Available online at www.sciencedirect.com

sc.euca@p.“m

ELSEVIER Geochimica et Cosmochimica Acta 70 (2006) 24272453

Geochimica

www.elsevier.com/locate/gca

Prediction of the speciation of alkaline earths adsorbed
on mineral surfaces in salt solutions

Dimitri A. Sverjensky *

Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, MD 21218, USA

Received 5 August 2005; accepted in revised form 11 January 2006

Abstract

Despite the fact that the bulk compositions of most low temperature natural surface waters, groundwaters, and porewaters are heavily
influenced by alkaline earths, an understanding of the development of proton surface charge in the presence of alkaline earth adsorption
on the surfaces of minerals is lacking. In particular, models of speciation at the mineral-water interface in systems involving alkaline
carths need to be established for a range of different minerals. In the present study, X-ray standing wave results for Sr** adsorption
on rutile as a tetranuclear complex [Fenter, P., Cheng, L., Rihs, S., Machesky, M., Bedyzk, M.D., Sturchio, N.C., 2000. Electrical dou-
ble-layer structure at the rutile-water interface as observed in situ with small-period X-ray standing waves. J. Colloid Interface Sci. 225,
154-165] are used as constraints for all the alkaline earths in surface complexation simulations of proton surface charge, metal adsorp-
tion, and electrokinetic experiments referring to wide ranges of pH, ionic strength, surface coverage, and type of oxide. The tetranuclear
reaction

4 > SOH + M*" + H,0 = (> SOH),(> SO "), M(OH)" + 3H"

predominates for the large cations Sr** and Ba®" (and presumably Ra®"), consistent with X-ray results. In contrast, the mononuclear
reaction

> SOH + M*" + H,0 => SO~ _M(OH)" +2H"

predominates for the much smaller Mg?" (and presumably Be?"), with minor amounts of the tetranuclear reaction. Both reaction types
appear to be important for the intermediate size Ca>". For all the alkaline earths on all oxides, the proportions of the different reaction
types vary systematically as a function of pH, ionic strength, and surface coverage.

The application of Born solvation and crystal-chemical theory enables estimation of the equilibrium constants of adsorption of all the
alkaline earths on all oxides. On high dielectric constant solids (rutile, magnetite, manganese dioxide), where the solvation contribution is
negligable, ion adsorption correlates with crystal radius: the equilibrium constants increase in the sequence Be®™ < Mg?t < Ca*"
< Sr?* < Ba?" <Ra”". On low diclectric constant solids (hematite, gibbsite,and silicas), the solvation contribution opposing adsorption
is largest for ions with the smallest hydrated radii: the equilibrium constants increase in the sequence Ra®' < Ba®" < Sr*" < Ca®"
< Mg?" < Be?". These predicted sequences are consistent with adsorption affinities in the literature. In combination with previously pub-
lished results, the present study enables the predictive use of the triple-layer model for 1:1 and 2:1 electrolytes, and mixtures of these,
permitting calculation of proton surface charge and adsorption under conditions more relevent to natural water compositions than pre-
viously possible.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The bulk compositions of most low temperature natural
surface waters, groundwaters and porewaters are heavily
influenced by alkaline earths (Drever, 1997). For example,
rivers and groundwaters often consist of Ca-Na-HCOs-
Si0, species and the oceans consist of Na-Mg-Cl-SO4 spe-
cies. Reactions between these types of waters and mineral
surfaces should be greatly influenced by the alkaline earths.
For example, the immersion of minerals in alkaline earth
electrolytes strongly enhances proton surface charge rela-
tive to 1:1 electrolytes (Davis et al., 1978; Yates et al.,
1980; Jang and Fuerstenau, 1986; Ridley et al., 1999,
2004; Karlsson et al., 2001; Rietra et al., 2001). Despite this
evidence, most experimental studies of the mineral-water
interface have focussed on the use of simple 1:1 electrolytes
(e.g., NaNOj3, NaClO,4) which have limited relevence to
natural waters. As a consequence, surface complexation
models of the mineral-water interface restricted to fitting
experimental data for 1:1 electrolytes cannot be used to
make predictions for systems containing alkaline earth
electrolytes. In particular, the speciation at the mineral-
water interface in systems involving alkaline earths needs
to be established.

The nature of the metal species adsorbed to mineral sur-
faces is a topic that has received considerable attention
from a wide variety of experimental and theoretical stand-
points (Schindler and Stumm, 1987; Davis and Kent, 1990;
Stumm, 1992; Venema et al., 1996; Brown and Parks, 2001;
Zhang et al., 2004b). It is the precise way in which a metal
is bonded to a surface through one or more surface sites
and whether it is also bonded to species other than water,
such as hydroxyl or other anions, that determines the stoi-
chiometry of the adsorption reaction, which in turn con-
trols the extent of adsorption and its dependence on
other variables such as pH, ionic strength, surface cover-
age, and type of electrolyte (Hayes and Leckie, 1986; Cris-
centi and Sverjensky, 1999; Criscenti and Sverjensky,
2002). The most definitive evidence for the nature of metal
surface species has come from a variety of synchrotron-
based X-ray techniques (Brown and Sturchio, 2002). In
particular, the advent of the application of X-ray standing
wave techniques to the rutile-water interface in situ has
resulted in an extremely detailed picture of the nature of
several adsorbed cations, including an alkaline earth (Fen-
ter et al., 2000; Zhang et al., 2004a,b).

X-ray standing wave studies of S, Y3*, Zn?", and
Rb" in salt solutions at the rutile (110) surface demonstrate
two important features of cation adsorption (Zhang et al.,
2004a,b). First, divalent cations with different sizes (e.g.,
Sr*" and Zn?") form different adsorbed species. Second,
a given cation (Zn>") can form more than one type of ad-
sorbed species. These results for just one surface plane on
one solid clearly indicate the potential chemical complexity
of cation surface speciation. More than one type of metal
surface species in a given system has also been reported
in other synchrotron-based X-ray studies of powders and

single crystal surfaces (Spadini et al., 1994; Bargar et al.,
1997¢; Cheah et al., 1998; Ostergren et al., 2000; Waychun-
as et al., 2002; Auwer et al., 2003; Trivedi et al., 2003;
Zhang et al., 2004a,b), as well as in electron paramagnetic
resonance (Hyun et al., 2003) and fluorescence spectro-
scopic studies (Gabriel et al., 2001). More indirect model-
dependent evidence of the same result has arisen in surface
complexation studies of the adsorption of metals on pow-
ders immersed in electrolyte solutions (Gunneriusson and
Sjoberg, 1993; Criscenti and Sverjensky, 2002). The exis-
tence of more than one metal surface species in a given sys-
tem clearly necessitates examining metal adsorption under
wide ranges of conditions to attempt to unravel the condi-
tions under which different species predominate.

From an experimental standpoint, the most elusive as-
pect of metal surface species is their state of bonding to
water, hydroxyl, or other anions. Despite progress in the
application of synchrotron-based X-ray techniques, the re-
sults do not yield direct experimental evidence of the state
of protonation of surface metal species. Theoretical bond
valence methods have been developed to attempt to predict
the protonation state of metal surface species (Bargar et al.,
1997a,b; Ostergren et al., 2000). However, molecular
dynamics and quantum mechanical studies indicate that
the attribution of charge to individual species using bond
valence methods may be too simplistic (Felmy and Rustad,
1998; Predota et al., 2004a,b). An alternate approach is to
recognize that the number of hydroxyl anions bonded to
the surface metal species directly affects the stoichiometry
of the metal adsorption reactions and the form of the elec-
trostatic work term in the equilibrium constant expression
in surface complexation models. This in turn directly affects
the predicted behavior of metal adsorption as a function of
pH, ionic strength, and surface coverage. It is here that sur-
face complexation models are of use for distinguishing be-
tween alternate speciation schemes.

Surface complexation models include the stoichiometry
of metal adsorption reactions that specify a protonation
state for one or more metal surface species. By simulating
adsorption reactions over wide ranges of pH, ionic
strength, electrolyte type, and surface coverage, the pre-
dicted proton and/or metal uptake can be directly com-
pared to experimental data. Ideally, several different types
of experimental data should be used, including studies of
metal adsorption, and proton surface charge and electroki-
netics in the presence of metals. However, few surface com-
plexation studies have attempted to integrate all these types
of experimental data (James et al., 1981; Charmas et al.,
2002; Prélot et al., 2002; Boily et al., 2005). It should be
emphasized here that what is being determined is one or
more reaction stoichiometries. In contrast, X-ray studies
yield information on the nature of the metal surface species
themselves, which helps constrain the selection of adsorp-
tion reactions. The technique of surface complexation
modelling is therefore complementary to X-ray techniques.
Unfortunately, the number of surface complexation studies
which attempt to integrate the constraints derived from
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X-ray studies with simulations of proton and metal uptake
are very few (Venema et al., 1997; Spadini et al., 2003; Dyer
et al., 2004; Peacock and Sherman, 2004; Ridley et al.,
2004; Boily et al., 2005).

In the present study, the X-ray standing wave studies of
Sr*" are used as constraints for all the alkaline earths in
surface complexation simulations of proton surface charge,
metal adsorption, and electrokinetic experiments. Empha-
sis is placed on experiments referring to a wide range of
pH, ionic strength, surface coverage, and types of solids.
The goals of the simulations are to determine whether or
not more than one reaction stoichiometry is needed, the
state of protonation of the metal surface species, and
whether different minerals share common reaction stoichi-
ometries. Previous surface complexation studies have dem-
onstrated that if a wide enough range of conditions are
considered, e.g., wide ranges of pH, ionic strength, and sur-
face coverage, it is possible to constrain reaction stoichiom-
etries (James et al., 1981; Criscenti and Sverjensky, 1999,
2002). The overall goal of the present study is to develop
a predictive framework for the equilibrium constants corre-
sponding to metal adsorption reactions, guided by the
application of Born solvation and crystal-chemical theory
(Sverjensky, 1993, 1994, 2001, 2003; Sahai and Sverjensky,
1997a,b). To be able to make predictions for systems not
yet studied experimentally, or to be able to extend experi-
mental observations made over a limited range of condi-
tions, is a goal that has rarely been attempted in studies
of the mineral-water interface (Dzombak and Morel,
1990; Sverjensky, 2005).

Previous surface complexation studies of alkaline earths
have focussed on only one or two members of the family
(James and Healy, 1972; Vuceta, 1976; Balistrieri and Mur-
ray, 1981; Kent and Kastner, 1985; Chen and Hayes, 1999;
Ridley et al., 1999, 2004; O’Day et al., 2000; Sahai et al.,
2000; Zhang et al., 2004b), or on only a single solid
(Ahmed and Cleave, 1965; Tadros and Lyklema, 1969;
Jang and Fuerstenau, 1986; Dzombak and Morel, 1990;
Kosmulski, 1994; Ali and Dzombak, 1996; Axe et al.,
1998; Chen and Hayes, 1999; Kitamura et al., 1999; Rietra
et al., 2001; Weng et al., 2005). In the present study, consid-
eration of a wide range of alkaline earths and solids facili-
tates establishing whether or not there are surface reactions
common to all the alkaline earths and oxides. If so, it
becomes possible to examine systematic changes in alkaline
earth adsorption that facilitate prediction for systems
lacking data.

2. Analysis of adsorption, proton charge, and electrokinetic
data

2.1. Modelling approach, assumptions, and uncertainties

2.1.1. Surface complexation approach

The approach used in the present study builds on the
single-site triple-layer model and crystal-chemical and
Born solvation theory, referred to as the extended triple-

layer model (ETLM). As described previously (Sverjensky
and Sahai, 1996; Sahai and Sverjensky, 1997a,b; Sverjen-
sky, 2001, 2005), this approach has resulted in a predictive
model for proton surface charge development in 1:1 elec-
trolytes. A single-site surface complexation model is used
because, with the exception of a single study (Fenter
et al., 2000), all the available experimental data for metal
adsorption on oxides refer to powders immersed in salt
solutions. The data consequently consist of an averaging
over many crystal planes and different sites. Such averaging
is conveniently treated with a single-site model. As new
experimental data on powders are obtained they serve as
a test of the model predictions. The triple-layer model is
used here because it has a level of complexity required to
account for a range of electrolyte types and concentrations.

A critical feature of the approach taken below is that
experimental studies of proton surface charge, adsorption,
and electrokinetic data referring to wide ranges of pH, ion-
ic strength, surface coverage, and type of mineral are ana-
lyzed. Second, the results of this analysis are interpreted
and correlated with the aid of solvation, crystal-chemical,
and thermodynamic theory. In this way, the equilibrium
constants for metal adsorption can be placed on a predic-
tive basis. The purpose of developing the ETLM with sol-
vation and crystal-chemical theory is that predictions of
alkaline earth adsorption or effects on surface charge can
be made for conditions that have not been investigated
experimentally.

Recent advances in the definition and interpretation of
standard states for the thermodynamic activities of surface
sites and species facilitate an accurate comparison of the
equilibrium constants for alkaline earth adsorption for dif-
ferent samples of the same solid, as well as for samples of
different solids (Sverjensky, 2003, 2005). In the present
study, attention is focussed on developing the ETLM con-
sistent with these standard states (Appendix A). Sample
characteristics and the necessary parameters for imple-
menting the standard states, as well as for computing sur-
face protonation in the presence of 1:1 electrolyte
adsorption in the present study are given in Table 1.

2.1.2. Surface complexation assumptions

Following previous studies of metal adsorption using
the triple-layer model (Davis and Leckie, 1978; James
et al.,, 1981; Hayes and Leckie, 1986, Hayes and Leckie,
1987; Criscenti and Sverjensky, 1999; Criscenti and Sver-
jensky, 2002), it is assumed that the metal adsorbs to either
the 0, f, or d planes of the model. This assumption, togeth-
er with the reaction stoichiometry, determines the magni-
tude of the electrostatic work term associated with the
reaction. In contrast, in the three-plane CD-model (Hiem-
stra and van Riemsdijk, 1996), it is assumed that the charge
of the adsorbing metal is distributed between the 0 plane
(where protons adsorb) and the 1 planes according to a
fraction (f) associated with each adsorbed metal species
(Venema et al., 1996; Rietra et al., 2001; Weng et al.,
2005). In practise, the f value often becomes an additional
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Sample characteristics and triple-layer model parameters for proton and 1:1 electrolyte adsorption

Solid Salt N Ay pHzpc ApKf logK’f logKg log"l(f\)/,+ log*Kﬁf C, Source of the surface charge data
(ML)  (sitesnm™2) (m*g™) (uF cm™?)

0-TiO, NaCl 125 17.0 5.44 6.3 22 8.6  —6.1 4.5 120 Machesky et al. (1998)*

o-TiO, KNO; 125 20.6 5.9¢ 6.3 2.8 9.1 —6.3 5.1 90 Jang and Fuerstenau (1986)°

0-TiO, KNO; 125 20.0 5.8° 6.3 2.6 9.0  —69 4.8 110 Yates (1975)*

o0-FeOOH NaCl 164 79.4 8.3 5.6 52 108  —86 72 115 Ali (1994)

0-FeOOH NaCl 164 51.8 7.6 5.6 48 104 8.8 6.4 90 Balistrieri and Murray (1981)®

y-ALO;  NaCl 8.0 100.0 8.65° 59 58 117 —=9.0 8.0 90 Huang and Stumm (1973)%

0-Si0, NaCl 4.5 415  3.0° 8.4 -1.2 72 =65 —0.5 100 Riese (1983)

0-Si0, KNO; 11.4 42 1.0 8.4 —22 62  —42 —0.2 60 Vuceta (1976)°

am. Si0, NaCl 4.6 388 2.8 8.4 1.4 70 —74 —1.8 95 Kosmulski (1994)°

am. SiO, NaCl 4.6 131.2 2.8 8.4 —~14 70 —69 —1.3 105 Kent and Kastner (1985)

The model parameters log*Kgl. ,log’K?-, and C, were generated by regression of proton surface charge data®® or predicted®. Values ofN, and ApKﬂ were
taken from Sverjensky (2005) unless otherwise noted. Values of 4, are BET surface areas from the sources listed. Values of pHpc refer to low ionic
strength isoelectric points?, values of pH ps corrected for electrolyte ion adsorption effects as noted (see also text), or theoretical predictions®. Values of
log k! and log KY were calculated from the values of pHp¢ and ApKfj. The equilbrium constants listed refer to reactions given in the appendix.

4 Regression of proton surface charge data reported in Sverjensky (2005).
® Regression of proton surface charge data in the present study.
¢ Parameters predicted from equations in Sverjensky (2005).

4 Point of zero salt effect from Machesky et al. (1998). Correction for effect of electrolyte is negligable.
¢ Low ionic strength isoelectric point from the source of the surface charge data given in the table.

f Calculated from experimental pHpzsz = 8.2 (Ali, 1994) using Eq. (31).

€ Calculated from experimental pHpsz = 7.5 (Balistrieri and Murray, 1981) using Eq. (31).
b Calculated assuming that log K’ for Vuceta (1976) is the same as that derived from the data of Riese (1983).

. : : >S07_Ca(OH)" >
' Theoretically predicted value (Sverjensky, 2005).

J Estimated based on the zpc and log*Kg/ﬁ.

fit parameter (c.f. different f values for Ca on goethite in
Rietra et al., 2001 versus Weng et al., 2005). For each metal
surface species this results in two fit parameters, i.e., a log
K value and an f'value. Given the strong likelyhood of mul-
tiple surface species, this can rapidly result in numerous fit
parameters. As a consequence, the model becomes insensi-
tive to whether one or more than one metal surface reac-
tion is used (e.g., Rietra et al.,, 2001). In addition,
because the adsorption data typically refers to powders
rather than single crystals, assumptions, or model fits to
data, are required to establish the proportions of different
crystallographic planes contributing to the overall adsorp-
tion (e.g., Venema et al., 1996). Under these circumstances,
it becomes extremely difficult to develop a model that can
be used for prediction in the absence of experimental data.
An alternate approach, placing the adsorbing metal on it’s
own plane between the 0 plane and the plane where electro-
lyte ions adsorb (Ridley et al., 2004) also results in an addi-
tional fitting parameter, the capacitance between the 0
plane and the plane of the metal ion. Such capacitances
for calcium on rutile are very large (393-613 puF cm™?)
and may be difficult to estimate for predictive purposes
(see below).

In the present study, it was found that placing the alka-
line earths on the f plane accounted for almost all the data.
It should be emphasized that this does not, a priori, imply
that the model complexes are outer sphere (Sverjensky,
2001, 2005). Model values of the distance f§ on high dielec-
tric constant oxides such as rutile, consistent with X-ray
studies (Fenter et al., 2000) and molecular calculations

(Predota et al., 2004a,b), indicate that model S-plane sur-
face complexes on such solids can indeed be inner sphere.
In contrast, on low dielectric constant solids such as silica,
the larger values of f indicate the likelyhood of outer-
sphere complexes. Consequently, the present study does
not explicitly account for inner- vs. outer-sphere complexes
in the way the reactions are modeled. Instead, it is suggest-
ed that the likelyhood of inner- vs. outer-sphere can be in-
ferred from the distance f. It will be shown below that in a
few instances of alkaline earth adsorption, a d-plane com-
plex was required by the adsorption data. It seems likely
that in such instances the model surface complexes should
be interpreted as outer sphere.

It is further assumed in the present study that two or
more species of adsorbed metal can occur in the model,
particularly when very large ranges of pH, ionic strength,
and surface coverage are involved. If the corresponding
adsorption reactions are sufficiently different, the need for
such species can be clearly distinguished. For example, as
originally demonstrated by Davis and Leckie (1978), the
reaction

> SOH + M*" => SO™_M*" + H", (1)
where
a2t + F(2yp-vp)
KO = 4>so” mrdnt 1023037~ 2
807 M2 < A~SOHAN2+ @)
can be distinguished from the reaction
> SOH + M*" + H,0 => SO _M(OH)" +2H", (3)
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where
a e Wg—bo)
*KU — [ Z=so"-M(on) "t 107 z303&T 2:1(1)211;] (4)
>80~ _M(OH)* — :
a>soHay2+AH,0

In Egs. (2) and (4), and subsequent equations, the super-
script ““*” represents a reaction expressed relative to the
species >SOH and the superscript “0” represents site occu-
pancy standard states (Appendix A). It can be seen in Egs.
(2) and (4) that the mass action and electrostatic factors are
different, which results in contrasting model behavior for
metal adsorption as functions of pH, ionic strength, and
surface coverage.
However, the adsorption reaction

2 > SOH + M** + H,0 = (> SO’)Z_M(OH)Jr +3HY,
(5)
where

3
a _ +a (W p—2¢9)
- [ 4s07), m(oH) T Fig+ =2
K(-s0),_mon)* ( T >10 20T (6)

asoH%m2+ 4H,0

cannot be so easily distinguished from the reaction

4 > SOH + M*" + H,0 = (> SOH),(> SO "), M(OH)" + 3H",
()

where

*KO

(>SOH),(>S0"), M(OH)* — ( 107 230rT

a(>SOH)2(>SO’)Z_M(OH)‘a?ﬁ Fp—20)
al sondye+am,o
(8)
because the mass action expressions are so similar and the
electrostatic factors are identical. Adsorption data over a
wide range of surface coverages would be needed.

Recent X-ray standing wave results for the adsorption
of Sr** on the (110) surface of rutile (Fenter et al., 2000;
Zhang et al., 2004a,b) have established that Sr*" is coordi-
nated to four surface oxygens, comprised of two bridging
and two terminal oxygen species (the state of protonation
not being determinable by X-ray methods). In the present
study, it will be assumed that this result for Sr*" can be
approximated by the surface species (*SOH),(>SO™),_M
(OH)" or (>SOH),(>SO™),_M?*, where M>" stands for
any of the alkaline earths. It was found that adsorption
reactions corresponding to one or both of these species
proved extremely useful for parts of the ranges of pH, ionic
strength, and surface coverage investigated. For other con-
ditions, additional species were required, depending on the
mineral involved.

2.1.3. Uncertainties in experimental data and model
equilibrium constants

The assessment of uncertainties in individual experimen-
tal datasets for proton surface charge, metal adsorption or
electrokinetic results is often not provided. For proton sur-
face charge studies on a series of identical suspensions an
uncertainty of £0.5 pC cm ™2 has been cited (Yates et al.,

1980). Unless otherwise stated, these uncertainties have
been used as a guide in the analysis discussed below, result-
ing in an overall uncertainty for the log K of about £0.3.

2.1.4. Regression procedure and types of equilibrium
constants generated

Regression of the proton surface charge and adsorp-
tion data discussed below generated values of the equilib-
rium constants for alkaline earth adsorption represented
by log’KY, (Table 2). The superscript “0” here represents
the hypothetical 1.0 M standard state (Appendix A). The
values of log'K{, were converted to site-occupancy stan-
dard states, i.e., logK!, referring to the reactions produc-
ing the surface species from >SO~ and OH™ using
equations summarized below and given in the Appendix
A, together with the values of Nj (site density),A, (BET
surface area), C, (solid concentration), pHzpc, and ApKﬁ
given in Table 2. It is the logK!, equilibrium constants
which are independent of the individual sample character-
istics, and therefore useful for comparing the dependence
of akaline earth adsorption on different oxides. These dif-
ferences are analyzed below. The logK,(L equilibrium con-
stants for different oxides are regressed with the aid of
Born solvation theory to calibrate predictive equations
for alkaline earth adsorption on all oxides.

2.2. Alkaline earths on rutile

2.2.1. Ca on rutile from Ridley et al. (1999)

Experimental data for the adsorption of Ca on rutile in
NaCl solutions and the proton surface charge in NaCl
solutions in the presence of Ca are represented by the sym-
bols in Fig. 1. The results of different runs for proton sur-
face charge (represented by the different symbols for a
given ionic strength) suggest that the overall uncertainties
at the highest pH values may be of the order of
+3puCcem 2 During the course of the measurements
depicted by the symbols, the pH was changed by the addi-
tion of sufficient titrant to cause a progressive dilution of
the initial Ca concentration from 0.001 to about
0.0007 M. As a consequence, the data sets do not represent
constant overall Ca or solid concentrations. In the present
study, in order to facilitate the computation of model
curves and equilibrium constants, a uniform set of Ca
and solid concentrations were adopted as noted on the fig-
ures. These values were chosen to reflect the steepest most
rapidly changing parts of the data. This approach is an
approximation only, but it nevertheless yielded equilibrium
constants close to the ones obtained by fitting the data for
Ca proton surface charge from Jang and Fuerstenau (1986)
in Fig. 2 (see below).

The four solid curves depicted on the left-hand side of
Fig. 1 represent regression calculations using the adsorp-
tion reactions producing (>SOH),(>SO~),_Ca(OH)" and
>SO~_Ca(OH)" (Table 2). It should be emphasized
that the data in Fig. 1, by themselves, do not require the
choice of these specific surface complexes. Instead, the
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Table 2
Equilibrium constants for alkaline earth adsorption
Solid M log*K% Surface species N Ay C, pHzpc ApKff log Kf",,
a-TiO5* Ca -104 4>SOH+ M>"+ H,O = (>SOH), (>SO"),_M(OH)* + 3H™ 125 170 310 54 6.3 32.5
Ca —114 >SOH+ M* +H,0=>SO_M(OH)" +2H" 125 170 310 54 6.3 11.5
o-TiO,° Mg -12.7  4>SOH + M?" + H,0 = (>SOH), (>SO7),_M(OH)" + 3H* 125 206 200 59 6.3 31.0
Mg -12.5 >SOH+ M?"+ H,0=>SO"_ M(OH)" +2H" 125 206 200 59 6.3 11.0
Ca —112  4>SOH+ M>" + H,0 = (>SOH), (>SO")"_M(OH)" + 3H" 125 206 200 59 6.3 32.5
Ca —120 >SOH+ M?*" +H,0=>SO_M(OH)" +2H" 125 206 200 59 6.3 11.5
Sr  —104  4>SOH + M?*" + H,0 = (>SOH), (>SO~)*_M(OH)" + 3H" 125 206 200 5.9 6.3 33.3
St —11.9 >SOH + M?*" + H,0 =>SO"_M(OH)" +2H" 125 206 200 59 6.3 11.5
Ba —-92  4>SOH + M?" + H,0 = (>SOH), (>SO7)"_M(OH)" + 3H" 125 206 200 59 6.3 34.5
Ba —11.5 >SOH+ M>"+ H,0=>SO_M(OH)" +2H" 125 206 200 59 6.3 12.0
0-FeOOH® Ca  —6.4  4>SOH + M?" = (>SOH), (>SO"),_M?*" +2H" 164 794 1.6 84 5.6 27.1
Ca —164 4>SOH + M?'"+ H,0 = (> SOH), (>SO")"_M(OH)" + 3H" 164 794 1.6 84 5.6 31.1
Ca -165 >SOH+ M*'+H,0=>SO_M(OH)" +2H" 164 794 1.6 84 5.6 9.8
0-FeOOH® Mg —79  4>SOH + M>" = (>SOH), (>SO7),_M?*" +2H" 164  51.8 743 7.6 5.6 25.2
Mg -153  >SOH+ M?*"+ H,0 =>SO_M(OH)" +2H" 164  51.8 743 1.6 5.6 9.9
Mg —140 4>SOH+ M?' + CI” 4+ H,0 = (>SOH), (>SO"),_ M(OH)Cl + 3H" 164 51.8 743 1.6 5.6 33.1
Ca —7.1 4>SOH+ M>" = (>SOH), (>SO")>_ M*" +2H" 164 518 743 7.6 5.6 26.0
o-FeOOH® Ba —19.3  4>SOH + M?>" 4+ H,0 = (>SOH), (>SO™),_M(OH)" + 3H" 164 520 300 8.6 5.6 31.7
Ba —18  4>SOH+ M?" + H,0 = (>SOH), M(OH)" + H" 164 520 300 8.6 5.6 12.4
Ba —17.5 4>SOH + M?*" +NO~; + H,O = (>SOH), (>SO"),_ M(OH)" + 3H" 164 520 300 8.6 5.6 335
1-ALO; Mg -163  >SOH+ M*'+ H,0=>SO_M(OH)" +2H" 8.0 117.0 323 8.65 5.9 10.3
Mg -160  4>SOH+ M*'+ H,0 = (>SOH), (>SO~)"_M(OH)" + 3H" 8.0 117.0 323 8.65 5.9 32.6
Mg —7.7  4>SOH+ M>' = (>SOH), (>SO™),_ M>" +2H" 8.0 117.0 323 8.65 5.9 26.9
Ca -168 >SOH+ M>*'+H,0=>SO_M(OH)" +2H" 8.0 117.0 323 8.65 5.9 9.8
Ca -17.6 4>SOH + M?" + H,0 = (>SOH), (>SO")"_M(OH)" + 3H" 8.0 117.0 323 8.65 5.9 30.8
Ca  —82 4>SOH + M?' =(>SOH), (>SO7),_ M>*" +2H" 8.0 117.0 323 8.65 5.9 26.4
St —17.3  >SOH + M*" + H,0 =>SO_M(OH)" + 2H" 8.0 117.0 323 8.65 5.9 9.3
Sr  —184  4>SOH+ M*'+ H,0 = (>SOH), (>SO™)"_M(OH)" + 3H" 8.0 117.0 323 8.65 5.9 30.2
Sr —82  4>SOH + M*" = (>SOH), (>SO"),_ M*" +2H" 8.0 117.0 323 8.65 5.9 26.4
Ba —19.0 4>SOH+ M?*'+ H,0 = (>SOH), (>SO™)"_M(OH)" + 3H" 8.0 117.0 323 8.65 5.9 29.6
Ba —86 4>SOH+ M>' =(>SOH), (>SO7),_ M>" +2H" 8.0 117.0 323 8.65 5.9 26.0
0-Si0,® Ca 0.4  4>SOH + M>" + H,0 = (>SOH), (>SO"),_M(OH)" + 3H" 4.5 415 50 3.0 8.4 20.0
Ca  —6.7 4>SOH+ M>"+ H,0 = (>SOH), (>SO")"_M(OH)" + 3H" 45 415 50 3.0 8.4 26.9
Ca —137 >SOH+ M?*'+H,0=>SO"_M(OH)" +2H" 45 415 50 3.0 8.4 6.8
0-Si0," Mg -11.5 >SOH+ M?*'+ H,0=>SO_M(OH)" +2H" 114 42 177 12 8.4 7.6
Mg —0.5 >SOH+M>"=>SOH ... M** 114 42 177 12 8.4 4.7
Ca -123 >SOH+ M?*'+H,0=>SO_M(OH)" +2H" 114 42 177 12 8.4 6.8
Ca 1.7 >SOH+ M?*"+ H,0 =>SO_M(OH)" +2H" 11.4 42 177 12 8.4 7.7
am. Si0,)  Ca  —8.8  4>SOH + M>' = (>SOH), (>SO7),_M?*" +2H" 46 388 100 28 8.4 19.2
Ca —151  4>SOH + M?" + H,0 = (>SOH), (>SO7),_M(OH)" + 3H" 46 388 100 28 8.4 26.9
Ca —06 >SOH+M?*"=>SOH ... M*" 46 388 100 28 8.4 7.7
am. Si0OY Mg =53  4>SOH + M>'" = (>SOH), (>SO7),_M?*" +2H" 46 1312 30 28 8.4 19.3
Mg —0.5 >SOH+M?*"=>SOH ... M*" 46 1312 30 28 8.4 7.3

Values of log" K9,

refer to the reactions shown producing the surface species from >SOH and H, O, and were generated by regression of the data in Figs.

1-6 (see text) using the model parameters summarized in Table 1. Values of log Kfu refer to the reactions producing the surface species from > SO~ and
OH™ and were calculated from the log*KY, values with the aid of Eqs. (11)~(13) using the values of N, 4, C,, pHpc, and ApKf,’ given.
* Machesky et al. (1998).
® Jang and Fuerstenau (1986).
¢ Ali (1994).
9 Balistrieri and Murray (1981).
¢ Hayes et al. (1987).

 Huang and Stumm (1973).

& Riese (1983).

" Vuceta (1976).

! Kosmulski (1994).

J Kent and Kastner (1985).

tetranuclear species was based on the X-ray standing wave
studies discussed above. The state of protonation of this
species and the choice of the mononuclear complex were
based on the data depicted in Fig. 2 (see below). It can
be seen in Fig. 1 that the calculated curves provide a close

description of the data within the uncertainties and approx-
imations discussed.

The predicted model speciation of Ca on the surface of
this rutile is also depicted in Fig. 1. It can be seen in the
speciation plots that the relative proportions of tetra- and
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Fig. 1. Plots of Ca adsorption on rutile, proton surface charge, and predicted Ca speciation. The symbols represent experimental data. The curves in the
left-hand panels represent regression of the data to obtain values of the equilibrium constants for the surface Ca species given in Table 2. The curves in the
right-hand panels represent predicted abundances of aqueous and surface Ca species.

mono-species are a complex function of pH, ionic strength,
and surface coverage. For total Ca concentrations
>1x10"3M (surface coverage >1.9 pmolm~2 at 100%
adsorption of Ca), the mono-species is predicted to be
dominant at pH values greater than about 6.5 U. However,
for total Ca concentrations <1 x 10~ M, the tetra-species
is dominant at 7 < 0.03 M, and the tetra- and mono-species
are about equally abundant at 7=0.3 M.

The surface speciation results of the present study can be
compared with the MUSIC model results for the same data
sets published previously (Ridley et al., 2004). In the latter

study, the X-ray standing wave results for Sr adsorption on
rutile were also used to pick tetranuclear coordination of
the adsorbed Ca. It was found that a surface species repre-
sented as (>TiOH %3*!),(>Ti,0 %%%),_Ca®" placed on the
1 plane in between the 0 plane (for protons) and the 2 plane
(for electrolyte adsorption) gave an adequate representa-
tion of the data. However, it was emphasized that other
reaction stoichiometries (involving mono- and binuclear
species) also fit the data equally well. In this model, two
independent fitting parameters are involved, the equilibri-
um constant for the Ca adsorption and the capacitance
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Fig. 2. Plots of proton surface charge for rutile in Mg, Ca, Sr, and Ba-nitrate solutions, and predicted alkaline earth speciation. The symbols represent
experimental data. The curves in the left-hand panels represent regression of the data to obtain values of the equilibrium constants for the surface alkaline
earth species given in Table 2. The curves are shown extending to the pH values at which the amount of metal adsorption significantly alters the ionic
strength of the solution. The curves in the right-hand panels represent predicted abundances of aqueous and surface species in solutions with a constant

ionic strength.
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referring to the drop in potential between the 0 and 1
planes. Rather high values of the capacitance seem to be
characteristic of such a model (e.g., 393 uF cm 2 for the
tetranuclear species, and up to 613 pF cm ™ for a binuclear
species). Such values can be rationalized, but only with
dielectric constants approaching, or even exceeding that
of bulk water. Furthermore, there is apparently no way
to independently estimate these capacitances, or the equi-
librium constants associated with them.

The fact that alternate reaction stoichiometries fit data
such as those in Fig. 1 equally well has been repeatedly
mentioned in the literature (Westall and Hohl, 1980; Spos-
ito, 1986; Brown, 1990; Ridley et al., 2004). However, in all
cases where this has been emphasized, the data being ana-
lyzed refer to a restricted range of conditions. For example,
it can be seen in Fig. 1 that the data refer to a wide range of
pH and ionic strength values, but only a single surface cov-
erage value. It has been found in this study, and in previous
studies (Criscenti and Sverjensky, 1999, 2002), that data
over a wide range of surface coverages are essential in order
to see a difference in the performance of surface complexa-
tion models with respect to tetranuclear vs. binuclear vs.
mononuclear species. As an example, the data in Fig. 2
for proton surface charge on rutile in pure alkaline earth
electrolyte solutions contain a surface coverage dependence
that requires a combination of mononuclear and either
binuclear or tetranuclear species, but not binuclear and tet-
ranuclear. Consequently, the combination of analysis of
adsorption data over wide ranges of all parameters and
X-ray studies are essential to furthering our understanding
of surface speciation.

The speciation used in the present study differs from the
MUSIC model results discussed above because, two sur-
face Ca species were used here, one tetranuclear and one
mononuclear, both were Ca-OH complexes, and no addi-
tional capacitance parameter was used. It will be shown be-
low that the same types of equilibrium constants are
consistent with a very wide range of pH, ionic strength, sur-
face coverages, and types of solid. In addition, these equi-
librium constants vary systematically from one solid to
another in ways that can be used to place them on a predic-
tive basis.

2.2.2. Mg, Ca, Sr, and Ba on rutile from Jang and
Fuerstenau (1986)

Experimental data for the proton surface charge on ru-
tile in M(NO3), solutions (M = Mg, Ca, Sr or Ba) are rep-
resented by the symbols in Fig. 2. The adsorption of NO3™
on this sample of rutile was obtained from the data for pro-
ton surface charge in KNO; solutions shown in Fig. 3.
Although the proton surface charge data shown in Fig. 2
were measured over a very wide range of pH values, the
substantial uptake of M>" at the two lowest ionic strengths
resulted in decreasing ionic strengths approaching the high-
est pH values. Consequently, the solid regression curves
depicted on the left-hand side of Fig. 2 were terminated
at pH values where ionic strength changes of more than

about 10% took place. The model calculations incorporated the
adsorption reactions producing (>SOH),(>SO™),_ M(OH)"
and >SO~_M(OH)" (Table 2).

The proton surface charge data in Fig. 2 proved relative-
ly sensitive to the choice of model reactions. Assuming that
the same reactions applied to all four alkaline earths, and
that one of these involved a tetranuclear species (based
on the Sr/rutile X-ray standing wave studies discussed
above) enabled a definitive choice of two reactions. It
was also discovered that all four datasets were consistent
with a single value for the capacitance C; = 60 uF cm 2.
This capacitance is about 5-10 times lower than those ob-
tained in the MUSIC model fits of Ca-adsorption on rutile
(Ridley et al., 2004) discussed above. The value of
60 uF cm 2 is, however, consistent with the low dielectric
constants to be expected close to the rutile surface. It can
be seen in Fig. 2 that the calculated curves provide a close
description of the data within the uncertainties and approx-
imations discussed. Furthermore, it can be seen in Fig. 3
that prediction of the amount of metal adsorbed agrees
closely with the experimental data shown in the figure.
Again, because the comparison is made at 0.001 M, the cal-
culations are limited to a maximum pH = 8.0.

It can also be seen in Fig. 3 that the predicted zeta
potentials are in qualitative agreement with the experimen-
tal data. It should be noted that the uncertanties in the zeta
potential data are substantial, but difficult to estimate. For
instance, the zeta potentials for rutile in KNO; reported by
Jang and Fuerstenau (1986) lie at more positive values than
those previously reported for the same solid and electrolyte
(Wiese and Healy, 1975). This may account, at least in
part, for the discrepancies between calculated and mea-
sured zeta potentials in Fig. 3 at pH < 6, where adsorption
of M*" is neligable. At higher pH values, where progressive
adsorption of M*" takes place, the model predicts the most
important feature of the zeta potentials, namely the rever-
sal of surface charge leading to increasingly positive values.
With the triple-layer model, this type of behavior is only
caused by the adsorption reaction producing
>SO~_M(OH)™ (first demonstrated for Cd/rutile by James
et al., 1981).

The predicted model speciation of Mg, Ca, Sr, and Ba
on the surface of this rutile is depicted in Fig. 2. It can
be seen in the speciation plots that there is a systematic
shift from dominantly mono-species to tetra-species in
the sequence Mg, Ca, Sr, Ba. The Mg speciation is domi-
nated by the mono-species, the large ions Sr and Ba are
dominated by the tetra-species, and the intermediate-size
Ca is a mix, depending on the conditions as noted above
in Fig. 1. This result is broadly consistent with the X-ray
standing wave results for Sr which have reported the tet-
ra-species only. It can be seen in Fig. 2 that under at least
some conditions the predicted amount of mono-species for
Sr may be sufficiently small that it would be difficult to de-
tect experimentally. It is also interesting to note that molec-
ular dynamics calculations (Predota et al., 2004a,b; Zhang
et al., 2004a,b) show evidence of two species of Ca on a
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Fig. 3. Plots of proton surface charge on rutile in KNOj solutions, and plots of alkaline earth adsorption and {-potentials on rutile in alkaline earth nitrate
solutions. The symbols represent experimental data. The proton surface charge curves represent regression of the data. However, the other solid curves
represent independent prediction of adsorption and the {-potential based on the regression curves shown in Fig. 2. The predicted adsorption curves are
shown extending to the pH values at which the amount of metal adsorption significantly alters the ionic strength of the solution.
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hydroxylated rutile surface, but only one for Sr, which
again is in qualitative agreement with the predicted specia-
tion in Fig. 2.

2.3. Mg and Ca on goethite

2.3.1. Ca on goethite from Ali and Dzombak (1996)
Experimental data for the adsorption of Ca on goethite in

NaCl solutions are represented by the symbols in Fig. 4.
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are cited as +4 (Ali and Dzombak, 1996). It can be seen in
Fig. 4 that most of the data refer to 0.01 M NaCl over a wide
range of total Ca concentrations from 0.001 to 0.25 mM
(i.e., surface coverages at 100% Ca adsorption of 0.008—
2.0 pmols m~?). The four solid curves depicted on the
left-hand side of Fig. 4 represent calculations using the
adsorption reactions producing (>SOH),(>SO), Ca’",
(>SOH),(>S0O™),_Ca(OH)" and >SO~_Ca(OH)" (Table
2). The data at the lowest surface coverages in Fig. 4 required
the reaction producing the tetranuclear species (>SOH),
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Fig. 4. Plots of Ca and Mg adsorption on two different goethites and the predicted Ca speciation. The symbols represent experimental data. The curves in
figures containing data represent regression of the data to obtain values of the equilibrium constants for the surface Ca and Mg species given in Table 2. It
can be seen in the predicted Ca-speciation plots that the proportions of surface Ca species vary strongly as a function of pH, ionic strength, and surface

coverage.
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(>SO7),_Ca*" or a binuclear equivalent. The tetranuclear
species was chosen based on the assumptions discussed
above. Selection of the protonated version of this species
and the mononuclear complex were based on regression of
the data at higher surface coverages and at higher ionic
strengths. It can be seen in Fig. 4 that the calculated curves
provide a close description of the data within the uncertain-
ties and approximations discussed.

The predicted model speciation of Ca on goethite is also
depicted in Fig. 4. It can be seen that the speciation is a
complex function of pH, ionic strength, and surface
coverage. For all Ca concentrations depicted (i.e., surface
coverages 0.008-2.0 pmolm ™2 at 100% adsorption) and
pH < 10, the two tetra-species predominate over the
mono-species. Under these conditions, the unhydrolyzed
tetra-species is more important than the hydrolyzed species
at I < 0.01 M. The reverse is true at higher ionic strengths.
However, at Ca concentrations >0.25 mM, the mono-spe-
cies predominates at pH > 11.

2.3.2. Mg and Ca on goethite from Balistrieri and Murray
(1981)

Experimental data for the adsorption of Mg and Ca on
goethite inNaCl solutions are represented by the symbols
in Fig. 4. Tt should be noted that the pHp_ s of this goe-
thite is only 7.6, which suggests that it contains significant
amounts of carbonate. Relative to the data for Ca on goe-
thite discussed above, it can be seen in the figure that the
experimental data from Balistrieri and Murray (1981) cor-
respond to a more limited range of surface coverages (e.g.,
0.15 to 2.3 pmol m ™2 at 100% Mg adsorption), but a much
wider range of ionic strengths in the case of Mg. For both
Mg and Ca, the data at low ionic strengths, 0.001 and
0.01 M NacCl, only required the reaction producing the spe-
cies (>SOH),(>SO ),_M?>*—the same reaction deter-
mined by the data from Ali and Dzombak (1996) discussed
above. In the case of Mg at 0.53 M NaCl, the two model
curves also include the adsorption reactions producing
>SO~_Mg(OH)" and (>SOH),(>SO"),_Mg(OH)CI (Table
2). The latter species were required by these data referring to
high ionic strengths.

2.4. Ca on amorphous silica and quartz

2.4.1. Ca on amorphous silica from Kosmulski (1994)
Experimental data for the adsorption of Ca on silica in
NacCl solutions are represented by the symbols in Fig. 5. It
can be seen that the data refer to a single low surface cover-
age (0.0026 pmol m 2 at 100% Ca adsorption), but a wide
range of pH values and ionic strengths at two temperatures
(15 and 35°C). The three solid curves depicted on the
left-hand side of Fig. 5 represent calculations referring
to 25°C wusing the adsorption reactions producing
(>SOH),(>SO™),_Ca*", (>SOH)»(>SO7),_ Ca(OH)",
and >SOH. . .Ca®" (Table 2). The tetranuclear species were
chosen based on the assumptions discussed above. As in
the case of goethite, both protonated and non-protonated

versions of tetranuclear species were needed, based on
regression of the data at the two higher ionic strengths.
The data at the lowest ionic strength required the reaction
producing the d-plane species >SOH. . .Ca*". A similar spe-
cies was used for Cu adsorption onto quartz at low ionic
strengths (Criscenti and Sverjensky, 1999) and may corre-
spond to an outer-sphere Cu-complex on quartz detected
spectroscopically (Hyun et al., 2003). A d-plane species
was also found necessary for Mg on silica and Ca on quartz
(see below). It becomes completely unimportant at higher
ionic strengths. It can be seen in Fig. 5 that the calculated
curves provide a reasonable description of the data within
the ranges given by the different temperatures.

The predicted model speciation of Ca on silica in NaCl
solutions is also depicted in Fig. 5. It can be seen at
1<0.01 M, that the adsorption of Ca is dominated by
the d-plane complex at pH < 8. At higher pH values the
tetra-species predominate. At the highest ionic strength,
the hydrolyzed tetra-species is responsible for most of the
Ca-adsorption.

2.4.2. Ca on quartz from Riese (1983)

Experimental data for the proton surface charge of
quartz in CaCl, solutions are represented by the symbols
in Fig. 5. It can be seen in Fig. 5 that the data like the silica
discussed above refer to a wide range of pH and ionic
strengths. The major difference is the much higher surface
coverage (=40 pmol m™~? if it were possible to have 100%
Ca adsorption). Given that surface speciation can be a
strong function of surface coverage, it is perhaps not sur-
prizing that the adsorption reactions discovered for Ca
on quartz differ in some respects to the ones described
above for amorphous silica. The three solid curves repre-
sent calculations for adsorption on quartz using the reac-
tions producing (>SOH),(>SO™),_Ca**, (>SOH), (>SO"),

_Ca(OH)", and >SO~_Ca (OH)" (Table 2). The predicted

speciation in 0.1 MNaCl solutions is also given in Fig. 5 for
comparison with the results for silica. Two differences be-
tween the speciation of Ca on quartz and amorphous silica
can be seen in the figure. The reaction producing
>SO~_Ca(OH)" on quartz is characteristic of high surface
coverage data. The absence of the d-plane complex on
quartz, and its importance on amorphous silica, may sim-
ply be a consequence of the relative insensitivity of surface
protonation data to such a complex.

2.5. Summary of types of adsorption reactions

The complete range of experimental data depicted in
Figs. 1-5 indicates that a quantitative description of alka-
line earth adsorption on rutile, goethite, quartz, and amor-
phous silica requires five different reaction stoichiometries
(Table 2). Three of these are tetranuclear and two are
mononuclear reactions. It should be emphasized that this
is a model result: only the tetranuclear species on rutile
are based on X-ray evidence. The rest have been inferred
from adsorption data covering wide ranges of conditions
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Fig. 5. Plots of Ca adsorption on amorphous silica and the proton surface charge associated with Ca adsorption on quartz, as well as predicted Ca-surface
speciation on the silica and quartz. The symbols represent experimental data. The curves in figures containing data represent regression of the data to
obtain values of the equilibrium constants for the surface Ca species given in Table 2.

and remain to be tested by X-ray and spectroscopic mea-
surements. In the meantime, it is interesting to note that
several of the inferred reactions are common to a number
of alkaline earths and minerals. In addition, the need for
different reactions varies systematically according to the
cation of interest, the mineral, and the solution chemistry.
This suggests that it is possible to predict the type of
adsorption reactions both qualitatively and quantitatively,
which is a major goal of the current study.

It can be seen in Table 2 that the two reactions produc-
ing (>SOH),(>SO™),_Ca(OH)" and >SO~_Ca(OH)" are
common to rutile, goethite, and quartz. Features such as

this will provide the basis for correlations and quantitative
prediction of equilibrium adsorption constants (see below).
Qualitative inference of the types of adsorption reactions
can also be made from systematic variations in Table 2.
Variations according to the cation of interest were noted
above for rutile (Fig. 2). Systematic variations with the type
of mineral are also evident in Figs. 1-5. For example, the d-
plane complex has been inferred for both Mg and Ca
adsorption on silica (Table 2). Finally, systematic varia-
tions with solution chemistry occur. For example, at very
high ionic strengths on goethite a mixed tetranuclear-OH-
Cl complex has been inferred (Table 2).
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The systematic variations noted above serve as a useful
guide to the selection of adsorption reactions where a lim-
ited range of experimental data is available. Additional
data for the adsorption of alkaline earths referring to lim-
ited ranges of pH, ionic strength, and surface coverage are
given in Fig. 6. These data serve as a test of the applicabil-
ity of the range of different types of surface species de-
scribed above. In addition, the application of the
adsorption reactions described above to the data in
Fig. 6 enables characterization of additional equilibrium
constants that facilitate the development of theoretical pre-
dictive relationships.

2.6. Expected adsorption reactions tested with additional
data for goethite, quartz, and silica

It can be seen in Fig. 6 and Table 2 that the adsorption
of Mg and Ca on quartz at low ionic strengths can be well
described by a combination of two species expected from
the adsorption and speciation plots for quartz and silica
in Fig. 5 At pH values of 5 to 8, the species >SOH. .. M*"
predominates, and at higher pH values the species
>SO_M(OH)" predominates. Similarly, the curves
describing adsorption of Mg on silica in Fig. 6 refer to
the species (>SOH),(>SO™),_Mg”>" and >SOH. . Mg>*.

A more complex set of species is required to describe the
adsorption of Ba on goethite (Fig. 6, Table 2). For a large
alkaline earth such as Ba, tetranuclear complexes are expect-
ed, based on the trends with cation size discussed above for
rutile. At the lower ionic strengths in Fig. 6 (0.002 and
0.1 M), the tetranuclear species (>SOH),(>SO~),_Ba(OH)"*
was found to contribute significantly, but only at pH values
above about 8. At the lower pH values of about 6 to §, where
the Ba adsorbs strongly against a positively charged surface,
a different tetranuclear complex was found necessary:
(>SOH),_Ba(OH)™. This type of species, where the Ba ad-
sorbs to neutral sites instead of negative sites, is consistent
with the expected low abundance of negative sites at
pH = 6 to 8. At the highest ionic strengths (1.0 M), and pH
values above about 8, the mixed tetranuclear electrolyte
Ba-hydroxide complex, (>SOH),(>SO™),_Ba(OH)NO3;,
analogous to that described above for Mg on goethite at high
ionic strengths, was found to be essential to describe the data.
It is interesting that all three species for Ba adsorption on
goethite are tetranuclear as expected from the rutile model
speciation. However, this conclusion should be tested with
X-ray experiments.

Trends of speciation with pH and alkaline earth cation
radius were also found in analyzing the surface protonation
data associated with Mg, Ca, Sr, and Ba adsorption on
v-alumina depicted in Fig. 6. For example, it can be seen
in Fig. 6 that the amount of proton release at pH = 10
decreases in the sequence Mg > Ca > Sr > Ba, indicating
that the strength of adsorption of the alkaline earths
decreases in the same way. This trend is opposite to that
noted above for the strength of alkaline earth adsorption
on rutile. Analysis of the surface protonation data in

Fig. 6 revealed that at pH values of 6.0 to about 8.5, the
tetranuclear species (>SOH)>(>SO~),_M?>" predominates,
followed at 8.5 to about 10.0 by the tetranuclear species
(>SOH),(>SO"),_M(OH)", followed at pH > 10.0 by the
mononuclear species >SO_M(OH)". In the case of Ba,
however, the mononuclear species was not detected. Again,
this is consistent with the results cited above for Ba adsorp-
tion on rutile and goethite.

3. Application of solvation and crystal-chemical theory

3.1. Correlations of equilibrium constants with dielectric
constant and Pauling bond strength

The standard Gibbs free energy of the vth cation adsorp-
tion reaction (AG’ , site-occupancy standard states,

ry?

Appendix A) is broken into three terms according to

AG), = AG), + AG),  + AG], (9)

ai,v ii,v?

where Any‘, represents a Born solvation contribution,
AG’,  represents an electrostatic interaction between the
absorbate and near-surface species, and AGY, represents
a term intrinsic to the aqueous adsorbate. The Born solva-
tion term is treated here by building on earlier studies of
metal and electrolyte cation and anion adsorption. The
electrostatic interaction term for a cation is obtained by
summing an attractive interaction between the cation and
a surface oxygen with a repulsive interaction between the
cation and the underlying metal of the solid sorbent.

Assuming that the solvation contribution depends pri-
marily on the inverse of the dielectric constant of the solid
(&) as described previously (Sahai and Sverjensky, 1997b;
Sverjensky, 2005; Sverjensky and Sahai, 1996) and that
the electrostatic interaction terms depend primarily on
the repulsive interactions described above results in the fol-
lowing general equation for the logarithm of the equilibri-
um constant for metal adsorption:

—AQ 1 s
0 _ M _ "
log Ky = 2.303RT (s) B <rM> +log K 10)

In Eq. (10), the first term on the right-hand side represents
the solvation term in Eq. (9) and AQ, \; represents a Born
solvation coefficient for the rth reaction containing the me-
tal M*". The second term represents the repulsive interac-
tions of the electrostatic term in Eq. (9). In this term, s
represents the Pauling bond strength (Sverjensky and Sa-
hai, 1996) and ry; the distance over which the adsorbing
ion M?" is repulsed by the underlying cation of the solid.
The third term represents not only the intrinsic interactions
in Eq. (9), it also includes solvation contributions involving
the interfacial dielectric constant and the electrostatic
attractive interactions, all of which are approximated here
to be constants for a given adsorbate.

Values of the logarithms of metal adsorption equilibri-
um constants for site-occupancy standard states (logKffl)
for use in Eq. (10) were calculated from the values referring
to the hypothetical 1.0 M standard state (log'K’,) obtained
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Fig. 6. Plots of Mg, Ca, Sr, and Ba adsorption on quartz, silica, goethite, and alumina. The symbols represent experimental data. The solid curves
represent regression of the data to obtain values of the equilibrium constants for the surface species given in Table 2.
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by regression of the experimental data described above
(Table 2) with equations from the Appendix A:

1OgK>SO _M(OH)" — log K>so _M(OH)™" + PHzpc

ApK! N, A4,
lo - 14.0 11
= <N1A1>+ ;o (1
log Ky, (om+ = log’ Ky wmomy* T 2PHzpc + ApK,
N,4,)*
+log (,7_)2@ + 14.0, (12)
(N'4")
logKIel w2 = log’ Km w2+ T 2PHzpc + ApK*
(NA))* s
+ log WCS . (13)

The values of log K¢, are given in Table 2. The corresponding
equilibria are listed in Table 3. It should be noted that Egs.
(11)—(13) correct the equilibrium constants for differences
in pHzpc and ApK, as well as differences in sample properties

Table 3
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such as surface area and site density according to the stan-
dard states defined in Appendix A. In addition, the reactions
involving formation of a metal hydroxide surface species
have been modified by the addition of log K0 (=14.0) to ex-
press hydroxyl added to the left-hand side of the reaction.
The resulting equilibrium constants logKi,I were used in
the regression calculations described below (Fig. 7). Only
those values from Table 2 where more than one value for a
given metal and reaction were available were included in
Fig. 7. In several cases, only two values were available to plot
in Fig. 7. It was assumed in these plots that a linear relation-
ship existed analogous to the plots containing more values.
Uncertainties in log K¢, are estimated to be about +-0.3 based
on an estimation of the uncertainties in log*K},. These
uncertainties are depicted as error bars on the points plotted
in Fig. 7.

Regression of the values of log Ke from Table 2 with
Eq. (10) in terms of the parameters 3 l and ;2 -, (Sverjensky,
2005) resulted in the lines of best fit shown in Fig. 7, and

the slopes and intercepts given in Table 3. For the reactions

Regression slopes and intercepts from Fig. 7 used to generate the values of AQ, ), and logK?,,,, depicted in Figs. 8 and 9 (respectively)

c

. b
Ion Thydr.,M Vi

Qabs c d

Slopes Intepts. (logK%,,) AQ, \/expt. ot AQ, ; pred. Slopes pred. P logK?,, pred.
>SS0~ + M?*" + OH™ =>SO~_M(OH)"
Be*" 4.08 —0.55 35.19 11.84 —8.68 0.45 10.81
Mg*"  —16.01 11.24 21.84 3.46 —0.55 35.19 21.86 —16.03 0.72 11.21
Ca?" —22.10 11.61 30.15 3.09 —0.55 35.19 30.17 —22.12 1.00 11.62
Sr?t —25.80 11.77 35.20 291° —0.55 35.19 35.16 —25.77 1.16 11.86
Ba" 12.22° 2.708 —0.55 35.19 42.03 —30.81 1.36 12.16
Ra®" 2.60" —0.55 35.19 45.80 —33.57 1.39 12.20
2 >SOH + 2 >SO + M?" + OH™ = (>SOH),>SO "), _M(OH)"
Be*" 4.08 —1.586  78.05 0 0.0 0.45 29.38
Mgt 31.01° 3.46 —1.586  78.05 10.5 -7.73 0.72 31.00
Ca?" —23.69  32.71 32.33 3.09 —1.586  78.05 323 —23.71 1.00 32.67
Sr2t —34.71 33.54 47.34 291" —1.586  78.05 47.3 —34.71 1.16 33.63
Ba?" —52.00  34.88 70.94 2.708 —1.586  78.05 71.0 —52.03 1.36 34.83
Ra%" 2.60" —1.586  78.05 85.7 —62.81 1.39 35.01
2>SOH + 2>SO™ + M?" = (>SOH), (>SO™),_M?"
Be*" 4.08 —1.586  78.05 0.0 0.0 0.45 27.27
Mgt —7.730 2847 3.46 —~1.586  78.05 10.5 —-7.73 0.72 28.47
Ca?" -2371 2971 3.09 —1.586  78.05 323 —23.71 1.00 29.71
Sr?t 291" —1.586  78.05 47.3 —34.71 1.16 30.42
Ba?" 2.708 —1.586  78.05 71.0 —52.03 1.36 31.30
Ra%" 2.60" —1.586  78.05 85.7 —62.81 1.39 31.44

The correlations in the latter figures and Eqgs. (20)-(24) together with the values of the parameters ruyar v, 7; 25 abs,

slopes and log K7, ,,, values for all the alkaline earths.

e, and Iy a7, listed were used to predict

# Calculated from the given slopes and the first term on the right hand side of Eq. (10).
® Hydrated radii (A) from Robinson and Stokes (1959; p. 126) unless otherwise stated.
© Regression coefficients in Eq. 21 and Fig. 8 (A and cal mol™! K™, respectively).

4 Crystallographic VI-fold radii (A) from Shannon and Prewitt (1969).
¢ Calculated from log K,

rutile given in Table 2 and the predicted slopes listed above.

! Hydrated radius estimated from the slope for >SO~_Sr(OH)" and the systematics defined by >SO~ _Mg(OH)" and >SO~_Ca(OH)" in Fig. 8.

€ Hydrated radius estimated from the slope for (>SOH), (>*SO~),_Ba(OH)" and the systematics defined by (>SOH), (>SO~),

(>SO7),_Sr(OH)" in Fig. 8.

_Ca(OH)" and (>SOH),

" Hydrated radius estimated from a non-linear regression of hydrated vs. crystallographic radii.

i Assumed equal to the values predlcted for logK? et M(OH)’

for Mg and Ca.

J Obtained by regression of the log K¢ 4w values for Mg and Ca using Eq. 10 with predicted slopes and By = 53.61 and 25.57, respectively. Values of By
were also obtained for Sr and Ba by regression of long[l’l values given in Table 2 using Eq. 10 with the predicted slopes and intercepts given above,
resulting in By; = 9.0 and 4.0, respectively. Based on these values of By for Mg, Ca, Sr, and Ba, a correlation with radius was used to estimate values of

By for Be and Ra equal to 133 and 2, respectively.
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Fig. 7. Equilibrium constants for alkaline earth adsorption for three different reaction stoichiometries plotted as a function of the inverse of the dielectric
constant of the solid. The symbols represent values of log K” from Table 2 referring to internally consistent standard states, corrected for differences in site
density, surface area, solid concentration, pHzpc, and ApK’ Q (Table 2). The solid and dashed lines represent regression of the data resulting in the slopes

and intercepts listed in Table 3.

resulting in the adsorption of a hydroxide complex, no
repulsion term involving % was necessary (i.e., the data
are consistent with By; =0 in Eq. 10). This suggests that
a monovalent M(OH)" species on the surface is shielded
from electrostatic interaction with the underlying metal
belonging to the bulk crystal structure. If true, it would
be expected that for an adsorbed divalent cation M>* the
+2 charge on the cation could be associated with a signif-
icant electrostatic repulsion by underlying metals. Consis-
tent with this suggestion, a value of By;=25.71 was
found necessary for the reaction producing (>SOH),
(>SO™),_Ca”" in Fig. 7. It can be seen in Fig. 7 that almost
all of the datapoints used in the regression agree closely

with the calculated lines within the uncertainties depicted.
It is likely that the largest source of uncertainty contribut-
ing to discrepancies is associated with the pHzpc value
used to compute log K¢, with Egs. (11)—(13).

It can also be seen in Fig. 7 that the slopes and intercepts
of the lines vary systematically with the type of cation. For
any particular reaction, the metal with the smaller crystal-
lographic radius is associated with a shallower slope and a
smaller intercept. It will be shown below that these trends
can be understood and predicted for other alkaline earths
using a combination of Born solvation theory and empiri-
cal radius correlations. The systematic variations were used
in the case of the reaction producing (>SOH),(> SO™),
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_M?*" species in Fig. 7 and Table 2 in order to define the
additional parameter By for M = Mg, Sr, Ba, and Ra.

3.2. Theoretical analysis of correlation slopes and intercepts

3.2.1. Interpretation of slopes with Born solvation theory

The slopes of the correlation lines depicted in Fig. 7 can
be converted to values of AQ, ; (see Eq. 10) which are relat-
ed to individual conventional (£;) and absolute (Q?bs') sol-
vation coefficients by
AQ, _so- monyt = 2oso-_mion)t — P>s0-

abs. abs.
= Q%50 _mony ~ Pine.,>s0- _M(oH)* (14)

Aeret.M(OH)‘ = Q. M(OH)" — 2Q.s0- — 2Q-s0n
_ Qabs Qabs

tet.M(OH)™ int.,tet. M(OH)™
= Qe — 202550 — 2Q5s0n
_ Qabs. Qabs (16)

tet.M>* — ““int.,tet. Mt

AQr,tet.M2+

where the subscripts tet. M(OH)" and rer.M>" refer to
the species (>SOH),(>SO"),_M(OH)" and (>SOH),
(>SO™),_M?", respectively. The absolute Born coefficients
for theb jth surface species (i.e. Qibsso _M(OH)" Q?::SM(Om
and Q0. ) are related to their conventronal counterparts

(Sverjensky, 2005) by
Q= Q?bs ‘QibSSOH (17)
which is based on the convention that

Q-son = 0.0. (18)

: abs. abs
The coefficients Q" o~ miom*  Pinetmony>  and

f‘:’: M2+ Tepresent emplrlcally determined intercepts
characteristic of the adsorbed species (see below).

Definitions of absolute and conventional Born coeffi-
cients are necessary to provide a basis for relating experi-
mentally accessible quantities to absolute solvation
coefficients calculated with Born solvation theory (Helge-
son and Kirkham, 1976). In the present study, the absolute
solvation coeflicient of the jth surface species in Eq. (17) is
calculated using

abs. Wzia

s _ _1oM 1
T (19)

where R, represents the effective electrostatic radius for
the metal M, Zy represents the charge on M, and
7= 166.027 kcal A mol~' (Sverjensky and Sahai, 1996).
In contrast with the effective electrostatic radii of aqueous
species and monovalent surface complexes which can be
estimated based on known crystallographic radii (Helgeson
and Kirkham, 1976; Sverjensky, 2005), the effective electro-
static radii of the alkaline earths (as well as divalent transi-
tion and heavy metals, and the trivalent yttrium and the
rare earths are expressed in terms of hydrated metal radii
(M hydr-) according to

Re,M = FM,hydr. + yp (20)

where y; represents an empirically determined constant
characteristic of the adsorbed species (see below). Eq.
(20) is similar to the original application of Born solvation
theory to metal adsorption (James and Healy, 1972) in
which the hydrated radius was approximated by adding
the diameter of a water molecule to a crystallographic radi-
us. However, in the present study, the systematic relation-
ships for solvation coefficients involving alkaline earths
with different radii required the use of hydrated metal radii.
Values of ry, nyqr. are given in Table 3. It will be shown be-
low that the combination of Egs. (14)—(20) can be used to
explain variations in solvation behavior and to facilitate
predictions for the alkaline earth cations.

Egs. (14)+(20) imply that values of AQ, \iony,
AQ, i mony> and AQ, . \p+ will depend inversely on ion
size according to

n abs. n abs.
AQ =—1 g =M gubs 21
J RerM t.j (erhydr. + V/) t.j ( )
where Qﬁi’:  and 7; are parameters to be determined by

regression of experimentally derived values of the Born
reaction coefficients (A, ;). Born reaction coefficients were
calculated in the present study from the slopes of the lines
in Fig. 7 and are summarized in Table 3.

It can be seen in Fig. 8 that Eq. (21) is consistent with the
valuesof AQ, y; o) (Mg, Ca”")and AQ,  romy (Ca™*,S™)
within the estrmated uncertainties of about :I:l 5 cal mol .
Values of Q2 ;and y;aresummarized in Table 3. These values
wereused in Eq. (21) to predictadditional values of AQ, yj o)+
and AQ, . vony+ for all the alkaline earths. In addrtron
owingtothe paucrty ofdataforthetetranuclear M> " reaction,
it was assumed that AQ, . vion+ = AQ, v+ to make
predictions of AQ, , \p+ for Be, Mg, Sr, Ba, and Ra. As a
result, prediction of the slopes for the reactions shown in
Fig. 7 can be made for all the alkaline earths (Table 3).

3.2.2. Correlation of intercepts with cation radius
Values of logK7;, in Table 3 (the intercepts in Fig. 7)
represent values of logK¥, extrapolated to zero values of

% and ;3 Far It is assumed that the extrapolation has removed

all effects of the differences between different solids. The

values of logK; ; should therefore represent intrinsic equi-
librium constants characteristic of the adsorbing cation
only. They can be thought of as the equilibrium constants

for cation binding to a single hypothetical oxide surface

characterized by Ls and = values of zero. Under these cir-

cumstances, it seems reasonable to expect a close correla-
tion with a property of the M*" cation such as the
crystallographic radius (reryst. m)-

It can be seen in Fig. 9 that close correlations exist for

the values of logKZ‘j with 7epyse M consistent with the

equations
lOgK” >SO~_M(OH)" — l'4'82’.cryst.,M +10.14, (22)
longz tet.M(OH)™ — 5'9857/Cryst.:,M + 24.69, (23)



Surface speciation of alkaline earths on oxides 2445

60.0 T T T T T
55.0 I BORN COEFFICIENT vs. EFFECTIVE RADII]
500 >SO™+ M** 4+ OH = >SO"_M(OH)*
‘1_9 45.0 4
o
E 400} g
S
< 85.0F E
Gh 30.0 ++ B
3 ¥
25.0 4
THEORETICAL SLOPE
20.0 & OF 1.0 ]
15.0 | \ .
10.0 E
5.0 4
00 1 1 1 1 1
30.0 40.0 50.0 60.0 70.0 80.0 90.0
N/ (Rem)
80.0 T T T T T
BORN COEFFICIENT vs. EFFECTIVE RADII
700 2>SOH + 2>SO" + M*+ + OH"
o = (>SOH),(>S07),_M(OH)*
B
g 60.0F -
H
5 50.0 | -
G
<
40.0 4
THEORETICAL
30.0  SLOPEOF 1.0 4
200 1 1 1 1 1
90.0 100.0 110.0 120.0 130.0 140.0 150.0
N/ (Rem)

Fig. 8. Values of the Born solvation coefficient of the reaction forming the
jth surface complex (AQ, ) calculated from the slopes in Fig. 7 (Table 3)
versus the inverse of the effective electrostatic radius of the adsorbing
cation (7/R.. m). The solid lines with slope 1.0 are consistent with Eq. (21)

and the values for 7, 2, given in Table 3.

and logK”

iijtet. M

2o = 44297y M + 23.28. (24)

Egs. (22)-(24) enable prediction of additional values of
log K7, ; for all the alkaline earths (see Table 3). These pre-
dicted values are the intercepts of lines such as those in
Fig. 7. Because both the intercepts and the slopes of lines
such as those in Fig. 7 can now be predicted for all the
alkaline earths, it follows that prediction of equilibrium
constants for alkaline earth adsorption onto oxides can

be made in the absence of any experimental data.
4. Prediction of alkaline earth metal adsorption
4.1. Prediction of equilibrium constants
Eq. (10) and the predicted coefficients in Table 3 permit

the estimation of the equilibrium constants for adsorption
of any alkaline earth cation on any oxide. The results are
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Fig. 9. Values of the intercepts (logK;;) from Fig. 7 (Table 3) versus the
crystallographic radius of the adsorbing cation (ry, m). The solid lines

represent regression of the data consistent with Eqs. (22)-(24).

given in Tables 4-6. Uncertainties in the predicted values
of log K4, are at least +0.3. It should perhaps be empha-
sized that the values of log K%, listed in Tables 4-6 refer
to standard states independent of the characteristics of



2446 D.A. Sverjensky 70 (2006) 2427-2453

Table 4
Predicted values of 1ogK>SO _wonyt Where M?" represents a divalent
cation at the B plane of the triple-layer model®

Solid 6> logK>g0 M(OH)* . for the reaction

>80~ + M*" + OH™ =>SO_M(OH)*

Bt Mgt ca’t st Ba?'  Ral'
Fe;04 1000 10.8 11.2 11.6 1.8 121 12.2
a-MnO, 1000 10.8 11.2 11.6 11.8 12.1 12.2
a-TiO, 121 10.7 11.1 114 1.6 119 11.9
B-TiO, 18.6 103 10.3 10.4 10.5 105 10.4
FeOOH 15 10.2 10.1 10.1 10.1 10.1 10.0
Fe,05° 12 10.1 9.9 9.8 9.7 9.6 9.4
a-Al,O; 104 10.0 9.7 9.5 9.4 9.2 9.0
v-AlL,O5 104 10.0 9.7 9.5 9.4 9.2 9.0
Al(OH);3 8.4 9.8 9.3 9.0 8.8 8.5 8.2
a-SiO, 4.6 8.9 7.7 6.8 6.3 5.5 49
am. SiO,? 3.8 8.5 7.0 5.8 5.1 4.1 34

 Calculated with Eq. (10) and predicted values of AQ, ,, and log K7},
from Table 3.

® Dielectric constant of the solid (Sverjensky, 2005).

¢ Hematites with different values of pHpc are not treated differently
here because the repulsion parameter By; = 0 for this reaction.

4 DeGussa Aerosil amorphous silicas are not treated differently from
other amorphous silicas here because the repulsion parameter By = 0 for
this reaction.

the actual sample and to reactions involving adsorption
onto the charged species >SO™. However, in practice, most
studies of surface charge still employ values of log"K?,
referring to the hypothetical 1.0 M standard state and reac-
tions involving >SOH such as

> SOH + M*" + H,0 => SO” _M(OH)" +2H" (25)
4 > SOH + M*" + H,0 = (> SOH),(> SO "), M(OH)"+3H"

(26)
4 > SOH + M*" = (> SOH),(> SO ), M*" +2H". (27)

Predicted values of log*Ky, for these reactions can be calcu-
lated from the values of log K3, in Tables 4-6 with values of
the pHzpc and ApK? (Table 1 and Sverjensky, 2005),

together with values of the site density (,) and BET sur-
face area (A,), using

log'K? g _M(OH)* = logK - wmeony — PHzec
ApK! N4,
-3 —log (NiAi) —14.0, (28)
log'K?, MOH)* = =logK!, ony* — 2PHzpe — ApK*
(N4,)*
~log (€2 | — 140, (29)
log'K}. \or =10gK! . — 2pH e — ApK
(N4,)*
- 10g NTAi Cz ’ (30)

where standard state values of the site density and surface
area are N*=10sitesnm 2> and A*=10m?g !, respec-
tively, for all solids.

Overall uncertainties in the calculated values of log'K¥,
will reflect the uncertainties in the predicted values of
logKﬁfl as well as the uncertainties in the pHzpc value
of the sample of interest. In fact, it can be seen in Egs.
(29) and (30) that values of log"K", for the tetranuclear
species depend on 2pHpc, and are therefore especially
sensitive to the accuracy of the pHzpc. The value of the
pHzpc input to Egs. (28)—(30) should not be a point-of-
zero-salt effect (pHpzsE), because such values are general-
ly dependent on the type of electrolyte. Even when exper-
imental proton titration curves for different ionic
strengths intersect at a single point, the pHp sz can be
0.2-0.5 different from a pristine point-of-zero charge
(Sverjensky, 2005). Ideally, a low ionic strength
(1 < 0.01) isoelectric point (IEP) should be used. Howev-
er, in the absence of an experimental value, the IEP can
readily be estimated from an experimental value of the
pHpzse using the equation

Table 5
Predicted values of log K’ «e.m(om)t Where M?" represents a divalent cation at the B plane of the triple-layer model®
Solid log Ktet M(OH) for the reaction 2>SOH 4 2>SO~ + M?" + OH™ = (>SOH),(>S0)"_M(OH)" + 2H"

&P Be2t Mg Ca2t g2t Ba2" Ra2"
Fe;04 1000 29.4 31.0 32.6 33.6 34.8 34.9
a-MnO, 1000 294 31.0 32.6 33.6 34.8 349
o-TiO, 121 29.4 30.9 32.5 33.3 344 34.5
B-TiO, 18.6 294 30.6 314 31.8 32.0 31.6
FeOOH 15 29.4 30.5 31.1 31.3 314 30.8
Fe,05¢ 12 29.4 30.4 30.7 30.7 30.5 29.8
0-Al,O5 10.4 29.4 30.3 30.4 30.3 29.8 29.0
v-Al,O3 10.4 294 30.3 304 30.3 29.8 29.0
Al(OH)3 8.4 29.4 30.1 29.8 29.5 28.6 27.5
a-SiO, 4.6 29.4 29.3 27.5 26.1 23.5 21.4
am. Si0,¢ 3.8 29.4 29.0 26.4 24.5 21.1 18.5

* Calculated with Eq. (10) and predicted values of AQ,,, and logK7; ,,
® Dielectric constant of the solid (Sverjensky, 2005).

from Table 3.

¢ Hematites with different values of pH_pc are not treated differently here because the repulsion parameter By; = 0 for this reaction.
9 DeGussa Aerosil amorphous silicas are not treated differently from other amorphous silicas here because the repulsion parameter By = 0 for this

reaction.
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Table 6
Predicted values of log K{’SLMZ+ where M?" represents a divalent cation at the P plane of the triple-layer model®
Solid € s/rm® logK? .. for the reaction 2> SOH + 2>SO~ + M>" = (>SOH),(>SO) _M*" + 2H"*

BeZ+ Mg2+ Ca2+ Sr2+ Ba2+ Ra2+

Fe;0q4 1000 0.109 12.8 22.6 26.9 29.4 30.8 31.2
oa-MnO, 1000 0.182 3.1 18.7 25.0 28.7 30.5 31.0
o-TiO, 121 0.179 3.5 18.8 24.9 28.5 30.2 30.6
B-TiO, 18.6 0.179 3.5 18.5 239 26.9 27.8 27.7
FeOOH 15 0.0508 20.5 25.2 26.8 27.6 27.6 27.2
Fe,05¢ 12 0.0679 18.2 24.2 26.0 26.9 26.7 26.1
Fe,05° 12 0.133 9.6 20.7 243 26.3 26.4 25.9
a-Al, O3 10.4 0.0753 17.3 23.7 25.5 26.4 26.0 25.2
v-AlL, O3 10.4 0.0753 17.3 23.7 25.5 26.4 26.0 25.2
Al(OH); 8.4 0.0754 17.2 23.5 25.0 25.6 24.8 23.8
a-Si0, 4.6 0.126 10.5 20.0 21.3 21.7 19.5 17.5
am. Si0," 3.8 0.134 9.4 19.3 20.0 20.1 17.1 14.6
am. SiO,*® 3.8 0.191 1.9 16.2 18.6 19.6 16.8 14.5

% Calculated with Eq. (10) and predicted values of AQ,y and logK”,, from Table 3.

® Dielectric constant of the solid (Sverjensky, 2005).

¢ Repulsion parameter in Eq. (10). Ratio of the Pauling bond strength (s) to the distance (ry;) between the near surface metal cation of the solid and the
adsorbing metal (M). Because the latter is placed on the B plane in the present paper, where the electolyte cation adsorbs, it is assumed that s/ry; can be
approximated by the values derived previously for Na-salts (Sverjensky, 2005).

4 Hematites with pHpc = 8.4-8.6.

¢ Hematites with pHzpc = 9.0-9.5 (intensively cleaned).
f DeGussa Aerosil amorphous silicas.

& Other amorphous silicas including Cabosil.

pH,,c = IEP = pH,,y; — 0.5(logK?- —logK!,,) (31)

together with predicted values of logKy-? and logK; -? for
the background electrolyte ML (Sverjensky, 2005). Eq. (31)
corrects values of the pHp gz determined from the inter-
section of proton titration curves for electrolyte effects.

4.2. Predicted trends in adsorption with type of metal and
solid

The equilibrium constants for the reactions producing the
surface species >SO_M(OH)" and (>SOH),(>SO™),
M(OH)" in Tables 4 and 5 illustrate the predicted trends
established in the present study. They are shown in
Fig. 10 as a function of cation type and type of solid (ex-
pressed by the inverse dielectric constant of the solid). It
can be seen in the figure that for any given cation, the equi-
librium constants decrease with decreasing dielectric con-
stant. In addition, on rutile and similar solids with high
dielectric constants, the equilibrium constants increase with
increasing alkaline earth crystallographic radii in the
sequence Be?" < Mg?t < Ca*" <Sr*" <Ba’' <Ra’'. In
contrast, on hematite, gibbsite, quartz, and amorphous
silica, with low dielectric constants, the equilibrium con-
stants increase in the sequence Ra>" < Ba®" < Sr** < Ca*
< Mg*" < Be*". These predicted sequences are consistent
with a range of data for adsorption affinities summarized
in the literature. For example, the predicted sequence on high
dielectric constant minerals is consistent with studies of rutile
and manganese dioxide (summarized in Brown and Parks,
2001). Likewise the predicted sequence on low dielectric
constant minerals is consistent with data showing that

adsorption on hematite increases in the sequence
Ba?" <Sr*" < Ca’" < Mg (Breeuwsma and Lyklema,
1973) and that adsorption on amorphous silica increases in
the sequence Ba’' < Sr’t <Ca®" at pH <7 (Karlsson
et al., 2001; Dove and Craven, pers. comm.).

The adsorption affinity sequences discussed above can
be explained with reference to a modified form of Eq.
(10). Omitting the repulsion term results in

—AQ,m (1 ”
logKy, = M () +log K7} -

"~ 2.303RT \s, (32)

The first term on the right-hand side of Eq. (32) results from
Born solvation theory. This term is negligable for solids with
high dielectric constants such as rutile, magnetite, and man-
ganese dioxide. Consequently, the predicted equilibrium
constants for these solids vary according to the ion-intrinsic
term log K7\, which increases with increasing crystallo-
graphic radius. It is interesting to note that this trend is
opposite to that for the alkali cations (Sverjensky, 2005).
For low dielectric constant solids (e.g., quartz and amor-
phous silica), the solvation term in Eq. (32) becomes sub-
stantial. From Born solvation theory, values of AQ,
vary inversely with hydrated radii (Table 3). Consequently,
the ion with the largest hydrated radius (Be*") produces the
lines in Fig. 10 with the shallowest slopes. In contrast, the
ion with the smallest hydrated radius (Ra>") produces the
lines in Fig. 10 with the steepest slopes. As a result, Be*"
is predicted to be the strongest adsorbing alkaline earth
on solids such as silica, and Ra®" the weakest. These pre-
dictions should have significant consequences for the inter-
facial geochemistry of radium: it should show extreme
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Fig. 10. Predicted values of logK{, from Tables 4 and 5 as a function of
the inverse of the dielectric constant of the solid. The predicted adsorption
strengths of the alkaline earths show reverse sequences for high dielectric
constant versus low dielectric constant solids because of correlations with
radius versus solvation effects (see text).

differences in adsorption strength between geochemically
important oxides such as manganese dioxide and silica.
To summarize, the solvation theory in Eq. (32) indi-
cates that when alkaline earths adsorb onto high dielectric
constant solids, there is essentially no opposing solvation
energy involved. It is then easy for the waters of solvation
on the alkaline earths to be removed as they approach the
surface. If so, it is expected that alkaline earths will form
inner-sphere complexes on solids such as rutile, as has
been demonstrated for Sr with X-ray standing-wave stud-
ies (Fenter et al., 2000) and for Sr and Ca with molecular
dynamics calculations (Predota et al., 2004b). In contrast,
when alkaline earths adsorb on solids with low dielectric
constants, such as goethite and silica, there is a very signif-
icant opposing free energy of solvation. This is expected to
make it much more difficult to remove waters of solvation

from alkaline earths near the surface. Consequently, it is
expected that alkaline earths will form outer-sphere com-
plexes on such solids. This inference is consistent with
the results of some EXAFS studies of Sr on goethite,
amorphous silica, and amorphous ferric hydroxide (Axe
et al., 1998; Sahai et al., 2000). It is not consistent with
other EXAFS results for Sr>" on goethite (Collins et al.,
1998). However, it is possible that different goethites have
very different surface properties. For example, the triple-
layer model capacitance C; for goethites varies widely in
a correlation with the BET surface area (Sverjensky,
2005).

5. Concluding remarks

In the present study, X-ray standing wave results for Sr*"
(Fenter et al., 2000; Zhang et al., 2004a,b) are used as con-
straints for all the alkaline earths in surface complexation
simulations of proton surface charge, metal adsorption,
and electrokinetic experiments. Emphasis was placed on
experiments referring to a wide range of pH, ionic strength,
surface coverage, and types of solids. The goal of the simula-
tions was to determine the simplest appropriate metal
adsorption reactions consistent with the X-ray studies and
their state of protonation. The overall goal of the study
was to analyze the systematics of equilibrium constant vari-
ation by type of cation and solid in order to be able to make
predictions. Interpretation and correlation of the equilibri-
um constants were made with the aid of crystal-chemical,
electrostatic, and thermodynamic theory. The results of the
present study permit the following generalizations:

(1) A combination of reaction stoichiometries involving
tetranuclear and mononuclear species can account
for surface protonation, adsorption, and electroki-
netic data for alkaline earth adsorption on a range
of oxides and over very wide ranges of pH, ionic
strength, and surface coverage. Systematic trends
with cation type exist for the proportions of tetranu-
clear to mononuclear species. For example, on rutile,
the tetranuclear reaction of the type

4>SOH +M*" + H,0 = (> SOH),(> SO ), M(OH)* + 3H*

predominates for the large cations Sr>" and Ba’"
(and presumably Ra”"), consistent with the X-ray re-
sults for Sr** (Fenter et al., 2000). In contrast, the
mononuclear reaction

> SOH + M*" + H,0 => SO _M(OH)" +2H"

predominates for the much smaller Mg®* (and pre-
sumably Be®"), with minor amounts of the tetranu-
clear reaction. Both reaction types appear to be
important for the intermediate size Ca®" ion, with
the proportions varying systematically as a function
of pH, ionic strength, and surface coverage. The
mononuclear reaction is predicted to be more impor-
tant at higher ionic strength and surface coverage.
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Similar trends to the above were apparent in analyz-
ing adsorption data for goethite and alumina.
Although, no X-ray standing-wave studies of Mg>"
or Ca”" are available for comparison with the above
results, interpretation of molecular dynamics calcula-
tions for Zn** and Ca®" (Predota et al., 2004b) sug-
gest that small ions such as Zn>" (and Mg>"?), bind
differently than larger ions such as Ca*" and Sr*" at
the rutile (110) surface, which is consistent with the
results of the present study. However, X-ray standing
wave studies of Zn*" indicate a combination of two
surface species, a binuclear and a mononuclear spe-
cies, which differs from the results for Mg®* in the
present study for which mononuclear and minor tet-
ranuclear reactions were preferred. Additional X-ray
studies of the smaller (lighter) alkaline earths would
provide a test of the results of the present study, as
well as helping to resolve whether ion size alone is
an adequate predictor of surface coordination mode.
Equilibrium constants for alkaline earth adsorption
expressed relative to site-occupancy standard states
can be correlated, explained, and predicted with
the aid of Born solvation and crystal-chemical theo-
ry. This has enabled estimation of the equilibrium
constants of adsorption of Be?™, Mg2+, Ca’", Sr*7,
Ba?", and Ra®>" on all oxides. The results for selected
reactions show specific trends with the type of cation
and solid. On rutile and similar solids with high
dielectric constants, the solvation contribution
opposing adsorption is negligable, ion adsorption
correlates directly with crystal radius. As a result,
the equilibrium constants increase in the sequence
Be’" < Mg?" < Ca®* < Sr*" <Ba’" <Ra**. In con-
trast, on low dielectric constant solids, such as hema-
tite, gibbsite, quartz, and amorphous silica, the
solvation contribution opposing adsorption is sub-
stantial. The magnitude of the contribution is largest
for ions with the smallest hydrated radii. As a result,
the equilibrium constants increase in the sequence
Ra’" <Ba?" <Sr*" < Ca?" <Mg>" <Be?*. Solids
with intermediate values of dielectric constant, e.g.,
some iron oxides, may show either sequence or
essentially no sequence, depending on the dielectric
constant of the solid, because the magnitude of the
solvation contribution is essentially cancelled out
by the opposing crystallographic radius trend. These
predicted sequences are consistent with a range of
data for adsorption affinities summarized in the liter-
ature (e.g., in Brown and Parks, 2001).
Interpretation of the above trends suggests that on
high dielectric constant solids, the lack of solvation
energy opposing adsorption makes it possible for
the waters of solvation on an alkaline earth cation
to be removed during adsorption, thereby permitting
a close approach to the surface as an inner-sphere
complex. This inference is consistent with the X-ray
and molecular dynamics studies for Sr*" and Ca*"

summarized in Zhang et al. (2004b). In contrast, on
low dielectric constant solids, the strong solvation
energy opposing adsorption should make it difficult
to remove the waters of solvation during adsorption,
resulting in outer-sphere complexes. This inference is
consistent with some EXAFS studies of Sr** adsorp-
tion on goethite and amorphous silica (Sahai et al.,
2000). It is not consistent with other EXAFS results
for Sr*" on goethite (Collins et al., 1998). However,
itis possible that different goethites have very different
surface properties (Sverjensky, 2005).

(4) General prediction of proton surface charge for oxi-

des in alkaline earth solutions, as well as prediction
of the adsorption of alkaline earths on oxides can
be made based on the results of the present study.
Such predictions and the model surface speciation
resulting from the present study should be directly
tested with further X-ray spectroscopic studies on a
variety of oxides. In combination with previously
published results for oxides in 1:1 electrolytes (Sver-
jensky, 2005), the present study enables the predic-
tive use of the triple-layer model for 1:1 and 2:1
electrolytes, and mixtures of these. For example, it
is now possible to predict proton surface charge
and adsorption on oxides in Na-K-Mg-Ca-ClI solu-
tions for comparison with experimental data in
mixed electrolyte solutions. Such calculations will
provide a significant test of the predictive capabilities
of the triple-layer model. In combination with simi-
lar predictive capabilities in progress for sulfate
and carbonate-bearing systems, it will soon become
possible to carry out calculations more relevent to
natural water compositions than previously possible.

Acknowledgments

During the course of the research reported here, the
author has benefitted from discussions with L.J. Criscenti,
P. Fenter, K. Fukushi, M. Machesky, M. Ridley, and W.
Piasecki. Discussions with and data provided by J.A. Da-
vis, P. Fenter, K. Hayes, D. Kent, M. Kosmulski, M.
Machesky, M. Ridley, D. Wesolowski, and Z. Zhang are
greatly appreciated. Comments by J. Dyer, D.L. Sparks,
and an anonymous reviewer helped clarify the manuscript
considerably. Financial support was provided by DOE

Grant DE-FG02-96ER-14616 and DuPont.
Associate editor: Donald L. Sparks
Appendix A

A.1. Nomenclature used for equilibrium constants—a
summary

*K?, refers to a reaction of M*" adsorbing onto >SOH
and the hypothetical 1.0 M standard state for surface

species
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*Ky, refers to a reaction of M*" adsorbing onto >SOH
and the site-occupancy standard states for surface species

K3, refers to a reaction of M*" adsorbing onto >SO~
and the hypothetical 1.0 M standard state for surface
species

K refers to a reaction of M** adsorbing onto >SO~
and the site-occupancy standard states for surface species

Many studies still use the hypothetical 1.0 M standard
state for surface species. However, equilibrium constants
on this basis include a dependence on site density, surface
area, and in some instances, solid concentration. Such equi-
librium constants for different samples of the same solid, or
different solids, cannot be sensibly compared (Sverjensky,
2003). In order to be able to compare, correlate, and pre-
dict equilibrium constants for surface species, it is essential
to use an internally consistent set of surface protonation,
electrolyte adsorption, and metal adsorption equilibrium
constants referring to standard states independent of site
densities, surface areas, and solid concentrations. The
site-occupancy standard states described below were devel-
oped for this purpose. Equations for the conversion from
the hypothetical 1.0 M standard state to the site-occupancy
standard states are also summarized below.

A.2. Standard states used in the present study

Equilibrium constants in the present study written with
the superscript “0”, e.g., K’, refer to site-occupancy stan-
dard states (Sverjensky, 2003). They can be summarized
as follows. The standard state for sorbent sites (>SOH) re-
fers to unit activity of surface sorption sites on a completely
unsaturated surface at any P and T such that
(A1)

a-30H = A>s0HX >SOH

and A-sog — 1 as X-sou — 1. In these relations, a-son,
A-son, and X-goy represent the activity, activity coeffi-
cient, and mole fraction of >SOH sites, respectively. This
is, in principle, a physically achievable standard state.
For any sorbate species (>j), the standard state refers to
unit activity of surface species on a completely saturated
surface with zero potential at any P and T referenced to
infinite dilution, expressed by

(A2)

a; = /L>jX>j7

where /-; — 1 and the “y term” in the electrochemical po-
tential equation for >j approaches zero as X-;— 0. As
above, a-;, A-;, and X-; represent the activity, activity coef-
ficient, and mole fraction of the >jth sorbate species,
respectively. This is a hypothetical standard state, i.e.,
not physically achievable.

An advantage of defining the standard states for sorbent
sites and sorbate species in this way is that in model calcu-
lations the limiting conditions of X-sog — 1 and X-; =0
are often approached. In other words, for the triple-layer
model used here, >SOH is commonly by far the dominant
species, whereas sorbates such as >SOH,", >SOH,"_ NO;,

and >SO_M(OH)" are often minor species. Under these
circumstances, it is reasonable to assume that J-gog =~ 1
and A-;~ 1.

For the surface protonation reactions

> SOH + H* => SOH

> SO~ + H" => SOH

> SO +2H* => SOH}
>SO™+ > SOH; =2 > SOH

the standard states adopted above are related to the widely
used hypothetical 1.0 M standard state (written with a
superscript “0”’, Sverjensky, 2003) by

N, A,
K! =K' (NUH) (A.3)
N\ !
Kj=K$ (NiAi) (A4)
Kgpc = KOZPC (A.5)
and
N\
0 __ 0 54ty
- () »
respectively,
where

N, represents the surface site density on the sth solid

sorbent (sites m~?),

N* represents the standard state sorbate species site den-

sity (sites m™2),

A, represents the BET surface area of the sth solid sor-

bent (m” g~ ),

A* represents a standard state BET surface area

(m?g™).

In the present study, values of N* =10 x 10'® sites n >

and 4* =10 m? g~ ! are selected for all solids. It is empha-

sized that these values are properties of the hypothetical

standard state applicable to all samples of all solids.
Equilibria for adsorption of the monovalent electrolyte

ions M* and L™ can be expressed by

>SOH +M" =>SO"_M" +H" (A7)
and

>SOH+H"+ L =>SOH; L~ (A.8)
for which

. . N A,

Ky ="Ky (W) (A.9)
and

* * NSAS

K =KD (zvui)' (A.10)

Equilibria for adsorption of divalent alkaline earth cat-
ions used in the present study can be expressed by
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> SOH + M*" + H,0 => SO _M(OH)" +2H", (A.11)
where

Aogo- A\ Fwpvg)
*Kiso:M(OH)* = (SO MOM T ) gty ; (A.12)

a>soH a2+ AH,0

4 > SOH + M*" + H,0 = (> SOH),(> SO™), . M(OH)"

+3H", (A.13)
where
*K?>SOH)2(>SO’)2_M(OH)+

3 Fwg—2

() e
and
4>SOH+M*" =(>SOH),(>SO "), M*" 4 2H"  (A.15)
where
'K ?>SOH)2(>SO’)2,M2+

Asom 0 o i |y e (A.16)

4
a-soH%Mm2+

For these reactions the relationship to the hypothetical
1.0 M standard state is given by

N A

* 0 * -0 silg

K>SO’_M(OH)+ = K>so:M(0H)+ (N—iAi)’ (A.17)

4

* 0 _ xp0 (N.SAA) 3

Ktet.M(OH)+ - Ktet.M(OH)+ Nigh O P (A~18)
and

N.4,)*
*Kfet.M” = *K?et.M” (NIAI) Ci (A-19)

In Egs. (A.18 and A.19), the dependence on site density
and surface area to the 4th power is a result of the coef-
ficient of 4>SOH in reactions A13 and AlS5. The depen-
dence on solid concentration is expressed to the 3rd
power because the sorbate dependence is assumed to
cancel with the sorbent. This reduces the dependence
for solid concentration from the 4th power to the 3rd
power. The utility of these standard state conversions
can be seen in the correlation graphs in Fig. 7 of the
text.
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