 Its structurally present 

K+ ions can be easily exchanged for other cations at the hydrated basal surface of muscovite. Cs+ 

ion is one of the most important cations to consider in this context, because its various isotopes 

represent significant components of radioactive waste.25,37-40 The isotope 137Cs has been 

introduced in the environment by weapons testing and nuclear accidents, other quite common 
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radioisotopes are 134Cs and 135Cs, the latter of which is extremely long lived. Because of its high 

aqueous solubility and chemical similarity to K+, Cs+ can be easily assimilated by living 

organisms, and its bioavailability is essentially controlled by the adsorption and retention 

properties of the solid phases in the environment. The need for in depth quantitative molecular 

scale understanding of the Cs+/K+ exchange at the muscovite surface has been further recognized 

in the aftermath of the Fukushima Daiichi nuclear accident of 2011.41-46 

 The main objective of the present study is to develop a quantitative approach to assess the 

ion adsorption and exchange capacity of individual adsorption sites on heterogeneously charged 

substrates, such as basal surfaces of clay minerals, and to evaluate the effects of site specificity 

on the adsorption and exchange properties of K+ and Cs+ ions at the muscovite surface using 

molecular dynamics (MD) simulations and free energy calculations. We use MD simulations and 

potential of mean force (PMF) calculations to evaluate not only the adsorption free energy of the 

ions as function of their distance from the surface,7,47 but adapt this technique to probe specific 

adsorption sites on the surface. The energetic contributions of each structurally different 

adsorption site for K+ and Cs+ are thus evaluated. A complete description of cation exchange 

reaction equilibria is represented and the corresponding thermodynamics parameters are 

discussed in detail and compared with available experimental data.  

 

Molecular Models and Simulation Details 

 Muscovite mica is a 2:1 layered aluminosilicate mineral with the crystallographic unit cell 

formula KAl2(Si3Al)O10(OH)2. Its so-called T-O-T structure formed by a sheet of AlO4(OH)2 

octahedra sandwiched between two sheets of SiO4 tetrahedra, which are arranged within the sheet 
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into a lattice of six-member rings having ditrigonal symmetry. These aluminosilicate T-O-T 

layers are stacked along the direction of the surface normal. There are several sources of 

crystallographic parameters for muscovite mica that are all well consistent with each other.48 The 

AFM data49 were selected here as a primary source of the initial structural parameters for our 

muscovite surface models for two reasons: (i) they refer specifically to the experimentally probed 

muscovite surface – the principal focus our our investigation; (ii) multiple previous studies have 

already demonstrated that this muscovite model reproduces well the experimental 

crystallographic cell parameters of bulk muscovite and yields highly dependable results for 

muscovite surfaces.9,45,50-53  In the muscovite model structure, 1/4 of all Si atoms in the 

tetrahedral sheets are isomorphically substituted by Al resulting in a net negative structural 

charge of muscovite, which is compensated by the presence of the interlayer K+ cations 

occupying every ditrigonal ring in the structure. The simulation supercell was constructed out of 

6×3 unit cells resulting in the lateral dimensions of Lx = 31.21 Å and Ly = 27.07 Å for our model. 

In contrast to earlier simulations,50-54 this surface is sufficiently large to permit a random 

arrangement of isomorphic Al/Si substitutions within each tetrahedral sheet, yielding a 

realistically disordered distribution of the structural charge. This arrangement avoids any regular 

long-range pattern of Al/Si substitution and is also in accordance with the Lowenstein’s rule 

(forbids Al-O-Al linkages).48  A special care was taken to eliminate any presence of structural 

charge gradient at the muscovite surface during this process of creating a macroscopically 

uniform but locally inhomogeneous distribution of structural charge. As a result, each tetrahedral 

sheet consisted of ditrigonal rings of either Si4Al2 or Si5Al composition in equal proportions  

randomly distributed within the structure and yielding 3 different adsorption sites for the charge 

compensating cations which are labelled as follows: 1a - two Al tetrahedra are symmetrically 

placed across each other in the ditrigonal ring and separated by the presence of two Si tetrahedra 
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in the same ring; 1b – two Al tetrahedra asymmetrically separated in the ring by one and three Si 

tetrahedra from each side, making them in closer proximity to each other than in the symmetric 

case; 1c – a ditrigonal  ring containing only one Al substitution (see Figure 1). All interlayer K+ 

ions are located at the centers of ditrigonal rings between two adjacent T-O-T layers and are 

strongly coordinated to the basal surface bridging oxygen atoms. 

 

 

Figure 1. Schematic representation of the hydrated basal muscovite surface illustrating 3 

structurally different adsorption sites. Al – Pink; Si – yellow; O – red, H – gray; K+ – 

purple, Cs+- cyan. (Only one tetrahedral sheet is shown for clarity). 

 

The model muscovite-water interface was built by first cleaving the bulk crystal structure 

along the (001) plane at the middle of the interlayer space. After cleavage, half of the interlayer 

K+ ions located at the ditrigonal cavities were randomly retained by each of the two surfaces 
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created. Empty space was added on top of the surface, filled with water molecules to ensure at 

least ~16 molecular layers of H2O at each surface at the density of liquid water under ambient 

conditions, and the resulting simulation supercell consisted of 2 muscovite T-O-T layers with a 

total thickness of ~20 Å and the aqueous layer ~96 Å thick separating two surfaces of the cleaved 

crystal. The large thickness of the aqueous layer effectively eliminated any effect of one hydrated 

surface over another when the periodic boundary conditions were applied during the simulations 

and hence creating two statistically independent and statistically equivalent interfaces of a 

thickness comparable to those observed in X-ray reflectivity measurements.14,15,29,34  

Only one K+ ion was replaced by Cs+ ion at each surface. Initially, all the cations were 

pulled up to 10 Å away from the respective surfaces which allowed them to arbitrarily settle on 

their preferred adsorption sites during the preliminary equilibration MD run. All MD simulations 

were performed in the canonical NVT ensemble at 300 K using the LAMMPS simulation 

package.55 All interatomic interactions were calculated using the ClayFF set of interaction 

potentials, which includes the SPC model for water molecules.56 A cutoff distance of 10 Å was 

applied for the calculation of short range non-electrostatic interactions, while the standard Ewald 

summation technique was used to treat the long range electrostatic interactions between the 

atomic charges. A time step of 1 fs was used to integrate the equations of motion. The system 

was initially equilibrated for 1 ns with a subsequent equilibrium MD run of 1 ns with atomic 

coordinates recorded every 10 fs for the calculation of adsorption and structural properties.  

It is important to note that all atoms of the muscovite structure were allowed to fully relax 

in all three dimensions during the pre-equilibration stage of MD simulations. They were not fixed 

during the equilibrium MD runs either. Thus, the muscovite surface remained atomistically 

corrugated on a small scale due to occasional small rotations of the tetrahedra. Since there are no 
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explicit bonds between Si and O atoms in the ClayFF model,56 the tetrahedra are held together 

together by solely electrostatic and van-der-Waals terms of the interatomic potentials.  

 

Potential of mean force calculations 

  The adsorption free energy profiles of K+ and Cs+ ions as a function of their distance 

from the muscovite surface at thermodynamic equilibrium were determined using potential of 

mean force (PMF) calculations. At first, the most preferred adsorption sites for both K+ and Cs+ 

ions at the muscovite surface were identified in preliminary unconstrained MD simulations from 

time-averaged atomic density profiles along the direction normal to the surface and planar atomic 

density distributions in molecular planes parallel to the surface. Unlike smectite clay substrates 

characterized by lower charge density, where two structurally different adsorption sites were 

identified on the tetrahedral surface (at the center of ditrigonal rings and on top of Si 

tetrahedra),23,24 the muscovite surface with a much higher charge density allows for only one type 

of sites, the centers of the rings, for both K+ and Cs+. However, the sites still differ within this 

type by their local charge distributions due to the different mutual positions of Si and Al 

tetrahedra in the ring (Fig. 1).  

A representative equilibrium structure from the preliminary simulations was then taken as 

a starting point for the PMF calculations, which were performed with the NAMD simulation 

package57 using the collective variable analysis procedure58 embedded in the code. All other 

parameters and conditions of the constrained MD simulations were the same as for the 

unconstrained MD runs described in the previous section. For the PMF calculation, a single 

K+/Cs+ ion was gradually pulled normal to the muscovite surface from its equilibrated position 

and constrained at certain distance using a harmonic biasing potential. A force constant of 
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50 kcal/mol Å2 was used in all simulations and the distances were probed in the range from 1.0 Å 

(K+) and 1.5 Å (Cs+) up to 10 Å with a step of 0.1 Å until 6 Å and 0.2 Å thereafter. All other 

atoms, including the structural atoms of the mica surface, remaining interfacial cations, and water 

molecules were free to move during the simulation and were not fixed at their equilibrium 

positions in contrast to previous Monte Carlo ion-muscovite PMF calculations.54,59 For each 

distance z, the system was equilibrated in an MD run of 1 ns and the data were collected from the 

additional 1 ns simulation run. After obtaining the biased (constrained) distributions for all 

distances, the results of all simulations were combined using the weighted histogram analysis 

method,60 and the effect of the biasing potentials was removed to extract the unconstrained free 

energy profiles.61  

However, it is impossible to obtain a site-specific adsorption free energy profile by 

constraining only the distance from the surface in MD simulations because the cations remain 

free to move laterally along (x-y) directions parallel to the surface and away from the initial 

surface site, thus distorting the site-specific nature of the profile. We have overcome this 

difficulty by applying additional harmonic boundary and wall restraints acting laterally. By 

having these additional weak restraints (force constants of 0.3 kcal/mol Å2 and 0.4 kcal/mol Å2 

were used for boundary and wall restraints, respectively), we were able to restrict the lateral 

movements of the cation by holding it within certain limits along the normal above the selected 

adsorption site. By selecting very low values of the force constant for these supplementary 

restraints applied in the directions orthogonal to the much stronger primary restraint we ensured 

that the total effect of the restraints lead to a quasi-one-dimensional free energy profile along the 

direction normal to the surface and specific to each individual adsorption site.  In other words, the 

K+/Cs+ ions were allowed to probe a very narrow cylindrical space with a diameter of 0.2 Å 

above each selected adsorption site at all distances from the muscovite surface (see Figure 2).  
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Figure 2. A schematic view of the tetrahedral muscovite surface indicating the metal ions 

(K+/Cs+) probing a narrow cylindrical space normal to the muscovite surface above a 

specific adsorption site. The origin of the vector normal to the surface is defined by 

the center of mass of 6 surface bridging oxygen atoms of the ditrigonal ring forming 

the adsorption site. 

 

Results and Discussion  

The PMF calculations were performed for all three identified adsorption sites (Fig. 1) in 

order to provide quantitative information on their site-specific adsorption strength and exchange 

mechanisms. In all three cases, the distance constraints were applied between the adsorbed cation 

(K+/Cs+) and the center of mass of 6 oxygen atoms of each adsorption site.   

 

Adsorption of K
+
 on hydrated muscovite 
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 Figure 3 presents the calculated PMF profiles of K+ ions at the hydrated muscovite 

surface for all three adsorption sites identified in Fig.1. Irrespective of the adsorption site, the 

minimum in the PMF profiles is at ~1.6 Å from the muscovite surface, which is consistent with 

the previous simulations50,54 and X-ray reflectivity measurements,34 and is obviously mostly 

dictated by the closest contact distance between the K+ ion and six bridging oxygens forming the 

ditrigonal ring of the adsorption site. However, despite having similar equilibrium adsorption 

distances, the free energy minima are significantly different between these three sites. The most 

stable adsorption state for K+ at the hydrated muscovite surface is at site 1a (Fig.1) with the 

energy minimum of  -41.8 kJ/mol, while the sites 1b and 1c are characterized by the energy 

minima of -31.4 kJ/mol and -25.1 kJ/mol, respectively. (It should be noted that the energy value 

at z = 10.0 Å, assumed to be large enough distance from the surface to represent a completely 

desorbed cation, was selected here as a common reference for comparison between different PMF 

profiles.) 

All three sites clearly represent inner sphere (IS) surface adsorption complexes. At the 

same time, a very broad and much weaker outer sphere (OS) surface complex is evidenced at 

distances around 4-5 Å from the surface for all adsorption sites with the energy differences of -

36 kJ/mol (1a), -28 kJ/mol (1b) and -22 kJ/mol (1c) relative to their corresponding IS complexes. 

In addition, an almost negligibly weak OS surface complex is observed for the 1a and 1b sites 

(both having two Al/Si substitutions in the ring) at distances around 6–8 Å. This confirms the 

notion that the IS adsorption complex is the most stable state for K+ ion at the hydrated muscovite 

surface and is in agreement with experimental data62 and previous simulations.50,54 It is also 

worth noting that a characteristic change in the slope of the PMF is seen at distances around 

3.2 Å for all three adsorption sites, which is most probably a signature of a substantial structural 
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rearrangement of the first molecular layer of interfacial water molecules when the ion is detached 

from the surface site to distances larger than the size of the H2O molecule.  

 

 

Figure 3. Adsorption free energy profiles for K+ ions as a function of distance for three 

different adsorption sites on the muscovite basal surface. The adsorption sites 1a, 1b, 

and 1c are defined in Fig.1. 

 

Adsorption of Cs
+
 on hydrated muscovite 

The calculated adsorption free energy profiles for Cs+ ion on the hydrated muscovite 

surface for all three different adsorption sites are shown in Figure 4. Like in the case of K+, the 

energy minimum is at distances around 2.0 Å from the surface for all three adsorption sites and is 

consistent with experimental data.34,62  

Although the energy minima for sites 1b and 1c are within 1 kJ/mol of each other and are 

both around -25 kJ/mol, the site 1a again represents the most stable adsorption state with the 
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energy minimum around -30 kJ/mol. However, all of them represent IS adsorption complexes. A 

very broad and weak OS adsorption complex is evidenced by the presence of the energy minima 

around -2.5 kJ/mol in the range of 4-6 Å from the surface for all three adsorption sites. However, 

the energy barrier between the IS and OS surface complexes is very high with the range between 

-20 to -25 kJ/mol. Such an outer sphere surface complexation is possible only when there is high 

concentration of Cs+ ions in the interfacial aqueous solutions.  

 

 

Figure 4. Adsorption free energy profiles for Cs+ ions as a function of distance for three 

different adsorption sites on the muscovite basal surface. The adsorption sites 1a, 1b, 

and 1c are defined in Fig.1. 

 

Local surface charge inhomogeneity and its effect on K
+
/Cs

+
 adsorption  

Irrespective of the adsorption site and the nature of the cation, IS adsorption represents the 

most stable surface complex at the muscovite-water interface. Such an adsorption structure is 
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dictated primarily by the presence of high structural charge at the muscovite surface, strong 

electrostatic attraction of the cations, and hence presents a very high energy barrier for the 

formation of an OS surface complex or a complete desorption. Also, regardless of the cationic 

nature, the strength of the stable adsorption sites is ordered in a sequence of 1a > 1b > 1c, which 

could be partially attributed to the nature of interaction potentials used in the simulation. In the 

ClayFF parameterization, tetrahedrally coordinated Al atoms (at) bear a partial charge of 1.575|e|, 

compared to 2.1|e| for tetrahedrally coordinated Si atoms (st).56 In addition, the bridging oxygen 

atoms around substituted Al tetrahedra (Obts) have a charge of -1.16875|e|, which is ~11% more 

negative than the charge of ordinary bridging oxygen atoms (Ob) of Si tetrahedral, i.e., -1.05|e|, 

while the sizes of all oxygen atoms are assumed the same in this model.56  Hence, there exist 

local charge inhomogeneities individually characterizing each adsorption site. The sites 1a and 

1b are slightly more attractive for cations (4 - Obts and 2 - Ob) compared to the site 1c (2 - Obts and 

4 - Ob), which explains, of course, why the latter site shows a less negative energy minimum than 

the other two. Interestingly, in the case of a symmetric site 1a (Fig.1), the increase of local charge 

density is more evenly distributed over the entire ditrigonal cavity, while for the site 1b the same 

amount of extra negative charge is asymmetrically distributed over one half of the ditrigonal 

cavity. As it turns out, even such relatively minor local charge inhomogeneities can noticeably 

affect the short range cation-surface electrostatic interactions, and hence sites 1a exhibit stronger 

and more stable coordination with the cations than sites 1b.  

 

Thermodynamics of Cs
+
/K

+
 exchange  

 The energetics of Cs+/K+ exchange reactions can be evaluated by using the individual site 

specific adsorption energies obtained through the PMF calculations and known hydration 

∆ A 
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energies of the cations. The overall thermodynamics of Cs+/K+ exchange reaction can be 

represented by the following equation 

K+ - X    +    Cs+
(aq)    →     Cs+ - X    +   K+

(aq)   (1) 

where X is the muscovite surface and ∆A is the Helmholtz free energy for the exchange reaction. 

Importantly, the muscovite surface (X) can be described as a sum of all different types of 

adsorption sites present. Our simulated muscovite surface is represented by 17% of 1a, 33% of 

1b, and 50% of 1c adsorption sites. The hydration energies for the cations (Cs+/K+) consistent 

with SPC water model were taken from the literature.63  

Table 1 summarizes all the thermodynamic parameters necessary to evaluate the Cs+/K+ 

exchange reaction at the hydrated muscovite surface as a whole and at each individual adsorption 

site separately. It is important to keep in mind that all our simulations were performed using the 

NVT ensemble, hence the Helmholtz free energy of adsorption, ∆A, was estimated in our PMF 

calculations. The Gibbs free energy of adsorption, ∆G, is related to it by the equation ∆G = ∆A + 

P∆V. However, the PV term can be safely neglected here because at ambient pressure it is ~3-4 

orders of magnitude smaller than the overall exchange energetics.64 Thus, the cation exchange 

reactions (1) at different adsorption sites are largely controlled by the differences in the 

adsorption energy and the hydration energies of cations. Based on the calculated ∆G values of the 

site specific exchange reactions, it is evident that the adsorption site 1c is the most favorable for 

Cs+/K+ ion exchange with ∆G = -54.4 kJ/mol, followed by the site 1b (-49.0 kJ/mol), and the 

least favorable site is 1a (-42.7 kJ/mol). However, the overall Cs+/K+ ion exchange energy at the 

muscovite surface weighted by the availability of various sites (site fractions) amounts to ∆G = -

50.6 kJ/mol, while the intrinsic value of equilibrium cation exchange constant amounts to 

log Kex = 8.8 which is obtained from the equation  
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∆Gex = -RT lnKex = -2.303 RT logKex.     (2) 

 

Table 1. Adsorption free energies (in kJ/mol) obtained from PMF calculations for K+ and Cs+ 

at three different sites on the hydrated muscovite basal surface and corresponding 

thermodynamic contribution to the Cs+/K+ cation exchange reaction (eq. 1). 

Adsorption 

Site 
K+ - X Cs+

(aq) Cs+ - X K+
(aq) 

∆A Site 

fraction 

Energy 

fraction 
log Kex 

1a -41.8 

-283.3 

-29.3 

-338.5 

-42.7 0.167 -7.11 1.24 

1b -31.4 -25.1 -49.0 0.333 -16.32 2.83 

1c -25.1 -24.3 -54.4 0.500 -27.20 4.72 

Total 1.000 -50.63 8.79 

 

At first glance, the energetics of the exchange reaction estimated from our simulations 

may seem quite different from the predictions based on the recent X-ray reflectivity 

measurements of Lee et al.34 Indeed, the average K+ adsorption free energy obtained from our 

simulations weighted by the availability of different site fractions (see Table 1), is equal 

to -30.0±1.0 kJ/mol, compared to -22.7±0.7 kJ/mol, and the corresponding values for Cs+ 

adsorption are -25.4±1.0 kJ/mol and -21.2±0.8 kJ/mol, respectively. The larger energy difference 

between K+ and Cs+ may result, in part, from a much stronger preference for IS adsorption for K+ 
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in the simulations, while experimentally the IS/OS ratio is approximately 2/1.34 This is due to the 

inability of the ClayFF model to reproduce accurately the ditrigonal distortion of the tetrahedral 

sheet20,45,46 of phyllosilicates, leading to a somewhat larger size of the ditrigonal cavities of the 

siloxane surface by making them nearly hexagonal on average, thus leading to a somewhat 

stronger inner-sphere adsorption predicted by the models. However, recent molecular simulations 

of fixed muscovite substrate surface which fully retained the proper ditrigonal distortion of the 

tetrahedral rings65 with the same ClayFF potential have yielded the near surface hydration and 

adsorption structure very similar to one observed with current and previous simulation studies9,50-

52 for a relaxed surface. Therefore, even if the adsorption energies reported here could be 

somewhat higher for a particular site than for a model where the ditrigonal shape of the ring is 

fixed, the energy differences between K+ and Cs+ ions and the site specific minima of the free 

energy profiles would follow the same characteristic pattern (1a>1b>1c).  

In addition, the difference in the energetics of the exchange reaction between the 

predictions of the present model and the thermodynamic analysis of the X-ray reflectivity 

measurements34 can be, in fact, the result of somewhat different approaches to the description of 

the exchange reaction in both cases. Experimentally, the free energy of adsorption of a metal 

cation was obtained as the sum of the adsorption free energies of inner sphere and outer sphere 

surface complex, and the ion exchange energies were calculated using the difference in the ∆G 

values between any metal cations. The ∆G and Kex values estimated using such a definition of ion 

exchange reaction amounts to -4.6kJ/mol and 0.7, respectively, and are in reasonable agreement 

with the experimental energetics. However, it is important to have similar solution structure at 

larger distances during the ion exchange reaction as different cations exhibit variable hydration 

structures. Hence, in order to have a common reference for the exchange reaction, the hydration 
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energies of cations should also be considered for the calculation of the thermodynamic 

parameters. Therefore, the description of the ion exchange used for the estimation of the 

thermodynamic parameters listed in Table 1 appears to be a more general representation for any 

ion-exchange reaction. 

 

Conclusions 

 By MD simulations with the ClayFF force field we were able to identify for both K+ and 

Cs+ ions three structurally different adsorption sites on the basal surface of muscovite mica. 

Irrespective of the cationic nature and the type of the adsorption site, K+ and Cs+  are preferably 

adsorbed at the center of ditrigonal (hexagonal) cavities as inner sphere surface complexes. 

Adsorption free energy profiles of both K+ and Cs+ ions were obtained for each of the three 

different adsorption sites by PMF calculations using the umbrella sampling procedure in which a 

harmonic distance constraint was applied between the cation and a surface site defined by the 

position of 6 oxygen atoms forming the ditrigonal (hexagonal) cavity of the site. In order to 

eliminate the lateral movements of the cations, a weak wall potential was additionally applied 

along the x-y directions, thus keeping the ions above a selected site at each distance z from the 

surface. The resulting quasi-one-dimensional adsorption free energy profiles ∆A(z) clearly 

indicate that for both K+ and Cs+ ions the site of type 1a (Fig.1) gives rise to a noticeably stronger 

adsorption than the others. The thermodynamic analysis, which also takes into account the 

differences in the hydration energies of K+ and Cs+ ions is solution, shows that the Cs+/K+ 

exchange reactions can occur on the hydrated surface of muscovite in the following order of 

preferability: 1c > 1b > 1a. Since the muscovite surface contains, on average, 1/6 of sites 1a, 
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compared to 1/3 of sites 1b, and 1/2 of sites 1c, the total energy for the Cs+/ K+ equilibrium 

exchange reactions amounts to ∆G = -50.6 kJ/mol. The discrepancy between the exchange 

energies obtained in the current MD simulation study and the thermodynamic values obtained 

through the interpretation of recent X-ray reflectivity measurements34 can most probably be 

attributed to the inability of the ClayFF models to accurately represent the ditrigonal distortions 

of the adsorbing tetrahedral rings of the siloxane surface and to the differences in the description 

of exchange reaction equilibria between the experimental conditions and the simplified 

conditions of our simulations. 
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Table 1. Adsorption free energies (in kJ/mol) obtained from PMF calculations for K+ and Cs+ 

at three different sites on the hydrated muscovite basal surface and corresponding 

thermodynamic contribution to the Cs+/K+ cation exchange reaction (eq. 1). 

Adsorption 

Site 
K+ - X Cs+

(aq) Cs+ - X K+
(aq) 

∆A Site 

fraction 

Energy 

fraction 
log Kex 

1a -41.8 

-283.3 

-29.3 

-338.5 

-42.7 0.167 -7.11 1.24 

1b -31.4 -25.1 -49.0 0.333 -16.32 2.83 

1c -25.1 -24.3 -54.4 0.500 -27.20 4.72 

Total 1.000 -50.63 8.79 
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Figure captions 

 

Figure 1. Schematic representation of the hydrated basal muscovite surface illustrating 3 

structurally different adsorption sites. Al – Pink; Si – yellow; O – red, H – white; K+ 

– purple, Cs+- cyan. (Only one tetrahedral sheet is shown for clarity). 

 

Figure 2. A schematic view of the tetrahedral muscovite surface indicating the metal ions 

(K+/Cs+) probing a narrow cylindrical space normal to the muscovite surface above a 

specific adsorption site. The origin of the vector normal to the surface is defined by 

the center of mass of 6 surface bridging oxygen atoms of the ditrigonal  ring forming 

the adsorption site. 

 

Figure 3. Adsorption free energy profiles for K+ ions as a function of distance for three 

different adsorption sites on the muscovite basal surface. The adsorption sites 1a, 1b, 

and 1c are defined in Fig.1. 

 

Figure 4. Adsorption free energy profiles for Cs+ ions as a function of distance for three 

different adsorption sites on the muscovite basal surface. The adsorption sites 1a, 1b, 

and 1c are defined in Fig.1. 
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Fig.2 
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Fig. 3 

  

Page 33 of 35

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



34 

 

 

 

 

Fig. 4 
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