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6.1. INTRODUCTION

Adsorption is the accumulation of a chemical species at the interface between
a solid phase and a fluid phase. In adsorption, a two-dimensional molecular
surface structure is retained. Adsorption processes in soils have been described
using a variety of approaches. Empirical adsorption models provide descriptions
of experimental adsorption data without any theoretical basis. Chemical adsorp-
tion models, on the other hand, provide a molecular description of adsorption
reactions.

The purpose of this chapter is to present several of the most common models
used to describe metal and metalloid ion adsorption by soil components. Empir-
ical models used in soil chemistry are described and their limitations discussed.
Common chemical models used to describe metal adsorption on soil minerals are
described and their advantages over empirical approaches discussed. Methods for
obtaining model parameters are provided. Methods for establishing adsorption
mechanisms and surface speciation are addressed. Limitations and approxima-
tions in the application of chemical models to natural systems are presented.

6.2. DESCRIPTION OF MODELS

6.2.1. Empirical Models— Historical Development

Adsorption reactions by soil minerals and soils have been described historically
using empirical adsorption isotherm equations. As their name implies, it is under-
stood that they are used for experiments at constant temperature, which unless
indicated, otherwise is standard temperature, 7 = 298 K. An adsorption isotherm
is a plot of the concentration adsorbed to a solid surface versus the concentration
in aqueous solution for different total concentrations of a chemical species. Typ-
ically, adsorption isotherm equations are very good at describing experimental
data, despite their lack of theoretical basis. Popularity of these equations stems
in part from their simplicity and from the ease of estimation of their adjustable
parameters. ‘

6.2.1.1. Distribution Coefficient The simplest and most widely used adsorp-
tion isotherm equation is a linear function. This adsorption isotherm equation is
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Figure 6.1. Linear adsorption of cadmium by the organic component of a muck soil.
(From Turner et al., 1984.)

written in terms of the distribution coefficient, K :
x = Kyc 6.1

where x is the amount of chemical species adsorbed per unit mass of solid and ¢
is the equilibrium solution concentration of the chemical species. Because of the
linear assumption, the distribution coefficient usually describes adsorption data
only over a very restricted solution concentration range. Figure 6.1 shows the
ability of the distribution coefficient to describe linear adsorption of cadmium
by the organic component of a muck soil (Turner et al., 1984). In this example,
adsorption is linear over the solution metal concentration range investigated.

6.2.1.2. Freundlich Adsorption Isotherm Equation The Freundlich adsorption
isotherm equation is the oldest of the nonlinear isotherms, and its use implies
heterogeneity of adsorption sites. The Freundlich isotherm equation is

x =K (6.2)

where K is an affinity parameter and §§ is a dimensionless heterogeneity parame-
ter; the smaller the value of 8, the greater the heterogeneity (Kinniburgh, 1985).
The Freundlich equation reduces to a linear adsorption isotherm when f = 1.
Although the Freundlich adsorption isotherm is strictly valid only for metal
adsorption at low aqueous metal concentration (Sposito, 1984), it has often been
used to describe metal adsorption by soils over the entire metal concentration
range investigated. The Freundlich equation does not obey Henry’s law at low
metal concentration, nor does it reach an adsorption maximum at high metal con-
centration (Kinniburgh, 1985). The ability of the Freundlich adsorption isotherm
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Figure 6.2. Fit of the Freundlich adsorption isotherm equation to copper adsorption by

two soils. (From Kurdi and Doner, ]98?;.)

to describe metal adsorption data is indicated in Figure 6.2 for copper adsorption
by two California soils (Kurdi and Doner, 1983).

6.2.1.3. Langmuir Adsorption Isotherm Equation The Langmuir adsorption
isotherm equation was developed originally to describe gas adsorption onto clean
surfaces and can be derived theoretically based on rates of evaporation and con-
densation (Adamson, 1976). The Langmuir adsorption isotherm equation is

K
x:xm—c (6.3)
14+ Kc

where x,, is the maximum adsorption of chemical species per unit mass of solid
and K is an affinity parameter related to the bonding energy of the species to
the surface. The Langmuir isotherm is derived assuming a finite number of uni-
form adsorption sites and the absence of lateral interaction between adsorbed
species. Despite the fact that these assumptions are violated in soils, the Lang-
muir equation has often been used to describe metal adsorption reactions on
soil minerals and soils. In many studies, the Langmuir isotherm equation is only
able to describe adsorption for low solution metal concentrations. A success-
ful application of the Langmuir isotherm equation is presented in Figure 6.3 for
adsorption of copper by a calcareous soil (Cavallaro and McBride, 1978).

6.2.1.4. Multisite Langmuir Adsorption Isotherm Equation The multisite
Langmuir adsorption isotherm equation was formulated for the simultaneous
adsorption of a gas by more than one type of surface site. The multisite Langmuir
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Figure 6.3. Fit of the Langmuir adsorption isotherm equation to copper adsorption by a
soil. (From Cavallaro and McBride, 1978.)

isotherm equation is

2\ X Kic
mj 4
X = —_— 6.4
; 1+ K;c ©.4)
where n is the number of types of surface sites. Because of the increase in the
number of adjustable parameters, the fit to metal adsorption data with the multisite
Langmuir isotherm is often much improved over the single Langmuir isotherm.
The high quality of fit obtained with the multisite Langmuir equation can be
observed in Figure 6.4 for zinc adsorption by a Georgia soil (Shuman, 1975).

6.2.1.5. Limitations of the Empirical Approach Although theoretically impos-
sible, the Langmuir adsorption isotherm equation can mathematically describe
experimental data for a precipitation reaction (Veith and Sposito, 1977). Adher-
ence of experimental data to an adsorption isotherm equation provides no infor-
mation about the chemical reaction mechanism (Sposito, 1982). Any reaction
process for which the distribution coefficient, K, is a finite, decreasing func-
tion of the amount adsorbed, x, and extrapolates to zero at a finite value of
x, can be represented mathematically using a two-surface Langmuir adsorption
isotherm equation (Sposito, 1982). Although adsorption isotherm equations are
often excellent at describing metal adsorption, they must be considered simply
as numerical relationships used to fit data. Independent experimental evidence
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Figure 6.4. Fit of the two surface Langmuir adsorption isotherm equation to zinc adsorp-
tion by two soil horizons. (From Shuman, 1975.)

for an adsorption process must be available before any chemical significance
can be attributed to isotherm equation parameters. Since use of these equations
constitutes a curve-fitting procedure, isotherm equation parameters are valid only
for the chemical conditions under which the experiment was conducted. Use of
these equations for prediction of metal adsorption behavior under changing con-
ditions of solution pH, solution ionic strength, and solution metal concentration
is impossible.

6.2.2. Chemical Surface Complexation Models

Various chemical surface complexation models have been developed to describe
potentiometric titration and metal adsorption data at the oxide-mineral solution
interface. Surface complexation models provide molecular descriptions of metal
adsorption using an equilibrium approach that defines surface species, chemical
reactions, mass balances, and charge balances. Thermodynamic properties such as
solid-phase activity coefficients and equilibrium constants are calculated mathe-
matically. The major advancement of the chemical surface complexation models
is consideration of charge on both the adsorbate metal ion and the adsorbent
surface. In addition, these models can provide insight into the stoichiometry and
reactivity of adsorbed species. Application of these models to reference oxide
minerals has been extensive, but their use in describing ion adsorption by clay
minerals, organic materials, and soils has been more limited.
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Surface compiexation models of the solid—solution interface share at least six
common assumptions: (1) surfaces can be described as planes of constant elec-
trical potential with a specific surface site density; (2) equations can be written
to describe reactions between solution species and the surface sites; (3) the reac-
tants and products in these equations are at local equilibrium and their relative
concentrations can be described using mass law equations; (4) variable charge at
the mineral surface is a direct result of chemical reactions at the surface; (5) the
effect of surface charge on measured equilibrium constants can be calculated; and
(6) the intrinsic (i.e., charge and potential independent) equilibrium constants can
then be extracted from experimental measurements (Dzombak and Morel, 1990;
Koretsky, 2000).

Four chemical surface complexation models that have been applied to metal
and metalloid adsorption by reference minerals or soil systems are described. The
first three models (i.e., the constant capacitance model, the diffuse double layer
model, and the triple layer model) use the same approach in writing chemical
reactions between the bulk solution and the solid surface. Each of these models
assumes that ail of the sites on a solid surface can be described by average
surface site characteristics. If two or more surface site types are used to fit
adsorption data with these models, the site types are still generic in nature,
with no specific correlation to the solid surface structure. In contrast, the fourth
model (i.e., the CD-MUSIC model) distinguishes between different surface site
types based on crystal chemical considerations. The first three models differ
in their approach and level of detail used to describe the charge and electric
potential gradients at the solid—solution interface. The CD-MUSIC model has
been implemented with two different descriptions of the electric potential gradient
from the solid surface into bulk solution. In all four models, the surface sites are
amphoteric surface hydroxyl groups that protonate and deprotonate as a function
of pH.

6.2.2.1. Constant Capacitance Model The constant capacitance model of the
oxide—solution interface (Schindler et al., 1976; Stumm et al., 1980) contains the
following assumptions:

1. All ions, including protons and hydroxyls, adsorb in one surface plane,
forming inner-sphere surface complexes.

2. No surface complexes are formed with ions from the background elec-
trolyte.

3. The constant ionic medium reference state determines the activity coeffi-
cients of the aqueous species.

4. Surface complexes exist in a chargeless environment in the standard state.

5. The relationship between surface charge, o, and surface potential, W, is
linear and given by

o E3ay, 6.5)
F
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where C is the capacitance (F m™2), § is the surface area (m? g™, ais
the particle concentration (g L"), F is the Faraday constant (C mol;!), o
has units of mol, L™!, and W has units of V.

The protonation and dissociation reactions of the surface functional group are
postulated as

SOH + H" = SOH, ™" (6.6)
SOH = SO~ +H* (6.7)

where SOH represents the surface functional group and S a metal ion in the oxide
mineral that is bound to a reactive surface hydroxyl. In clay or soil systems,
the surface functional group can also represent an aluminol or silanol group at
the edge of a clay mineral particle. Surface complexation reactions used in the
constant capacitance model for metal adsorption include

SOH + M™ = soM™~V L g+ (6.8)
2SOH + M+ = (SO),M"~? 4 2t (6.9)

where M represents a metal ion, m™ the charge on the metal ion, Eq. (6.8)
monodentate, and Eq. (6.9) bidentate binding of the metal ion with the surface
oxygen ligands.

The intrinsic equilibrium constant expressions describing the above reactions
are

K (int) = [—[és(%—j-z—%exp (%) (6.10)
K_(int) = —[—S—[—(—S)—;)];ll—]H+exp <:£-Ii> 6.11)
KL (int) = [Sg\gg];ii‘im [(’" ;?F \p} (6.12)
K2 (int) = [(S[(;gg](:;?f’i* xp [(m _RZT)F‘P} (6.13)

where R is the molar gas constant (J mol™! K1), T is the absolute temperature
(K), and a represents the activity of an aqueous species. Concentrations (mol
L1y, represented by square brackets, are used rather than activities for the surface
species because activity coefficients for these species are assumed to be equal
to 1. The electrostatic potential terms exp(—FW;/RT) have been interpreted as
surface activity coefficients that correct for the effect of surface charge on surface
complexation (e.g., Dzombak and Morel, 1990) or as work contributions to the
overall Gibbs electrochemical potential of reaction (Sverjensky and Sahai, 1996).
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Figure 6.5. Fit of the constant capacitance model to metal adsorption on silica. (From
Schindler et al., 1976.)

Recent work by Kulik (2002a,b) and Sverjensky (2003) to define useful standard
states for surface species is discussed in Section 6.2.2.5a.
The mass balance for the surface functional group is

[SOH]; = [SOH] + [SOH, "] + [SO™| 4+ [SOM" V] + 2[(SO),M" 2] (6.14)
and the charge balance is
o = [SOH; ] — [SO™] + (m — D{SOM™ V] + (m — 2)[(SO),M™ 2] (6.15)

This set of equations can be solved by hand or with a computer program using
the mathematical approach of Westall (1980). The fit of the constant capacitance
model to metal adsorption by silica is shown in Figure 6.5.

6.2.2.2. Diffuse Layer Model The diffuse layer model of the oxide—solution
interface (Huang and Stumm, 1973; Dzombak and Morel, 1990) contains the
following assumptions:

1. All ions, including protons and hydroxyls, adsorb in one surface plane,
forming inner-sphere surface complexes.

2. No surface complexes are formed with ions from the background elec-
trolyte.

3. The infinite dilution reference state is used for aqueous species; a zero
surface charge reference state is used for surface species.

4. Two planes of charge represent the interfacial region: the surface plane and
a diffuse layer plane that represents the closest distance of approach for
the background electrolyte ions.
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5. The relationship between surface charge and surface potential is

172
Sa —Z;FY,
oy = ~F—sgn\lld[2£0DRT Z cilexp (T) —1]} (6.16)

where ¢, is the permittivity of vacuum, D is the dielectric constant of
bulk water, sgnWy; =1 if W; > 0 and sgnW¥; = —1 if ¥; < O (where d
represents the diffuse plane), and ¢; and z; are the concentration and charge
of solution species i, respectively.

In the diffuse layer model the surface reactions include Egs. (6.6) and (6.7)
for protonation and dissociation of the surface functional groups. In the two-site
version of the model, surface complexation with metals is considered to occur on
at most two types of sites: a small set of high-affinity “strong” sites, SSOH, and
a large set of low-affinity “weak” sites, S¥OH, analogous to Eq. (6.8) (Dzombak
and Morel, 1990):

SSOH + M"* = oM™ D 1 gt 6.17)
SWOH + M"t = s¥YoM~D L gt (6.18)

Although the diffuse layer model has the capability to consider bidentate metal
complexes, such species are not usually considered.

The intrinsic equilibrium constants for the diffuse layer model are similar to
those for the constant capacitance model where W is replaced by W¥,. Equations
(6.10) and (6.11) describe surface protonation and dissociation, respectively.
Metal surface complexation is described by two constants similar to that defined
in Eq. (6.12) for strong and weak sites:

. [SSOM Vg (m — 1)FW,
S —
Ky int) = [SOHlayms RT } (6.19)
. [SYOM"™ Dlgys (m—1)F¥y
K = .
p int) [SYOH]ayn+ RT (6.20)

The mass balances for the surface functional groups S*OH, SYOH, and Sy are

[S*OH]; = [S°OH] + [S*OH]] + [S*O7] + [S*TOM" D] (6.21)
[SYOH]; = [SYOH] + [S¥OH, ™1 + [SYO7 ]+ [SYOM™ V] (6.22)
St = [S*OH]; + [SYOH], (6.23)

and the charge balance is
o4 = [S*OH, '] + [SYOH, '] ~ [S*O7]1 — [SYO7]
+ (m — D[SSOM™ D] 4 (m — DHISYOM ™D (6.24)
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Figure 6.6. Fit of the diffuse layer model to copper adsorption by hydrous ferric oxide.
The solid line represents the optimal fit for these data. The dashed line represents the
fit corresponding to the best overall estimate of the Cu surface complexation constant
obtained from 10 Cu adsorption edges. (From Dzombak and Morel, 1990.)

This set of equations can be approximated with hand calculations or solved using
a computer program such as the one described by Dzombak and Morel (1990).
An example fit of the diffuse layer model is indicated in Figure 6.6 for copper
adsorption to hydrous ferric oxide.

6.2.2.3. Triple Layer Model The triple layer model of the oxide—solution inter-
face (Yates et al., 1974; Davis and Leckie, 1978; Davis et al., 1978; Hayes and
Leckie, 1987) contains the following assumptions:

1. Three planes of charge represent the interfacial region: the o-plane, the
B-plane, and the d-plane.

Protons and hydroxyl ions adsorb in the o-plane.
Metals adsorb in either the o-plane or the B-plane.
Ions from the background electrolyte adsorb in the B-plane.

G

The diffuse layer plane, the d-plane, represents the closest distance of
approach of dissociated charge.

6. Different reference and standard states have been applied to both aqueous
and surface species (see below).

7. The relationships between the surface charges, o, and o, and the surface
potentials, W,, Wg, and W, are Eq. (6.16) and

C1Sa
F

_ ChSa
Oy = 2

Op =

(W, — W) (6.25)

(W, — Wy) (6.26)
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where C; (F m™2), the inner-layer capacitance, relates the charge at
the innermost plane of adsorption to the potential drop between the o-
and the B-planes, and C», the outer-layer capacitance, relates the charge at
the P-plane to the potential drop between the f-and d-planes.

In the triple layer model the surface reactions for protonation and dissociation
of the surface functional group are Eqs. (6.6) and (6.7) as written for the constant
capacitance model, where W is replaced by W,. The reactions for adsorption of
the background electrolyte in the p-plane are

SOH +C" = SO~ —C* +H* (6.27)
SOH + H* + A~ = SOH," — A~ (6.28)

where C* is the cation and A~ is the anion of the background electrolyte and
the dashes indicate that adsorption occurs in the B-plane. Metal ions can adsorb

either in the o-plane forming surface complexes such as those described by Eqgs.
(6.8) and (6.9) or in the p-plane by the following surface complexation reactions:

SOH + M™* = SO~ — M"*+ + Ht (6.29)
SOH + M"™* 4+ H,0 = SO~ — MOH™ D 4 25+ (6.30)

In the triple layer model one of the o-plane metal surface complexes is repre-
sented as bidentate, Eq. (6.9), while one of the -plane metal surface complexes
is represented as a hydroxy—metal surface species, Eq. (6.30). Davis and Leckie
(1978) considered the hydroxy—metal complexation reaction to be more consis-
tent with their experimental data. Often, an additional metal surface complex
containing the background electrolyte anion is postulated to form in the B-plane:

SOH + M"™* + A~ = SOHM"t — A~ (6.31)

The triple layer model has been used with different standard and reference states
for both aqueous and surface species (e.g., Davis et al., 1978; Hayes and Leckie,
1987). These differences can result in different “best-fit” surface complexes for
the same experimental adsorption data. For example, Hayes and Leckie (1987)
expressed both the chemical potentials for aqueous and surface species by the
expression

Wi = u +2.303RT logm; + zFd; (6.32)

defining the standard state for both solution and surface species as 1 mol L™} at
zero surface charge and no ionic interaction. The reference state for all species
was chosen to be infinite dilution relative to the aqueous phase and zero surface
charge. The assumption that Eq. (6.32) applies to all aqueous ions is equivalent to
abandoning the use of any form of aqueous ion activity coefficients. The outcome
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is particularly serious when fitting adsorption data at several ionic strengths.
Using this formulation, Hayes and Leckie (1987) found that the surface species
SOCd* and SOPb™ best fit their adsorption data for Cd** and Pb>* onto goethite
from solutions ranging in ionic strength from 0.001 to 1.0 M NaNOj3. However,
when the activity coefficients for aqueous ions were given by a version of an
extended Debye—Hiickel equation for 1:1 electrolytes (Helgeson et al., 1981),
these same data were best fit with surface complexes involving the electrolyte
anion SOHCd' — NO;~ and SOHPb™ — NO;~ (Criscenti and Sverjensky, 1999).
Hayes (1987) found that his pressure-jump kinetic data were also best described
by this type of complex.

Some triple layer model intrinsic equilibrium constants for surface complexa-
tion in the o-plane are Eqgs. (6.10) to (6.13) as in the constant capacitance model,
where W is replaced by W,,. Possible intrinsic equilibrium constants for surface
complexation in the B-plane are

- _ + _
Ko ting = B0 _—Clanr [ F(Ts — Wo) | (6.33)
{SOHJac+ L RI 1
. [SOH,* — A7) F(W, — W) ]
Ka_(int) = ' 6.34
A= = SOl g P [ RT 39
SO~ — M+ F(mWs — W
Kty = B2 it op | L0020~ Yo) (6.35)
[SO Hlaym+ RT
[SO™ — MOH™D1a2, F((m — )Wy — W,)
K2 (int) = H P 2001 (636
(ind [SOHJaypms P [ RT (636)
, [SOHM™* — A™] [ F(mW¥, — ¥)
K3 (nt) = ; 6.37
MU = T O M ans P RT (6.37)

The mass balance for the surface functional group when these reactions are
considered is

[SOH]; = [SOH] + [SOH, "] 4 [SO™] 4+ [SOM"~ 1]
+2[(S0),M™2] 4 [SO™ — M™*] 4 [SO™ — MOH™ V] (6.38)
+[SOHM"* — A"]14+[SO™ — CT]+ [SOH," — A™]

and the charge balances are

0o +op+o4=0 (6.39)

0, = [SOH "1+ (m — D[SOM™ V] 4 (m — 2)[(S0),M™"~?]
+ m[SOHM”’+ — A7)+ [SOH2+ — A7} (6.40)
—[SO7] - [SO™ —M"*] =[SO~ — MOH" D] —[SO™ — C*]
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og = m[SO™ —M"*]+ (m — 1)[SO” — MOH" "] 641)
+[SO™ = C*]— [SOHM™* — A7] — [SOH," —A"]

The full set of equations can be solved with a computer program using the
mathematical approach outlined by Westall (1980). Caution must be used to
ensure that the computer code does not implement the standard and reference
states proposed by Hayes and Leckie (1987). A fit of the triple layer model to
silver adsorption on amorphous iron oxide is presented in Figure 6.7.

6.2.2.4. Charge Distribution Multisite Complexation Model The charge distri-
bution multisite complexation model (CD-MUSIC) model of the oxide—solution
interface (Hiemstra et al., 1989; Hiemstra and van Riemsdijk, 1996) contains the
following assumptions:

. The surface has multiple types of sites.
. Protons and hydroxyl ions form inner-sphere surface complexes.
. Two or three electrostatic planes represent the mineral—-water interface.

AW N -

. Inner-sphere surface complexes have a spatial distribution of charge attributed
to two different electrostatic planes, the surface o-plane and the intermediate
1-plane.

5. Outer-sphere ion pairs such as those formed with the background electrolyte

are located in an outer 2-plane that corresponds to the start of the diffuse
double layer.

100 T I T
o0

o
S
I

% Silver Adsorbed
=N
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Figure 6.7. Fit of the triple layer model to silver adsorption by amorphous iron oxide.
(From Davis and Leckie, 1978.)
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6. The charge distribution of the central ion in the surface complex is estimated
from the bond valence, v:

Z

V= —
CN

(6.42)

where z is the charge of the cation and CN is its coordination number. The
local formal charge in the surface complex is calculated as the bond valence
contribution, s, for each metal and oxygen atom within the oxide structure
(Brown and Altermatt, 1985; Hiemstra and van Riemsdijk, 2002; Hiemstra
et al., 1996, 2004):

s = eRo—R)/B (6.43)

where R is the metal—oxygen bond length, R, is an element specific length
determined by analysis of the bond valence structure of many crystals, and B
is a constant (37 pm). Both R, and B are empirically determined parameters.

7. The relationships between the surface charges o, and o) and the surface
potentials \W,,, Wy, and ¥, are Eq. (6.16) and

CiSa

0y = —]ﬁ-(% - W) (6.44)
CrSa

Gt 0 = 2F (0 — ¥y) (6.45)

In the CD-MUSIC model the reactive surface functional group is defined
as S,0H™"~Y where n is the number of metal ions in the solid phase coordi-
nated with the reactive surface hydroxyl. The protonation reactions of the surface
functional group are

$,0"™? + H' = S,0H">" D (6.46)
S,OH™""D 4 H* = 5,0HJ" (6.47)

Surface complexation with metals produces inner-sphere surface complexes
such as

Sno(n»v—-Z) + M = SHOM(n~v+m+~2) (6.48)
S,OH" ™D 4 M™* = §,0HM ™+ =D (6.49)

Ion pairing reactions form outer-sphere surface complexes with the background
electrolyte:

S, OH"=D 4 ¢t = §,0H"~V — C* (6.50)
S,OHY"™ + A~ = S,0Hy"™ — A~ (6.51)
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The mass balance for the surface functional group when these reactions are
considered is:

[S,OH™*~ D]y = [8,0H"~ D] 4 [S,00""~D] 4 [S,0HI"™]
+[S,OMV D] 4[5, OHMT VD] (6.52)
+[S,OH™""D — C*] 4 [S,0H)"” — A7]

and the charge balance is (Venema et al., 1996a)
0y + 01+ 03 = —0y4 (6.53)

The charge balance expressions for the surface plane, ¢,, and the intermediate
plane, o}, are dependent on the charge distribution, as are the intrinsic surface
complexation constants. The changes in charges in these planes are given by
(Venema et al., 1997)

Ao, = Any +mf (6.54)
Aoy =1~ fim (6.55)

where Any is the change in the number of protons in the o-plane upon metal
adsorption and f is the fraction of the charge of the metal ion assigned to the
o-plane. The above set of equations has been solved using the computer program
ECOSAT (Keizer and van Riemsdijk, 1995), FITEQL (Tadanier and Eick, 2002),
or ORCHESTRA (Meeussen, 2003). The fit of the CD-MUSIC model to cadmium
adsorption on goethite is shown in Figure 6.8.
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Figure 6.8. Fit of the CD-MUSIC model to cadmium adsorption by goethite. Open sym-
bols represent total dissolved Cd at le-6 mol L™!. Closed symbols represent total dissolved
Cd at le-4 mol L™!. (From Venema et al., 1996.)
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6.2.2.5. Obtaining Model Parameter Values

a. Standard States for the Activities of Surface Species A variety of standard
states for the activities of surface species have been defined explicitly or implied
by the way that equilibrium adsorption constants within a surface complexa-
tion model framework have been established (Sverjensky, 2003). The choice of
standard state affects the equilibrium constant values resulting from fitting adsorp-
tion data with a surface complexation model. The standard states that have been
used for surface species include the hypothetical 1.0 M standard state (implicitly
assumed in Sections 6.2.2.1 to 6.2.2.4), the hypothetical 1.0 m standard state, and
the hypothetical 1.0 mol per kilogram of solid standard state. Kulik (2002a,b)
examined the standard states used for the Gibbs free energies of individual sur-
face and aqueous species. He focused on the drawbacks to the hypothetical 1.0
M standard state for surface species, such as the built-in dependence on the site
density of the solid (Kulik, 2002a). In fact, the molarities of both surface sites and
species depend on site densities, surface areas, and solid concentrations (Sver-

jensky, 2003). These dependencies result in fitted equilibrium constants which
cannot be compared directly without correcting for differences in the quantity or
properties of the solids used in the experiments.

Sverjensky (2003) proposed new standard states, leading to equilibrium con-
stants independent of the surface area, site density, and the amount of the solid
sorbent. These new standard states are dependent only on surface site occupancy
and can be used with any surface complexation model. Different standard states
are defined for the activities of the sorbent sites and the sorbate species. The the-
oretical relationships that apply for all adsorption reactions are developed below
using Eq. (6.6) as an example reaction.

For the sorbent sites, the standard state refers to unit activity of the sites on a
surface where all sorbent sites are SOH, at any temperature and pressure.

Wson = Réon + RT InhsonXson (6.56)

where [Lgoy is the electrochemical potential of SOH, ”§0H is the standard chem-
ical potential for the sorbent sites, hsoy is the rational activity coefficient for
SOH, Xsop is the mole fraction of SOH (the number of moles of SOH per mole
of surface sites), and hsoy — 1 as Xgop — 1. The SOH sites are depicted to
follow Raoult’s law at high mole fractions. Therefore, the standard state molarity
for sorbent sites is not unity. Instead, the standard state molarity depends on the
site density, surface area, and amount of the actual sorbent solid:

Moy = N ACs 6.57)

where M§0H represents the standard state molarity of sorbent sites SOH, N; is
the surface site density on the sth solid sorbent (sites m~2), A, is the BET surface
area on the sth solid sorbent (m? g=!), C, is the amount of the sth sorbent solid
(g LY, and N4 is Avogadro’s number (6.022 x 10? sites mol™).
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For the sorbate, the standard state refers to the unit activity of surface species
on a completely saturated surface (i.e., all sorbent sites are occupied by sorbate)
with zero potential at any temperature and pressure referenced to infinite dilution.
The electrochemical potential for SOH, ¥ is

Hson,+ = M§OH2+ + RT In hson,+ Xson,+ + FWson,+ (6.58)

where u§OH2+ is the standard chemical potential for the sorbate species, SOH,™*
and hson,+ = 1 as Wsop,+ — 0 and Xgop,+ — 0. Henry’s law is followed
at low mole fractions. In the standard state, the sorbate species will have an
abundance determined by a hypothetical site density, surface area, and amount
of solid sorbent. Sverjensky (2003) selected the following standard state values
for all solids: N* = 10 x 10'® sites m™2, A¥ = 10m?g~!, and C* = C,. Then

SOH,+ N

-~
N
tn
=]

N’

Using these new standard states for the sorbent sites and sorbate species, the
equilibrium constant for the surface protonation reaction, Eq. (6.6), is given by

KO — X.SOH,+ 10F ¥o/2303RT _ M_sOH,+ NiAs 10F Yo/ 2303RT (g 60y
X.soHan+ M_goHan+ N*A* '

These new equilibrium constants are independent of the properties of the solid
and the amount of solid. Without this dependency, equilibrium constants derived
from adsorption data on different samples of the same solid, and from adsorption
data on different types of solids, can be compared directly.

b. Surface Site Density The total surface site density, Ny, is an important param-
eter in surface complexation models related to the total number of reactive
functional groups. Surface site density values can be obtained using a wide vari-
ety of experimental methods, calculated from crystal dimensions, or optimized to
fit experimental adsorption data (Davis and Kent, 1990). Experimental methods
include potentiometric titration, tritium exchange, maximum ion adsorption, and
infrared spectroscopy. Reviews of measured site densities are provided by James
and Parks (1982), Davis and Kent (1990), and Koretsky et al. (1998). For one
mineral, results from diverse methods can vary up to an order of magnitude with
crystallographic calculations yielding the lowest and tritium exchange the highest
values (Goldberg, 1991). While goodness-of-fit was found to be insensitive to
changes in value of surface site density from 1 to 100 sites nm~? (Hayes et al.,
1991), the actual values of the surface complexation constants changed.

To allow the development of self-consistent parameter databases for surface
complexation models, Davis and Kent (1990) recommended a surface site density
value of 2.31 sites nm™2 for natural materials. This value closely approximates
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surface site densities for iron and manganese oxides and the edges of clay min-
erals. It was used successfully to describe boron (Goldberg et al., 2000) and
molybdenum (Goldberg et al., 1998, 2002) adsorption on oxides, clay minerals,
and soils using the constant capacitance model. An alternative reference site den-
sity of 12.05 sites nm™2 was proposed by Kulik (2002a) for all mineral—water
surfaces because it corresponds roughly to the density of water molecules in
a surface monolayer and represents a maximal density of monodentate surface
complexes. The standard state proposed by Kulik (2002a) for a surface species
is when 1 mol of adsorbate occupies all sites of reference total density on all
of the surface of 1 mol of the adsorbent suspended in 1 kg of water—solvent at
P = 1 bar and at a defined T, in the absence of external fields and at zero surface
potential. In contrast, Sverjensky (2003) chose the standard state properties of a
surface species to be N¥ = 10 sites nm™2, A¥ = 10 m®> g~!, and C¥ = C, (see
Section 6.2.2.5a).

Crystal chemical considerations have been used to calculate the densities of
different surface site types for specific minerals (e.g., Jones and Hockey, 1971;
Yates, 1975; Hiemstra et al., 1987, 1989; Barron and Torrent, 1996). Koretsky
et al. (1998) studied the predominant cleavage or growth faces for a suite of
minerals, including goethite, hematite, corundum, kaolinite, albite, anorthite, and
quartz. Using calculated bond strengths and charges, “ideal” slices through the
crystal structures were defined to be charge-neutral or nearly charge-neutral slices
produced with a minimum total strength of bonds severed. Setting the number
of broken bonds at the surface equal to the number of reactive surface sites, or
considering partial charges of coordinatively unsaturated atoms at the surface,
gave the best agreement with available experimentally determined site densities
from tritium exchange experiments. In addition, the types of surface hydroxyl
groups predicted using this approach were in qualitative agreement with those
observed from surface infrared spectroscopy (Koretsky et al., 1998; Koretsky,
2000).

¢. Capacitances It has often been stated that capacitances cannot be determined
experimentally, and therefore their values must be chosen to optimize model fit to
data. This is not strictly correct. Capacitance values for the constant capacitance
model can be obtained from the slopes of plots of the conditional protonation-
dissociation constants versus surface charge as described by Goldberg (1992). The
capacitance value, C, obtained from plotting conditional protonation constants is
not usually equal to the value, C_, obtained from plotting conditional dissociation
constants. Since computer models for parameter optimization, such as FITEQL
(Herbelin and Westall, 1996), require a single value of capacitance, it is usually
chosen to optimize model fit to experimental data. This simplification is generally
valid since surface complexation constant values are not very sensitive to changes
in capacitance value (Goldberg and Sposito, 1984).

In the triple layer model, values of the capacitance, Cy, can be obtained exper-
imentally from the slopes of plots used in linear (Davis et al., 1978), double
(James et al., 1978), or clectrokinetic (Sprycha, 1984) extrapolations as described
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by Goldberg (1992). As for the constant capacitance model, capacitance values,
C4, obtained from extrapolations below the zero point of charge, are not usu-
ally equal to the values, C;_, obtained from extrapolations above the zero point
of charge. Electrokinetic extrapolation is the only method for determining the
value of capacitance C, experimentally (Sprycha, 1984). This method assumes
that the zeta potential, ¢, is equal to the diffuse layer potential, W,. Because of
these experimental difficulties, capacitance values in the triple layer model have
almost universally been treated as adjustable parameters. The capacitance, Cy, is
adjusted to optimize fit to experimental data and the value of the capacitance,
C,, is fixed at 0.2 F m~2. Use of this value for C5 in the triple layer model has
been criticized because of its uncertain physical interpretation (Hiemstra and van
Riemsdijk, 1991).

Sverjensky (2005) suggested that while the triple layer model fits to surface
charge data are not dependent on the value for Cy, the value for C, is important
for predicting zeta potentials. The small value of 0.2 F m~2 implies a rather large
distance between the B-and the d-planes of the model. Sverjensky (2005) proposed
that the separation of these two planes is influenced by the size of the electrolyte
cation in the B-plane and assumed that C; = C,. Using this assumption, good
agreement between predicted and experimental zeta potentials was found for
rutile in LiCl and CsCl solutions (Kallay et al., 1994) and for hematite in NaNOj
solutions (Schudei et ai., 1997).

Sverjensky (2001) showed that the values for capacitance C; obtained for
a wide variety of oxides and electrolyte types within the framework of the
triple layer model (Sahai and Sverjensky, 1997a) fell into two groups. For rutile,
anatase, and magnetite, values of C; increased with decreasing crystailographic
radius of the electrolyte cation from Cs* to Li*. For quartz, amorphous silica,
goethite, hematite, and alumina, values of C; increased with decreasing hydrated
electrolyte cation radius from Li* to Cs¥,

The distance between the o- and B-planes was influenced by both the size and
state of hydration of the adsorbing electrolyte ions at the -plane and the presence
of water molecules between the planes. These planes do not represent physical
distances away from the mineral surface, but rather, planes of constant electric
potential. For minerals with high dielectric constants, such as rutile, anatase,
and magnetite, the work required for the removal of waters of solvation from
cations near the mineral surfaces is negligible (James and Healy, 1972). For
these minerals, 1/C, was found to be correlated to the crystallographic radius
of the electrolyte cation. On the other hand, for minerals of lower dielectric
constant, such as hematite, gocthite, alumina, quartz, and amorphous silica, for
which the work required to remove waters of solvation near the surface is larger
(James and Healy, 1972), C| increased in the order of decreasing hydrated radius
(Sverjensky, 2001). It should be noted that in this study, regardless of the mineral
involved, the electrolyte cations bind into the B-plane of the triple layer model.
In this approach, the assignment to the P-plane, a plane of constant electrical
potential, does not imply outer-sphere (fully solvated) complexation. Instead, the
physical distances to the o-plane and the B-plane are substrate dependent.
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With his model, Sverjensky (2001) predicted different distances for the adsorp-
tion of different electrolyte cations (i.e., Rb* = 3.3 A, Sr*t = 2.9 A) at the
rutile—water interface that compared well to the distances reported from x-ray
standing-wave experiments (Fenter et al., 2000). The model also suggested that
trace amounts of metals (e.g., Sr°*, Ca®") other than the electrolyte cations
should form inner-sphere complexes if adsorbed to the B-plane of rutile and sim-
ilar solids, and form outer-sphere complexes if adsorbed to the p-plane of quartz,
goethite, and similar solids. These predictions were consistent with the results of
x-ray standing-wave and EXAFS studies (Axe et al., 1998; Fenter et al., 2000;
O’Day et al., 2000; Sahai et al., 2000).

In the CD-MUSIC model, C; is obtained from titration data and C; is chosen to
provide a good fit to the salt dependency of specifically adsorbing ions (Hiemstra
and van Riemsdijk, 1996). It should be noted that the diffuse layer model does
not contain any capacitance parameters.

d. Protonation—Dissociation Constants Values for the intrinsic protonation and
dissociation constants can be obtained from the same extrapolation techniques as
those used to obtain capacitance values. In the constant capacitance model, the
surface complexation constant values are the intercepts obtained by extrapolating
alkimetric or acidimetric titration curves to zero net surface charge. Values of
intrinsic protonation—dissociation constants obtained for the constant capacitance
model using linear extrapolation are compiled in Goldberg (1992).

In the triple layer model, values for the intrinsic protonation and dissociation
constants, as well as values for the intrinsic surface complexation constants for
the background electrolyte, can be obtained from linear, double, or electrokinetic
extrapolations to zero surface charge and zero and infinite electrolyte concentra-
tion. Values of intrinsic protonation—dissociation constants and intrinsic surface
complexation constants for background electrolytes obtained for the triple layer
model using the various extrapolations are compiled in Goldberg (1992). Use
of graphical extrapolation methods has been criticized because the triple layer
parameter values obtained are not unique (Koopal et al., 1987).

Values for protonation—dissociation constants and surface complexation con-
stants for background electrolytes can also be determined by optimization of
potentiometric titration data using a computer program. Computer optimization
produces bias-free parameters and provides quality-of-fit criteria and parameter
standard deviations. Nonlinear least-squares optimization using the FITEQL pro-
gram was used to obtain surface complexation constants for the diffuse layer
model (Dzombak and Morel, 1990). These authors optimized individual poten-
tiometric titration data sets at each ionic strength and then weighted the individual
optimum values to obtain overall best estimates using the following equation:

—— (l/Ulog K(inl))i - .
Tog K (int) = » S o ko), [log K (int)]; (6.61)

where (01og (in))i 15 the standard deviation calculated for log K(int) of the ith
data set. Individual protonation-dissociation constants and overall best estimates
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for hydrous ferric oxide are presented in Dzombak and Morel (1990). In the
CD-MUSIC model, the intrinsic constant for the surface functional group was
optimized by trial and error using the ECOSAT computer program (Venema et al.,
1996b). In this approach, site densities of the two crystal planes were derived
from crystal structure and shape.

Values for protonation—dissociation constants of generic surface sites can also
be predicted using solvation and crystal chemical theory (Sverjensky and Sahai,
1996). Using the standard states defined above (Sverjensky, 2003), the values
of log K{ and log K} can be calculated from log Kyp- and log K/, which are
defined next. At the zero point of charge (pHzpc), the surface of a metal oxide
has a net zero charge and the surface equilibrium can be expressed by

SO~ +2H" = SOH,* (6.62)
and
pHzpe = 0.5log Kjpe = 0.5( |log K| + [log K3 | ) (6.63)
The overall equation for equilibrium surface protonation is
SO~ + SOH,* = 2SOH (6.64)
and the equilibrium constant expression is
a2
log K = log —3M —jog KY —log K} (6.65)

aso- ASOH,*

Sverjensky and Sahai (1996) proposed that the standard Gibbs free energy
of the vth surface protonation reaction (AG? ) can be broken into three terms
according to

AGY, = AGY +AGY,  + AG) (6.66)

piv iiv

0

where AGY  represents a Born solvation contribution, AG an electrostatic

R piv
interaction term, and AGY; | a term intrinsic to the aqueous proton. The Born
solvation term is treated by building on earlier studies of metal adsorption (James
and Healy, 1972). The proton interaction term is built by summing an attractive
interaction between the proton and the surface oxygen with a repulsive interaction
between the proton and the underlying metal of the solid sorbent (Yoon et al.,
1979).

Predictive equations for the equilibrium surface protonation constants derived
using the approach of Sverjensky and Sahai (1996) are

—AQ, 1 s "
2 Bzpe— +10g K} pc (6.67)

log Kipe = —onnZPC 2
08 RZPC = 5303RT & -
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and

log K’ = —B,—— +log K" (6.68)
n

ii,n
g+

where €, and s/ry+ represent the dielectric constant and the Pauling bond strength
per angstrom, respectively, for the sth solid. The term involving the dielectric
constant of the solid arises from the solvation term in Eq. (6.66), and the terms
involving the Pauling bond strength arise from the electrostatic interaction term.
The dielectric constant parameter also builds implicitly in a dependence on ion-
icity of the metal—oxide bond (Sahai, 2002) via the relationships with dielectric
constant, polarizability, and ionicity. The AL, zpc, Bzpc, By, log K|} ype, and
log K}, terms are coefficients obtained by calibrating the equations with exper-
imentally derived equilibrium constants. The symbol AQ,zpc in Eq. (6.67),
represents a Born solvation coefficient for the reaction

AQr‘ZPC = Q>SOHQ+ - Q>SO' = Qabs H Qs (6.69)

where the symbols represent the conventional (£2,5on,+, Q2.50-) and absolute
Born coefficients (Qib§OH2+, Q’f’sso_). The relationship between the conventional
and absolute Born ceefficients for the jth surface species is given by

Q?’bs = Qj + QibSSOH (6.70)

based on the convention that SZ“;’SSOH = 0.0. The absolute solvation coefficient of
the jth surface species is calculated using

nZ%j
4R, ,

QP = (6.71)

where R, ; represents the effective electrostatic radius for the surface species, Z;
represents the charge on the jth species, and n = 166.027 kcal A mol™! (Sver-
jensky, 1993). The effective electrostatic radius of surface species is defined as

Rej=rej+vz (6.72)

where 1y ; represents a crystallographic radius and yz represents a constant for
cations or anions for a given charge. Sverjensky and Sahai (1996) showed that
values for the coefficients AR, zpc, Bzpc, By, 10gK}; ,pc, and logK?; in Egs.
(6.67) and (6.68) can be found within the framework of the constant capaci-
tance, diffuse layer, or triple layer model by regressing experimentally determined
values for log Kyp- and log K!. These equations can then be used to deter-
mine surface protonation—dissociation constants for other metal oxides given
the dielectric constants and the Pauling bond strength per angstrom for the

metal—oxygen bonds within these solid phases.
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According to Bickmore et al. (2003, 2004), bond relaxation may actually be a
key to understanding surface acidity constants. With ab initio methods, Bickmore
et al. (2003, 2004) calculated the molecular structures of (hydr)oxide solution
monomers and the relaxation of mineral surfaces. Bond-valence methods for
the prediction of solution and surface functional group acidity constants were
reevaluated based on these calculated structures. It was found that the acidity
constants for oxyacids and hexaaquo cations are correlated to the Lewis base
strength, Sp, of a conjugate base and metal—-oxygen bond ionicity, , and cannot
be treated with the same model. The acidity constants for both —OH and —~OH;
surface functional groups, were found to be correlated to S, and 7 through the
same regression equation as the acidity constants for solution oxyacids:

pK‘il“‘(ﬂ:O.S?:) = 6158, +22.5I —19.2 (6.73)

e. Metal Surface Complexation Constants Metal surface complexation constants
can be evaluated graphically, although this necessitates the simplifying assump-
tion that ¥ = 0. This limitation can be overcome by computer optimization
of the constants. Metal surface complexation constants for all models have been
obtained using various computer programs, including MICROQL (Westaii, 1979),
FITEQL (Herbelin and Westall, 1996), HYDRAQL (Papelis et al., 1988), and
ECOSAT (Keizer and van Riemsdijk, 1995). All of the models contain different
basic assumptions for the solid—solution interface. Therefore, surface complexa-
tion constants obtained with one model must never be used in any other model.
Model parameter values are interdependent, so that values obtained for the sur-
face complexation constants are dependent on the values chosen for surface site
density and capacitances. Scientists must be aware of all input parameter values
used when extracting surface complexation constant values from the literature.
In the absence of experimental data, the equilibrium constants for electrolyte
cation and anion adsorption for the triple layer model can also be estimated based
on free energy correlation type equations using the internally consistent parameter
sets developed by Sverjensky and Sahai (1996), Sahai and Sverjensky (1997a,b),
and Koretsky etal. (1998) and expanded in more recent papers
(Criscenti and Sverjensky, 1999, 2002; Sverjensky, 2005). These parameters can
be calculated using the computer program, GEOSURF (Sahai and Sverjensky,
1998). The standard Gibbs free energy for adsorption of the vth electrolyte cation
or anion is broken down into three terms, representing a Born solvation contri-
bution, an electrostatic interaction between the adsorbate and the surface, and an
energy intrinsic to the aqueous adsorbate. This expression is analogous to Eq.
(6.66) for surface protonation. The equilibrium constants for the electrolyte cation
and anion can be predicted from expressions similar to Eq. (6.67) for log K5pc:

-‘AQ + 1 Ky
logkKl, = —_—2hMY - p loo K" 6.74
P8IV T D303RT (&) M () +10g K+ (6.74)
logk!, = —A%- 1 Bi-—— +log K/ (6.75)
BB T O303RT (&) & () | OB NiL :
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where s represents the Pauling bond strength (Sverjensky and Sahai, 1996) and
ry+ and r - represent the distances by which the adsorbing ions are repulsed by
the underlying cation of the solid and the surface oxygen, respectively (Sverjen-
sky, 2005). Values of ry+ are estimated by prediction from crystal structure
analysis and a theoretical analysis of capacitances (Sverjensky, 2001), while
values for rp - are approximated by adding a characteristic distance for each
surface to an effective crystallographic radius for L™. These values are used in
regression calculations to obtain the repulsion coefficients By+ and Bp- and the

ion-specific log K\, and log K}, _. Figure 6.9 illustrates the results of several

linear regressions using log Kf\},ﬁ and log K?_ values determined by fitting exper-
imental surface charge data using the triple layer model. Figure 6.9¢ shows the
inverse correlation between A, \+ and the effective electrostatic radius of the
ion, R, ;. Figure 6.9d illustrates that log K ,.’;‘M+ can be correlated to the aqueous-
phase equilibrium metal hydrolysis constant, log Kmony. Analogous correlations
can be made for the monovalent anions (Sverjensky, 2005).

In the diffuse layer model, all intrinsic metal surface complexation constants
were optimized with the FITEQL program for both the strong and weak sites
using the best estimates of the protonation constant, log K. (int) = 7.29, and the
dissociation constant log K_{(int) = —8.93 obtained with Eq. (6.61) (Dzombak
and Morel, 1990). Thus, individual values of log Kﬁdi (int) and log Kﬁi (int) and

best estimates of log Kf;a,» (int) and log Kﬁi (int) are unique in that they represent
a self-consistent thermodynamic database for metal adsorption on hydrous ferric
oxide.

Another standardized database for the diffuse layer model was developed for
montmorillonite by Bradbury and Baeyens (2005). Surface complexation con-
stants for strong and weak sites and cation exchange were fit to adsorption data
for various metals using constant site densities and protonation—dissociation con-
stants in a nonelectrostatic modeling approach. Linear free energy relationships
were developed to predict surface complexation constants for additional metals
from their aqueous hydrolysis constants.

Recognizing the utility of a standardized database of surface complexation
constants, Kulik (2002a) recommended the normalization of intrinsic constants
to a reference site density of 12.05 sites nm™2:

Ny
log Kporm = log K (int) + log 5 85 (6.76)

This calculation allows a comparison of surface complexation constants for a
particular mineral obtained with a specific surface complexation model. A set
of constants normalized in this manner can be used to provide a self-consistent
surface speciation.

The Rossendorf expert system for surface and sorption thermodynamics,
RES3T (Brendler et al., 2003, 2004), is 2 mineral-specific digitized thermody-
namic database that contains mineral properties, specific surface areas, ion sorp-
tion data, surface complexation reactions, and bibliographic information based
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Figure 6.9. (a) Values of log Kf,ﬁ as a function of the dielectric constant (1/g;) and
values of the bond strength per A (s/rm+); (b) values of log K Y as a function of the
dielectric constant (1/¢;) and the repulsive term in A (2/r;+); (¢) values of AQ M+
as a function of the effective electrostatic radius (1/R, ;) and values of r, ;; (d) linear
free energy correlations for values of logK” ;; \+ with the aqueous-phase equilibrium
association constants Kwyon)°. (From Sverjensky, 2005.)

presently on 1460 literature references. Surface complexation approaches consid-
ered include the constant capacitance, diffuse layer, triple layer, and CD-MUSIC
models. Data and parameter sets can be exported to other modeling applications.
The normalization calculation of Eq. (6.76) is contained as an option in the
RES’T database.

The Common Thermodynamic Database Project, CTDP (van der Lee and
Lomenech, 2004), is another thermodynamic database that includes sorption equi-
librium constants for the constant capacitance model, the diffuse layer model, and
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the triple layer model. At present the database includes 330 surface species for
nine solids and is formatted in XML, a code independent electronic format.

Criscenti and Sverjensky (1999, 2002) continued to build the internally con-
sistent set of triple layer model equilibrium constants developed by Sverjensky
and Sahai (1996) and Sahai and Sverjensky (1997a,b) by reexamining sets of
adsorption edge and isotherm data for divalent metal cation adsorption onto oxide
surfaces. In contrast to previous investigations, they found that the adsorption of
transition and heavy metals on solids such as goethite, y-Al,O3, corundum, and
anatase, which have dielectric constants between 10 and 22, was best described by
surface complexes of the metal with the electrolyte anion. Metal (M) adsorption
from NaNOj; solutions is described by

SOH + M** + NO;~ = SOHM*" — NO5~ (6.77)
from NaClO4 solutions by
SOH + M?* + Cl10,~ = SOHMCIO,* (6.78)
from NaCl solutions by
SOH + M** 4 CI™ = SOHMCI* (6.79)

Adsorption of these same metals onto solids such as quartz and silica, with low
dielectric constants between 4 and 5, may be accompanied by the electrolyte anion
in NaClOy solutions, but in NaNOj; and NaCl solutions, metal adsorption occurred
as SOM* or SOMOH. The large Born solvation free energies on low dielectric
constant solids opposed the coadsorption of the electrolyte anion. Using the triple
layer model with metal—anion surface complexes, isotherms of metal adsorption
over a range of surface coverages could be described with a single-site model,
presenting an alternative to the concept that changes in isotherm slope reflect
the filling of different types of surface sites (Criscenti and Sverjensky, 2002).
Because the equilibrium constants reported by Criscenti and Sverjensky (1999,
2002) preceded the work of Sverjensky (2003) on standard and reference states
for mineral—water interfaces, they should be modified according to Eq. (6.60).
The choice of surface complexes that best fit the adsorption edge and isotherm
curves should not be affected by more recent studies (Sverjensky, 2001, 2003,
2005).

6.2.2.6. Establishing Ion Adsorption Mechanisms and Surface Speciation In
using surface complexation models, the user must specify the adsorption mecha-
nisms and types of surface complexes for all adsorbing metal and metalloid ions.
To preserve the chemical significance of surface complexation models, adsorption
mechanisms should be established from independent experiments. Spectroscopic
techniques can be used to provide direct experimental evidence of metal and
metalloid adsorption mechanisms. Indirect experimental procedures of establish-
ing adsorption mechanisms include point of zero charge shifts and ionic strength
dependence.
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a. Spectroscopic Techniques

VIBRATIONAL SPECTROSCOPY  Infrared and Raman spectroscopies have proven to
be useful techniques for studying the interactions of ions with surfaces. Direct
evidence for inner-sphere surface complex formation of metal and metalloid
anions has come from vibrational spectroscopic characterization. Both Raman
and Fourier transform infrared (FTIR) spectroscopies are capable of examin-
ing ion adsorption in wet systems. Chromate (Hsia et al.,, 1993) and arsenate
(Hsia et al., 1994) were found to adsorb specifically on hydrous iron oxide using
FTIR spectroscopy. Raman and FTIR spectroscopic studies of arsenic adsorption
indicated inner-sphere surface complexes for arsenate and arsenite on amorphous
iron oxide, inner-sphere and outer-sphere surface complexes for arsenite on amor-
phous iron oxide, and outer-sphere surface complexes for arsenite on amorphous
aluminum oxide (Goldberg and Johnston, 2001). These surface configurations
were used to constrain the surface complexes in application of the constant
capacitance and triple layer models (Goldberg and Johnston, 2001).

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY Nuclear magnetic resonance
(NMR) spectroscopy can be applied to aqueous samples and can distinguish
between inner- and outer-sphere ion surface complexes. The adsorption behavior
of the cations Cst and Na™ was studied on the surfaces of silica, boehmite,
kaolinite, and illite (Kim and Kirkpatrick, 1997). Cesium was adsorbed both as
inner-and outer-sphere surface complexes and in the diffuse layer, while Na was
adsorbed only as outer-sphere surface complexes and in the diffuse layer. The
adsorbed Na ions were fully hydrated, while the Cs ions had direct contact with
the surface oxygen atoms.

ELECTRON SPIN RESONANCE SPECTROSCOPY Electron spin resonance (ESR) is a
technique that can also be used on aqueous samples and has been used to study
the adsorption of copper, manganese, and chromium on aluminum oxides and
hydroxides. Copper(Il) was found to adsorb specifically on amorphous alumina
and microcrystalline gibbsite forming at least one Cu-O-Al bond (McBride,
1982; McBride et al., 1984). Manganese(Il) adsorbed on amorphous aluminum
hydroxide was present as a hydrated outer-sphere surface complex (Micera et al.,
1986). Electron spin resonance combined with electron spin-echo experiments
revealed that chromium(III} was adsorbed as an outer-sphere surface complex
on hydrous alumina that gradually converted to an inner-sphere surface complex
over 14 days of reaction time (Karthein et al., 1991).

X-RAY ABSORPTION SPECTROSCOPY X-ray absorption spectroscopy (XAS)
includes x-ray absorption near-edge (XANES) and extended x-ray absorption
fine structure (EXAFS) spectroscopy. An advantage of XAS spectroscopy is that
adsorption experiments can be carried out in aqueous systems (Fendorf et al.,
1994). X-ray absorption spectroscopy has been used to examine the sorption of
both cations and anions to oxide and silicate minerals found in soils, with an
emphasis on ions that are potential contaminants in the environment.
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Cationic contaminants include numerous heavy metals and transition metals
and several alkaline earth and alkali metals. The adsorption reactions of Pb%*,
Cd**, Co**, Hg?*, Cu?*, Zn**, Ni?t, UO,2*, Sr?t, Cs*, and NpOJ onto dif-
ferent oxide, hydroxide, and aluminosilicate minerals have all been investigated
using XAS. The nature of the surface complexes formed has been found to be
a function of crystal structure, sorbing cation, ligands present in solution, and
surface coverage.

X-ray absorption spectroscopy has provided evidence for inner-sphere biden-
tate surface complexes of Pb?* on Al, O3 (Chisholm-Brause et al., 1990a; Bargar
et al.,, 1996, 1997a; Strawn et al.,, 1998), goethite (Roe et al., 1991; Bargar
et al., 1997b), hematite (Bargar et al., 1997b), and amorphous iron oxide (Trivedi
et al., 2003). Using grazing-incidence XAFS on single crystals of a-Al,O3, Bar-
gar et al. (1996) reported that inner-sphere Pb?* complexes formed preferentially
on the (0001) surface, while outer-sphere Pb* complexes formed on the (11 02)
surface. On montmorillonite, the type of Pb>* surface complex that formed was
a function of ionic strength (Strawn and Sparks, 1999). At low ionic strengths,
Pb?* adsorption to montmorillonite was pH independent and XAS suggested
that an outer-sphere complex formed. At higher ionic strength, Pb>* adsorption
became pH dependent and XAS suggested that inner-sphere complexes formed.
Dyer et al. (2003) were able to describe Pb** adsorption on amorphous iron
oxide with the tripie layer model using the bidentate mononuclear and monoden-
tate mononuclear surface species observed in the XAS study of Trivedi et al.
(2003).

Randall et al. (1999) studied the structure and composition of Cd** complexes
sorbed on several iron oxyhydroxide minerals: goethite, lepidocrocite, akagenite,
and schwertmannite using EXAFS. In all cases, adsorbed Cd** formed inner-
sphere complexes over a wide range of solution pH and Cd** concentration.
However, the bonding mechanism differed between minerals and depended on
the availability of different types of adsorption sites at the mineral surface. For
example, Cd** sorbed to goethite by the formation of bidentate surface com-
plexes at corner-sharing sites, while Cd?* sorbed to lepidocrocite by the formation
of surface complexes at bi-and/or tridentate edge-sharing sites. Manceau et al.
(2000) also found Cd** to form bidentate surface complexes at corner-sharing
sites on goethite but mononuclear, fully hydrated surface complexes on lepi-
docrocite. Venema et al. (1996b) described Cd?* adsorption on goethite with the
CD-MUSIC model using the surface species observed in the EXAFS study of
Spadini et al. (1994).

Cobalt adsorption onto y-Al,O3 (Chisholm-Brause et al., 1990b), corundum
(Towle et al., 1999), and kaolinite (O’Day et al., 1994) has been studied using
XAS. For Co*t adsorption onto kaolinite, O’Day et al. (1994) found that at low
surface coverages, Co>* sorbed as an inner-sphere bidentate complex. Using
grazing-incidence XAFS on single crystals of corundum, Towle et al. (1999)
found that Co®** adsorbed in an inner-sphere fashion, forming a tridentate com-
plex on the (0001) surface and a tetradentate complex on the (11 02) surface.
Katz and Hayes (1995) describe Co?* adsorption by a-Al,O3 with the triple layer
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model, using the surface species observed by Chisholm-Brause et al. (1990b)
using EXAFS spectroscopy.

X-ray absorption spectroscopy has been used to investigate Zn** adsorption
onto ferrihydrite, goethite, a mixture of a-Al,O3 and y-Al,O3, and hydrous man-
ganese oxide. Trivedi et al. (2001a,b) concluded that Zn?* adsorbed to both
hydrous ferric oxide and hydrous manganese oxide as an outer-sphere complex
but formed an inner-sphere complex on goethite. In contrast, Waychunas et al.
(2002) found that Zn?* formed inner-sphere tetrahedrally coordinated bidentate
surface complexes on ferrihydrite at low surface coverages. Trainor et al. (2000)
found that on alumina at low surface coverages, Zn>* also formed inner-sphere,
bidentate, tetrahedrally coordinated surface complexes.

Collins et al. (1999a) found that Hg?* sorbed to goethite as an inner-sphere
bidentate complex. Cheah et al. (1998) found that Cu®* sorbed to amorphous sil-
ica and y-Al,O3 as monomeric and monodentate inner-sphere surface complexes.
However, bidentate complexes may also form on y-Al;03;. Using polarized
EXAFS, Dihn et al. (2003) determined that Ni?t sorbed to montmorillonite edge
sites as an inner-sphere mononuclear surface complex. Inner-sphere surface com-
plexes were observed with XAS for Cr3* adsorption on manganese (Manceau
and Charlet, 1992) and iron oxides (Charlet and Manceau, 1992).

Strontium adsorption onto soil minerals is an important retardation mechanism
for °Sr?*. Chen et al. (1998) investigated the adsorption of Sr** onto kaolinite,
illite, hectorite, and montmorillonite over a range of ionic strengths and from
two different electrolyte solutions, NaNOj and CaCl,. In all cases, the EXAFS
spectra suggested Sr>* adsorbed to clay minerals as an outer-sphere mononuclear
complex. Sahai et al. (2000) also found that on amorphous silica, goethite, and
kaolinite substrates, Sr** adsorbed as a hydrated surface complex above pH 8.6.
On the other hand, Collins et al. (1998) concluded from EXAFS spectra that Sr¥*
adsorbed as an inner-sphere complex on goethite.

Bostick et al. (2002) studied Cs* adsorption onto vermiculite and montmo-
rillonite with EXAFS and found that Cs* formed both inner-and outer-sphere
complexes on both aluminosilicates. The inner-sphere complexes bound to the
siloxane groups in the clay structure. Combes et al. (1992) found that NpOQr
adsorbed onto goethite as a mononuclear surface complex. Waite et al. (1994)
were successful in describing uranyl adsorption to ferrihydrite with the diffuse
layer model using the inner-sphere, mononuclear, bidentate surface complex
observed with EXAFS.

X-ray absorption fine structure studies on metal and metalloid anions include
arsenate and chromate (Fendorf et al., 1997) on goethite, arsenate (Waychunas
et al., 1993) on goethite and hydrous iron oxide, and arsenate on gibbsite (Ladeira
et al., 2001). Mixtures of inner-and outer-sphere surface complexes were observed
for arsenite on y—Al,O3 (Arai et al., 2001). Manning and Goldberg (1996) pos-
tulated a mixture of bidentate and monodentate surface complexes in modeling
arsenate adsorption on goethite consistent with the results of Waychunas et al.
(1993). Using EXAFS, Manning et al. (1998) observed a bidentate binuclear
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bridging complex for arsenite adsorbed on goethite. This complex was incor-
porated into the constant capacitance model, and an excellent fit to arsenite
adsorption data was obtained. Grossl et al. (1997) used the EXAFS results of
Fendorf et al. (1997) to describe arsenate and chromate adsorption on goethite
using the constant capacitance model.

X-RAY REFLECTIVITY X-ray reflectivity measurements can provide important
information about mineral-water interfaces in situ by accurately determining the
position of an adsorbed monolayer relative to the substrate surface. By measuring
x-ray reflectivity of calcite, with and without lead, Sturchio et al. (1997) estab-
lished that the lead ions were located in the surface atomic layer. X-ray reflectivity
measurements found rubidium to be specifically adsorbed to the rutile surface at
the tetradentate site (Zhang et al., 2004). These authors were able to include
this information in the CD-MUSIC model to obtain an accurate description of
rubidium adsorption.

b. Point of Zero Charge Shifts The point of zero charge, PZC, of a solid can be
obtained directly from electrokinetic measurements and colloidal stability exper-
iments or indirectly from potentiometric titration data. Electrophoretic mobility
is a measure of the movement of charged particles in an electric field with
zero electrophoretic mobility indicating the condition of zero surface charge.
Specific inner-sphere ion adsorption produces shifts in PZC and reversals of
electrophoretic mobility with increasing ion concentration (Hunter, 1981). Shifts
in PZC have been observed following arsenate (Anderson et al., 1976; Harrison
and Berkheiser, 1982; Suarez et al., 1998), arsenite (Pierce and Moore, 1980;
Suarez et al., 1998), chromate (Lumsdon et al., 1984), and molybdate (McKenzie,
1983; Goldberg et al., 1996) adsorption on oxide minerals. Consistent with clec-
trophoretic mobility results, an inner-sphere surface complex was postulated to
describe molybdate adsorption on oxides and clay minerals with the constant
capacitance model (Goldberg et al., 1996). While all adsorption that produces a
shift in the PZC is inner-sphere, adsorption that does not shift the PZC may be
either inner-sphere or outer-sphere.

¢. Ionic Strength Effects Use of ionic strength dependence of adsorption to dis-
tinguish between inner-and outer-sphere surface complexes has been advocated
for metal ions (Hayes and Leckie, 1987). Ions showing little ionic strength depen-
dence in their adsorption behavior, such as lead, cadmium (Hayes and Leckie,
1987), and arsenate (Hsia et al., 1994; Goldberg and Johnston, 2001), were
considered specifically adsorbed as strong inner-sphere surface complexes. lons
showing ionic strength dependence in their adsorption behavior, such as barium
(Hayes, 1987) and arsenite (Goldberg and Johnston, 2001), were considered to
be weakly bound as outer-sphere surface complexes. McBride (1997) refined this
concept, indicating that ions that show decreasing adsorption with increasing ionic
strength are adsorbed outer-sphere, whereas ions that show little ionic strength
dependence or show increasing adsorption with increasing ionic strength are
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adsorbed inner-sphere. Greater adsorption with increasing ionic strength results
from the higher activity of counter ions available in solution to compensate the
surface charge generated by specific ion adsorption (McBride, 1997). Criscenti
and Sverjensky (1999) showed that transition and heavy metals that were thought
not to exhibit ionic strength dependence in adsorption behavior, in fact exhibited
a dependence that was a function of the solution electrolyte. In NaNOj solu-
tions, transition and heavy metal ions exhibited no ionic strength dependence in
their adsorption behavior; in NaCl solutions, the metals consistently exhibited
decreasing adsorption with increasing ionic strength; and in NaClOy4 solutions,
they exhibited increasing adsorption with increasing ionic strength. In general,
for divalent cations, transition and heavy metal adsorption can be described with
inner-sphere complexes, and alkaline earth metal adsorption can be described
with outer-sphere surface complexes. However, this generalization may not hold
up as more experiments are conducted in electrolyte solutions other than NaNOs.

d. Ab initio and Molecular Modeling ~Ab initio and molecular modeling can be
used to investigate the stoichiometries and relative adsorption energies of viable
surface complexes and to set bounds on the uncertainties associated with different
surface complexation models (Criscenti, 2004). Ab initio and molecular mechan-
ics modeling provides significant information regarding: (1) the stoichiometry of
adsorbing species in terms of both the number of bonds an adsorbing species
will form with a mineral surface and metal-ligand pairing at the surface, (2) the
structure of water at the mineral—water interface and the corresponding structure
in the presence of an adsorbing species, and (3) the relative adsorption energies of
different possible surface species. Ab initio and molecular modeling simulations
can also be valuable tools to examine how various factors, such as: (1) short- and
long-range solvation of the ion both in solution and at the mineral surface, (2) the
periodic structure of the mineral surface, and (3) the structure and dielectric con-
stant of interfacial water, influence the adsorption process as a whole (Criscenti,
2004).

Quantum mechanics calculations on small clusters of atoms can be used in
combination with x-ray absorption fine-structure (EXAFS) data to determine
the mechanism of metal binding on oxide surfaces. For example, Collins et al.
(1999a) found several geometries for Hg?* adsorption to goethite that were con-
sistent with EXAFS data, but only one that gave calculated Hg~Fe distances
consistent with those observed. In this geometry, Hg>* adsorption occurred via
two oxygen atoms bound to edge-sharing Fe sites on the (110) surface. This same
group of researchers (Collins et al., 1998, 1999b; Randall et al., 1999) combined
quantum mechanics calculations and EXAFS data to constrain the geometry of
Cd?* and Sr?* surface complexes on goethite and found that these metals were
bound to the same type of site as mercury. Peacock and Sherman (2004a) used
ab initio calculations in support of their EXAFS data to determine the stoichiom-
etry of adsorbed Cu”* species on several iron oxides. These surface complex
stoichiometries were then used to fit experimental Cu?* adsorption data within a
diffuse layer or triple layer model framework. The same type of investigation was
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conducted for vanadium adsorption to goethite (Peacock and Sherman, 2004b).
In this case, fits to sorption edge data using the surface complexes determined
from ab initio cluster calculations and EXAFS data were more nebulous.

Classical molecular mechanics approaches have also been used to investigate
the adsorption of metal ions to different mineral surfaces from aqueous solution.
For example, using a molecular dynamics approach with interatomic force fields,
Cygan et al. (1998) examined Cs™ adsorption onto fully hydroxylated kaolinite
surfaces from chloride solutions. Using a different force field approach, Steele
et al. (2000) investigated the adsorption of Cu®*, Zn?*, and Cd** to the (001)
muscovite surface. The calculations showed that these metals do not form strong
bonds with the smooth basal planc of muscovite. However, upon the introduc-
tion of edge-like defects, both Cu?* and Zn?* cations were bound strongly to
the defect sites with bond lengths and coordination numbers in agreement with
experiment.

A large research effort has been under way to develop a comprehensive pic-
ture of the interface between aqueous solution and the (110) surface of rutile
(a-TiOy). This effort has combined molecular-scale and macroscopic approaches,
including experimental measurements, quantum mechanics calculations, molec-
ular simuiations, and Gouy—Chapman—Stern models (Zhang et al., 2004). Ab
initio calculations and molecular dynamics simulations, validated through direct
comparison with x-ray standing-wave measurements, were used to predict ion
distributions not measured experimentally. Surface oxygen proton affinitics com-
puted using the CD-MUSIC model have been improved by the incorporation of
ab initio bond lengths and partial charges. All cations considered (Na*, Rb¥,
Ca**, Sr**, Zn?**, Y3+, Nd*F) were found to adsorb as inner-sphere species
directly to surface oxygen atoms, while the specific binding geometries and
reaction stoichiometries were dependent on ionic radius. This investigation illus-
trated the success of using different types of modeling to investigate adsorption
reactions.

6.3. ADVANTAGES OF SURFACE COMPLEXATION MODELS

The major advantage of the surface complexation models over the empirical
approaches is that they have the potential to be predictive in nature and applicable
to more than one field site. However, this potential has yet to be realized in a
general way. Surface complexation models account for the surface charge arising
from the charging of the reactive surface functional group and from metal surface
complexation reactions. The models define specific surface species, chemical
reactions, mass balances, and charge balances. Goodness-of-fit to experimental
adsorption data cannot be used as evidence for the presence of any postulated
surface complex. Chemical significance is optimized if as many parameters as
possible are obtained experimentally. If there is no independent experimental
evidence allowing the determination of the exact structure of adsorbed surface
complexes, the use of models having chemical simplicity and a small number of
adjustable parameters is preferable.
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6.4. APPLICATIONS TO NATURAL SYSTEMS AND LIMITATIONS
OF SURFACE COMPLEXATION MODELS

6.4.1. Single- or Two-Site Assumption

In most surface complexation models, metal adsorption edge and isotherm data
can be described by assuming that the metal adsorbs to one or at most two aver-
age sets of reactive surface sites. This is clearly a gross simplification since
natural materials are complex multisite mixtures having a variety of surface
functional groups. Experimental evidence indicates that even synthetic oxide sur-
faces contain multiple types of surface sites that may undergo metal adsorption
reactions (Rochester and Topham, 1979a,b; Benjamin and Leckie, 1980, 1981).
Thus, even surface complexation constants determined in pure mineral systems
are most likely average composite values. However, even in the CD-MUSIC
model, which is able to account for the many types of surface sites available on
individual minerals, metal adsorption is often described with only two dominant
site types (Venema et al., 1996b). If, in the presence of two or more competing
metal ions, the site heterogeneity of oxide surfaces manifests itself as selective
metal adsorption by some fraction of the total adsorption sites, then the resulting
surface complexation constants for each metal will exhibit some surface compo-
sition dependence being average values based on only a fraction of the surface
functional groups. The presence of organic matter also complicates description
of soil systems since humic and fulvic materials can act both as adsorbates on
oxide surfaces and as adsorbents for metal ions.

6.4.2. Reactive Surface Area

In the application of surface complexation models to clay minerals or to soils
dominant in clays, the assumption is often made that metal ion adsorption occurs
primarily on the aluminol and silanol groups of clay edges. The effect of the
permanent charge sites on the adsorption process may not be considered. This
simplification may be inappropriate, particularly for metal and metalloid anions,
since repulsive electrostatic forces emanating from clay faces may spill over and
affect the adsorption process on clay edges (Secor and Radke, 1985).

Surface area is a relative measurement whose value is dependent on scale
and measurement technique. The surface area of various amorphous aluminum
oxides was affected by various factors, including aging, drying, heating, reaction
in aqueous solution, and concentration of the starting reagents during synthesis
(Goldberg et al., 2001). Amorphous aluminum oxides of widely differing initial
surface areas measured in the dry state had surface areas of comparable magnitude
upon reaction in aqueous solution and subsequent redrying; initially, high surface
arcas decreased and initially low surface areas increased. These results cast doubt
on the use of initial BET surface areas as chemical characterization parameters
indicative of mineral reactivity and as input parameters into surface complexation
models. It is likely that other amorphous oxides may exhibit similar behavior and
that evaluation of these systems, especially ferrihydrite, is necessary.



Violante c06.tex V2-09/13/2007 12:02am Page 249

APPLICATIONS TO NATURAL SYSTEMS AND LIMITATIONS 249

For goethites, an inverse relationship between surface arca and adsorption
capacity was attributed to variability in surface site density (Hiemstra and van
Riemsdijk, 1996; Villalobos et al., 2003). The higher reactive site density of a
lower surface area goethite formed by rapid reagent addition was attributed to
a higher surface area percentage of (001) faces as observed with atomic force
microscopy (Gaboriaud and Ehrhardt, 2003). The higher surface area goethite
formed by slow reagent addition had a significantly smaller percentage of (001)
faces.

6.4.3. Component Additivity

One approach for modeling adsorption on complex mineral assemblages such
as soils and sediments is component additivity (CA). This approach attempts to
predict adsorption on a complex mineral assemblage using the results of a surface
characterization of the assemblage and experimental data and model parameters
obtained for adsorption by pure reference minerals (Davis et al., 1998). The
simplest mineral assemblage is a binary mixture. Constant capacitance modeling
of adsorption of various cations and anions using the additivity concept was
unsuccessful for binary mixtures of AI(OH);/Fe(OH)s (Anderson and Benjamin,
1990a) and SiO,/Fe(OH)3 (Anderson and Benjamin, 1990b). It was found that Al
and Si dissolved and reprecipitated on Fe(OH)3 blocking many of its adsorption
sites.

A major advantage of a successful CA approach is that the surface complex-
ation model parameters are transferable from one field site to another. Unfortu-
nately, at present, CA approaches suffer from significant problems (Davis et al.,
2004). In the estimation of surface site types and surface area abundances, it is
assumed that the relative mineral surface areas can be estimated from bulk weight
abundances and that the surface area of minerals in the assemblage is the same
as that of reference minerals used in the laboratory. The lack of fundamental data
on the effects of competitive adsorption of solutes common in soil solution and
groundwater could lead to overestimation of adsorption due to competitive ion
effects on adsorption in the natural system. The lack of fundamental data on the
effects of solutes common in soil solution and groundwater on surface charge
and surface potentials introduces the potentially erroneous assumption that these
ions are not potential determining. Some computer optimization programs (eg.,
FITEQL) require use of the same surface complexation model, capacitance(s),
and surface potentials for all component minerals (Davis et al., 2004).

A CA approach described zinc adsorption on aquifer sand material from
Cape Cod by assuming that the aluminum and iron phases present in the quartz
grain coatings have a surface area and site density similar to those of poorly
crystalline materials (Davis et al., 1998). A similar approach provided only a
semiquantitative prediction of uranium adsorption on an alluvial aquifer sedi-
ment from Naturita, Colorado, depending on the assumptions made about the
relative amounts of surface area of quartz, ferrihydrite, and goethite (Davis
et al., 2004). In both of these studies, the surface complexation model considered
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Figure 6.10. Ability of the component additivity approach to describe arsenate adsorption
by a soil. (From Gustaffson, 2001.)

was a nonelectrostatic model that did not include electrostatic terms or protona-
tion—dissociation constants. Because of the exclusion of the electrostatic terms,
the mass action equations are not expected to provide accurate representations of
reaction stoichiometry at the molecular scale (Davis et al., 2004).

Gustaffson (2001) used an electrostatic CA approach with the CD-MUSIC
model] to describe arsenate adsorption on a spodic B horizon containing allophane
and ferrihydrite. He used the arsenate surface complexation constants obtained
on gibbsite to represent allophane. The fit of the model was generally very good,
although the fit was not quantitative over the entire range of arsenic surface
coverages (see Figure 6.10).

An alternative type of component additivity approach is to use different adsorp-
tion models for different adsorbents (Weng et al., 2001, 2002). These authors
described Cd**, Zn**, and Ni?* binding in soils by combining the diffuse layer
model for hydrous ferric oxide, the CD-MUSIC model for goethite, the Donnan
model for illite, and the nonideal competitive adsorption (NICA) Donnan model
(Kinniburgh et al., 1999) for humic acid.

6.4.4. Generalized Composite

In the generalized composite (GC) approach it is assumed that the adsorption
behavior of a complex mineral assemblage can be described by surface com-
plexation reactions written with generic surface functional groups that represent
average properties of the assemblage as a whole rather than as specific mineral
phases (Davis et al., 1998). The GC approach uses the overall surface area value
and fits surface complexation constants to the experimental adsorption data. The
number of site types and surface complexes are chosen to provide good data
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simulation (Davis et al., 1998). Generalized composite approaches successfully
described zinc adsorption on Cape Cod (Davis et al., 1998) and uranium adsorp-
tion on Naturita (Davis et al., 2004) aquifer sediments. A GC approach developed
from laboratory studies using Naturita sediment could predict in situ Kp values
for uranium measured in field experiments of the same sample in contact with
groundwater of variable chemical conditions (Curtis et al., 2004). The quality of
the prediction is shown in Figure 6.11. In the GC approaches described above,
the surface complexation model was nonelectrostatic.

Generalized composite approaches have also been used in application of the
constant capacitance model to describe molybdenum (Goldberg et al., 1998) and
arsenate adsorption by soil (Goldberg and Glaubig, 1988) and sediments (Gao
et al., 2006) and the triple layer model to describe calcium and magnesium
adsorption by soil (Charlet and Sposito, 1989). In these applications the elec-
trostatic terms and protonation—dissociation reactions were retained.

The predictive capability of the constant capacitance model to describe metal
and metalloid adsorption has been tested (Goldberg et al., 2002; 2005). In this
approach a general regression model was used to predict surface complexa-
tion constants from casily measured soil chemical properties such as surface
area, cation exchange capacity, organic carbon content, inorganic carbon con-
tent, aluminum oxide content, and iron oxide content. This approach provided
a completely independent model evaluation and was able to predict molybde-
num (Goldberg et al., 2002) and arsenate (Goldberg et al., 2005) adsorption on
numerous diverse soils having a wide range of chemical characteristics. The pre-
dictive capability of this approach is shown in Figure 6.12 for both monodentate
and bidentate molybdenum surface configurations and in Figure 6.13 for arsenate
adsorption by three soil samples.
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Figure 6.11. Ability of the generalized composite approach to predict Kp values for
uranium adsorption on aquifer sediment. (From Curtis et al., 2004.)
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Figure 6.12. Constant capacitance model fits to and predictions of molybdenum adsorp-
tion by a soil. (From Goldberg et al., 2002.)

An intercomparison of CA and GC diffuse layer modeling approaches was
carried out by 12 teams from eight countries using uranyl adsorption data on
the weathered schists from the Koongarra uranium deposit in Australia (Payne
et al., 2004). Exclusively predictive CA simulations were unable to provide sat-
isfactory description of the data, and reoptimization of some parameter values
was necessary. The GC models provided better simulation of the data but opti-
mized a greater number of model parameters. The ability of either model to
describe uranium adsorption on other rock samples from the same field site was
unsatisfactory.

6.5. SUMMARY

Various empirical and chemical models of metal adsorption were presented and
discussed. Empirical model parameters are only valid for the experimental con-
ditions under which they were determined. Surface complexation models are
chemical models that provide a molecular description of metal and metalloid
adsorption reactions using an equilibrium approach. Four such models, the con-
stant capacitance model, the diffuse layer model, the triple layer model, and
the CD-MUSIC model, were described. Characteristics common to all the mod-
els are equilibrium constant expressions, mass and charge balances, and surface
activity coefficient clectrostatic potential terms. Various conventions for defin-
ing the standard state activity coefficients for the surface species have been
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Figure 6.13. Constant capacitance model predictions of arsenate adsorption by three soil
samples. (Adapted from Goldberg et al., 2005.)

described. Methods for determining parameter values for surface site density,
capacitances, protonation—dissociation constants, and metal surface complexation
constants were presented. Experimental methods of establishing metal surface
configuration include: vibrational spectroscopy, nuclear magnetic resonance spec-
troscopy, electron spin resonance spectroscopy, X-ray absorption spectroscopy,
and x-ray reflectivity. Metal surface speciation can also be inferred indirectly
from point of zero charge shift and ionic strength dependence experiments and
ab initio molecular modeling calculations. Applications of the surface com-
plexation models to heterogeneous systems using the component additivity and
the generalized composite approaches were described. Continuing research is
needed to develop consistent and realistic protocols for describing metal adsorp-
tion reactions. The availability of standardized model parameter databases is
critical.
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