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Introduction

Interfaces between water and most other media are charged. Examples include air-water interfaces, [1][2][3][4] oil-water interfaces, mercury-water interfaces, or solid-water interfaces involving metals, polymers, clays, or oxides. [START_REF] Evans | The Colloidal Domain[END_REF][START_REF] Hiemstra | [END_REF][17][18][19][20][21][22] The sign and magnitude of the surface charge density has important consequences in a wide number of applications, including water purification, papermaking, or mineral processing. In water purification 23 or papermaking, [START_REF] Horn | Retention aids[END_REF] multivalent ions or polyelectrolytes are being added to neutralize the particle charge and to induce aggregation. In mineral processing, various minerals can be separated by flotation through differences in their surface charge. [START_REF] Ralston | Pulp and solution chemistry[END_REF] The surface charge accumulates through three main mechanisms, namely ion adsorption, ion substitution, and ionization of surface groups. Apparently neutral surfaces such as air, oil, or metals acquire a charge through preferential adsorption of particular ions from solution. 3 Since anions often adsorb more strongly to neutral surfaces than cations, many surfaces are negatively charged. Clay minerals acquire their charge by isomorphous substitution of silicon and aluminium atoms by metal ions of lower charge, leading to a negative charge of the crystal. 14 Finally, reactive surface moieties, such as hydroxide, carboxylic, or amine groups, may ionize by dissociation or adsorption of protons, leading to the buildup of a surface charge. The archetypal process is the ionization of the silanol group

Si OH

Si O H -+ --+ テ occurring on surfaces of silica, glass, quartz, or clay minerals. While this reaction is the principal origin of the surface charge, other types of dissociable sites may also contribute (see Figure 1a). This dissociation mechanism on a silica surface will be addressed in this article.

Such dissociation reaction equilibria at water-oxide interfaces were studied in substantial detail in geochemistry, environmental chemistry, and materials processing. These systems are normally investigated as suspensions of colloidal particles with batch depletion experiments and potentiometric titration techniques. The reaction equilibria are typically treated with so-called surface complexation models. Such models are based on mass action laws and capacitive terms accounting for the charging of the electrical double layer. The latter is described within the mean field approximation of the primitive model (PM) by means of the Poisson-Boltzmann (PB) equation whereby all correlations between the ions are neglected. Monovalent counterions are normally treated as inert, except that their finite distance of approach to the surface is approximated by means of an effective capacitance. Divalent counterions do often interact with the interface more strongly, and they are assumed to form coordination complexes with the reactive surface groups. [START_REF] Hiemstra | [END_REF] While such classical surface complexation models have reached substantial maturity, they have retained a certain degree of empiricism. Their origin from a more microscopic picture remains unclear. Some time ago it was shown that surface complexation models can be derived from a mean-field approximation of the underlying dissociation process of the surface sites, in analogy to the lattice approach used to treat gas adsorption equilibria. 31 More recently, ionization equilibria have been treated within the full PM of electrolyte solutions, where ion-ion correlations are explicitly considered by representing the ions and titratable surface sites as charged hard spheres. Such models can be solved exactly with Monte Carlo (MC) simulations or approximately by integral equations. While the PB equation is known to provide an accurate description of monovalent salt solution even in the close proximity of relatively highly charged surfaces, the PB equation breaks down at comparable conditions for multivalent ions due to the neglect of ion-ion correlations. Given these limitations, any treatment of the adsorption of multivalent ions relying on the PB approximation must be considered as questionable. The commonly introduced coordination complexes of multivalent ions might actually represent an artifact due to the neglect of ion-ion correlation inherent to the PB approximation, or at least partially.

The present study addresses differences in the adsorption between monovalent and divalent cations on water-silica interfaces with the PM and MC simulation techniques. Such systems are normally investigated experimentally in particle slurries, but the interpretation of such experiment is always complicated by the presence of various crystal faces or eventual microporosity of the particles. Here we propose an alternative approach freed of such difficulties, where adsorption of cations is studied on a well-defined planar surface with an optical reflectivity technique in situ. 36 In our view, the combination of these two techniques has a substantial potential to study adsorption processes at water-mineral interfaces on a much more microscopic level than it was possible so far.

Monte Carlo Simulations of the Primitive Model

The interface is modeled with a planar surface with discrete titratable sites, which are in equilibrium with a salt solution. The surface consists of an infinite planar wall decorated by titratable sites arranged on a square lattice (see Figure 1b). The surface sites are modeled as hard spheres with diameter d s . The electrolyte solution is described by the restricted PM, whereby any charged ion i with valence z i is treated as a hard sphere of diameter d. The solvent is characterized only by a continuum dielectric permittivity s ε that is also assigned to the interior of ions and sites. The entire system is placed in a cubic box forming a slab. The simulation box, which is overall electroneutral, is then composed of one titrating surface in contact with a salt solution. The concentration of the latter is imposed by the equilibrium with a bulk in a grand canonical procedure. The system is modeled with periodic boundary conditions in the two dimensions parallel to the surface and has a finite size perpendicular to the surface. In that direction, the simulation box is closed by a neutral impenetrable wall. Although the approach is quite general, the model parameters are chosen here to represent silica surfaces.

The interaction between two charged species of valency z i , z j located at positions r i , r j , is described by an electrostatic potential energy, ( )

2 0 4 i j el ij s ij
z z e u r = πε ε r where e is the elementary charge and 0 ε the permittivity of vacuum, and a short range hard-core repulsion ( )
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We use the standard Metropolis algorithm. 37 The calculations are performed in the grand canonical ensemble (µVT), whereby the ionic species in the simulation cell are in equilibrium with those in an infinite bulk solution. The chemical potentials of the bulk solution of the desired salt concentration are calculated in a separate simulation with the Widom method. Monovalent and divalent salt solutions were studied with a concentration range from 1 to 1000 mM. The temperature was set to 298 K and the solvent dielectric constant was taken to be 78.7 s ε = . A common diameter of d = 4 Å was assigned to each ion in solution.

In the simulations the surface site density of 4.8 nm -2 was used. 33 The dimensions of the simulation box were chosen large enough to ensure that the number of ions was higher than 300 and the properties of the electric double layer at the silica surface were unaffected by the truncation of the system by the neutral wall. A total of 10 5 configurations for each solution ion were sampled in each MC run.

In addition to the classical moves of a grand canonical MC, the surface sites are allowed to dissociate. This reaction can be described with eq. for which the equilibrium constant K is defined as

+ Si O H Si OH a a K = a - - -
where the a i are the activities of the different species i involved. As commonly used in solution chemistry, we introduce the abbreviations First, by the release of the proton from the surface site, and then followed by the transfer of the salt pair H + and B -from the simulation box to the bulk, where B -is a salt anion. The corresponding Boltzmann factor for the trial energy is given by

( ) ( ) ( ) ( ) B B exp exp exp exp ln10 pH p el N βΔU = βμ βΔU K V - - - - � � � �
where V is the volume of the simulation cell, ∆U el the change in electrostatic energy and B µ and

N B represents the chemical potential and the number of ions B -, respectively. The protonation is done in the exact reverse order and, thus, the Boltzmann f<actor for the respective trial energy reads ( ) (
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Note that the protons are not explicitly treated but are accounting for through the constant pH.

On the other hand, it is easy to demonstrate that the acceptance rules defined from equation ( 5) and ( 6) obeyed the detailed balance once one has recognized that they are based on two consecutive grand canonical moves. More details on this simulation methodology are given elsewhere. 32 The above described method can be extended to surfaces or molecules having different types i of site by defining the respective intrinsic dissociation constants p i K . In the case of silica, experimental studies suggest the existence of two types of silanol groups. This hypothesis will also be tested here. To perform simulations involving different sites, a fraction f of the silanols groups were selected randomly and ascribed the intrinsic dissociation constant A distance of closest approach ( ) / 2

is s d d d = +
to the surface sites was chosen for each ion i.

The distance of closest approach ( ) / 2 is s d d d = +
between the surface sites and the ions was used as an adjustable parameter. This quantity was adjusted by choosing the appropriate diameter of the surface site d s . For Na + , Ca 2+ and Mg 2+ , this distance of closest approach is d was taken from previous work on silica 32 and their respective values are summarized in Table 1. To avoid cumbersome fitting procedures for the other ions, illustrative calculations were performed with 

Probing Ion Adsorption by Optical Reflectivity

Adsorption of monovalent and divalent cations on a planar water-silica interface was measured with reflectivity. The silica surfaces were obtained by heating silicon wafers (p-type, Silchem, Germany) for 4 min at 1000°C in air. The wafers were treated for 15 min in a mixture of water, concentrated ammonia (27%), and hydrogen peroxide (30%) in the volume ratio 5:1:1 at 80°C. Subsequently, they were extensively rinsed in water and dried. The typical thickness of the silica layer was about 15 nm as measured by null-ellipsometry in air. All solutions were prepared with Milli-Q water, the salts were obtained from Fluka. The solution pH was adjusted with HCl and NaOH.

The reflectivity setup uses a fixed-angle goniometer and a stagnation point flow cell (Figure 2).

The reflectometer uses a stabilized He-Ne laser of a wavelength of 632.8 nm with beam intensity fluctuation smaller than 0.5%. The cell consists of a capped equilateral prism made with a borehole perpendicular to its base, which is kept at a given distance parallel to the wafer through a spacer. The reflected beam is split into parallel (p) and perpendicular (s) components by a polarizing beam-splitter and the two respective beam intensities are monitored with two optical diodes with a lock-in detection scheme. The ratio of these two intensities represents the reflectometry signal R. KCl as background electrolyte was not investigated in detail, as it leads to an unstable reflectometry signal. Further details on the reflectometry setup can be found elsewhere.

The time-dependent signal is normalized to its initial value (0) R as

( ) (0) ( ) (0) R t R S t R - =
where 0 t = corresponds to the beginning of the experiment. The adsorbed mass Γ on the surface is directly proportional to the reflectometry signal

( ) ( ) S t t A Γ =
The sensitivity factor A is evaluated with Abeles matrix formalism from the homogeneous twoslab model. The refractive index of the layer is calculated from the relation 
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with the value of the single refractive index increment Cl ( / ) 3.1 mL/mol dn dc -= reported previously. 36 The fact that formation of solution complexes does not interfere with the refractive index and reflectivity measurements was checked with salts involving other anions, in particular nitrates and perchlorates.

Simulation Results

Before comparing simulation and experimental results, general predictions of the PM on the charging process and ion adsorption at titrating surfaces will be presented. Thereby, we focus our attention on the qualitative difference between monovalent and divalent counterions. We first recall briefly results obtained on the surface charge process of silica in salts involving monovalent and divalent cations, and then we present results on the adsorbed excess.

Figure 3a presents the ionization of a water-silica interface as predicted by the PM for the onesite model. The degree of ionization increases with increasing pH due to progressive dissociation of the silanol groups. The dissociation is predicted to be more pronounced for divalent calcium ions in solution than for monovalent sodium ions. While similar behavior was observed experimentally 20 , this behavior was interpreted in terms of specific ion properties. The present simulations predict this behavior purely due to electrostatics, and it can be explained by the socalled charge correlations between the sites and the counterions. These charge correlations were recently shown to explain the increase of the surface charge density of silica particles in presence of divalent ions quantitatively. 32 Figure 3b shows the same results for the two-site model. In that case, one observes that the surface ionizes already at lower pH. At the same time, divalent cations again promote the ionization of the interface in comparison to monovalent ones. The increase of the chargecorrelations and the drop of the entropy of the system (the number of counterions is divided by two) as the counterion valence is raised lead to a larger accumulation of the divalent counterions near the surface. This point is illustrated in the normalized concentration profiles as a function of the distance from the interface for monovalent cations shown in Figure 4 and those of divalent cations shown in Figure 5. The latter figure also illustrates a progressive layering of the multivalent ions near the water-solid interface, which can be evidenced by oscillatory concentration profiles. Charge correlations may further lead to charge reversal as observed on the PM level by MC simulations. 33 The charge reversal was also observed experimentally for silica in the presence of divalent and trivalent cations by streaming potential measurements. 42 Another way to illustrate the differences between ionization of a water-silica interface in the presence of monovalent and divalent cations is to investigate the adsorbed amount of cations and anions calculated by integration of the concentration profiles. Figure 6 compares the excess surface charge originating from adsorbed cations or anions as a function of the salt concentration at pH 10. One observes that the surface excess of cations increases with increasing salt concentration. The excess charge due to adsorbed divalent counterions is substantially larger than for monovalent ones. For monovalent ions, the coions are always excluded from the interface, and the coion isotherm decreases monotonically with increasing salt concentration. For divalent counterions, however, the coion isotherm is non-monotonic. The isotherm increases at first and decreases only at higher concentrations.

The excess surface charge of the different ions as a function of pH are shown in Figure 7 for the monovalent cation and in Figure 8 for the divalent ones. One observes that the amount of charge due to divalent cations is much larger than for monovalent ones. However, the concentration dependence is weaker for the divalent ones. Conversely, the amount of coions excluded from the surface is much larger for the monovalent ones. One observes a non-monotonic dependence of the adsorbed coions in the presence of divalent cations (Figure 8b).

Before to start with the comparison between experiments and simulations results, let us give some insight into the non-monotonic dependence of the coions isotherms when counterions are divalent. Upon increasing the 2-1 salt concentration and at high enough pH, Figure 6b, divalent counterions accumulate, just next to the surface (see Figure 5a) faster than the surface charges are formed and, as a response of this increased screening, the coion depletion drops. Upon a threshold value, the accumulation of counterions is strong enough to overcharge the surface which, in turn, results in the accumulation of coions next to the calcium layer, best seen in Figure 5b. Upon further addition of salt, counterion adsorption starts to saturate, see the slop inflection in Figure 5b, which finally leads to the drop of coion adsorption. When the pH is varied, Figure 8b, the scenario is about the same, expect that this time, the coion isotherm starts with a drop before to rise. In this case, the system is initially driven by the entropy (weakely coupled) due to the low pH values (# weak surface charges) and behaves similarly to systems with a 1-1 salt, until the ion-ion correlations takes over, at high enough pH values, where the system then follows the same trend as previously described.

Comparison with Experiment

The adsorbed amount of cations obtained experimentally from reflectivity data will now be compared with the corresponding results from simulations. The experiments have been carried

out for a series of monovalent and divalent cations at different pH and salt concentrations.

Initially, we will discuss the behavior of sodium and magnesium, as two examples of a monovalent and divalent cation. Subsequently, various types of cations will be compared. The adsorbed amount will be always reported as the surface excess of cation charge expressed as elementary charges per unit area. The simulations have been carried out for the two-site model.

Consideration of this model was found to give a satisfactorily description, although no perfect, for the substantial ion adsorption in the intermediate pH range. The justifications and limitations of the model will be discussed.

Figure 9 shows the adsorbed amount of the monovalent sodium ions from NaCl solution. The pH dependence is shown in Figure 9a, while the salt concentration dependence in Figure 9b. These adsorption isotherms closely resemble the classical charging curves of silica as measured by potentiometric titrations. One observes that the adsorbed amount increases with increasing pH in agreement with simulations. This effect is due to the progressive dissociation of the silanol groups at the interface, which requires an increasing amount of cations to neutralize this charge.

One further observes that the adsorbed amount weakly increases with increasing salt concentration at fixed pH. Again, these trends are in line with simulation results. This effect can be explained by the fact that silanol groups dissociate with increasing salt level, which induces a larger screening of the repulsion between the ionized groups.

A qualitatively similar behavior is observed to the divalent cation magnesium as shown in Figure 10. Note that the data were only measured up to pH 8.5 since precipitation occurs at higher pH.

Again the adsorbed amount increases with increasing pH and increasing salt concentration. For the divalent cations, however, the adsorbed charge is greatly enhanced with respect to the monovalent cations. This trend is well captured by the MC simulations invoking purely electrostatic interactions. Moreover, these findings support previous results based on a comparison between MC simulations of surface charge and surface potentials with potentiometric titrations of silica slurries and streaming current measurements of silica surfaces. 33 That study reported that divalent cations promote ionization of surface groups and that they strongly accumulate at the interface to the point that the charge can even be reversed. This charge reversal can be explained with ion-ion correlations quantitatively.

A remarkable aspect of the measured adsorption isotherms is the intermediate plateau in the neutral pH region. This plateau is much more pronounced for divalent cations than for the monovalent ones and is also shifted to higher pH for the monovalent ones. This plateau is found to be satisfactorily reproduced by simulations when a second type of silanol site of lower pK is introduced. The classical one-site model predicts the surface charge to be unrealistically low. At higher pH, the calculated surface charge is very similar whether one or two sites are being used.

The existence of two types of ionizable sites was also suggested on the basis of studies on planar silica substrates with reflectivity 36 , second harmonic generation, or other spectroscopic techniques. [43][44][45] Potentiometric titration data of colloidal silica suspensions mostly do not reveal such an intermediate plateau. However, some authors did report comparable deviations with this technique, which could also suggest the existence of a more acidic ionizable site (are you sure references?). This disparate behavior of various silica surfaces suggests that the surface reactivity of these interfaces is different. On precipitated silica the acidic site seems to be absent, while it seems to appear on fused silica. Since it was shown that various silica samples may show different stability behavior, 18 a different adsorption on different silica surface may no longer come as a surprise. The existence of various types of silanol groups was also suggested from abinitio simulations. In particular, the site of lower acidity was recently suggested to be found in locally strained or defected regions of the silica surface. 28 Let us now discuss the ion-specificity effects on the adsorbed cation charge. To model the ionspecificity effects within the PM, the minimum approach distance between the cations and the surface sites i d is being varied. Figure 11 compares various monovalent and divalent cations at pH 7.0, 8.5, and 10.0. At pH 10.0 only data for monovalent cations are presented in Figure 11c, since some of the divalent salt precipitate at this pH. Higher amount of divalent ions adsorbs at pH 7.0. The values are well predicted by simulations, even though the predicted salt dependence is somewhat weaker than experimentally observed. The characteristic difference between monovalent and divalent cations persists at pH 8.5. However, one can see that the actual amount adsorbed now strongly depends on the type of divalent cation. For the monovalent cations, on the other hand, the ion specificity remains weak in agreement with previous experimental studies based on potentiometic titration 20 and second harmonic generation. 49 Furthermore, these ion specific effects at the water-silica interface are well described, at least semi-quantitatively, by the MC simulations through a simple variation of the distance of closest approach i d . Indeed, the same variation of i d from 3 to 5 Å allows us to capture the much larger changes in the adsorbed charge observed for the divalent cations than for the monovalent ones. Ion specific effects are magnified for the monovalent cations at pH 10.0, in full agreement with the simulations.

Before to conclude let us discuss the limitations on the model used. Indeed, as can be seen from the comparison between simulations and experimental results, the two sites model presents some weaknesses in the low salt regime for pH < 8.5 although it satisfactorily captures the observed dependence on pH, in particular the shoulder. The simple parameters used that is the second pK value as well as the variation of dis may, indeed, mask other mechanisms, e.g. surface relaxations, surface polarization, water structuring effects, that could, if correctly treated, better describe the observables. All that to say, that more experimental and theoretical studies would be required to solve the apparent paradox between one silanol type on colloidal silica and two silanol types on large silica surfaces, and, more generally, to give a more detailed understanding on ion adsorption at solid/liquid interfaces. Nevertheless, lacking such molecular details, this simple treatment, through the use of the PM, presents the great advantage to provide the main physics and thus to capture, in a semi-quantitative manner, the main evolutions of the system.

Conclusions

This study demonstrates the feasibility of a novel approach to study adsorption of ions to wateroxide interfaces. The ion adsorption is measured on a planar substrate with a highly-sensitive optical reflectivity technique. The experimental data are then directly compared with MC simulations on the PM level.

Similar information is frequently obtained from studies on colloidal particle slurries and the data are interpreted in terms of surface-complexation models. The advantage of the present approach is twofold. First, the adsorption isotherms are measured on a well-defined substrate, while experimental results obtained in slurries are blurred by the presence of various crystal faces or particle micro-porosity. Second, the PM treats the ion-ion correlations exactly, while surface complexation models invoke a mean-field approximation to treat the electrical double layer. By now it is well established that this approximation breaks down for divalent or multivalent ions.

The present study addresses the adsorption of monovalent alkali and divalent earth-alkali metal cations to the water-silica interface, whereby the surface is obtained by heating a silicon wafer.

This interface shows similar adsorption behavior as known from classical potentiometric titration studies, but seems to indicate the existence of two types of silanol sites. Although more theoretical and experimental studies would be require to validate this hypothesis, the existence of various types of sites on a water-silica interface was inferred on the basis of spectroscopic and computer simulation studies.

The present approach can be extended in various ways. Wide range of well-defined oxide surfaces can be prepared by vapor deposition or epitaxial growth, and such surfaces could be investigated similarly. Since reflectivity is an unspecific technique, other types of ions can be investigated as well. Finally, the simulation technique is perfectly general, and allows the introduction of an atomistic representation of the interface, and more detailed models of the ions.

We suspect that the present framework will evolve into a powerful approach on investigate adsorption phenomena at water-oxide interfaces from a much more molecular point of view than currently done. 
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Figure 1 .

 1 Figure 1. (a) Scheme of the surface termination of a water-silica interface. Note the potential presence of different surface groups. (b) Snapshot of a MC simulation box used to model a water-silica interface in a salt solution. The titrating sites are arranged on a square lattice and may dissociate according to the solution pH and composition.

Figure 2 .

 2 Figure 2. Probing ion adsorption by optical reflectivity. (a) Scheme of the experiment setup. (b) Typical experimental trace of a change between pH 10.2 and 3.0 in 200 mM NaCl solution.

Figure 3 .

 3 Figure 3. Calculated degree of ionization for water-silica interface in contact with a sodium and calcium salt solution at a constant ionic strength of 200 mM. The MC simulations use a distance of closes approach of i d = 3.5 Å and a site density of 4.8 nm -2 . (a) One-site model with pK = 7.7, and (b) a two-site model with 9% of sites with

Figure 4 .

 4 Figure 4. Calculated concentration profiles of ions near a water-silica interface at different concentrations in the presence of a salt with monovalent cations and pH 10. The concentrations are normalized with respect to the respective bulk concentrations and the distances from the surface with respect to the ion diameter d = 4 Å. The MC simulations are carried out for the onesite model and they use the same parameters as in Figure 3a. Profiles for (a) cations and (b) anions.

Figure 5 .

 5 Figure 5. Calculated concentration profiles of ions near a water-silica interface at different concentrations in the presence of a salt with divalent cations and pH 10. The concentrations are normalized with respect to the respective bulk concentrations and the distances with respect to the ion diameter d = 4 Å. The MC simulations are carried out for the one-site model and they use same parameters as in Figure 3a. Profiles for (a) cations and (b) anions.

Figure 6 .

 6 Figure 6. Calculated adsorbed excess ionic charge at a water-silica interface in the presence of a salt with divalent cations and pH 10. The adsorbed amount is expressed as charge due to the adsorbed ions per unit area. The MC simulations are carried out for the one-site model and they use the same parameters as in Figure 3a. Profiles for (a) cations and (b) anions.

Figure 7 .

 7 Figure 7. Calculated adsorbed excess ionic charge at a water-silica interface as a function of pH in the presence of a salt with monovalent cations. The adsorbed amount is expressed as charge due to the adsorbed ions per unit area. The MC simulations are carried out for the one-site model and they use the same parameters as in Figure 3a. Profiles for (a) cations and (b) anions.

Figure 8 .

 8 Figure 8. Calculated adsorbed excess ionic charge at a water-silica interface as a function of pH in the presence of a salt with divalent cations. The adsorbed amount is expressed as charge due to the adsorbed ions per unit area. The MC simulations are carried out for the one-site model and they use same parameters as in Figure 3a. Profiles for (a) cations and (b) anions.

Figure 9 .

 9 Figure 9. Comparison of experimental (points) and simulations (lines) of the adsorbed excess sodium ion charge at water-silica interface from NaCl solutions. (a) Dependence on pH for different salt concentrations, and (b) dependence on the salt concentration for different pH values.

Figure 10 .

 10 Figure 10. Comparison of experimental (points) and simulations (lines) of adsorbed excess magnesium ion charge at water-silica interface from MgCl2 solutions. (a) Dependence on pH for different salt concentrations, and (b) dependence on the salt concentration for different pH values.

Figure 11 .

 11 Figure 11. Comparison of experimental (points) and simulations (lines) of the adsorbed excess cation charge at water-silica interface as a function of the salt concentration. The dotted lines indicate results with different distance of closest approach i d as indicated. (a) pH 7, (b) pH 8.5 and (c) pH 10.0.

  dn dc + the refractive index increment of the cation M n+ and L the thickness of the slab, which was chosen to be two times the Debye length. The results were independent of the slab thickness, provided this parameter was chosen large enough. The contribution of the anions depleted from the surface was found to be negligible. The refractive index increments of the salt in water were measured with a differential refractometer at the same wavelength and are summarized in Table2. The single refractive index increments were calculated from the mixing

	where	( / ) dn dc	MCl	z	and 0 c the refractive index increment and the concentration of the salt
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Table 1 .

 1 Minimum separation between sites and ions as used in MC simulations.32 

	Distance of closest approach (Å)	Na +	Ca 2+	Mg 2+
	d	i	3.5	3.5	3.1

Table 2 .

 2 Refractive index increments of various salt solutions at 633 nm.

	Salt	mL/mol Salt	mL/mol
	LiCl	8.91	MgCl2	20.82
	NaCl	10.17	CaCl2	23.59
	RbCl	11.49	SrCl2	27.09
	CsCl	12.96	BaCl2	28.35
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