M.

USE OF SURFACE COMPLEXATION
MODELS IN SoIL
CHEMICAL SYSTEMS

Sabine Goldberg

USDA-ARS,
U.S. Salinity Laboratory,
Riverside, California 92501

. Introduction
. Description of Models

A. Common Characteristics of Surface Complexation Models

B. Constant Capacitance Model

C. Triple-Layer Model

D. Stern Variable Surface Charge-Variable Surface Potential Model
E. Generalized Two-Layer Model

F. One-pK Model

Application of Models to Protonation-Dissociation Reactions on Oxides,
Clay Minerals, and Soils

A. Constant Capacitance Model

B. Triple-Layer Model

C. Stern VSC-VSP Model

D. Generalized Two-Layer Model

E. One-pK Model

. Application of Models to Metal Ion Adsorption Reactions on Oxides,

Clay Minerals, and Soils

A. Constant Capacitance Model
B. Triple-Layer Model

C. Stern VSC-VSP Model

D. Generalized Two-Layer Model
E. One-pK Model

. Application of Models to Inorganic Anion Adsorption Reactions on

Oxides, Clay Minerals, and Soils
A. Constant Capacitance Model
B. Triple-Layer Model

C. Stern VSC-VSP Model

D. Generalized Two-Layer Model
E. One-pK Model

. Application of Models to Organic Ligand Adsorption Reactions on Oxides

A. Constant Capacitance Model

233

Advances in Agronomy, Volume 47



234 SABINE GOLDBERG

B. Triple-Layer Model
C. Stern VSC-VSP Model
VII. Application of Models to Competitive Adsorption Reactions on Oxides

A. Metal-Metal Competition
B. Anion—Anion Competition
C. Metal-Ligand Interactions

VIIL Incorporation of Surface Complexation Models into Computer Codes
A. Incorporation into Chemical Speciation Models
B. Incorporation into Transport Models

IX. Summary

References

I. INTRODUCTION

A model is a simplified representation of reality considering only the
characteristics of the system important to the problem at hand. An empir-
ical model is a description of data without theoretical basis. A chemical
model provides a description of a chemical system consistent with its
chemical properties and should be simultaneously as simple and as chemi-
cally correct as possible. The ideal model is effective, comprehensive,
realistic, and predictive (Barrow and Bowden, 1987). An effective model
closely describes observations, a comprehensive model applies to a wide
range of conditions without modification, a realistic model conforms to
accepted theories of behavior, and a predictive model can be applied to
different conditions.

Unlike empirical models, surface complexation models are chemical
models that strive to satisfy the above characteristics and to give a general
molecular description of adsorption phenomena using an equilibrium
approach. The purpose of molecular theory is to derive thermodynamic
properties such as activity coefficients and equilibrium constants from the
principles of statistical mechanics (Sposito, 1981). The surface complexa-
tion models are designed to calculate values for the thermodynamic prop-
erties mathematically and constitute a family of models having similar
characteristics. This model family includes the constant capacitance model
(Stumm et al., 1980), the triple-layer model (Davis et al., 1978), the Stern
variable surface charge—variable surface potential model (Bowden et al.,
1980), the generalized two-layer model (Dzombak and Morel, 1990),
and the one-pK model (van Riemsdijk et al., 1986). The major advance-
ment of the surface complexation models is that they consider surface
charge. Surface charge results from protonation and dissociation reactions
as well as from surface complexation reactions of reactive surface hydroxyl
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groups at mineral surfaces. The sign and magnitude of the mineral surface
charge are dependent on the pH and the ionic strength of the electrolyte
solution.

The purpose of this article is to comprehensively review five common
surface complexation models of the mineral-solution interface and their
use in describing soil chemical systems. Common model characteristics and
adjustable parameters will be discussed. For each model, surface species,
chemical reactions, equilibrium constant expressions, and surface activity
coefficients will be defined. Applications of the model to ion adsorption on
soil minerals and soils will be presented. Incorporation of surface com-
plexation models into computer codes will be discussed.

II. DESCRIPTION OF MODELS

A. CoMMON CHARACTERISTICS OF SURFACE COMPLEXATION MODELS
1. Balance of Surface Charge

The balance of surface charge on an oxide mineral in aqueous solution is
(Sposito, 1984a)

oyt ot ot o3=0 (1)

where oy is the net proton charge, defined by oy = F(I'y — I'on), where
T is a surface excess concentration, oy is the inner-sphere complex charge
resulting from the formation of inner-sphere complexes between adsorbing
ions (other than H* and OH™) and surface functional groups, oy, is the
outer-sphere complex charge resulting from the formation of outer-sphere
complexes between adsorbing ions and surface functional groups or ions in
inner-sphere complexes, oy is the dissociated charge, equal to minus the
surface charge neutralized by electrolyte ions in solution that have not
formed adsorbed complexes with surface functional groups.

All surface complexation models are based on a balance of surface
charge expression. The surface functional group is defined as SOH, where
S represents a metal ion of the oxide mineral surface bound to reactive
hydroxyl group. The functional group can also be an aluminol or silanol
group at the edge of a clay mineral particle. The balance of surface charge
expression may be simplified depending upon the interfacial structure and
the assumptions of the particular complexation model. The specific ex-
pressions will be provided in the detailed discussion of each model.
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2. Electrostatic Potential Terms

All surface complexation models contain at least one coulombic correc-
tion factor to account for the effect of surface charge on surface complexa-
tion. These coulombic correction factors take the form of electrostatic
potential terms, e~ "¥/RT where W, is the surface potential (V) in the ith
surface plane, F is the Faraday constant (C mol;!), R is the molar gas
constant (J mol™! K1), and T is the absolute temperature (K) in the
conditional equilibrium constant expressions. Surface complexation mod-
els of the oxide—solution interface can be considered as special cases of
the van der Waals model in statistical mechanics (Sposito, 1983). In this
model, charged surface complex species create a long-ranged mean electric
force field from screened coulomb forces by mutual interaction. Short-
ranged interactions are neglected. The mean field effect is responsible for
the presence of electrostatic potential terms in the conditional equilibrium
constant expressions. According to the van der Waals model, the activity
coefficient differs from a value of one because the total potential energy
changes when neutral surface hydroxyl groups are replaced by charged
surface complexes (Sposito, 1983). Diffuse double-layer theory need not
be invoked to lend chemical significance to the exponential terms (Sposito,
1983). Unfortunately, diffuse double-layer effects have been invoked
almost universally in model applications to explain the presence of the
exponential terms. The electrostatic potential terms should simply be con-
sidered as solid-phase activity coefficients correcting for the charges on
the surface complexes.

3. Adjustable Parameters

The surface complexation models explicitly define equilibrium constant
expressions for surface complexes. They contain mass balance equations
for each type of surface site and charge balance equations for each surface
plane of adsorption. Thus, all models contain the following adjustable
parameters: K;, the equilibrium constants; C;, the capacitance density for
the ith surface plane; and [SOH]y, the total number of reactive surface
hydroxyl groups. Values of the equilibrium constants are almost always
obtained with the help of a computer program. Details for each model will
be discussed below. Values for some of the capacitance density parameters
can be obtained experimentally (Sposito, 1984a). However, the capaci-
tance density values have almost universally been taken as adjustable.
Details for experimental determinations of capacitance densities will be
provided in the model descriptions.
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The total number of reactive surface hydroxyl groups, [SOH]r, is an
important parameter in surface complexation models. The value of the
surface site density has been determined either experimentally by tri-
tium exchange (Davis and Leckie, 1978, 1980), potentiometric titration
(Balistrieri and Murray, 1981; Hohl and Stumm, 1976; Kummert and
Stumm, 1980), fluoride adsorption (Sigg, 1979), maximum adsorption
(Goldberg and Sposito, 1984a; Goldberg, 1985, 1986a), calculated from
crystal dimensions, or optimized to fit experimental adsorption data
(Hayes et al., 1988). For goethite these determinations range from
4 sites/nm? for potentiometric titration to 6-7 sites/nm? for fluoride
adsorption to 17 sites/nm? for tritium exchange (Sigg, 1979). Crystallo-
graphic calculations of reactive surface hydroxyl groups on goethite
provide a surface site density of 3 sites/nm? (Sposito, 1984a). Various
measurements of surface site density are described in detail by James
and Parks (1982). These authors also provide values of this parameter
obtained with diverse methods for many oxide minerals.

Initial sensitivity analyses showed surface complexation models to be
relatively insensitive to surface site density values for selenium adsorption
on amorphous hydrous ferric oxide in the range of 3—12 sites/nm? (Hayes
et al., 1988) and for phosphate adsorption on a soil in the range of 1.25-
2.5 sites/nm? (Goldberg and Sposito, 1984b). Recently, sensitivity analy-
ses for acid—base titration data on goethite, aluminum oxide, and titanium
oxide showed the models to be relatively insensitive to surface site density
in the range of 2-20 sites/nm? (Hayes ez al., 1991). However, the actual
values of the equilibrium constants decreased with increasing surface site
density. More detailed investigations of both the constant capacitance
model and the triple-layer model have indicated that for adsorption of
phosphate, arsenate, selenite, selenate, silicate, molybdate, and borate the
ability of the models to describe adsorption using both inner-sphere and
outer-sphere surface complexes was sensitively dependent on the value of
the surface site density (Goldberg, 1991). Further research is needed to
determine the most appropriate experimental measurement of surface site
density for surface complexation modeling.

The surface complexation models contain the assumption that ion
adsorption occurs at only one or two types of surface sites. Clearly, soils
are complex, multisite mixtures. However, experimental evidence suggests
that even oxide mineral surfaces contain several sets of adsorption sites
(Rochester and Topham, 1979a,b; Benjamin and Leckie, 1980, 1981).
Thus, equilibrium constants determined for soils and even for pure min-
eral systems likely represent average composite values for all sets of re-
acting sites.
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B. CoNsTANT CAPACITANCE MODEL

The constant capacitance model of the oxide mineral-aqueous solution
interface was developed by the research groups of Schindler and Stumm
(Schindler and Gamsjéger, 1972; Hohl and Stumm, 1976; Schindler et al.,
1976; Stumm et al., 1976, 1980). The model is based on the following
assumptions: (1) all surface complexes are inner-sphere complexes, with
anion adsorption occurring via a ligand exchange mechanism, (2) the
constant ionic medium reference state determines the activity coefficients
of the aqueous species in the conditional equilibrium constants and there-
fore no complexes are formed with ions in the background electrolyte,
and (3) a linear relationship exists between surface charge and surface
potential:

o= (CSa/F)¥ @)

where C is the capacitance density (F m2), S is the specific surface area
(m? g™1), a is the suspension density (g liter™*), and o has units of mol,
liter~!. These assumptions greatly simplify the balance of surface charge
expression:

o=0oyt g 3

The surface charge on a particle, o, equals the net proton charge plus the
charge resulting from formation of inner-sphere surface complexes. There
is no strict balance of surface charge in the constant capacitance model.
Equation (3) is a model expression for the total particle charge. Figure 1
provides a diagram of the surface-solution interface in the constant capaci-
tance model. The following equations are general surface complexation
reactions (Hohl et al., 1980):

SOH + H* = SOH7 “)
SOH = SO~ + H* 5

SOH + M™" = SOM“~ D+ H* ©6)
2SOH + M™* 2 (SO),M™~? + 2H* (@)
SOH + L'~ = SLU"V~ + OH~ (8)
2SOH + L'~ = S,L¢"?~ + 20H" (©)]

where SOH represents the surface functional group, M is a metal ion, m+
is the charge on the metal ion, L is a ligand, and /- is the charge on the
ligand. The intrinsic conditional equilibrium constants describing these
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Figure 1. Placement of ions, potential, charge, and capacitance for the constant capaci-
tance model. After Westall (1986), reproduced with permission from the American Chemical
Society.

reactions are (Hohl et al., 1980)

. [SoHF]
K+(lnt)_—[SOH][H+] exp| F¥/RT] (10)
K_(int) = E%_O]—g;—:]exp[—F‘I’/RT] 11)
Ki (‘nt)=[—w (m—1)F¥/RT) (12
Ml [SOH][Mm+] CXp[ m ) )
SO (m—2) +72
K¥(int) = L(——[S)—CZ)I\I/_II]—Z[N-[—,]"[%—]exp[(m —2)F¥/RT] (13)
(-1- -
Ki(int) = EI[ASO—H]%[L—?_—}]I—]exp[—(I —1)FY/RT] (14)
Ki(int) = [S,LT 2" JOHT exp[—(I—2)F¥/RT] (15)

[SOHPL""]

where square brackets represent concentrations (mol liter ~!). The intrinsic
conditional equilibrium constants are obtained by extrapolating the con-
ditional equilibrium constants to zero net surface charge (Stumm et al.,
1980). A detailed explanation of the procedure is provided in Sec-
tion II1,A. Surface complexes exist in a chargeless environment in the stan-
dard state. To solve the equilibrium problem, two more equations are
needed. The mass balance for the surface functional group is (Sigg and
Stumm, 1981)

[SOH]; = [SOH] + [SOHS ] + [SO ] + [SOM“"~ ]
+ [(SO),M™ = 2] + [SLU"D7] + [S,LV=27] (16)
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and the charge balance is (Sigg and Stumm, 1981)
a=[SOHF]—[SO7] + (m — 1)[SOM™ V] + (m - 2)[(SO),M"~2)]
= (= D[SL V7] = (1= 2)[S,L27] 17)

This set of equations can be solved with a computer program using the
mathematical approach outlined by Westall (1980).

C. TrrpLE-LAYER MODEL

The original triple-layer model was developed as an extension of the
site-binding model (Yates et al., 1974) by Davis and co-workers (1978;
Davis and Leckie, 1978, 1980). In contrast to the constant capacitance
model, the original triple-layer model assumes that all metals and ligands
form outer-sphere surface complexes. Only the proton and the hydroxyl
ion form inner-sphere surface complexes; all other surface complexes
contain at least one water molecule between the ion and the surface
functional group (Davis er al., 1978). The infinite dilution reference state
determines the activity coefficients of the aqueous species in the condi-
tional equilibrium constants. The surface charge is thus composed of the
net proton charge plus the charge resulting from the formation of outer-
sphere complexes:

0= 0y + O (18)

The model derives its name from the three planes of charge used to
represent the oxide surface. The potential-determining ions at the surface,
protons and hydroxyl ions, are placed in the surface o-plane. The outer-
sphere complexes are situated a little further from the surface in the
B-plane. The diffuse layer starts at the d-plane and extends into the
aqueous solution phase. Figure 2 provides a diagram of the surface—
solution interface in the triple-layer model. Because the triple—layer model
contains three surface planes, three charge—potential relations are needed
(Davis et al., 1978):

¥, - ¥ =0,/C, (19)
V=¥, = —0,/C; (20)
0,= —(8RTc £yD)"?sinh(F¥,/2RT) (21)

where o has units of C m™2, g, is the permittivity of vacuum, D is the
dielectric constant of water, and c is the concentration of a 1: 1 background
electrolyte. In the case of 1:2 and 2:1 background electrolytes, Eq. (21)
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Figure 2. Placement of ions, potentials, charges, and capacitances for the triple-layer
model. Parentheses represent ion placement allowed only in the modified triple-layer model.
After Westall (1980), reproduced with permission from the American Chemical Society.

becomes much more complex (see, e.g., Sposito, 1984a). The reactions
considered in the original triple-layer model include Egs. (4), (5), and (6),
although Eq. (6) is now written as

SOH + M™ = SO~ - M™* + H* (22)

representing the formation of an outer-sphere surface complex (Davis
etal.,1978). In the original triple-layer model the formation of the bidentate
metal complex, Eq. (7), is replaced by the formation of a hydroxy-metal
surface species:

SOH + M™* + H,0 2 SO~ - MOH""~ 1 + 2H* (23)

Davis and Leckie (1978) found that this surface reaction was more consis-
tent with their experimental data. In the original triple-layer model the
ligand exchange reactions, Eqs. (8) and (9), are now written as outer-
sphere surface complex formations (Davis and Leckie, 1980):

SOH + H* + L' 2 SOH; - LU~ (24)
SOH +2H* + L' = SOH5 - LH¢~V- 25)

For anion adsorption reactions, Davis and Leckie (1980) found that they
could obtain results more consistent with their experimental data by re-
placing the bidentate complex with a protonated surface species. Two
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additional reactions are needed to describe the outer-sphere surface com-
plexes formed by ions of the background electrolyte (Davis et al., 1978):

SOH+C*=2S0~ - C*+H"* (26)
SOH+H*+A™ 2 SOH; - A~ 27)

where C* is the cation and A~ is the anion.
The intrinsic conditional equilibrium constants for the triple-layer model
have a form similar to those for the constant capacitance model. The
protonation and dissociation constants remain as written in Eqgs. (10) and

(11). The other intrinsic conditional equilibrium constants are (Davis et al.,
1978; Davis and Leckie, 1978, 1980)

[SO~ - M™*|[H"]

Kiy(int) = [SOHJM™ ] exp[ F(m¥g — ¥,)/RT] (28)
.. _[sO” - MOH" V|[H'P
Kiy(int) = [SORIM™ ] exp[ F((m — 1)¥s — ¥,)/RT] (29)
SOH; — L'~
K1(int) =[S[OH][ZT][LIJ]CXP[F(WD—I\VB)/RT] (30)
.. _[SOH; —LH"" V"] L
K%(lnt) - [SOH][H+]Z[LI—] CXP[F(‘I’O (l l)wﬁ)/RT] (31)
SO~ - C*|[H*
Kc-(int) = [—W[C]g]] exp[ F(¥s — ¥,)/RT] (32)
KaGint) = -0 ZA Doyt pw, — wy)/RT) (33)

[SOH]H"][A™]

As in the constant capacitance model, the intrinsic conditional equilibrium
constants are obtained by extrapolation (Davis et al., 1978). Surface com-
plexes exist in a chargeless environment in the standard state. A detailed
explanation is provided in Section III,B. The mass balance equation for the
surface functional group is

[SOH] = [SOH] + [SOH5 ] + [SO7] + [SO™ — M™*]
+[SO™ = MOH™™ V] + [SOH; - L]
+[SOHF —LH¢*"Y~]+[SO™ —C*] + [SOH; —A"] (34)
Last, three charge balance equations are needed:

o,togto;=0 (35)
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o,= S_Fa {[SOH3 ]+ [SOH; — L] + [SOH; — LH¢"D]

+[SOH; — A"]-[SO7]-[SO™ — M™*]
- [SO™ = MOH"™ V] - [SO™ -C*]} (36)

05 = 's% {m[SO~ — M™*] + (m — 1)[SO~ = MOH"~1] + [SO~ - C*]

—I[SOH; —L"]— (- 1)[SOH; —LHY"Y"]-[SOH; — A"]} (37)

This set of equations can be solved with a computer program using a
mathematical approach similar to that for the constant capacitance model
(Westall, 1980).

Extensions of the original triple-layer model to describe ion adsorption
as inner-sphere surface complexes in the o-plane have been carried out
(Blesa et al., 1984a; Hayes and Leckie, 1986, 1987; Hayes et al., 1988).
Blesa er al. (1984a) were the first to extend the triple-layer model to
describe inner-sphere surface complexation via ligand exchange in mod-
eling boron adsorption on the iron oxide, magnetite, and on zirconium
dioxide. Later work by Hayes and co-workers described lead (Hayes and
Leckie, 1986, 1987), cadmium (Hayes and Leckie, 1987), and selenite
adsorption (Hayes et al., 1988) on iron oxides using inner-sphere surface
complexes.

In the modification of the triple-layer model developed by Hayes and
Leckie (1986, 1987), the standard state for both solution and surface
species is chosen as zero surface charge and without ionic interactions. The
reference state for all species is infinite dilution and zero surface charge.
The result of these changes is that the exponential terms become ratios of
solution and surface activity coefficients and that the intrinsic conditional
equilibrium constants are equivalent to the thermodynamic equilibrium
constants (Hayes and Leckie, 1987).

In the modified triple-layer model the surface charge is composed of the
net proton charge plus the charge resulting from the formation of inner-
sphere and outer-sphere surface complexes:

o=o0yt O+ O (38)

Figure 2 indicates the placement of metal and ligand ions into the o-plane
in the modified triple-layer model.

In the modified triple-layer model, inner-sphere surface complexation by
metal ions is described by Eq. (6), as in the constant capacitance model.
Only this metal surface complexation reaction is considered. Inner-sphere
surface complexation by anions via ligand exchange is described by
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Eq. (8), as in the constant capacitance model. The intrinsic conditional
equilibrium constants for these reactions are Eqgs. (12) and (14), where ¥
is replaced by ¥,. In addition to these reactions an additional surface
complexation reaction between the cation of the background electrolyte
and the adsorbed anion is considered:

SOH + L~ + H™ + C* 2 SLU"D~ - C* + H,0 (39)
The intrinsic conditional equilibrium constant expression for this reac-
tion is
[SL¢=D- — 7]

[SOH][L™ ][H"][C"]
In the modified triple-layer model the mass balance is
[SOH] =[SOH] + [SOH7 ] + [SO "] + [SOM(™~ D] + [SO~ - M™*]

+ SO~ —MOH" V] + [SL¢" V| +[SL¢"V~ - C7]

+[SOH; — L]+ [SOH; - LH™Y7]+[SO™ - C*]

+[SOH; — A7] (41)

In the modified triple-layer model the charge balance in the o-plane is

K c-(int) = exp[ F(Ys — (I—- 1)¥,)/RT] (40)

F
o, =S—a{[SOH;] +[SOH; — L]+ [SOH; — LH¢"b7]

+ (m— 1)[SOM™ V] + [SOH; — A"] - [SO7]
—[SO™ =M™*] - [SO™ — MOH™ V] — (/- 1)[SLY" V7]
—(—D[SLU"D~ —C*] =[SO —-C']} (42)

and the charge balance in the B-plane is
F
% =3, {m[SO™ — M™*] + (m — 1)[SO~ —~ MOH""" V)]
a

+[SL¢"D™ = C*]+[SO™ = C*] - [[SOH; — L]
- (I- 1)[SOH; —LHY"D~| - [SOH; - A™}} (43)

D. STERN VARIABLE SURFACE CHARGE —VARIABLE SURFACE
POTENTIAL MODEL

The Stern variable surface charge—variable surface potential (VSC-
VSP) model was developed by Bowden, Barrow, and their co-workers
(Bowden et al., 1977, 1980; Barrow et al., 1980a, 1981; Barrow, 1987). This
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Figure 3. Placement of ions, potentials, charges, and capacitances for the Stern VSC-
VSP model. After Bowden er al. (1980).

model is actually a mixture of the constant capacitance model and the
original triple-layer model and might also be called the four-layer model.
The Stern VSC-VSP model assumes that protons, hydroxyl ions, and
“strongly adsorbed’” oxyanions and metals form inner-sphere surface com-
plexes. The balance of surface charge expression in this model is the same
as in the modified triple-layer model, Eq. (38). The protons and hydroxyl
ions reside in the o-plane close to the surface. The “strongly adsorbed”
ions are placed in an a-plane a short distance away from the surface
o-plane. The major cations and anions are assumed to form outer-sphere
surface complexes and are placed in the B-plane a short distance away from
the a-plane (Barrow et al., 1980a). The fourth plane, the d-plane, indicates
the start of the diffuse double layer. Figure 3 provides a diagram of the
surface—solution interface in the Stern VSC-VSP model. The surface
functional group is defined as OH—S—OH, . This convention allows only
one protonation or dissociation to occur for every two surface hydroxyl
groups (Barrow et al., 1980a). The Stern VSC-VSP model emphasizes
parameter optimization and defines no surface reactions, provides no equi-
librium constant expressions for these reactions, and defines no specific
surface species. The model equations are given in Barrow et al. (1980a)
and Bowden et al. (1980). Because the Stern VSC-VSP model contains
four surface planes, four charge—potential equations and four charge bal-
ance equations are needed:

Wo - \Pa = D/Coa (44)
\I,a - q’/i = (0’0 + Ua)/CaB (45)
Wy — W= =04/ Cay (46)
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where o has units of mol, m™2 and C has units of mol, V™! m~2. The
diffuse layer charge, oy, is calculated as in the triple-layer model, Eq. (21).
However, the result from Eq. (21) is in C m 2 and must be divided by the
Faraday constant to obtain mol, m~2. The remaining charge balance equa-
tions are

o, o, +togt+0,=0 (47)
_ Ns{KulH" | exp(~F¥,/RT) — Kou[OH ] exp(F¥,/RT)}

%0 = T4 Ku[H" Jexp(—F¥,/RT) + Kon[OH | exp(F¥,/RT) 4>
NTE ZK,a; exp(— Z,F¥,/RT)

9a = 1+’E K,a, exp(— Z,FV,/RT) “49)

_ NollKealC'exp(=F¥/RT) = K[ Al exp(FY/RD)) - o

78" 14 Kew|CT1exp(— FW/RT) + Kon[A | exp(F¥,/RT)

where Ng is the maximum surface charge density (mol, m~2), Ny is the
maximum adsorption of specifically adsorbed ions (mol, m~2), K; is the
binding constant, a; is the activity, and Z; is the charge of the ith specifically
adsorbed ion.

In the Stern VSC-VSP approach, no mass balance is carried out. De-
spite the fact that their values are available experimentally, the total
number of surface sites and the maximum adsorption are adjustable pa-
rameters. In solving the set of above equations, values of Ng, N, the
binding constants K;, and the capacitances C;, are chosen to opti-
mize model fit to the data. The charge densities o; and the electrostatic
potentials ¥; subsequently are calculated via a computer program
(Barrow, 1979).

Sposito (1984b) does not consider the Stern VSC-VSP model to be a
chemical model because it lacks chemical reactions and equilibrium con-
stant expressions. The model is not self-consistent chemically because it
does not reduce to the triple layer model when “strongly adsorbed” ions
are absent from the a-plane (Sposito, 1984b).

E. GENERALIZED Two-LAYER MODEL

The generalized two-layer model was developed by Dzombak and Morel
(1990) as an expansion of the diffuse layer model proposed by Stumm and
co-workers (1970; Huang and Stumm, 1973). Like the constant capaci-
tance model, the generalized two-layer model assumes that all surface
complexes are inner-sphere complexes. The surface charge expression is
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the same as in the constant capacitance model, Eq. (2). The generalized
two-layer model is like the triple layer model and the Stern VSC-VSP
model in that it considers a diffuse layer. The model is named after the two
planes of charge used to represent the surface. All surface complexes are
placed into the surface plane. The diffuse layer commences at the d-
plane and extends into the solution phase. Figure 4 provides a diagram of
the surface—solution interface in the generalized two-layer model. As in
the triple-layer model, the surface charge, o, has units of C m~2. The re-
lationship between the surface charge and the surface potential is defined
by electric double-layer theory, Eq. (21). No capacitance parameters are
required in the generalized two-layer model. The model employs the
infinite dilution reference state for the solution and a reference state of
zero charge and potential for the surface (Dzombak and Morel, 1990).

The surface reactions considered in the generalized two-layer model
include Eqs. (4) and (5). Metal ion adsorption is considered to occur on
two types of sites: a small set of high-affinity “‘strong” sites and a large set
of low-affinity ‘‘weak” sites. Adsorption on both sets of sites takes the
form of Eq. (6):

S*OH + M™* =2 SOM™ =V + H* (51)
S*OH + M™ =2 SYOM""~V + H* (52)

where s represents the high-affinity and w represents the low-affinity sites.
In the generalized two-layer model no bidentate surface species [Eq. (7)

F 3

v

o Oy X
Charge H* counterions
Adsorbed OH™ | ——

Species .
p M™

L

Figure 4. Placement of ions, potential, and charges for the generalized two-layer model.
After Dzombak and Morel (1990), reproduced with permission from John Wiley and Sons.
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for metals or Eq. (9) for ligands] are defined. The ligand exchange reac-
tions are

SOH + L/~ + H* = SLY~Y- + H,0 (53)

SOH + L'~ + 2H* & SHLY"?" + H,0 (54)

For ligand exchange, it is not necessary to specify two sets of binding sites.
The intrinsic conditional equilibrium constants for the generalized two-
layer model are similar to those for the constant capacitance model.
Equations (10) and (11) describe protonation and dissociation. Metal
surface complexation is described by two constants like Eq. (12), for the
reaction of both strong sites, SSOH, and weak sites, SYOH. The intrinsic
conditional equilibrium constants for ligand exchange are

[SLU=D7]

KlL(int) =[S—Omexp[—(l— I)F‘P/RT] (55)
(1-2)—

K?(int) = [57551{1{]—[]1'-][T]+]2 exp[—(I - 2) FV/RT] (56)

Application of the generalized two-layer model to systems containing both
metal and ligand species is difficult because the pool of binding sites for
protonation—dissociation and ligand adsorption is split into two sets of
binding sites of different affinity for metal adsorption. For this reason, mass
balance and charge balance equations will be provided separately for metal
and ligand adsorption. For metal surface complexation these equations are

[S*OH]y = [S°OH] + [SOHS | + [S'O 7] + [SOM™ D] (57)
[S¥OH]y = [SYOH] + [S*OHz ] + [S¥O "] + [SYOM™ V] (58)

F
=g {[SSOH; ] + [SYOH7 | + (m — 1)[SSOM™~ ]
+ (m - D[SYOM™ D] — [S*07] - [S*O |} (59)
For ligand surface complexation the equations are

[SOH]; = [SOH] + [SOH; ] + [SO™] +[SL¢" V] + [SHLY" "] (60)
a=£{[SOH2*] - [SO7] = (1= DISL" D] = (1= 2)[SHLI™>7])} (61)

These equations can be solved with a computer program or approximated
using hand calculations as described by Dzombak and Morel (1990).
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F. ONE-pK MODEL

The one-pK model was first proposed by Bolt and van Riemsdijk (1982)
and was developed by van Riemsdijk and co-workers (1986, 1987;
Hiemstra er al., 1987; van Riemsdijk and van der Zee, 1991). In the
one-pK model the surface functional group is defined as a singly coordi-
nated oxygen atom that carries either one or two protons, leading to surface
sites SOH and SOH,, respectively. The constant capacitance model, the
triple-layer model, and the generalized two-layer model could all be writ-
ten based on the one-pK concept for singly coordinated oxygen atoms. The
Stern model of the surface-solution interface has been chosen for the
one-pK model (van Riemsdijk et al., 1987). This model assumes that
protons and hydroxyl ions form inner-sphere surface complexes and reside
in the o-plane close to the surface. Cations and anions form outer-sphere
surface complexes at the Stern plane, or d-plane. The Stern plane indicates
the start of the diffuse double layer. The surface charge on a particle is
equal to the net proton charge:

o=oy (62)

Figure 5 provides a diagram of the surface—solution interface in the one-pK
Stern model. Because the one-pK Stern model contains two planes, two

v

Charge X
Adsorbed H* counterions
Species OH- c
A
Mm
LY

Figure 5. Placement of ions, potentials, charges, and capacitance for the one-pK Stern
model. After Westall (1986), reproduced with permission from the American Chemical
Society.
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charge—potential relations are used (Hiemstra et al., 1987):
O = C(q,a - wd) (63)

where the units of o are C m™2. The relation between charge and poten-
tial in the Stern or d-plane is provided by diffuse double-layer theory,
Eq. (21).

The surface complexation reactions defined in the one-pK model are
(van Riemsdijk et al., 1987; Hiemstra et al., 1987; van Riemsdijk and van
der Zee, 1991)

SOH!/>~ + H* = SOHY/?* (64)
SOH!/" + M™" = SOH!/2" —M™* (65)
SOH!/?" + M™* + H,0 & SOH!/2" — MOH~ 1 + H~ (66)
SOHY?* + LI~ = SOHY/?* — LI~ (67)
SOH!2" + C* = SOH"?~ ~ C* (68)
SOHY/** + A~ = SOHY?" - A~ (69)

The intrinsic equilibrium constants for the one-pK model are as follows
(van Riemsdijk et al., 1987; Hiemstra et al., 1987; van Riemsdijk and van
der Zee, 1991):

[SOH}?"]
[SOH'2"][H]
[SOH'?~ — M™]
[SOHI/Z—][Mm+]
[SOHY?~ — MOH~Y][H"]

[SOHl/Z—][Mm+]
_[sOHY?* -1"]

Ky= exp[ FY,/RT] (70)

K= exp[mF¥,/RT] (71)

K%} = exp[(m — 1)F¥,/RT]  (72)

L= SOy Pl FYa/RT] (73)
SOH'?” -C*

Ke-= Wexp[F\lfd/RT] (74)
1/2+ _ =

_SOHY A o[- F¥,/RT] (75)

K™ [soRy A ]
The mass balance of singly coordinated oxygen atoms Nj is
Ns =[SOH!2~] + [SOH}/?*] (76)
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The surface charge balance equation is
a,=1/2[SOHY/?* — SOHY?"] (77)

The set of equations can be solved using a computer algorithm based in
part on the method of Westall (1980).

III. APPLICATION OF MODELS TO
PROTONATION-DISSOCIATION REACTIONS ON
OXIDES, CLAY MINERALS, AND SOILS

A. ConsTANT CAPACITANCE MODEL

The constant capacitance model has been used to describe the ampho-
teric acid—base behavior of inorganic surface hydroxyl groups on oxide min-
erals. The adsorption of protons and hydroxyl ions has been investigated
on the following minerals: amorphous silica (Schindler and Kamber, 1968;
Osaki et al., 1990b), anatase (TiO,) (Schindler and Gamsjager, 1972),
aluminum oxide (y-Al,0;) (Hohl and Stumm, 1976; Kummert and
Stumm, 1980), bayerite [y-Al(OH);] (Pulfer e al., 1984), boehmite (¥
AIOOH) (Bleam et al., 1991), goethite (a-FeOOH) (Sigg, 1979; Lovgren
et al., 1990), magnetite (Fe;0,) (Regazzoni et al., 1983), and amorphous
iron oxide (Farley et al., 1985).

In general, values of the intrinsic protonation and dissociation constants
described by Eqs. (10) and (11) can be obtained from alkimetric or acid-
imetric titration curves carried out in the absence of specifically adsorbing
metal or ligand ions (Stumm ef a/., 1980). In this analysis, the assumption is
made that o, the net surface charge, is equal to [SOHJ | below the zero
point of charge, ZPC, and is equal to —[SO "] above the ZPC. The ZPC is
defined as the pH value at which surface charge is zero. In the constant
capacitance model the ZPC is also defined as

ZPC = 1/2[log K., (int) — log K_(int)] (78)

A plot of the logarithm of the conditional equilibrium constant, °K. , ver-
sus surface charge, o, will yield the logarithm of the intrinsic equilibrium
constant, K. (int), upon linear extrapolation to zero surface charge. The con-
ditional equilibrium constants for protonation-dissociation are defined as

‘K. =[SOH;]/([SOH][H™]) (79)
‘K_=[SO7][H"]/[SOH] (80)
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By combining Eq. (10) with Eq. (79), and Eq. (11) with Eq. (80), one can
relate the intrinsic protonation and dissociation constants and the condi-
tional protonation and dissociation constants:

K.(int) = °K. exp(+ F¥/RT) (81)

where the positive sign represents the protonation constant and the nega-
tive sign represents the dissociation constant. Upon substituting for surface
potential, ¥, from Eq. (2), taking the logarithms of both sides, and solving
for log°K . , the following equation is obtained:

log °K.. = log K.(int) = oF2/[CSaRT(In 10} (82)

By plotting the titration data as log °K . versus o, an estimate of log K. (int)
is obtained from the y intercept, where o= 0. The capacitance parameter
can be obtained from the slope of such a plot.

Values of log K. (int) have been obtained in the above fashion for ana-
tase (Schindler and Gamsjager, 1972), aluminum oxide (Hohl and Stumm,
1976; Kummert and Stumm, 1980), goethite (Sigg, 1979), magnetite
(Regazzoni et al., 1983), and amorphous iron oxide (Farley et al., 1985).
Figure 6 provides an example of the linear extrapolation technique for
the titanium oxide, anatase (Schindler and Gamsjéger, 1972). Table I pre-
sents values of log K. (int) obtained by various authors using the linear
extrapolation technique. The assumptions of the linear extrapolation tech-

5
M
g3
| -
0.1 , .
[SOH,"] (mol kg™)
1ld
¥ T
o 9 -
3
7t
-0l -0.2 -03 -0.4
[SO™] (mol kg™
Figure 6. The logarithms of the conditional protonation and dissociation constants
as a function of surface charge for anatase, TiO,, log K. (int) = 4.98, log K_(int) = —7.80,

C,=110Fm™2, C_=2.22 F m~2 From Schindler and Gamsjager (1972).
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Table [

Values of Intrinsic Pr ion and Dissociation C. Obtained with the C: C itance
Model Using Linear Extrapolation®

Solid Tonic medium log K.(int)  log K_(int) Reference

Aluminum oxides

v-Al,O3 0.1 M NaClO, 7.2 -9.5 Hohl and Stumm (1976)
v-Al, O3 0.1 M NaClO, 7.4 -10.0 Kummert and Stumm (1980)
v-Al(OH); 1 M KNO; 5.24 —8.08 Pulfer ez al. (1984)
y-AIOOH 0.001 M KNO, 5.6 -8.6 Bleam et al. (1991)
Iron oxides
Fe(OH);(am) 0.1 M NaNO;, 6.6 -9.1 Farley et al. (1985)
a-FeOOH 0.1 M NaClO, 6.4 -9.25 Sigg (1979)
a-FeOOH 0.1 M NaClO, 5.9 —-8.65 Sigg (1979)
Fe;0,4 0.1 M KNO, 5.19 —8.44 Regazzoni er al. (1983)
Fe;04 0.01 M KNO; 4.66 —8.81 Regazzoni ez al. (1983)
Fe;0, 0.001 M KNO, 4.40 -8.97 Regazzoni er al. (1983)
Silicon oxides
SiO,(am) 0.1 M NaClO, — -6.8 Schindler and Kamber (1968)
SiO,(am) 1.0 M LiC} — -6.57 Sigg (1973)
SiO,(am) 1.0 M NaClO, — -6.71 Sigg (1973)
SiO,(am) 1.0 M CsC — =57 Sigg (1973)
SiO,(am) 1.0 M NaClO, — =57 Fiirst (1976)
SiO,(am) 1.0 M NaClO, — —6.56 Gisler (1980)
Quartz 0.1 M NaClO, — —8.4 Osaki et al. (1990b)
Titanium oxides
Anatase 3.0 M NaClO, 4.98 —7.80 Schindler and Gamsjager
(1972)
Rutile 1.0 M NaClO, 4.46 =775 First (1976)
Rutile 1.0 M NaClO, 4.13 -7.39 Gisler (1980)
Clay minerals
Kaolinite 0.01 M NaCl 2.4 -6.5 Motta and Miranda (1989)
Montmorillonite  0.01 M NaCl 2.0 -5.6 Motta and Miranda (1989)
Mllite 0.01 M NaCl 7.5 =117 Motta and Miranda (1989)

“Adapted from Schindler and Stumm (1987) and expanded.

nique lead to large differences between the value of log K. (int) and the
absolute value of log K_(int) (Westall, 1986).

A weakness of the constant capacitance model is that the value of the
capacitance, C. , obtained from linear extrapolations below the ZPC is
usually not the same as the value, C_, obtained above the ZPC. Table II
provides values of C. obtained from linear extrapolations of titration data
for the iron oxide goethite and the aluminum oxide boehmite. It is clear
that for two batches of goethite and for three experiments on the same
batch of boehmite, the capacitance exhibits great variability even when
variations in log K. (int) are small. Because of this variability, single values
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Table I1
Values of C i e Obtained with the C. Capaci Model
Using Linear Extrapolation
Solid log K. (int) C,(Fm %" log K_(int) C_(Fm™2)*®

Geothite®

a-FeOOH(T) 5.9 1.5 —8.65 3.5

a-FeOOH(II) 6.4 2.7 -9.25 4.4
Boehmite y-AIOOH“

Experiment 1 5.8 1.3 -8.5 0.7

Experiment 2 55 2.8 -8.7 0.9

Experiment 3 5.5 2.9 —8.8 2.0

“C, is obtained from the slope of extrapolation for log K. (int).

®C_ is obtained from the slope of extrapolation for log K_(int).

Calculated from Sigg (1979) data for two batches of goethite.

“ Calculated from Bleam et al. (1991) data for three experiments of one batch of boehmite.

of C, considered optimum [e.g., for goethite C = 1.8 F m~2 (Sigg, 1979)
and for aluminum oxide C=1.06 F m~2 (Westall and Hohl, 1980)], have
often been used in applications of the constant capacitance model. The
ability of the coustant capacitance model to describe potentiometric ti-
tration data on an oxide mineral using the protonation-dissociation con-
stants obtained from the extrapolation method is indicated in Fig. 7. It is
clear that the model represents the titration data very well (Schindler and
Gamsjéger, 1972).

Values for the protonation—dissociation constants can also be obtained
by optimization of potentiometric titration data using a computer program
such as FITEQL (Westall, 1982). FITEQL uses a simultaneous, nonlinear,
least-squares method to fit equilibrium constants to experimental data.
FITEQL also contains surface complexation models, including the con-
stant capacitance model, to describe surface complexation. Application of
the FITEQL program to the titration data of Bleam et al. (1991) produced
values of log K, (int) = 6.02 and log K_(int) = —8.45. It can be seen that
the difference between the absolute value of log K_(int) and the value of
log K. (int), A log K..(int), is less for the nonlinear FITEQL optimization
than for the linear extrapolation technique (values provided in Table I).

The constant capacitance model has been modified and extended to de-
scribe potentiometric titration data on the clay mineral kaolinite (Schindler
et al., 1987). In addition to the amphoteric surface hydroxyl group, SOH,
Schindler et al. (1987) postulated a second surface functional group, XH,
which is weakly acidic and can undergo ion exchange with cations from the
background electrolyte. An additional assumption is made that cations
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Figure 7. Fit of the constant capacitance model to potentiometric titration data on ana-

tase, TiO,. Model result is obtained using log K . (int) from linear extrapolation (Fig. 6) and
is represented by a solid line. From Schindler and Gamsjager (1972).

from the background electrolyte can bind with SOH, forming weak outer-
sphere surface complexes. Thus, in addition to Egs. (4) and (5), the
following reactions are defined:

SOH+C* 280~ -C*+H"* (83)
XH+C" 2 XC+H* (84)

In addition to Egs. (10) and (11), the equilibrium constants for this ap-
plication are

. (80" —CH"
¢ [SOH][CT]
_[XCJ[H"]

Kxe = xm)IcT)

The fit of the constant capacitance model to titration data on hydrogen
kaolinite is indicated in Fig. 8. Values of K. (int), K¢+, and Kxc+ were
optimized using the computer program FITEQL (Westall, 1982). Schindler
et al. (1987) considered the model fit acceptable but suggested that sys-
tematic errors might be due to extension of the Davies equation to ionic
strength up to 1 M and to the use of the same capacitance value for all ionic
strengths.

An alternative method for the description of potentiometric titration
data on clay minerals was used by Motta and Miranda (1989). These au-
thors used the same modeling approach on these heterogeneous systems as

(85)

(86)
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10

-log [H]

Figure 8. Fit of the constant capacitance model to potentiometric titration data on hydro-
gen kaolinite. H* represents the number of hydrogen ions originating from the kaolinite—
water interface; log K. (int) = 4.37, log K_(int) = —9.18, log Kna+ = —9.84, log Kxna+ =
—2.9, C=2.2 F m 2. Model results are represented by a dashed line (/ = 0.01 M NaClO,),
dotted line (/= 0.1 M NaClO,), and solid line (I = 1.0 M NaClO,). From Schindler et al.
(1987).

had been used for oxide minerals. Values for protonation-dissociation
constants were obtained by extrapolating to zero surface charge as de-
scribed above. Values of log K. (int) for the clay minerals kaolinite, mont-
morillonite, and illite are given in Table 1.

B. TrrpLE-LAYER MODEL

The triple-layer model has been used to describe the amphoteric be-
havior of inorganic surface hydroxyl groups in inert background electro-
lytes. The adsorption of protons and hydroxyl ions and inert background
electrolytes has been investigated on the following surfaces: goethite (a-
FeOOH) (Davis et al., 1978; Balistrieri and Murray, 1979, 1981; Hsi and
Langmuir, 1985; Hayes, 1987), amorphous iron oxide (Davis and Leckie,
1978; Hsi and Langmuir, 1985), magnetite (Fe;O,4) and zirconium dioxide
(Regazzoni et al., 1983), titanium oxide (Davis ez al., 1978; Sprycha, 1984),
manganese oxide (8-MnO,) (Balistrieri and Murray, 1982a; Catts and
Langmuir, 1986), colloidal silica (Milonji¢, 1987), a-Al,O; (Smit and
Holten, 1980), y-AlL,O; (Sprycha, 1989a,b), boehmite (y-AIOOH)
(Wood et al., 1990), and soils (Charlet and Sposito, 1987).

Values of the intrinsic protonation and dissociation constants provided
in Egs. (10) and (11) and the intrinsic surface complexation constants for
the background electrolyte provided in Egs. (32) and (33) can be obtained
from potentiometric titration curves carried out in the absence of specific



SURFACE COMPLEXATION MODELS 257

metal or ligand adsorption. The assumption is made that o,, the surface
charge density in the surface o-plane, is equal to (F/Sa) ([SOH; ]+
[SOH; — A7]) below the ZPC and is equal to (—F/Sa){([SO~]+[SO™ —
C™*]) above the ZPC. Intrinsic equilibrium constant values are obtained by
linear extrapolation (Davis et al., 1978) or by the double-extrapolation
method (James ef al., 1978). The additional assumptions are made that at
low ionic strength o, is equal to (F/Sa)[SOH; ] below the ZPC and is equal
to (—F/Sa)[SO~] above the ZPC and that at high ionic strength, o, is
equal to (F/Sa)[SOH; —A~] below the ZPC and is equal to
(—F/Sa)[SO~ — C*] above the ZPC. A plot of the logarithm of the
conditional equilibrium constant °K ., K-, or K 4 - versus surface charge
will yield the logarithm of the intrinsic equilibrium constant K. (int),
Kc:(int), or K4-(int) upon extrapolation.

The conditional equilibrium constants for protonation—dissociation are
defined in Eqs. (79) and (80) and are related to the intrinsic protonation—
dissociation constants by Eq. (81). The conditional surface complexation
constants for the background electrolyte are

ep  _ISO”—CT][H"]
¢~ T [SOH]IC'] (87)
c — [SOH; _ Ai] (88)

By combining Eq. (32) with Eq. (87), and Eq. (33) with Eq. (88), one can
relate the intrinsic surface complexation constants and the conditional
surface complexation constants:

Kc+(int) = °Kc+ exp[ F(¥ — ¥,)/RT] (89)
Ka (int) = K- exp[ F(¥, — V3)/RT] (90)

upon taking the logarithms of both sides of Egs. (81), (89) and (90) and
solving for log°K; the following equations are obtained:

v _ i Fvy,

log K. = log K. (int) tRTln(lO) (91)
o o F(8,—,)

log ‘K= log Kc+(int) + RT In(10) (92)
_ int) + T ¥~ ¥o)

log K -= log K, -(int) + RT In(10) (93)

Fractional surface charges are defined for a positive surface below the
ZPC as

ay =0,/Ng (94)



258 SABINE GOLDBERG

and for a negative surface above the ZPC as

a.=—0,/Ng 95)

where Ng = (F/Sa)[SOH] is the surface mass balance in units of C m~>

(Davis et al., 1978). By plotting the titration data of log °K; versus a., or
a_, an estimate of log K,(int) is obtained from the y intercept, where o or
a_ =0when o, =¥, =0. The capacitance parameter, C,, can be extracted
from the slopes of such plots using Egs. (92) and (93) (Smit and Holten,
1980; Sposito, 1984a; Blesa et al., 1984b). Values of log K(int) for
protonation—dissociation and background electrolyte surface complex-
ation have been obtained by linear extrapolation for goethite (Davis ef al.,
1978; Hayes, 1987), amorphous iron oxide (Davis and Leckie, 1978),
magnetite and zirconium dioxide (Regazzoni er al., 1983), titanium oxide
(Davis et al., 1978), and soils (Charlet and Sposito, 1987). Figure 9 pro-
vides an example of the linear extrapolation technique for amorphous iron
oxide (Davis and Leckie, 1978).

Using the definitions Eqgs. (94) and (95) and the previous assumptions,
expressions for «, and «_ can be calculated and are provided in Table III.
Equations (91), (92), and (93) can now be written in terms of ., and a_
(Davis et al., 1978):

log K. (int) = pH + log(L) LA/ (%)
1-a,) RTIn(10)

log K_(int) = —pH + log(lt_x—_a—-) - %:{105 (Co)

log Kc+(int) = —pH + 1og<l ‘_"‘a _) ~ log[C*] + %—‘;—) (98)

log Ka-(int) = pH + log(1 f+a+) —log[AT]+ I;g\;,,ol—r:(l\lg;) 99)

In the double-extrapolation technique developed by James et al. (1978),
two extrapolations are carried out. The intrinsic protonation—dissociation
constants are obtained from extrapolation of Egs. (96) and (97) to a., or
a_=0 and zero electrolyte concentration: ¢,=0, C=0, ¥, =V¥;. The
intrinsic surface complexation constants are obtained from extrapolation of
Egs. (98) and (99) to a, or a_ =0 and infinite electrolyte concentration:
0,=0,C=1M,¥,="Y,. Again, as in the linear extrapolation procedure,
the capacitance parameter, C;, can be obtained from the slopes of the
plots of Eqs. (98) and (99). Values of log K,(int) for protonation—dissocia-
tion and background electrolyte surface complexation have been obtained
by double extrapolation for goethite (Balistrieri and Murray, 1979, 1981;
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Figure 9. The logarithms of the conditional protonation constant and the anion surface
complexation constant for the background electrolyte as a function of fractional surface
charge for amorphous iron oxide; log K (int) = 5.1, log Knos(int) = 6.9. From Davis and
Leckie (1978), based on experimental data of Yates (1975).

Hsi and Langmuir, 1985), amorphous iron oxide (Hsi and
Langmuir, 1985), boehmite (Wood er al., 1990), manganese oxide
(Balistrieri and Murray, 1982a; Catts and Langmuir, 1986), titanium oxide
(James and Parks, 1982), and colloidal silica (Milonji¢, 1987). Figure 10
provides an example of the double-extrapolation procedure for man-
ganese oxide (Balistrieri and Murray, 1982a).

Table III
Approximations for Estimating Intrinsic Pr ion-Di and Surface Complexation
Constants by Extrapolation
Ionic
strength pH<ZPC pH>ZPC
"Low o, = (F/Sa)[SOH; ] 0o = (~F/Sa)[SO7]
[SOH] = [SOH]; - [SOH; ] [SOH] = [SOH]; — [SO~]
a. = [SOH7]/[SOH]; a_=[SO7]/[SOH]¢
[SOH; |/[SOH] = a./(1 - a.) [SO7)/[SOH] = a_/(1 - a_)
High o, = (F/Sa)[SOH; - A7] o,=(—F/Sa)[SO™ - C*]

[SOH] = [SOH]; - [SOH; — A~]
a, =[SOH; — A"]/[SOH];
[SOHZ — A"]/[SOH] = a./(1 ~ a.)

[SOH] = [SOH,] - [SO~ - C*]
a_ =[SO~ - C*]/[SOH];

[SO~ - C*]/[SOH] = a_/(1 - a_)
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Figure 10. Determination of the intrinsic dissociation constant (top) and cation surface
complexation constant for the background electrolyte (bottom) for manganese oxide. The
fractional surface charge a_ is multiplied by an arbitrary constant solely to separate data of
different concentrations; log K_(int) = —4.2, log Ky,+(int) = ~3.3. From Balistrieri and
Murray (1982a).

An alternative method of determining intrinsic protonation—dissociation
constants and surface complexation constants for the background electro-
lyte has been developed (Sprycha, 1983; 1989a,b; Sprycha and Szczypa,
1984). In this method the assumption is made that the zeta potential, ¢, is
equal to the diffuse layer potential, ¥,, at low ionic strength. The protona-
tion—dissociation constants are determined from zeta potential data using
a double straight-line extrapolation method (Sprycha and Szczypa, 1984).
The assumption is made that o, the diffuse layer charge, is equal to
(F/Sa)[SOH;] below the ZPC and is equal to (—F/Sa)[SO~] above the
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ZPC. The intrinsic conditional protonation—dissociation constants are
calculated from the following equations obtained by taking the logarithm
of both sides of Egs. (79) and (80) (Sprycha and Szczypa, 1984):

log °K . = pH + log[SOH; ] — log[SOH] (100)
log °’K_ = —pH + log[SO~| — log[SOH] (101)

The straight lines are extrapolated to the pH of the ZPC and then to zero
electrolyte concentration to obtain the intrinsic protonation—dissociation
constants.

The surface complexation constants for the background electrolyte are
calculated from extrapolation of direct measurements of adsorption densi-
ties to zero surface charge (Sprycha, 1983, 1984, 1989a,b). In the Sprycha
method the following equations, obtained by taking the logarithm of both
sides of Egs. (87) and (88), are used (Sprycha, 1989b):

log K¢+ = —pH — log[SOH] — log[C*] + 1og[SO™ - C*]  (102)
log°K s- = pH — log[SOH] — log[A™] + log[SOH; — A~]  (103)

The intrinsic surface complexation constants are obtained by extrapolating
conditional surface complexation constants as a function of pH to the ZPC.
The capacitance parameter, C;, can be obtained from the slope of charge
versus potential curves [Eq. (19)] calculated using potential differences
determined with Egs. (92) and (93). The capacitance parameter, C,, can
be obtained after determining the potential distribution within the electric
double layer using electrokinetic data and Eq. (20). Values of log K. (int),
log Kc-(int), log K o-(int), C; , and C, have been obtained with the Sprycha
method for anatase, TiO, (Sprycha, 1984), and aluminum oxide (y-Al,O3)
(Sprycha, 1989a,b). Figure 11 indicates the extrapolation techniques of the
Sprycha method for aluminum oxide (Sprycha, 1989a,b).

Table IV presents values of log K. , log Kc+(int), and log K o-(int) ob-
tained by various researchers using all three extrapolation methods. As
can be seen from Table IV for goethite and rutile, the intrinsic equilibrium
constants for double extrapolation are almost identical to those obtained
with the linear extrapolation technique. The intrinsic equilibrium constants
obtained using the Sprycha method are also very similar to those obtained
using the double-extrapolation method, although the latter constants are
considered to be less accurate because of the asymptotic nature of the
extrapolation (Sprycha, 1984, 1989a).

A weakness of the triple-layer model is that, as in the constant capaci-
tance model, the value of the capacitance, C,. , obtained from extrap-
olation below the ZPC is not equivalent to the capacitance value, C,_,
obtained from extrapolation above the ZPC (Smit and Holten, 1980; Blesa
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et al., 1984b). Smit and Holten (1980) obtained C;, =1.5F m~? and
C;- =3.5 F m™? for aluminum oxide in NaBr solution. Table V provides
values of C; annd C, obtained from the Sprycha electrokinetic extrapo-
lation technique for three different ionic strengths and four solution pH
values. It is clear that the capacitances are not completely constant, as
assumed in the triple-layer model, but vary with changing pH and ionic
strength (Sprycha, 1984, 1989b). Capacitance values also vary as a function
of solution temperature (Blesa et al., 1984b). With the exception of the
above three studies, the capacitances have universally been taken as ad-
justable parameters in applications of the triple-layer model (Sposito,
1984a). The capacitance C, is fixed at 0.2 F m ™2 and the capacitance C; is
adjusted to optimize the fit of the triple-layer model to the experimental
data.

The ability of the triple-layer model to describe potentiometric titration
data on an iron oxide mineral is indicated in Fig. 12. The model describes
the titration data relatively well especially at high ionic strength. As for the
constant capacitance model, use of the extrapolation procedures leads to
large differences between log K, (int) and the absolute value of log K _(int)
(Koopal et al., 1987). Application of the FITEQL program to the titra-
tion data of Yates (1975) on titanium oxide produced values of
log K. (int) =5.15 and log K_(int) = —6.61, giving a much smaller value
of Alog K. (int) (Westall and Hohl, 1980). However, it was pointed out by
Koopal et al. (1987) that the numerical procedure can provide good fits
with either a large or a small value of A log K. (int), depending on which is
chosen as the starting value in the FITEQL optimization. Values of the
intrinsic equilibrium constants for surface complexation of background
electrolytes can also be obtained using the computer program FITEQL
containing the triple-layer model (Westall, 1982).

Table V

Values of Capacitance Obtained with the Triple-Layer Model Using
Sprycha Electrokinetic Extrapolation Above the ZPC*

Capacitance (F m™?) pH7 pH8 pH9 pH 10
0.001 M NaCl
C, 1.20 1.02 1.05 1.08
C; 0.14 0.20 0.20 0.19
0.01 M NaCl
Cq 1.25 1.12 1.17 1.27
0.1 M NaCl
C, 1.35 1.35 1.47 1.58

“Adapted from Sprycha (1984).
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Figure 12. Fit of the triple-layer model to potentiometric titration data on goethite for
three ionic strengths of NaCl and KCl. Model results are represented by solid lines;
log K, (int) = 5.57, log K_(int) = —9.52, and log Kn,+(int) = —8.40 were obtained by double
extrapolation; log K)-(int) = 7.00 was adjusted to fit the data with C; = 1.4 F m~2. From
Balistrieri and Murray (1981), reproduced with permission from the American Journal of
Science.

The kinetics of adsorption/desorption on oxide surfaces can be investi-
gated using relaxation techniques. Sasaki ez al. (1983) used the electric field
pulse technique to investigate adsorption/desorption kinetics of chloride
and perchlorate anions on goethite. Surface complexation modeling results
are necessary to analyze the kinetic data. Sasaki ez al. (1983) were able to
describe both their adsorption and their kinetic data using the triple-layer
model. The magnitude of the K -(int) value obtained was in good agree-
ment with that previously found by Davis et al. (1978).

The first application of the triple-layer model of heterogeneous natural
samples was carried out on a Brazilian Oxisol, a variable-charge soil, by
Charlet (1986; Charlet and Sposito, 1987). The authors simultaneously
measured proton titration and background electrolyte adsorption. The
intrinsic equilibrium constants obtained for protonation—dissociation on
the Oxisol were similar to those for strongly acidic oxide minerals, whereas
the intrinsic equilibrium constants obtained for surface complexation of the
background electrolytes were similar to values found for oxide minerals.
These results indicate that the Oxisol behaved similarly to strongly acidic
oxides (Charlet and Sposito, 1987).
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C. STERN VSC-VSP MODEL

The Stern VSC-VSP model has been used to describe the surface charge
densities of various minerals in inert background electrolytes. The charging
behavior has been investigated for iron oxides, goethite (Barrow et al.,
1980a; Madrid et al., 1983; Bloesch et al., 1987), lepidocrocite (Madrid
et al., 1983; Madrid and Diaz-Barrientos, 1988), and hematite (Madrid
et al., 1983), manganese oxides, cryptomelane and birnessite (McKenzie,
1981), clay minerals (Madrid and Diaz-Barrientos, 1988; Madrid et al.,
1989), and soils (Bowden et al., 1977). Unlike in the constant capacitance
model and the triple-layer model, where values of surface site density,
equilibrium constants, and capacitances can be obtained from experiment,
in the Stern VSC-VSP model these parameters are optimized to fit the
charging data. Table VI presents values of Ns, log Ky, log Koy, log Ky,
log K,n, Cos, and Cg, obtained by computer optimization for various
minerals. The ability of the Stern VSC-VSP model to describe poten-
tiometric titration data on an iron oxide mineral is indicated in Fig. 13.
The model described the titration data well.

Application of the Stern VSC-VSP model to potentiometric titration
data on the clay minerals illite and pyrophyllite was carried out (Madrid
et al., 1989). The fit appeared good; however, evaluation of the fit of the
model is difficult because the raw experimental titration data were not pre-
sented. Application of the Stern VSC-VSP model to charging data for a
heterogeneous system has been studied for soil clays from a Spanish
Eutrochrept soil (Madrid et al., 1983). The model fit was less satisfactory
for the soil clays than for reference iron oxide minerals. However, again,
the fit of the model is difficult to evaluate since no raw titration data were
presented.

A simplified Stern VSC-VSP model containing no S-plane and allowing
no surface complexation for the background electrolyte was originally
developed by Bowden et al. (1977). These authors fit titration data on an
Acrohumox soil with this model (see Fig. 14). Madrid and Diaz-Barrientos
(1988) fit titration data on the clay mineral montmorillonite using the
simplified Stern VSC-VSP model.

The Stern VSC-VSP model was applied to mixtures of iron oxides and
clay minerals (Madrid and Diaz-Barrientos 1988; Madrid et al., 1989). For
this application, the Stern VSC-VSP model was used for iron oxides and
illite and the simplified Stern VSC-VSP model was used for montmoril-
lonite. A common diffuse layer is considered. Additional parameters are
g,, the permanent charge on the clay surface, and R, the proportion of
clay surface in the mixture. Each surface has its own surface charge den-
sities, Ns, binding constants, K;, and capacitances, C;. The fit of the Stern
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pH
Figure 13. Fit of the Stern VSC-VSP model to potentiometric titration data on goethite

for four ionic strengths of NaCl. Model results are represented by solid lines. Model param-

eter values are provided in Table VI. After Barrow etal. (1980a), based on experimental data of
Hingston (1970).
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Figure 14. Fitofthe simplified Stern VSC-VSP modelto potentiometrictitrationdataonan
Acrohumox soil for four jonic strengths of NaCl. Model results are represented by dashed lines.
From Bowden et al. (1977), based on experimental data of van Raij and Peech (1972).
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VSC-VSP model to mixtures could only be evaluated for lepidocrocite—
montmorillonite; no model fits to data were presented for other mixtures.
No raw titration data were presented for lepidocrocite-montmorillonite,
but the model fit, as best could be evaluated, was good. Additional re-
search is needed to evaluate the applicability of the Stern VSC-VSP model
for describing charging behavior of oxide—clay mixtures.

D. GENERALIZED Two-LAYER MODEL

So far, application of the generalized two-layer model has been re-
stricted to reactions occurring on the surface of hydrous ferric oxide
(Dzombak and Morel, 1990). Dzombak and Morel much preferred compu-
ter optimization of equilibrium constants over graphical extrapolation
techniques. They considered nonlinear least-squares optimization with the
computer program FITEQL (Westall, 1982), containing the generalized
two-layer model, to be less tedious and more precise than graphical
methods. Additional advantages of computer optimization are that the
parameters are considered bias free and that quality-of-fit criteria and
parameter standard deviations are available.

In obtaining best estimates for intrinsic conditional protonation—dis-
sociation constants, Dzombak and Morel (1990) applied FITEQL to indi-
vidual titration data sets at each ionic strength. The individual optimum
values of log K.(int) were weighted to obtain the best estimate using the
following equation:

T (1/010 K(int))i .
=Y S TloeK(int))i .

log K(int) = 3, S (1 ren ktmo), [log K(int)); (104)
where (0og k(iny): i the standard deviation calculated by FITEQL for
log K(int) of the ith data set. Table VII presents values of individual
log K. (int) and best estimates of log K. (int) obtained by FITEQL com-
puter optimization for hydrous ferric oxide. Values of log K. (int) ob-
tained by Dzombak and Morel (1990) compare well with average values
for a literature compilation of experimental log K. (int) values provided
in Goldberg and Sposito (1984a) for iron oxide minerals. These authors
found log K, (int) = 7.31 = 1.11 and log K_(int) = —8.80 = 0.80. The large
standard deviations result because data for diverse iron oxides were aver-
aged. The ability of the generalized two-layer model to describe poten-
tiometric titration data on hydrous ferric oxide is indicated in Fig. 15. The
model describes the data well using both individual data set values and best
estimates of log K. (int).
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Table VII

Values of Intrinsic Protonation and Di:

d with the Generalized

Two-Layer Model Using FITEQL Computer Optimization for Hydrous Ferric Oxide*

Ionic medium log K. (int) = o log K_(int) = o Experimental data source
0.1 M NaNO; 7.03 £0.035 —8.74 £ 0.065 Davis (1977)
0.01 M NaNO; 7.57 £0.038 —-8.74 £ 0.15° Davis (1977)
0.001 M NaNO; 8.20 = 0.045 —-8.74 £ 0.15° Davis (1977)
0.1 M NaClO, 7.69 +0.048 -9.25+0.118 Swallow (1978)
0.25 M NaClO, 7.17 £0.032 —9.51+£0.095 Swallow (1978)
0.5 M NaClO, 6.63 +0.033 —-9.10 + 0.065 Swallow (1978)
0.01 M KNO, 7.10 £0.026 —8.89 +0.045 Yates (1975)
0.1 M NaNO, 7.08 +0.028 —9.01 £0.034 Hsi and Langmuir (1985)
0.01 M NaNO; 7.58 £0.110 —8.40 £ 0.126 Hsi and Langmuir (1985)
0.001 M NaNO, 7.54 +£0.040 —8.40 £ 0.15° Hsi and Langmuir (1985)
log K. (int) 7.29 £0.10¢ -8.93+0.07°

“From Dzombak and Morel (1990)

®log K_(int) and Tiog K. (iny) fixed at these values. Convergence was not possible unless one

value of log K. (int) was fixed.
“95% confidence intervals.
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Figure 15. Fit of the generalized two-layer model to potentiometric titration data on
hydrous ferric oxide for three ionic strengths of NaNO, . Model results are represented by solid
lines for individual log K . (int) and by dashed lines for log X .. (int). Model parameter values are
providedin Table VII. After Dzombak and Morel (1990), based on experimental data of Hsi and
Langmuir (1985), reproduced with permission from John Wiley and Sons.
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E. ONE-pK MODEL

The one-pK model has been used to describe potentiometric titration
data for various minerals in inert background electrolyte solution. The
one-pK model was applied to titration data on titanium oxide (van
Riemsdijk et al., 1986), hematite (a-Fe,O3), amorphous iron oxide (van
Riemsdijk et al., 1987), Al(OH); gibbsite, and y-Al,O, (Hiemstra et al.,
1987). In the most simplified application of the one-pK model, no surface
complexation reactions are considered for the background electrolyte. In
this approach, the capacitance of the Stern layer is the only adjustable
parameter. The association constant Ky, is obtained from the ZPC:

log Ky = pHy=ZPC (105)

where pHj is the proton concentration at the ZPC (van Riemsdijk et al.,
1986). Titration data on titanium oxide (van Riemsdijk et al., 1986) and
gibbsite (Hiemstra et al., 1987) were modeled successfully in this fashion.
The ability of the simplified one-pK model to describe potentiometric titra-
tion data on titanium oxide is indicated in Fig. 16.

An improvement in the model fit can be obtained by inclusion of sur-
face complexation constants for the background electrolyte. Values of

T T S G R S

LISURI/~N S B o o e e e e e o
b\ O

pH-ZPC

Figure 16. Fit of the simplified one-pK model to potentiometric titration data on titanium

oxide for three ionic strengths of KNO;. Model results are represented by solid lines; log K¢y =

5.80 and C = 1.33 F m™2, From van Riemsdijk et al. (1986), based on experimental data of
Yates (1975).
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equilibrium constants and capacitance were obtained with a computer
algorithm and are presented in Table VIII. Hiemstra et al. (1987) were able
to describe potentiometric titration data well on gibbsite with two different
approaches. The model fit using no surface complexation constants for the
background electrolyte was good but produced a low value of capacitance.
A larger value of capacitance was obtained using surface complexation
constants for the background electrolyte and the assumption that only the
edge surface area of gibbsite is reactive. The quality of the model fit was
virtually identical and excellent in both cases. Figure 17 indicates the
ability of the one-pK model to describe potentiometric titration data on
gibbsite.

The one-pK model was expanded to include surface heterogeneity (van
Riemsdijk et al., 1986). It was found that the shape of the potentiometric

Table VIII

Values of Equilibrium C and Capaci Obtained with the One-pK Model by
Computer Optimization of Potentiometric Titration Data

Solid Ionic medium log Ky log Kc+  log Ko-  C(Fm™?) Reference

TiO, KNO, 5.8 — — 1.33 van Riemsdijk
et al. (1986)
TiO, KNO; 5.8 -1.02 -1.28 0.83 van Riemsdijk
et al. (1986)
a-Fe,05 KNO, 8.4 — — 1.72 van Riemsdijk
et al. (1987)
Fe,0;(am) KNO, 7.9 -0.75 -0.89 1.54 van Riemsdijk
et al. (1987)
a-Al(OH); NaCl 10 — — 0.26 Hiemstra et al.
(1987)
a-Al(OH); NaCl 10 -0.1 -0.1 1.40° Hiemstra et al.
(1987)
v-ALO% NaCl 8.5 -0.1° -0.1° 1.2 Hiemstra ef al.
(1987)
v-ALOY NaClO, 8.3 -0.1¢ -0.1¢ 1.1 Hiemstra er al.
(1987)
v-AlLO§ NaClO, 8.3 -0.1¢ -0.1¢ 1.0 Hiemstra et al.
(1987)
y-ALO% NaClO, 8.7 -0.1¢ -0.1¢ 1.2 Hiemstra et al.
(1987)

“Considering only the singly coordinated groups at the particle edges to be reactive.
®Based on experimental data of Huang and Stumm (1973).

‘log K¢+ and log K- fixed at the gibbsite values.

“Based on experimental data of Westall and Hohl (1980).

“Based on experimental data of Hohl and Stumm (1976).

/Based on experimental data of Kummert and Stumm (1980).
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Figure 17. Fit of the one-pK model to potentiometric titration data on gibbsite for three
ionic strengths of NaCl, assuming that only the edge surface area is reactive. Model results are
represented by solid lines; log Ky; = 10,log Ky,- =log K¢y- = —0.1,andC = 1.40 F m~2. After
Hiemstra et al. (1987).

titration curves was insensitive toward the degree of heterogeneity, allow-
ing a homogeneous model to be used to represent a heterogeneous oxide
system (van Riemsdijk et al., 1986). The one-pK model is a special case of a
more generalized model called the multisite complexation model, MUSIC,
developed by Hiemstra et al. (1989a,b). This model considers equilibrium
constants for the various types of surface groups on the various crystal
planes of oxide minerals and was used to describe the charging behavior of
gibbsite, goethite, hematite, rutile, and silica (Hiemstra et al., 1989b). The
MUSIC model has not yet been applied to describe ion adsorption. Be-
cause of its increased complexity such an application may entail an un-
reasonably large number of adjustable parameters.

IV. APPLICATION OF MODELS TO METAL ION
ADSORPTION REACTIONS ON OXIDES, CLAY
MINERALS, AND SOILS

A. CoNSTANT CAPACITANCE MODEL

Characterization of metal ion adsorption behavior as a function of solu-
tion pH results in curves termed adsorption edges. The constant capaci-
tance model has been used to describe metal ion adsorption edges on silica
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(Schindler et al., 1976; Osaki et al., 1990a,b), aluminum oxide (Hohl and
Stumm, 1976), iron oxide (Sigg, 1979; Lovgren et al., 1990), titanium oxide
(Fiirst, 1976; Gisler, 1980), and the clay mineral kaolinite (Schindler et al.,
1987 Osaki et al., 1990b). The conditional equilibrium constants for metal
adsorption in the constant capacitance model are

_[soM™~DJ[H’ |

b Tsorpe T (19
epz _ [(SO)M™ 2|[H"]?
Ky = W (107)

In order to graphically evaluate the surface complexation constants, the
simplifying assumption is made that ¥ = 0. This assumption produces the
result that the conditional intrinsic equilibrium constants are equal to
the conditional equilibrium constants: Ki(int) = °K%,. For the special case
of a divalent metal ion, M>", this expression holds true universally even
without any simplifying assumption because a neutral surface complex is
formed. Excellent fits to metal adsorption data were obtained with the
constant capacitance model despite the simplification. Figure 18 presents
the ability of the constant capacitance model to describe metal adsorption
on silica. The lack of dependence of the equilibrium constants on surface
charge indicates a self-consistency problem in such applications of the
constant capacitance model (Sposito, 1984a).

This limitation can be overcome by computer optimization of the intrin-
sic surface complexation constants. This approach negates the requirement
for simplifying assumptions and has been used by Lovgren ef al. (1990).
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Figure 18. Fitof the constant capacitance model to metal adsorption onsilica. Model results
are represented by solid lines. Model parameters are provided in Table IX. From Schindleret al.
(1976).
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These authors described aluminum complexation on the iron oxide, goe-
thite, using the surface complexes SOAIOH"* and SOAI(OH),, where
log K sj0n+(int) = —1.49 and log K s;0my,(int) = —9.10. Table IX provides
values for metal surface complexation constants obtained with the constant
capacitance model for various materials.

Table IX
Values of Metal Surface C lexation C Ob d with the C C itance Model
Using Graphical Methods®
Solid Metal lonic medium log °K } log K3 Reference
¥-AlLO, Ca®* 0.1 M NaNO, -6.1 — Huang and Stumm (1973)
v-AlLO, Mg?* 0.1 M NaNO, -5.4 — Huang and Stumm (1973)
v-Al, O, Ba®* 0.1 M NaNO; -6.6 — Huang and Stumm (1973)
v-Al, O3 Pb?* 0.1 M NaClO, -2.2 -8.1 Hohl and Stumm (1976)
a-FeOOH Mg?* 0.1 M NaClO, -6.2 ~14.7 Sigg (1979)
Fe;0, Co?** 1=0 -2.44 -6.71 Tamura et al. {1983)
SiO,(am) Mg?* 1 M NaClO, =77 -17.15 Gisler (1980)
Si0,(am) Fe’* 3 M NaClO, -1.77 ~4.22 Schindler et al. (1976)
SiO,(am) Fe*™* 0.1 M NaClO, -0.81 — Osaki et al. (1990b)
Si0,(am) Cu?* 1M NaClo, -5.52 -11.19  Schindler et al. (1976)
Si0,(am) Cd** 1 M NaClO, —-6.09 -14.20 Schindler er al. (1976)
SiO,(am) Pb2* 1 M NaClO,4 -5.09 -10.68 Schindler et al. (1976)
SiO,(am) Co?” 0.1 M NaClO, -5.83 —11.4 Osaki et al. (1990b)
SiO,(am) Zn*” 0.1 M NaClO, -3.8 =92 Osaki et al. (1990b)
Quartz Fe* 0.1 M NaClO, -0.97 — Osaki et al. (1990b)
Quartz Co*™ 0.1 M NaClO, -5.0 — Osaki ez al. (1990b)
Quartz Zn*" 0.1 M NaClO, -4.4 — Osaki et al. (1990b)
TiO,, rutile Mg?* 1 M NaClO, -5.90 -13.13 Gisler (1980)
TiO,, rutile Co®~ 1 M NaClO, —4.30 —10.16 Gisler (1980)
TiO,, rutile Cu?* 1 M NaClO, -1.43 —5.04 Frst (1976)
TiO,, rutile Ccd** 1 M NaClO, -332 -9.00 Fiirst (1976)
TiO,, rutile Pb?* 1 M NaClO4 0.44 —1.95 Furst (1976)
8-MnO, Ca?* 0.1 M NaNO; =55 — Stumm et al. (1970)
Kaolin Fe’* 0.1 M NaClO, —-0.683 — Osaki et al. (1990b)
Kaolin Co?* 0.1 M NaClO, -2.8 — Osaki et al. (1990b)
Kaolin Zn** 0.1 M NaClO, -2.1 — Osaki et al. (1990b)
Particulates® Fe’* 0.1 M NaClO, -0.78 £ 0.6 — Osaki er al. (1990b)
Particulates’  Co?* 0.1 M NaClO, -35£05 — Osaki et al. (1990b)
Particulates® Zn** 0.1 M NaClO, -2.9+0.2 =79 Osaki et al. (1990b)
Sediments® Fe** 0.1 M NaClO4 -0.74+0.8 — Osaki et al. (1990b)
Sediments® Co** 0.1 M NaClO, -2.9+07 — Osaki et al. (1990b)
Sediments® Zn** 0.1 M NaClO, -2.5+04 — Osaki et al. (1990b)

?Adapted from Schindler and Stumm (1987) and expanded.
For divalent metal ions log K#(int) = log ‘K%
< Averages for three particulars or three sediments obtained from natural waters of Japan.
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Application of the constant capacitance model to metal adsorption edges
on the clay mineral kaolinite and particulate and sediment samples from
natural waters was carried out by Osaki et al. (1990b). These authors used
the same modeling approach on these heterogeneous systems as had been
used for oxide minerals. The equilibrium constants for adsorption of Co?*
and Zn>* exhibited good reproducibility, however, the standard deviation
of log KL, was great (see Table IX).

An alternative model for the description of metal adsorption on kaoli-
nite is the extended constant capacitance model introduced in Sec-
tion III,A (Schindler et al., 1987). In this application, reactions given by
Egs. (4), (5), (6), (7), (83), and (84) are defined. In addition, an ion
exchange reaction of the surface functional group, XH, between the cation
of the background electrolyte and the metal ion, M2*, is defined:

2XC+M** 2 XM +2C (108)

The equilibrium constants for this application are given in Egs. (10), (11),
(12), (13), (85), (86), and (109):

Kxn = [XMJ[CTP/(IXCPM?™]) (109)

The fit of the constant capacitance model to adsorption of lead on hy-
drogen kaolinite is indicated in Fig. 19. Despite the fact that values of
the equilibrium constants were obtained using the computer program
FITEQL, the assumption was made that ¥ =0. As for potentiometric
titration data (see Section III,A), Schindler et al. (1987) considered the
model fit acceptable.

% Pb Adsorbed

pH
Figure 19. Fit of the constant capacitance model to lead adsorption on kaolinite;
log Kxpy = 2.98,log °K'py, = —2.45,10g °K3;, = ~8.11. Model results are represented by adashed
line (1 =0.01 M NaClO,), dotted line (/= 0.1 M NaClO,), and solid line (I = 1.0 M NaClOy,).
From Schindler ez al. (1987).
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“Adsorptive additivity” is a concept developed by Honeyman (1984)
that multicomponent mixtures of oxides can be represented as a collection
of pure solids. Upon testing this hypothesis for binary oxide mixtures,
Honeyman (1984) found significant deviations. The constant capacitance
model was used to test models of particle interaction of binary mixtures
of amorphous silica—iron (Anderson and Benjamin, 1990a) and iron-
aluminum (Anderson and Benjamin, 1990b). “Adsorptive additivity” was
not observed for these systems. In binary Si-Fe oxide suspensions, silica
was considered to partially dissolve, and soluble silicate to adsorb onto iron
oxide (Anderson and Benjamin, 1990a). Silver, zinc, and cadmium adsorp-
tion were virtually unaffected. In binary Fe—Al suspensions, the reactive
iron surface was considered blocked or replaced by reactive aluminum
surface (Anderson and Benjamin, 1990b). Cadmium and silver adsorption
were decreased and zinc adsorption was increased in the binary system.
This divergent behavior was qualitatively described by the assumed
mechanism.

The surface precipitation model extends the surface complexation mod-
eling approach by considering precipitation of ions on the solid. This model
was developed by Farley et al. (1985) and incorporated into the constant
capacitance model. Loss of ions from solution is described by surface
complexation at low concentration and by surface precipitation as a solid
solution at high concentration. The solid solution composition varies con-
tinuously between the original solid and the pure precipitate of the sorbing
ion. The surface precipitation model can be incorporated into any surface
complexation model, such as the generalized two-layer model (see Sec-
tion IV,D). Reactions of the surface precipitation model for divalent metal
sorption onto a trivalent oxide are (Farley et al., 1985) as follows:

Adsorption of M?* onto S(OH);(s):
=SOH + M>* + 2H,0 = S(OH),¢, +=MOH; + H* (110)
Precipitation of M?*:
=MOHJ + M?* + 2H,0 2 M(OH),, + =MOH;J +2H* (111)
Precipitation of $**:
=SOH + $** + 3H,0 2 S(OH)s(, + =SOH + 3H* (112)

The equilibrium constants for the reactions as written are: K,qo for
Eq. (110), 1/K,m for Eq. (111), and 1/Ks for Eq. (112). The ability of
the surface precipitation model to describe lead adsorption on amorphous
iron hydroxide is indicated in Fig. 20. It can be seen that the model
describes the data well although very few data points are available. The
surface precipitation model has also been applied to cadmium, cobalt,
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Figure 20. Fitof the constant capacitance model containing the surface precipitation model
to a lead sorption isotherm on amorphous iron hydroxide at pH 4.5, Model results are
represented by a solid line. I'p, = (|[=PbOH] + [Pb(OH,])/TOTFe; log K, = 5.0,
log K ,py = 6.9, log Kope = 2.6. From Farley et al. (1985), based on experimental data of
Benjamin (1978).

manganese, and zinc adsorption on calcite (Comans and Middelburg,
1987) and to manganese adsorption on siderite (Wersin er al., 1989).

B. TripLE-LAYER MODEL

The triple-layer model has been used to describe alkaline earth and
metal ion adsorption edges on aluminum oxide, titanium oxide, amor-
phous iron oxide (Davis and Leckie, 1978; Benjamin and Bloom, 1981;
Zachara et al., 1987; Cowan et al., 1991), goethite (a-FeOOH) (Balistrieri
and Murray, 1981, 1982b; Hayes, 1987), manganese oxide (Balistrieri and
Murray, 1982a; Catts and Langmuir, 1986), and soil (Charlet, 1986;
Charlet and Sposito, 1989). Intrinsic conditional equilibrium constants for
the triple-layer model have been obtained by using the computer programs
MINEQL (Westall ef al., 1976) and MICROQL (Westall, 1979), or by
computer optimization using the FITEQL program (Westall, 1982). In
general, in the application of the triple-layer model to metal adsorption,
the reactions Eqs. (22) and (23), with their equilibrium constants Egs. (28)
and (29), are considered. Figure 21 presents the ability of the triple-layer
model to describe silver adsorption on amorphous iron oxide. The ability
of the model to fit the adsorption data is good.

Table X provides values for intrinsic metal surface complexation con-
stants obtained with the triple-layer model for various materials. Adsorp-
tion of the alkaline earth cations calcium and magnesium on manganese
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Figure 21. Fitofthetriple-layer modeltosilver adsorption on amorphous iron oxide. Model
results are represented by a solid line; log KA 4(int) = —4.9, log K3,4(int) = —12.1. From Davis

and Leckie (1978).
Table X
Values of Intrinsic Metal Surface Complexation C: Obtained with the Triple-Layer Model by
Computer Optimization
Solid Metal Ionic medium log Ki4(int) log K3(int) Reference
Original triple-layer model

v-Al,O% Pb** NaClO, -5.0 -10.3 Davis and Leckie (1978)
Fe(OH)s(am) Ag~  NaNO, -4.9 -12.1 Davis and Leckie (1978)
Fe(OH)s(am) Cu*" NaNO, -4.1 -9.0 Davis and Leckie (1978)
Fe(OH)s(am) Cd*” NaNO; —-4.8 ~-11.25 Benjamin and Bloom (1981)
Fe(OH)s(am) Co?*  NaNOs -4.8 -11.60  Benjamin and Bloom (1981)
Fe(OH)s(am) Zn** NaNO; -4.8 -10.50 Benjamin and Bloom (1981)
Fe(OH)s(am) Ca’" NaNO; -6.3 — Zachara et al. (1987)
a-FeOOH Ca** NaCl -5.00 -14.50 Balistrieri and Murray (1981)
a-FeOOH Mg>* NaCl —5.45 -14.25 Balistrieri and Murray (1981)
a-FeOOH Cu?* NaCl -3.0 -7.0 Balistrieri and Murray (1982b)
a-FeOOH Pb>* NaCl -1.8 -5.0 Balistrieri and Murray (1982b)
a-FeOOH Zn?* NaCl — -9.15 Balistrieri and Murray (1982b)
a-FeOOH Cd** NaCl -13 ~9.35 Balistrieri and Murray (1982b)
TiO,* Cd** KNO, -1.8 -8.7 Davis and Leckie (1978)
8-MnO, Ca®* NaCl — —4.0° Balistrieri and Murray (1982a)
8-MnO, Mg+ NaCl — -3.3 Balistrieri and Murray (1982a) -
8-MnO, Cu?* NaNO, -0.1 -7.5 Catts and Langmuir (1986)
8-MnO, Pb** NaNO; 1.8 -6.5 Catts and Langmuir (1986)
8-MnO, Zn?* NaNO, -1.5 -8.8 Catts and Langmuir (1986)

Modified triple-layer model

Oxisol soil Ca®* Ca(ClO,), -1.26¢ — Charlet (1986)

Oxisol soil Mg+ Mg(ClOy), -1.76% — Charlet (1986)

a-FeOOH Pb?* NaNO, 2.307 — Hayes (1987)

a-FeOOH Cd**  NaNO, -1.05¢ — Hayes (1987)

a-FeOOH Ba?"  NaNO,* -5.10 -14.20  Hayes (1987)

“Based on experimental data of Hohl and Stumm (1976).

®Based on experimental data of Stiglich (1976).

“Bidentate surface complexes as described by Eqgs. (113) and (114).

“ [nner-sphere surface complexes as described by Eqs. (6) and (12) where ¥ =¥,
¢Intrinsic surface complexation constants for Na* and NO3 adsorption were also adjusted.
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oxide was proposed to occur via bidentate complex formation and not via
hydrolysis complex formation (Balistrieri and Murray, 1982a). This reac-
tion is written as

S(OH), + M>~ 2 S(O),M + 2H"* (113)

Because a neutral surface complex is formed, the intrinsic conditional
equilibrium constant for this reaction is equal to the conditional equilib-
rium constant and is given by

Kis(int) = °K3; = [S(O)M][H"*/([S(OH).][M*"]) (114)

Values of these constants are provided in Table X.

Adsorption reactions of actinide elements were investigated for uranium
adsorption on goethite and amorphous iron oxide (Hsi and Langmuir,
1985), plutonium adsorption on goethite (Sanchez et al., 1985), thorium
adsorption on goethite (LaFlamme and Murray, 1987; Hunter ez al., 1988)
and manganese oxide (Hunter et al., 1988), and neptunium adsorption on
amorphous iron oxide (Girvin ez al., 1991). In most of these applications
of the triple-layer model a large number of surface complexation con-
stants were fit to the adsorption data. Plutonium adsorption on goethite
was described using four surface complexes: SO~ —PuOH?*,
SO~—Pu(OH)Z*, SO”—Pu(OH)3 , and SO~ —Pu(OH), (Sanchez et al.,
1985). Thorium adsorption was described using five complexes,
SO™—Th**, SO"—ThOH3*, SO"—Th(OH)3*, SO”—Th(OH)3, and
SO~ —Th(OH)y, for goethite (LaFlamme and Murray, 1987; Hunter et al.,
1988) and three surface complexes, SO”—Th(OH)3*, SO"—Th(OH)3 ,
and SO~ —Th(OH), for manganese oxide (Hunter ez al., 1988).

Uranium adsorption on iron oxides as the uranyl species was accurately
described using two surface complexes: SO™—UO,OH" and
SO™—(UO,);(OH)s (Hsi and Langmuir, 1985). Fit of the triple-layer
model to plutonium adsorption on amorphous iron oxide as the plutonyl
species was excellent using one surface complex: SOH—NpO,(OH)
(Girvin et al., 1991). Hsi and Langmuir (1985) observed that excellent fits
to their data could also be obtained by adding additional uranyl surface
complexes or by varying the combination of surface constants. This
observation was also made by Catts and Langmuir (1986), who added
surface complexes for SO™—M(OH), and SO”—MNO;7 (in addition to
SO~—M?* and SO"—MOH™) to describe copper and zinc adsorption on
manganese oxide. As has been observed previously in surface complexa-
tion modeling, good fits can be obtained for various combinations of
surface complexes. For this reason it is necessary to limit the surface
complexation reactions to a small number of the simplest and most chemi-
cally reasonable surface complexes. As the number of adjustable param-
eters is increased, the quality of the model fit improves. This does not
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necessarily indicate any increased chemical insight and may compromise
the representation of chemical reality.

The modified triple-layer model was applied by Hayes and Leckie (1987)
to describe ionic strength effects on cadmium and lead adsorption on
goethite. These authors found that only by using an inner-sphere surface
complex could the small ionic strength dependence of the adsorption
reactions of these cations be accurately described. These authors assert
that the modified triple-layer model can be used to distinguish between
inner-sphere and outer-sphere surface complexes.

Hayes (1987) used the pressure-jump relaxation technique to investigate
lead adsorption/desorption kinetics on goethite The author was able to
describe both his adsorption and his kinetic data using the modified triple-
layer model. Based on the kinetic results, an inner-sphere surface complex
between a lead ion and an adsorbed nitrate ion, SOHPb**—NOj; , was
postulated in addition to the inner-sphere surface complex, SOPb*,
obtained from equilibrium results. The magnitude of the log K }(int) value
obtained from kinetics was identical to that obtained from equilibrium
data. This result is expected because surface complexation model param-
eter values from equilibrium experiments are necessary to analyze the
kinetic data. Therefore the kinetic approach is not independent.

The first application of the triple-layer model to alkaline earth metal
adsorption on heterogeneous systems was the study of Charlet (1986;
Charlet and Sposito, 1989) on a Brazilian Oxisol soil. These authors found
good fits of the triple-layer model! to calcium and magnesium adsorption on
the Oxisol using inner-sphere surface complexes. However, Charlet and
Sposito (1989) suggested that these cations may also form outer-sphere
surface complexes.

C. Stern VSC-VSP MobDEL

The Stern VSC-VSP mode! has been used to describe adsorption of the
metals copper, lead, and zinc on the iron oxide (goethite) surface (Barrow
et al., 1981). Application of the model to other metal ions or other oxide
surfaces is not available. In the Stern VSC-VSP model values of surface
site density, maximum adsorption, equilibrium constants, and capacitances
were optimized to fit charge and adsorption data. Table XI presents values
of Ng, Ny, logK;, and C; obtained by computer optimization for metal
adsorption on goethite. For copper and zinc the adsorption of the species
MOH" and MCI™ is postulated; for lead the adsorption of Pb** and PbCl™
is postulated based on goodness-of-fit criteria (Barrow et al., 1981). The
ability of the Stern VSC-VSP model to describe zinc adsorption on goe-
thite is indicated in Fig. 22. The model describes the data very well.
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Table XI
Values of Maximum Surface Charge Density, Maximum Adsorption Density, Binding
C and Capaci Obtained with the Stern VSC—VSP Model by Computer
Optimization for Metal Adsorption on Goethite®
Parameter Copper® Lead® Zinc®
Maximum surface charge density (smol m~2) 10.0 10.0 10.4
Maximum metal adsorption density (umol m~?) 6.0 6.0 7.28
Capacitances
C,a (Fm™?) 6.30 5.54 4.8
C,g (Fm™) 1.82 1.82 0.99
Coa (Fm™2) 0.97 0.97 0.97
Binding constants
log K 8.0 8.0 8.02
log Kon 6.69 6.69 6.03
log Kna -0.7 -0.7 -0.96
log K¢y -0.36 -0.36 -0.92
log Knon+ 8.61 — 6.45
log K+ — 7.89 —
log Kmci+ 6.60 5.60 6.01

“From Barrow ez al. (1981).
*Based on experimental data of Forbes et al. (1976).
“Based on experimental data of Bolland et al. (1977).

Zinc Adsorbed (UM m'2)

Figure 22. Fit of the Stern VSC-VSP model to zinc adsorption on goethite. Model results
are represented by solid lines. Model parameter values are provided in Table XI. From Barrow

et al. (1981), based on experimental data of Bolland et al. (1977).
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The Stern VSC-VSP model was extended to describe ion adsorption by
soil materials (Barrow, 1983) and then further extended to describe the
rate of adsorption (Barrow, 1986a). This model was applied to a range of
anions but generally was limited to one soil sample (details will be provided
in Section V,C). The extended Stern VSC-VSP model has been called a
mechanistic model and has been applied to describe zinc adsorption on
several soils (Barrow, 1986c). The mechanistic Stern VSC-VSP model
contains the following assumptions: (1) individual sites react with adsorb-
ing ions as with sites on variable-charge oxides, (2) a range of sites exists
whose summed adsorption behavior can be modeled by a distribution of
parameters of the variable-charge model, and (3) the initial adsorption
reaction induces a diffusion gradient into the particle interior and begins
a solid-state diffusion process. The equations for the mechanistic Stern
VSC-VSP model describe the following conditions (Barrow, 1986a):

(A) Heterogeneity of the surface:

Py =1/(0/ JA2m) exp[~0.5(V gy — T o/ Y] (115)

where P, is the probability that a particle has initial potential ¥,q;, W, is the
average of ¥,y;, and o is the standard deviation of V¥,,.
(B) Adsorption on each component of the surface:
(1) at equilibrium:
g = K,aycexp(—Z,FV,;/RT)
771+ Kaye exp(—Z,F¥,;/RT)

(116)

where 6 is the proportion of the jth component occupied by the ith ion, K;
and Z; are the binding constant and valence for the ith adsorbing ion, W¥,; is
the potential of the jth component, a is the fraction of adsorbate present as
the ith ion, vy is the activity coefficient, and c is the total concentration of
adsorbate.

(2) rate of adsorption:

_Kie(1-6) - k36,

: e -ewltkier kD A1)

where 6, is the increment in 6; over time interval ¢, and
kt = kjayexp(aFV,;/RT) (118)
k3 = kyayexp(—aFWV,/RT) (119)

where k, and k, are rate coefficients and & and « are transfer coefficients.
(C) Diffusive penetration:

M;= 2/\/_7T{C0j\/ (Df + E(ij - Ckf—l)\/r[D”fk(l - tk)]} (120)
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where M; is the amount of material transferred to the interior of the jth
component on an area basis, Cy; is the surface concentration of the ad-
sorbed ion at time ¢, Cy; is the value of Cy; at time ¢, D is the coefficient
related to the diffusion coefficient via the thickness of the adsorbed layer,
and f is the thermodynamic factor.
(D) Feedback effects on potential:
(1) for a single period of measurement:

W, =Y,0; — my6; (121)

where V,; is the potential of the jth component after reaction and m; is a
parameter.
(2) for measurement through time:

q’a/ = ‘I,an - mlej - mZIWj/ij (122)
where N, is the maximum adsorption on component j and m, is a
parameter.
(E) Effects of temperature :

D = Aexp(—E/RT) (123)
where E is an activation energy and A is a parameter.

These equations were incorporated into a computer program. The con-
tinuous distribution of Eq. (115) was divided into 30 discrete elements.
The 30 sets of equations were solved by an iterative procedure using a
computer program and the criterion of goodness of fit to ion sorption
(Barrow, 1983). Because of the very large number of adjustable param-
eters, the use of the mechanistic Stern VSC-VSP model should be re-
garded as a curve-fitting procedure, although of course fit to the data is
usually excellent.

The mechanistic Stern VSC-VSP model has been used to describe the
effects of time and temperature on zinc sorption on an Australian soil
(Barrow, 1986b), the effect of pH on zinc sorption on several soils (Bar-
row, 1986c), and the point of zero salt effect for zinc sorption on an
Australian soil (Barrow and Ellis, 1986b). The model was able to describe
the data well in all cases using the assumption that the species ZnOH*
adsorbs on the surface. Serious difficulties in the use of the model result
because calcium carbonate was added to raise the pH and calcium nitrate
solutions were used as the background electrolyte. Unless calcium can be
shown to act solely as an inert background electrolyte, the chemical sig-
nificance of the parameters obtained in these modeling procedures is ex-
pected to be compromised by specific adsorption of calcium.

The mechanistic Stern VSC-VSP model has also been used to describe
zine, nickel, and cadmium adsorption by a goethite slightly contaminated
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with silicon (Barrow et al., 1989). As was the case for soil, excellent fits tr,
the adsorption data were obtained. Although in these experiments pH was
adjusted with additions of sodium hydroxide, the background electrolyte
was still calcium nitrate.

D. GENERALIZED Two-LAYER MODEL

Application of the generalized two-layer model to metal adsorption has
been restricted to the hydrous ferric oxide surface (Dzombak and Morel,
1990). As discussed in Section I1,D, adsorption of metal ions is postulated
to occur on two types of sites of high or low affinity. Intrinsic conditional
equilibrium constants for the generalized two-layer model for metal
adsorption were obtained with the computer program FITEQL (Westall,
1982). Individual values of log Ki,(int) and best estimates of log K4,(int}
were obtained as described for protonation-dissociation constants in
Section II1,D. Metal adsorption is defined by reaction Egs. (51) and (52)
for silver, cobalt, nickel, cadmium, zinc, copper, lead, and mercury. For
adsorption of alkaline earth cations, the reaction on the strong sites,
Eq. (51), is replaced by:

S°OH + M?* = SSOHM?* (124)

For strontium adsorption an additional reaction on the weak sites is
defined:

S¥OH + Sr** + H,0 = S¥OSrOH + 2H* (125)

Adsorption of trivalent chromium metal occurs only on the strong sites by
one reaction:

S*OH + Cr’* + H,0 = S*OCrOH* + 2H* (126)

Table XII presents values of best estimates of log Ki(int) obtained by
FITEQL computer optimization. The ability of the generalized two-layer
model to describe copper adsorption on hydrous ferric oxide is indicated
in Fig. 23. The model describes the data very well using both individual
data set values and the best estimates of log K(int).

The surface precipitation model for metal ions (see Section IV,A) has
been incorporated into the generalized two-layer model (Dzombak and
Morel, 1990). Adsorption of metal ions is assumed to occur on both the
strong and the weak sites via the reactions

=S$*OH + M?* + H,0 2 $¥(OH);, + = MOH3 + H* (127)
=S“OH +M?* + H,0 2 S¥(OH)s,, + = MOH; + H* (128)
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Table XII

Values of Intrinsic Metal Surface Complexation and Surface Precipitation Constants
Obtained with the Generalized Two-Layer Model Using FITEQL Computer Optimization
for Hydrous Ferric Oxide®

Metal log K 44(int)® log K(int)° log K 34(int)? Number of data sets®
Surface complexation”
Ca®* 4.97+0.10 —5.85+0.19 — 9
Sr2* 5.01=0.03 -6.58£0.23 —17.60 = 3.06 12
Ba®* 5.46=0.12 — — 6
Ag? -1.72x0.20 — — 6
Co** —0.46 £0.12 -3.01+0.14 — 13
Ni* 0.37+0.58 — — 2
Cd** 0.47 £0.03 -2.90 — 24
Zn?* 0.99 +0.02 -1.99 £ 0.06 — 21
Cu?* 2.89 £ 0.07 — — 10
Pb** 4.65+0.14 — - 4
Hg?* 7.76 +0.02 6.45+0.12 — 12
cr* 2.06 £0.15 — — 4

Surface precipitation®

log K §(int) log K¥(int) log Kepm
Zn** 3.49 0.51 11.7 1
Hg** 10.26 8.95 3.88 11

“From Dzombak and Morel (1990).

*log K }4(int) is defined for reaction Eq. (124) for alkaline earth metals, for reaction
Eq. (126) for chromium, and for reaction Eq. (51) for all other metals.

log K3(int) is defined for reaction Eq. (52).

9log K 3(int) is defined for reaction Eq. (125).

“Experimental data sources provided in Chapter 6 of Dzombak and Morel (1990).

/95% confidence intervals.

log Kspre =2.5,  log K3(int)= log K i(int) + log Kopre,  log K& (int) = log K {(int) +
log Kpre -

The intrinsic equilibrium constants for the reactions as written are K3(int)
for Eq. (127) and K{'(int) for Eq. (128). The reactions for precipitation of
M?* and Fe®* are as written in Eqs. (111) and (112). The surface precipita-
tion model generally describes the metal sorption data well.

E. ONE-pK MODEL

Application of the one-pK model to metal adsorption has so far been
restricted to cadmium adsorption on the iron oxides, hematite and amor-
phous iron oxide (van Riemsdijk et al., 1987). Adsorption of cadmium was
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Figure 23. Fit of the generalized two-layer model to copper adsorption on hydrous ferric
oxide. Model results are represented by a solid line for individual log K¢, (int) and a dashed
line for log K&,(int); log K&, (int) = 2.91, log K&,(int) was not necessary; log K&,(int) is
provided in Table XII. From Dzombak and Morel (1990), based on experimental data of
Benjamin (1978) and Leckie et al. (1980), reproduced with permission from John Wiley and
Sons.

modeled as occurring in the Stern plane. Good model fits to data were
obtained by considering only the formation of the hydrolysis surface com-
plex as given in Eq. (66). The adsorption density of the metal surface
complex formed by reaction Eq. (65) was negligible (van Riemsdijk ez al.,
1987). The equilibrium constant expression for the hydrolysis surface
complex is provided by Eq. (72). To describe the adsorption of cadmium
on iron oxides, values for log Ky, log K¢+, log K4 -, and C were obtained
from potentiometric titration data and have already been provided in Ta-
ble VIII. To describe cadmium adsorption on hematite, no surface com-
plexation constants for the background electrolyte are considered. The
ability of the simplified one-pK model to describe cadmium adsorption on
hematite is indicated in Fig. 24. The model describes the data quite well.
To describe cadmium adsorption on amorphous iron oxide, values of
log K¢+ and log K 5- were included. The fit was similar in quality to that
obtained on hematite (van Riemsdijk et al., 1987). The value of the equi-
librium constant, log K%4 = —6.97, for amorphous iron oxide is very sim-
ilar to that for hematite, log K%y = —6.41.

The one-pK model was expanded to include surface heterogeneity (van
Riemsdijk et al., 1987). As for surface charging behavior, the sensitivity of
metal adsorption toward the degree of heterogeneity was low. The fit of
the model could not be improved significantly by including surface heter-
ogeneity, thus allowing a homogeneous model to be used.
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Figure 24. Fit of the simplified one-pK model to cadmium adsorption on amorphous iron
oxide. Model results are represented by solid lines; log K%, = —6.41. From van Riemsdijk etal.
(1987).

V. APPLICATION OF MODELS TO INORGANIC
ANION ADSORPTION REACTIONS ON OXIDES, CLAY
MINERALS, AND SOILS

A. CONSTANT CAPACITANCE MODEL

Characterization of anion adsorption behavior as a function of solution
pH results in curves termed adsorption envelopes. The constant capaci-
tance model has been used to describe inorganic anion adsorption en-
velopes on iron oxides (Sigg and Stumm, 1981; Goldberg and Sposito,
1984a; Goldberg, 1985, 1986a,b; Goldberg and Glaubig, 1985), aluminum
oxides (Hohl er al., 1980; Goldberg and Sposito, 1984a; Goldberg and
Glaubig, 1985, 1988a; Goldberg, 1986a,b; Bleam et al., 1991), clay miner-
als (Goldberg, 1986b; Goldberg and Glaubig, 1986b, 1988b,c; Motta and
Miranda, 1989), and soils (Goldberg and Sposito, 1984b; Goldberg, 1986b;
Goldberg and Glaubig, 1986a, 1988b,c; Sposito ef al., 1988). In the ap-
plication of the constant capacitance model to inorganic anion adsorption,
the surface complexation reactions are usually written in terms of undis-
sociated acids (Sigg and Stumm, 1981). The reactions Eqgs. (8) and (9) are
replaced by the expressions

SOH + H,L = SH,_,L" "2+ H,0 + (i— DH" (129)
2SOH + H,L = S;H(,_;,L% " + 2H,0 + (j - 2)H" (130)
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where x is the number of protons present in the undissociated form of the
acid, 1=i=n, and 2=<j=n, where n is the number of anion surface
complexes and is equal to the number of dissociations undergone by the
acid. The intrinsic conditional equilibrium constants describing these reac-
tions are
[SH(-pL"~J[H]O
[SOH][H, L]
[S2H—pL® P JH" 972
[SOHJ[H,L]

Ki(int) = exp[(1 — i) F¥/RT] (131)

K (int) =

expl(2— j)F¥/RT]  (132)

Sigg and Stumm (1981) postulated bidentate reactions [Eq. (130)] for
phosphate and sulfate adsorption on goethite; Hohl et al. (1980) postulated
bidentate species for sulfate adsorption on aluminum oxide. However,
Goldberg and Sposito (1984a) obtained good fits to the phosphate adsorp-
tion data of Sigg (1979) by considering only monodentate species. All other
applications of the constant capacitance model have been restricted to
monodentate anion adsorption reactions [Eq. (129)]. The fit of the con-
stant capacitance model to sulfate adsorption was not good (Sigg, 1979;
Sigg and Stumm, 1981). Sigg (1979) postulated that this poor fit could have
been caused by the presence of a NaSO, ion pair that had not been
included in model calculations. An alternative explanation is that sulfate
adsorbs via an outer-sphere mechanism and that therefore use of the
constant capacitance model is not appropriate. Intrinsic conditional
equilibrium constants for anions in the constant capacitance model are
obtained using the computer program MICROQL (Westall, 1979) or by
computer optimization using the program FITEQL (Westall, 1982). Fig-
ure 25 presents the ability of the constant capacitance model to describe
silicate adsorption on goethite. The ability of the model to describe the ad-
sorption data is very good.

Table XIII provides values for intrinsic inorganic anion surface com-
plexation constants obtained with the constant capacitance model for var-
ious materials. In the work of Goldberg and co-workers (Goldberg and
Sposito, 1984a; Goldberg, 1985, 1986a,b; Goldberg and Glaubig, 1985,
1988a) values of log K. (int) were averages obtained from a literature
compilation of experimental log K. (int) values. Values of the protona-
tion—dissociation constants, the phosphate surface complexation constants
(Goldberg and Sposito, 1984a), and the boron surface complexation con-
stants (Goldberg and Glaubig, 1985) obtained in this fashion were not
significantly different statistically for aluminum and iron oxide minerals.

Applications of the constant capacitance model to anion adsorption
edges on clay minerals have been carried out for boron (Goldberg and
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Figure 25. Fit of the constant capacitance model to silicate adsorption on goethite. Model
results are represented by solid lines. Model parameters are provided in Table XIII. From Sigg
and Stumm (1981).

Glaubig, 1986b), selenium (Goldberg and Glaubig, 1988b), arsenic
(Goldberg and Glaubig, 1988c), and molybdenum adsorption (Motta and
Miranda, 1989). To describe boron, arsenic, and selenium adsorption on
kaolinite and selenium adsorption on montmorillonite, log K . (int) values
were based on averages for a literature compilation of aluminum oxides.
The assumption was made that adsorption occurs via ligand exchange with
aluminol groups on the clay mineral edges (Goldberg and Glaubig, 1986b).
To describe boron and arsenic adsorption on montmorillonite and boron
adsorption on illite, log K. (int) were optimized with the anion surface
complexation constants (Goldberg and Glaubig, 1986b, 1988c). Although
the fit to anion adsorption was generally good (see Fig. 26), in some cases
the optimized value of log K., (int) was larger than the optimized absolute
value for log K_(int) or the optimized value for log K_(int) was insig-
nificantly small. These are chemically unrealistic situations that would
potentially reduce the application of the model to a curve-fitting proce-
dure. Additional research is needed. Alternatively, in the application
of the constant capacitance model to molybdate adsorption on clays,
log K . (int) values were obtained from potentiometric titration data (Motta
and Miranda, 1989). Fit of the model to molybdate adsorption data was
good, although the zero point of charge values for illite were surprisingly
high.

The first application of the constant capacitance model to adsorption on
heterogeneous soil systems was the study of Goldberg and Sposito (1984b)
of phosphate adsorption on 44 soils. These authors used log K. (int) values
that were averages obtained from a literature compilation of log K. (int)
values for aluminum and iron oxide minerals. The authors calculated a
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Figure 26. Fit of the constant capacitance model to boron adsorption on Morris illite.
Model results are represented by a solid line; log K, (int) = 8.49, log K_(int) = —-10.16,
log Kp(int) = 5.04. From Goldberg and Glaubig (1986b).

phosphate-reactive specific surface area and obtained good fits of the con-
stant capacitance model to phosphate adsorption data. A similar approach
was used to describe arsenic adsorption on a soil (Goldberg and Glaubig,
1988b) and selenite adsorption on five alluvial soils (Sposito er al., 1988).
Sposito et al. (1988) used log K..(int) values from Goldberg and Sposito
(1984b) and assumed that two types of sites in soil were selenite reactive.
Monodentate surface species are formed on one set of sites and bidentate
surface species are formed on another set of sites. Using the intrinsic
selenium surface complexation constants obtained for one of the soils,
Sposito et al. (1988) were able to predict qualitatively the selenite adsorp-
tion envelopes for four other soils.

To describe boron adsorption on 14 soils (Goldberg and Glaubig, 1986a)
and selenium adsorption on a soil (Goldberg and Glaubig, 1988b),
log K. (int) values were optimized with the anion surface complexation
constants. As described previously for 2:1 clay minerals, the optimized
value of log K_(int) for some of the soils was insignificantly small. This
unrealistic situation reduces the chemical significance of the model applica-
tion. Using an average set of intrinsic conditional surface complexation
constants, the constant capacitance model predicted boron adsorption on
most of the soil samples studied (Goldberg and Glaubig, 1986a). The abil-
ity of the constant capacitance model to describe boron adsorption on a
soil is presented in Fig. 27. Additional research is needed on the applica-
tion of the constant capacitance model for describing adsorption on natural
materials such as clay minerals and soils.



296 SABINE GOLDBERG

08 T T . . r y
o7l
o6t
o5l

04

Boron Adsorbed (mmol kg™')

5 6 7 8 9 10 I 12
pH
Figure 27. Fit of the constant capacitance model to boron adsorption on Altamont soil.
Squares represent 0- to 25-cm samples: log K . (int) = 8.72, log K_(int) = —8.94, log Kg(int) =
5.57. Circles represent 25- to 51-cm samples: log K. (int) = 8.45, log K_(int) = -10.07,

log Kp(int) = 5.45. Model results are represented by solid lines. From Goldberg and
Glaubig (1986a).

The constant capacitance model was used to describe ion adsorption
in binary oxide mixtures (Anderson and Benjamin, 1990a,b; see Sec-
tion IV,A for metal adsorption). In the binary Si-Fe oxide system, the
presence of dissolved silicate reduced phosphate and selenite adsorption
(Anderson and Benjamin, 1990a). The constant capacitance model qual-
itatively described this effect on phosphate adsorption but not on selenite
adsorption.

The surface precipitation model has been incorporated into the constant
capacitance model to describe anion retention on oxide minerals (Farley
et al., 1985). Reactions of the surface precipitation model for trivalent
anion sorption onto a trivalent oxide are as follows:

Adsorption of L*~ onto S(OH)3):

=SOH + L~ + 3H* 2 =SH,L + H,0 (133)
Precipitation of L*":

=SH,L+L*" + 8> 2SL, + =SH,L (134)

The reaction for the precipitation of S>* has already been defined for
metal adsorption by Eq. (112). The equilibrium constants for the reactions
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Figure 28. Fit of the constant capacitance model containing the surface precipitation
model to a phosphate adsorption isotherm on gibbsite at pH 5.0. Model results are repre-
sented by a solid line. Tp = ([=AIH,PO,] + [AIPOy,])/TOT(=AIOH); log K 4 = 30.8,
log Kyop = —16.6, log K, 4, =8.5. From Farley et al. (1985). based on experimental data of
van Riemsdijk and Lyklema (1980a, triangles; 1980b, circles).

as written are K,qq for Eq. (133), 1/K;,; for Eq. (134), and 1/Kps for
Eq. (112). The ability of the surface precipitation model to describe phos-
phate adsorption on an aluminum oxide is indicated in Fig. 28. The model
describes the data very well.

B. TrrpLE-LAYER MODEL

The triple-layer model has been used to describe inorganic anion adsorp-
tion envelopes on amorphous iron oxide (Davis and Leckie, 1980; Ben-
jamin and Bloom, 1981; Zachara et al., 1987; Hayes et al., 1988; Balistrieri
and Chao, 1990), goethite (a-FeOOH) (Balistrieri and Murray, 1981;
Hayes et al., 1988; Hawke et al., 1989; Ainsworth et al., 1989; Zhang and
Sparks, 1989, 1990b,c; Goldberg, 1991), magnetite (Fe;0,4) and zirconium
oxide (Blesa et al., 1984b), aluminum oxide (Davis and Leckie, 1980;
Mikami et al., 1983a,b), manganese oxide (Balistrieri and Chao, 1990),
kaolinite (Zachara et al., 1988), and soils (Charlet, 1986; Charlet and
Sposito, 1989; Zachara et al., 1989). Intrinsic conditional equilibrium
constants for the triple-layer model have been obtained by using the
computer programs MINEQL (Westall ef al., 1976), MICROQL (Westall,
1979), and HYDRAQL (Papelis et al., 1988) or by computer optimization
using the computer program FITEQL (Westall, 1982). In general, in the
application of the triple-layer model to anion adsorption, the reactions
Egs. (24) and (25) with their equilibrium constants Eqgs. (30) and (31) are
considered.
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Figure 29. Fit of the triple-layer model to selenate adsorption on amorphous iron oxide.
Model results are represented by solid lines; log Ks.o,(int) = 9.9, log K§=04(int) =15.9. From
Davis and Leckie (1980).

Figure 29 presents the ability of the triple-layer model to describe
selenate adsorption on amorphous iron oxide. The model describes the
adsorption data very well. Table XIV provides values for intrinsic inor-
ganic anion surface complexation constants obtained with the triple-layer
model for various surfaces. Adsorption of the trivalent anions PO3~ and
AsO3™ is described by an additional reaction:

SOH + 3H" + L"" 2SOH; - LH{ - (135)
Table XIV
Values of Intrinsic [norganic Anion Surface Complexation C Obtained with the Triple-Layer

Model by Computer Optimization

Solid Anion  Ionic medium log K (int) log K%(int) Reference

Original triple-layer model

y-AlLO4 PO;~ NaCl 25.8¢ 31.6° Mikami er al. (1983a)
y-AlLO; Cro;~ NaNO, 10.1 16.8 Mikami e al. (1983b)
a-ALOS Croz- NaNO, 11.3 18.1 Ainsworth er al. (1989)
a-FeOOH Neiw NaCl 9.10 14.40 Balistrieri and Murray (1981)
«-FeOOH Cro3- NaNO, 9.8 19.4 Ainsworth ef al. (1989)
a-FeOOH F~ NaCl 11.85 — Hawke et al. (1989)
Fe(OH)s(am) CrO3~ NaNO; 10.6 18.1 Davis and Leckie (1980)
Fe(OH);(am) CrO3~ NaNO, 10.1 19.3 Zachara et al. (1987)
Fe(OH);(am) CrO3~ NaNO; 11.90 18.00 Benjamin and Bloom (1981)
Fe(OH);(am) CrO3~ NaNO; 14.40 16.80 Benjamin and Bloom (1981)

Fe(OH);(am) SO~ NaNO; 9.9 15.9 Davis and Leckie (1980)




Table XIV (Continued)

Solid Anion  Ionic medium log K[(int) log KZ(int) Reference

Original triple-layer model

Fe(OH);(am) SO%~ NaNO; 11.6 17.3 Zachara et al. (1987)
Fe(OH)s(am) SeO3F™ KCl 9.5 15.15 Balistrieri and Chao (1990)
Fe(OH);(am) SeO3” KCl 9.1 16.0 Balistrieri and Chao (1990)
Fe(OH);(am) SeO3~ NaNO,; 9.9 15.9 Davis and Leckie (1980)
Fe(OH);(am) SeO3” NaNO; 11.75 15.60 Benjamin and Bloom (1981)
Fe(OH);(am) SeO%~ NaNO;3 15.00 19.00 Benjamin and Bloom (1981).
Fe(OH)y(am) SeO3}~ NaNO, 12.80 20.75 Benjamin and Bloom (1981)
Fe(OH)s(am) SeO3%™ NaNO; 19.90 22.00 Benjamin and Bloom (1981)
Fe(OH)y(am) AsO3~ NaNO, 27.70° 33.50° Benjamin and Bloom (1981)
Fe(OH)s;(am) Si(OH); KCl1 — 27.3 Balistrieri and Chao (1990)
Fe(OH)s(am) S,0%~ NaNO; 10.0 — Davis and Leckie (1980)
Kaolinite? CrOg~ NaClOy4 9.19 17.1 Zachara er al. (1988)
Kaolinite? CrO;~ NaClO, 9.42 16.9 Zachara et al. (1988)
Kaolinite? CrO3~ NaClO, 9.42 16.3 Zachara et al. (1988)
Kaolinite” Cro3~ NaClO, 9.48 16.2 Zachara et al. (1988)
Kaolinite Neia NaClO, 9.49 15.6 Zachara et al. (1988)
Kaolinite Ne/a NaClO, 9.37 15.9 Zachara ez al. (1988)
Modified triple-layer model
210, B(OH),; KNO; 8.7¢ 9.7/ Blesa er al. (1984a)
Fe;0,4 B(OH), KNO;, 6.5 8.3/ Blesa et al. (1984a)
a-FeOOH SeOF™ NaNO; 8.90 15.70 Hayes et al. (1988)
a-FeOOH Se03~ NaCl 12.94 — Zhang and Sparks (1990c)
«-FeOOH Se03~ NaNO; 15.10¢ 14.10"  Hayes et al. (1988)
a-FeOOH SeO3~ NaCl 15.48#8 20.42 Zhang and Sparks (1990c)
a-FeOOH PO;~ NaCl 29.708 33.407 Hawke et al. (1989)
a-FeOOH Nery NaNO; 15.4 — Zhang and Sparks {1990b)
Fe(OH);(am) Se03~ NaNO, 9.60 14.50 Hayes et al. (1988)
Fe(OH)s(am) SeO3%~ NaNO; 14.458 — Hayes er al. (1988)
Fe(OH);(am) Se03” KCl 25.56 + 0.5% — Balistrieri and Chao (1990)
Fe(OH);(am) MoO3}~ KCl — 18.0¢ Balistrieri and Chao (1990)
8-MnO, Se03™ KCl 18.28 0.5 — Balistrieri and Chao (1990)
8-MnO, MoO3™ KCl —_ 18.7 Balistrieri and Chao (1990)
Qxisol soil Nerw Li,SO, 6.5% — Charlet (1986)

“log K (int) is defined by Eq. (31).

blog K#(int) is defined by Eq. (136).

‘Based on experimental data of Honeyman (1984).

4 Also includes a surface complex SIOH—H,CrO, whose equilibrium constant is a fitting parameter.

¢log Kg(int) is defined for reaction Eq. (137). Inner-sphere surface complex.

flog Kgc+(int) is defined for reaction Eq. (138). Inner-sphere surface complex.

#Inner-sphere surface complexes as described by Eqs. (129) and (131), where ¥ =¥, and i =2.

"Inner-sphere surface complex as described by Egs. (39) and (40).

‘Inner-sphere surface complexes as described by Eqs. (129) and (131), where ¥ =¥, and i = 1.

/Optimization also included an inner-sphere complex as described by Eqs. (129) and (131) where
W=V, and i = 3; log K3(int) = 24.00.

“Inner-sphere bidentate surface complex as defined for reaction Eq. (139). Average of four suspen-
sion densities.

! Average of five suspension densities. Inner-sphere surface complex.
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The intrinsic conditional equilibrium constant for this reaction is
_[SOH; —LH{™»7]
- [SOH[H*P[L"]
The first extension of the triple-layer model to describe anion adsorption
using a ligand-exchange mechanism and forming an inner-sphere surface
complex was carried out by Blesa et al. (1984a) for boron adsorption on

magnetite and zirconium dioxide. These researchers defined the following
surface reaction for boron:

K3 (int) exp[ F(¥, - (I~ 2)¥,)/RT] (136)

SOH + B(OH); + OH™ 2 SOB(OH); + H,0 (137)

An additional boron surface complex was formed by reaction with the
cation from the background electrolyte:

SOH + B(OH); + OH™ + C* 2 SOB(OH); — C* + H,0 (138)

Blesa et al. (1984a) were well able to describe surface charge density data
as a function of pH. It is impossible, however, to evaluate the ability of this
approach to describe boron adsorption because the experimental adsorp-
tion data were not provided.

The modified triple-layer model was applied to describe ionic strength
effects on selenate and selenite adsorption on goethite and amorphous iron
oxide (Hayes et al., 1988). These authors could only describe the ionic
strength dependence of selenite adsorption using an inner-sphere surface
complex and that of selenate using an outer-sphere surface complex. In
order to improve the fit of the model, reaction Eq. (39) was added to
describe selenite adsorption on goethite.

The modified triple~layer model has been successfully used to describe
anion adsorption via a ligand-exchange mechanism. Inner-sphere surface
complexes were used to describe phosphate (Hawke ef al., 1989), molyb-
date (Zhang and Sparks, 1989), and selenite (Zhang and Sparks, 1990c)
adsorption on goethite, and selenite and molybdate adsorption on amor-
phous iron oxide and manganese oxide (Balistrieri and Chao, 1990). Sele-
nite adsorption on amorphous iron oxide is defined by the reaction

2SOH + Se03™ + 2H = $,5¢0; + 2H,0 (139)

The pressure-jump relaxation technique has been used to investigate
anion adsorption on aluminum (Mikami er al., 1983a,b) and iron oxide
surfaces (Zhang and Sparks, 1989, 1990b,c). Mikami et al. (1983a) de-
scribed phosphate adsorption and Mikami et al. (1983b) described chro-
mate adsorption on aluminum oxide. These authors used the triple-layer
model and its resultant equilibrium constants to describe their kinetic data
and concluded that phosphate and chromate ions adsorb as outer-sphere
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surface complexes. Various types of experimental evidence support an
inner-sphere adsorption mechanism for phosphate on oxides (Goldberg
and Sposito, 1985). The modified triple-layer model was used to describe
both kinetic and adsorption data for molybdate (Zhang and Sparks, 1989,
1990a), sulfate (Zhang and Sparks, 1990b), and selenium adsorption
(Zhang and Sparks, 1990c). Based on the kinetic results, inner-sphere
surface complexes were postulated for molybdate and selenite, whereas
outer-sphere surface complexes were postulated for sulfate and selenate.
The magnitudes of the log Ki (int) values obtained from kinetics were
similar to those obtained from equilibrium modeling. This result is not
unexpected because an equilibrium surface complexation model is re-
quired to analyze the kinetic data.

Application of the triple layer model to anion adsorption envelopes on
the clay mineral kaolinite has been carried out (Zachara et al., 1988).
Values used for the protonation—dissociation constants for the aluminol
group were obtained by Davis (1977) for amorphous aluminum oxide from
the data of Anderson er al. (1976). Values used for log K. (int) for the
silanol group were obtained by Riese (1982) for kaolinite using the double-
extrapolation technique. In order to describe chromate adsorption on
kaolinite, protonation—dissociation reactions for both aluminol and silanol
groups were required. Anion surface complexation reactions for the alumi-
nol group were defined by Eqs. (24) and (25). For the silanol group, an
additional complex, SIOH—H,CrO,, is postulated whose surface com-
plexation constant is considered a fitting parameter (Zachara ef al., 1988).
To describe sulfate adsorption on kaolinite it was not necessary to invoke
any reactions for the silanol group. The fit of the model to sulfate adsorp-
tion on kaolinite was good (see Fig. 30).

Chromate adsorption on aluminum-substituted goethite, a-(Fe,A1)OOH,
was investigated (Ainsworth et al., 1989). The authors considered two sets
of reactive sites, partitioned into iron and aluminum sites based on a mole
percentage of aluminum substitution. Good description of the adsorption
data was obtained with the triple-layer model by considering protonation—
dissociation reactions for both aluminum and iron sites and chromate
surface complexation reactions only on iron sites (Ainsworth et al., 1989).

The first application of the triple-layer model to anion adsorption on a
complex natural system was the study of sulfate adsorption on a Brazilian
Oxisol soil (Charlet, 1986; Charlet and Sposito, 1989). Charlet (1986)
found good fits of the triple-layer model to sulfate adsorption on the Oxisol
using an inner-sphere surface complex. However, Charlet and Sposito
(1989) suggested that both inner-sphere and outer-sphere surface com-
plexes for sulfate are likely to form.

Alternatively, the approach used by Ainsworth er a/. (1989) for alumi-
num-substituted goethite was used by Zachara et al. (1989) to describe
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Figure 30. Fit of the triple-layer model to sulfate adsorption on kaolinite. Model results
are represented by solid lines; log K! = 9.49; log K2 = 15.6 for 0.1 uM SO,; log K! = 9.37,
log K2=15.9 for 0.5 uM SO,. After Zachara et al. (1988).
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Figure 31. Fit of the triple-layer model to chromate adsorption on two soils. Model
results are represented by a solid line (HC soil) and a dashed line (CP soil);
log K¢ro,(int) = 9.8, log K20, (int) = 19.4. After Zachara er al. (1989).

chromate adsorption on two soils. Aluminum-substituted goethite was
assumed to be the chromate-reactive mineral in these soils. As for a-
(Fe,A)OOH, protonation-dissociation reactions were considered for
both aluminum and iron sites but chromate adsorption was restricted to
iron sites. The surface site density was estimated based on clay content and
surface area measurements (Zachara et al., 1989). Figure 31 presents the
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ability of the triple-layer model to describe chromate adsorption on two
soils. The fit is qualitatively correct.

C. STERN VSC-VSP MoDEL

The Stern VSC-VSP model has been successfully used to describe
adsorption of the inorganic anions phosphate, selenite (Bowden et al.,
1980; Barrow et al., 1980b), molybdate (McKenzie, 1983), and borate
(Bloesch et al., 1987) on the iron oxide, goethite. Application of the model
to describe molybdate adsorption on manganese oxide was unsuccessful
(McKenzie, 1983). The model failed to describe the lower pH of maximum
molybdate adsorption on manganese oxide. McKenzie (1983) attributed
this failure to lack of knowledge of adsorbing molybdenum polymers. As
for metal adsorption, in the Stern VSC-VSP model, values of surface site
density, maximum adsorption, binding constants, and capacitances are
optimized to fit charge and/or adsorption data. Table XV presents values
of Ns, N, logK;, and C; obtained by computer optimization for anion
adsorption on goethite. For phosphate and selenite, adsorption of the
divalent species HPO3™ and SeO%™ is postulated (Bowden et al., 1980;
Barrow et al., 1980b). For molybdate, adsorption of both HMoO, and
MoOj3 is considered (McKenzie, 1983). Four adsorbing species are con-
sidered for boron: B(OH); , B;05(OH); , B;Os(OH)Z~, and BsOg(OH);
(Bloesch et al., 1987). The ability of the Stern VSC-VSP model to describe
boron adsorption on goethite is indicated in Fig. 32. The model describes
the data well, as would be expected given the large number of adjust-
able parameters. The Stern VSC-VSP model was also able to describe
ionic strength effects on phosphate adsorption by goethite (Barrow et al.,
1980b).

As discussed in Section IV,C, the Stern VSC-VSP model was extended
to describe phosphate adsorption by soil (Barrow, 1983). This model was
used to describe the effect of pH on phosphate sorption by various soils
(Barrow, 1984) and was further extended to describe the rate of sorption
(Barrow, 1986a). The equations and assumptions of this extended mecha-
nistic Stern VSC-VSP model are provided in Section IV,C. As discussed
in detail in Section IV,C, use of the mechanistic Stern VSC-VSP model
should be regarded as a curve-fitting procedure.

The mechanistic Stern VSC-VSP model has been used to describe the
effects of time and temperature on fluoride, molybdate (Barrow, 1986b),
selenite, and selenate adsorption on an Australian soil (Barrow and Whe-
lan, 1989b), the effect of pH on fluoride (Barrow and Ellis, 1986a), phos-
phate (Barrow, 1986c), selenite, selenate (Barrow and Whelan, 1989a),



Table XV

Values of Maximum Surface Charge Density, Maximum Adsorption Density, Binding Constants,
and Capacitances Obtained with the Stern VSC-VSP Model by Computer Optimization
for Anion Adsorption on Goethite

Parameter Phosphate”  Selenite®  Molybdate® Borate®  Citrate?
Maximum surface charge density 10.0 10.0 10.0 10.0 10.0
(umol m~2)
Maximum anion adsorption density 2.43 2.7 6.0 4.34 1.74
(umol m~2)
Capacitances
Coa (Fm™?) 3.03 4.06 3.03 2.92 3.36
Cop (Fm™?) 1.93 1.93 1.93 0.914 1.12
Cpq (Fm™) — — — 0.965 —
Binding constants
log Ky 7.0 8.3 6.0 7.94 7.0
log Kon 4.0 5.0 4.6 3.98 4.0
log Keca 0 0.08 0 —0.0862 0
log K,p -1.2 -17 -1.2 -0.183 -1.2
log Ky - 0 0 5.5 2.74 0
log Ky:- 6.86 6.95 4.8 — 0
log Ky 3- 0 — — — 4.79
log Kp,0,0m); — — — 1.21 —
log Kp,o40my2- — — — 4.69 —
log Kp.o40m); — 1.12 —

“From Bowden et al. (1980).
?From McKenzie (1983).
“From Bloesch ez al. (1987).

4This value was made very large so that the 8 and d planes virtually coincide.

q

Boron Adsorbed (1mol m )

Figure 32.

pH

Fit of the Stern VSC-VSP model to boron adsorption on goethite. Model

result are represented by solid lines. Model parameters are provided in Table XV. From

Bloesch et al. (1987).
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and borate sorption on soils (Barrow, 1989b), the effect of ionic strength
on phosphate, sulfate (Bolan et al., 1986), selenite, selenate (Barrow and
Whelan, 1989a), and borate sorption on soils (Barrow, 1989b), and the
point of zero salt effect for phosphate sorption on an Australian soil
(Barrow and Ellis, 1986b). The model was able to describe the data well in
all cases using one or two anion binding constants. As discussed previously
in Section IV,C, difficuities in the use of the mechanistic Stern VSC-VSP
model may arise from specific calcium adsorption because calcium carbon-
ate was added to raise the pH. The mechanistic Stern VSC-VSP model has
also been used to describe the effect of time on phosphate adsorption by
iron and aluminum oxides (Bolan et al., 1985).

D. GENERALIZED Two-LAYER MODEL

Application of the generalized two-layer model to anion adsorption has
been restricted to inorganic anions on the hydrous ferric oxide surface
(Dzombak and Morel, 1990). As for metal adsorption, intrinsic conditional
equilibrium constants for the generalized two-layer model for anion
adsorption were obtained using the computer program FITEQL (Westall,
1982). Individual values of log K} (int) and best estimates of log K{ (int)
were obtained as described in Section III,D for log K. (int). Anion adsorp-
tion is defined by the reactions given in Egs. (53) and (54). For some
anions the following amion surface complexation reactions are also
considered:

SOH + L'~ +3H* 2 SH,L!"9~ +~ H,0 (140)

SOH + L'~ 2 SOHL/~ (141)
The intrinsic conditional equilibrium constants for these reactions are

[SH, L 7]

K3 (int) =[_S—O~WCXP[—(I_3)F\P/RT] (142)
K {(int) =[[Sso%ﬁz_]]exp[—lF‘l'/RT] (143)

For arsenite (H3AsO3) and borate (H;BO;) adsorption, surface complexa-
tion is defined by the reaction, Eq. (129), where i = 1. Table XVI presents
values of best estimates of log K{ (int) obtained by computer optimization
with FITEQL. Figure 33 depicts the ability of the generalized two-layer



306 SABINE GOLDBERG

Table XVI
Values of Intrinsic Anion Surface C ! ion C Ob d with the Generalized Two-Layer

Model Using FITEQL Computer Optimization for Hydrous Ferric Oxide®

Anion log K{ (int) log K% (int) log K3 (int) log K { (int) Number of data sets”

P03~ 17.72 £0.51 25.39%0.17  31.29 = 2.88 - 9
AsO3~ - 23.51%0.18  29.31%1.02 10.58 £ 0.57 6
VO3~ — — — 13.57 £ 0.06 12
Nerm 7.78 — — 0.79 1
SeO}~ 7.730.08 — — 0.80 = 0.10 7
Se03~ 12.69 — — 5.17 1
Cro3~ 10.85 £ 0.07 — — - 14
S,03” — — - 0.49 = 0.09 2
H;As03 5.4120.15° — — - 6
H,BO3 0.62 = 0.66° — - —_ 2

“From Dzombak and Morel (1990). 95% confidence intervals.
®Experimental data sources provided in Chapter 7 of Dzombak and Morel (1990).
“Log K| (int) is defined for reaction Eq. (131), where i = 1.
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Figure 33. Fit of the generalized two-layer model to vanadate adsorption on hydrous
ferric oxide. Model results are represented by a solid line for individual log K(int) and a
dashed line for log K%(int); log K% (int) = 13.34; log K% (int) is provided in Table XVI. From
Dzombak and Morel (1990), based on experimental data of Leckie et al. (1984), reproduced
with permission from John Wiley and Sons.
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model to describe vanadate adsorption on hydrous ferric oxide. The model
describes the data well using both the individual data set value and the best
estimate of log K%(int).

The incorporation of the surface precipitation model into the general-
ized two-layer model to describe anion sorption has been carried out and is
described by Dzombak and Morel (1990). However, no applications to
actual anion sorption data are available.

E. ONE-pK MODEL

Application of the one-pK model to anion adsorption has so far been
restricted to phosphate adsorption on the iron oxide, goethite (van Riems-
dijk and van der Zee, 1991). Adsorption of phosphate is modeled as
occurring at the d-plane and described by reaction Eq. (67) and equilib-
rium constant Eq. (73). The adsorption of potassium in the d-plane is also
considered: reaction Eq. (68) and equilibrium constant Eq. (74). The
equilibrium constant for potassium adsorption is optimized both with
the phosphate adsorption equilibrium constant and for the charging data
in the absence of phosphate. The ability of the one-pK model to describe
phosphate adsorption on goethite is indicated in Fig. 34. The fit of the
model is excellent over the entire, wide pH range investigated.

2.5

»

P Adsorbed (pmol mi %)

1
[¢] 02 04 06

Solution P (mmol liter )

Figure 34. Fit of the one-pK model to phosphate adsorption on goethite. Model results
are represented by solid lines; log Kypo, = 6.65, log Kk = —0.5. From van Riemsdijk and van
der Zee (1991), based on experimental data of Bowden et al. (1980), reproduced with
permission from Kluwer Academic Publishers.
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VI. APPLICATION OF MODELS TO ORGANIC
LIGAND ADSORPTION REACTIONS ON OXIDES

A. CoNSTANT CAPACITANCE MODEL

The constant capacitance model has been used to describe organic ligand
adsorption envelopes on aluminum oxide (Kummert and Stumm, 1980),
silicon oxide, titanium oxide (Gisler, 1980), iron oxide (goethite) (Sigg and
Stumm, 1981), and natural organic matter (Baccini et al., 1982). In the
application of the constant capacitance model to organic anion adsorption,
the surface complexation reactions are written in terms of undissociated
acids as for inorganic anions (Kummert and Stumm, 1980; Sigg and
Stumm, 1981). However, only monodentate surface complexes are con-
sidered as described by reaction Eq. (129) and intrinsic conditional equi-
librium constant Eq. (131), where i=1 or 2. In the application of the
model to adsorption of amino acids on oxides, the following reactions
leading to bidentate surface complexes are defined (Gisler, 1980):

SOH + SOH3 + HL* = (SOH)HL(SOH3) (144)
SO~ + SOHS + HL* = (SO")HL(SOH?) (145)
SO~ + SOH + HL* 2 (SO~ )HL(SOH) (146)

where HL* represents an amino acid, HsN*—CHR—COO". The intrin-
sic conditional equilibrium constants are equal to the conditional equilib-
rium constants because the surface charge remains unchanged and are as
follows:

_ [(SOH)HL(SOH;)]
KL= {SOH][SORIHL] (147)

> _ [(SO)HL(SOH;)]
Ki= [SO™][SOHZ ][HL*] (148)
7 - [(SODHL(SOH)] (149)

L~ [SO™][SOH][HL*]

For adsorption on titanium oxide, all three of the above reactions are
considered. For adsorption on silicon oxide, only reaction Eq. (146) is
considered because no positive SIOH; surface groups are found in the
experimental pH range (Gisler, 1980). Figure 35 presents the ability of
the constant capacitance model to describe phthalate adsorption on alumi-
num oxide. The model describes the data well at various total organic acid
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Figure 35. Fit of the constant capacitance model to phthalate adsorption on aluminum
oxide. Model results are represented by solid lines. Model parameters are provided in
Table XVII1. After Kummert and Stumm (1980).

concentrations. Table XVII provides values for intrinsic organic ligand
surface complexation constants obtained with the constant capacitance
model for oxide minerals.

B. TripLE-LAYER MODEL

The triple-layer model has been used to describe organic ligand adsorp-
tion envelopes on the iron oxide, goethite (Balistrieri and Murray, 1987)
and on amorphous iron oxide (Davis and Leckie, 1979). In the application
of the triple-layer model to organic anion adsorption on goethite, the reac-
tions Egs. (24) and (25) and the equilibrium constants Egs. (30) and (31)
are considered. For adsorption of glutamate on amorphous iron oxide,
reaction Eq. (24) is replaced by the formation of a neutral surface com-
plex, SOH—H,L (Davis and Leckie, 1979). Figure 36 presents the abil-
ity of the triple-layer model to describe glutamate adsorption on amor-
phous iron oxide. The model describes the data well for three different
total organic ligand concentrations. Unfortunately, values for the intrinsic
surface complexation constants were not provided by the authors. Table
XVIII provides values for intrinsic organic ligand surface complexation
constants obtained with the triple-layer model for iron oxides.
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Figure 36. Fit of the triple-layer model to glutamate adsorption on amorphous iron
oxide. Model results are represented by solid lines. Model parameters were not provided by
the authors. From Davis and Leckie (1979), reproduced with permission from the American
Chemical Society.

Values of Intrinsic Organic Ligand Surface C

Table XVIII

lexation C Obtained

with the Triple-Layer Model

Solid Ligand  lonic medium logK{(int) logKZ(int) Reference
a-FEOOH  Oxalate NaCl 10.8 15.5 Balistrieri and Murray (1987)
a-FeOOH  Phthalate NaCl 9.7 15.7 Balistrieri and Murray (1987)
a-FeOOH  Salicylate NaCl — 229 Balistrieri and Murray (1987)
a-FeOOH  Lactate NaCl 9.2 — Balistrieri and Murray (1987)
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Figure 37. Fit of the Stern VSC-VSP model to citrate adsorption on goethite. Model

results are represented by solid lines. Model parameters are provided in Table XV. From
Bowden er al. (1980).
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C. STeErN VSC-VSP MobEL

Application of the Stern VSC-VSP model to organic anion adsorption
has been restricted to citrate adsorption on goethite (Bowden et al., 1980).
As for inorganic anion adsorption, values of surface site density, maximum
adsorption, binding constants, and capacitances are optimized to fit charge
and adsorption data. Table XV presents parameter values obtained by
computer optimization for citrate adsorption on goethite. The adsorption
of the trivalent ion L3~ is postulated. The ability of the Stern VSC-VSP
model to describe citrate adsorption is good and is presented in Fig. 37.

VII. APPLICATION OF MODELS TO
COMPETITIVE ADSORPTION REACTIONS ON OXIDES

A. MeTAL-METAL COMPETITION
1. Constant Capacitance Model

The effects of metal-metal competition on the description of adsorption
with the constant capacitance model have been investigated only prelimi-
narily. The constant capacitance model containing the surface precipitation
model was used to describe the effect of copper on cadmium adsorption by
amorphous iron hydroxide (Farley et al., 1985). These authors overpre-
dicted the competitive effect for the data of Benjamin (1978) obtained after
4 hr of reaction time. Using one competitive data point after 30 hr of
reaction time, the authors concluded that the surface precipitation model is
capable of predicting competitive adsorption of metal ions if slow kinetics
are considered. Additional research is needed to substantiate the conclu-
sion of Farley et al. (1985).

2. Triple-Layer Model

The competitive adsorption of alkaline earth cations (Balistrieri and
Murray, 1981) and trace metal cations has been investigated on goethite
(Balistrieri and Murray, 1982b), manganese oxide (Catts and Langmuir,
1986), and amorphous iron oxide (Cowan et al., 1991) using the triple-layer
model. Using intrinsic surface complexation constants from single-cation
systems, Balistrieri and Murray (1981) were able to quantitatively predict
calcium and magnesium adsorption on goethite in a synthetic major-ion
seawater solution. Using this same approach, Balistrieri and Murray
(1982b) were able to predict decreases in lead, zinc, and cadmium adsorp-
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tion on goethite in the presence of magnesium in major-ion seawater. The
competitive effect of magnesium was quantitatively described for zinc
adsorption over the entire pH range and for lead adsorption above pH 5.
Deviations from the experimental data occurred for lead adsorption below
pH 5 and for cadmium adsorption over the entire pH range (Balistrieri and
Murray, 1982b). Competitive adsorption of the trace metal ions copper,
lead, and zinc on manganese oxide from a solution containing all three ions
was predicted from single-ion systems (Catts and Langmuir, 1986). The
adsorption of lead was predicted quantitatively, whereas the description of
copper and zinc adsorption was qualitatively correct (see Fig. 38).

In order to describe cadmium and calcium adsorption on amorphous
iron oxides in single-ion systems, as well as to predict competitive adsorp-
tion, Cowan et al. (1991) hypothesized inner-sphere surface complexes for
cadmium and a combination of inner- and outer-sphere surface complexes
for calcium. This study represents the first time that both inner- and
outer-sphere complexes have been postulated for a single adsorbing ion.
Cowan et al. (1991) were able to describe competitive adsorption of cad-
mium in the presence of calcium, qualitatively. However, because a bet-
ter fit was obtained using a nonelectrostatic model with fewer adjustable
parameters, these authors suggested that competitive adsorption of cad-
mium and calcium on amorphous iron oxide is due to a mass-action effect.

1.0

08

06

04

Metal (ppm)

02

Figure 38. Prediction of competitive trace metal adsorption from single-ion systems on
manganese oxide using the triple-layer model. Model results are represented by solid lines.
Model parameters are provided in Table X. From Catts and Langmuir (1986).
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B. AntoN-ANION COMPETITION
1. Constant Capacitance Model

The ability of the constant capacitance model to predict competitive
anion adsorption on goethite from solutions containing phosphate and
selenite or phosphate and silicate using the intrinsic surface complexation
constants obtained from single-anion systems has been tested (Goldberg,
1985). The model predicted anion competition qualitatively, reproducing
the shapes of the adsorption curves; however, phosphate adsorption was
overestimated and adsorption of the competing anion was underestimated.
Competitive anion adsorption of phosphate and arsenate on gibbsite
(Goldberg, 1986a) and goethite (Goldberg, 1986b), phosphate and selenite
on goethite, and phosphate and silicate on gibbsite and goethite (Goldberg
and Traina, 1987) could be described by direct optimization of the mixed-
ligand data. The fit of the constant capacitance model to the adsorption
data using the mixed-ligand approach was much better than that obtained
by prediction from single-anion systems (see Fig. 39). In the mixed-ligand
approach, the intrinsic surface complexation constants are conditional
constants, dependent upon the surface composition of the oxide surface.
Goldberg and Traina (1987) suggested that the composition dependence is
due to heterogeneity of oxide surface sites. Goldberg (1986a) found that
arsenate and phosphate surface complexation constants obtained using the

)

250 T T T T T

20dt
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Figure 39. Prediction of competitive anion adsorption from single-ion systems and fit of
the mixed-ligand approach on gibbsite using the constant capacitance model. Model results
are represented by dashed lines for single-ion fits and solid lines for mixed-ligand fits. Single-
ion model parameters are provided in Table XIII. Mixed-ligand parameters: log Kp = 9.43,
log K3 =3.01, logK3=-2.26, logKL =3.53, logK%=-4.62. From Goldberg and
Traina (1987).
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mixed-ligand approach for one ternary gibbsite system could be used to
predict competitive adsorption for other ternary gibbsite systems contain-
ing different amounts of arsenate and phosphate in solution.

2. Triple-Layer Model

The application of the triple-layer model to describe competitive adsorp-
tion of anions has been investigated on goethite (Balistrieri and Murray,
1987; Hawke er al., 1989), amorphous iron oxide (Zachara et al., 1987;
Balistrieri and Chao, 1990), manganese oxide (Balistrieri and Chao, 1990),
and soils (Zachara et al., 1989). Using intrinsic surface complexation
constants from single-anion systems, Balistrieri and Murray (1987) were
able to predict oxalate adsorption but grossly underestimated salicylate
adsorption in the presence of sulfate anions on goethite. Using this same
approach, Hawke et al. (1989) were able to predict phosphate adsorption
on goethite in the presence of sulfate; phosphate adsorption in the pres-
ence of fluoride was not well predicted. Chromate adsorption on amor-
phous iron oxide in the presence of the competing anions carbonate and
sulfate was qualitatively predicted using anion surface complexation con-
stants from single-anion systems (Zachara et al., 1987). Balistrieri and
Chao (1990) were unable to predict selenite adsorption on amorphous iron
oxide or manganese oxide in the presence of phosphate, silicate, or molyb-
date from single-anion systems. These researchers were able to describe
selenite adsorption in the presence of molybdate by decreasing the magni-
tude of the selenite equilibrium constants with increasing molybdate
concentration.

The first application of a surface complexation model to describe com-
petitive adsorption on soil was carried out by Zachara et al. (1989). These
researchers used the triple-layer model to describe competitive adsorption
of chromate in the presence of sulfate and dissolved inorganic carbon. As
described in more detail in Section V,B, aluminum-substituted goethite
was assumed to be the reactive mineral surface in the soil. Using the
surface complexation constants obtained for amorphous iron oxide by
Zachara et al. (1987), Zachara et al. (1989) were able to predict qualita-
tively chromate and sulfate adsorption on a soil from a solution containing
both anions.

3. Stern VSC-VSP Model

The mechanistic Stern VSC-VSP model, discussed in detail in Section
IV,C, has been applied to competitive anion adsorption on soils (Barrow,
1989a). The author described phosphate—arsenate, phosphate—molybdate,
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and arsenate-molybdate competition using the same parameters as for
single-anion systems for two of the three soils studied. The mechanistic
Stern VSC-VSP model described the competitive adsorption data very
well. However, as discussed in Section IV,C, use of the mechanistic Stern
VSC-VSP model should be regarded as a curve-fitting procedure.

C. METAL-LIGAND INTERACTIONS
1. Constant Capacitance Model

Ternary surface complexes are formed when metal-ligand complexes,
ML, react with the mineral surface. A type A ternary surface complex,
$—O-—M—L, is formed when attachment of the solution complex to the
surface occurs through the metal ion (Schindler, 1990). The constant ca-
pacitance model has been used to describe adsorption of metal ligand
complexes to form type A ternary surface complexes on silicon oxide
(Bourg and Schindler, 1978; Gisler, 1980; Schindler, 1990) and on titanium
oxide (Gisler, 1980). In the application of the constant capacitance model
to metal-ligand complex adsorption, the following reactions are defined
(Gisler, 1980):

SOH + ML~ D+ = SOML™~2 + H* (150)

2SOH + ML =D+ = (SO),ML""~® + 2H™* (151)

The conditional equilibrium constants for these reactions are
. _[SOML~?|[H"]
KM = rcamma -0+
[SOH|[ML =17

_[(SO),ML"J[H"]
KIZWL - [SOHJZ[ML(m—l)+] (153)

(152)

Table XIX provides values for type A ternary surface complexation con-
stants obtained with the constant capacitance model. The fit of the model
to the data was good over most of the pH range.

2. Triple-Layer Model

A type B ternary complex, S—L—M, is formed when the solution com-
plex, ML, attaches to the mineral surface through the ligand (Schindler,
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Table XIX
Values of Type A Ternary Surface Complexation C Obtained with the Constant
Capacitance Model
Tonic
Solid Metal Ligand medium log Ky log K3 Reference
T8I0, Cu?*  Ethylenediamine 1M NaClO, -5.22  -12.57 Bourg and Schindler
(1978)
SiO, Mg?*  Glycine 1 M NaClO, -8.24 -17.21  Gisler (1980)
Si0, Mg?**  a-Alanine 1 M NaClO, -8.23 -17.21  Gisler (1980)
Si0, Mg?~  B-Alanine 1 M NaClO, -823 —17.21  Gisler (1980)
Si0, Mg**  y-Aminobutyric 1 M NaClO, —8.23 —17.21  Gisler (1980)
acid

Si0, Cu**  Glycine 1 M KNO,; —5.64 —12.29  Schindler (1990)
TiO,, rutile  Mg?*  Glycine 1 M NaClO, -594 —13.62  Gisler (1980)
TiO,, rutile  Co®*  Glycine 1 M NaClO, —4.40 —10.94  Gisler (1980)

1990). The triple-layer model has been used to describe adsorption of a
silver—thiosulfate complex on amorphous iron oxide (Davis and Leckie,
1979). In the application of the triple-layer model to ligand—metal complex
adsorption, the following reaction is defined:

SOH + H* + M™* + L'~ 2 SOH; ~ LMV~ (154)
The intrinsic conditional equilibrium constant for this reaction is

[SOHS — LM¢™"]
[SOH][H*][M™"][L""]

Ky (int) = exp[ F(¥, — (I - m)¥g)/RT] (155)

Figure 40 presents the ability of the triple-layer model to describe silver
adsorption on amorphous iron oxide by postulating the formation of a
type B ternary complex. The fit of the model to the data is qualitatively
correct.

Adsorption reactions of actinide elements on oxides have been described
in the presence of carbonate and bicarbonate ion using the triple-layer
model (Hsi and Langmuir, 1985; Sanchez et al., 1985). These authors pos-
tulated the existence and adsorption of actinide—carbonate ion pairs to
describe their adsorption data for uranyl (Hsi and Langmuir, 1985) and
plutonium adsorption on iron oxides (Sanchez et al., 1985). Carbonate
adsorption was not verified in these experiments.
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Figure 40. Fit of the triple-layer model to silver adsorption on amorphous iron oxide
using a type B ternary silver—thiosulfate surface complex. Model results are represented by
solid lines; log K ags,0, —(int) = —19.5. From Davis and Leckie (1979), reproduced with per-
mission from the American Chemical Society.

Metal-ligand interactions can occur without the formation of ternary
surface complexes. The ability of the triple-layer model to predict competi-
tive adsorption of cations and anions has been investigated on goethite
(Balistrieri and Murray, 1981, 1982b) and amorphous iron oxide (Ben-
jamin and Bloom, 1981; Zachara et al., 1987). Using intrinsic surface
complexation constants from single-ion systems, Balistrieri and Murray
(1981) were able to quantitatively predict calcium, magnesium, and sulfate
adsorption on goethite from a synthetic seawater solution containing these
ions. Using this same approach, Balistrieri and Murray (1982b) were able
to predict the changes in lead, zinc, and cadmium adsorption on goethite
from the presence of sulfate in major-ion seawater. Benjamin and Bloom
(1981) were unable to predict competitive adsorption of the metals cad-
mium, cobalt, and zinc in the presence of the anions selenate, selenite,
arsenate, arsenite, chromate, and phosphate on amorphous iron oxide
from single-ion systems. The enhanced metal adsorption in the presence
of anions was grossly overpredicted by the triple-layer model. Benjamin
and Bloom (1981) suggested that either a new surface phase forms or that
cations and anions bind to separate sets of sites. An alternative explanation
may be that the outer-sphere adsorption mechanism is inappropriate to
describe the adsorption behavior of some or all of these ions. Competitive
adsorption of chromate on amorphous iron oxide in the presence of cal-
cium and magnesium could be predicted using intrinsic surface complexa-
tion constants from single-ion systems (Zachara et al., 1987).
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VIII. INCORPORATION OF SURFACE
COMPLEXATION MODELS INTO
COMPUTER CODES

A. INCORPORATION INTO CHEMICAL SPECIATION MODELS

The surface complexation models have been incorporated into various
chemical speciation models. The first addition of a surface complexation
model to a chemical speciation model was when Davis et al. (1978) added
the triple-layer model to the computer program MINEQL (Westall et al.,
1976). The computer program MINTEQ (Felmy et al., 1984) combines
the mathematical framework of MINEQL (Westall er al., 1976) with the
thermodynamic database of WATEQ3 (Ball et al., 1981). This program
contains the surface complexation modeling approach. The constant ca-
pacitance model has been added to the computer speciation program
GEOCHEM (Sposito and Mattigod, 1980) in the development of its suc-
cessor, the chemical speciation program SOILCHEM (Sposito and Coves,
1988). The computer program HYDRAQL (Papelis et al., 1988) was
developed from the computer program MINEQL (Westall et al., 1976)
and contains the constant capacitance model, the diffuse layer model, the
Stern model, the triple-layer model, and the Stern VSC-VSP model. The
computer programs MICROQL (Westall, 1979) and FITEQL (Westall,
1982) do not contain thermodynamic data files. Instead, the equilibrium
constants are entered by the user and specified for the problem under
investigation.

B. INCORPORATION INTO TRANSPORT MODELS

Surface complexation models have not yet been widely incorporated into
transport models (Mangold and Tsang, 1991). Jennings et al. (1982) in-
corporated the constant capacitance model into a transport model and
simulated competitive metal sorption at constant pH. Cederberg et al.
(1985) have linked the program MICROQL (Westall, 1979) containing the
constant capacitance model with the transport program ISOQUAD
(G. F. Pinder, unpublished manuscript 1976) to produce the computer
program TRANQL. This program was used to simulate cadmium transport
in a one-dimensional laboratory column. The STEADYQL computer
program (Furrer et al., 1989, 1990) is based on the MICROQL program
(Westall, 1979) and calculates chemical speciation of a flow-through system
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at steady state considering both fast, reversible processes described in
terms of chemical equilibrium and slow processes described by kinetic
equations. Although this program considers inflow and outflow for one
box, the approach can form the basis for a transport model (J. C. Westall,
personal communication 1991). The computer program FASTCHEM link-
ing MINTEQ and transport modeling has been developed (Krupka et al.,
1988). However, the adsorption model in the FASTCHEM program is
nonelectrostatic. The computer program HYDROGEOCHEM links a
MINEQL version containing surface complexation models with transport
modeling (Yeh and Tripathi, 1990).

IX. SUMMARY

Surface complexation models provide a molecular description of adsorp-
tion phenomena using an equilibrium approach. Five such models, the
constant capacitance model (Stumm et al., 1980), the triple-layer model
(Davis et al., 1978), the Stern VSC-VSP model (Bowden ez al., 1980), the
generalized two-layer model (Dzombak and Morel, 1990), and the one-pK
model (van Riemsdijk et al., 1986) were discussed. Unlike empirical mod-
els, surface complexation models define surface species, chemical reac-
tions, equilibrium constant expressions, surface activity coefficients, mass
and charge balance, and consider the charge of both the adsorbate and the
adsorbent. Common model characteristics are surface charge balance,
electrostatic potential terms, equilibrium constants, capacitances, and sur-
face charge density. Each surface complexation model was discussed in
detail and its application to protonation—dissociation reactions, metal ion,
inorganic anion, and organic ligand adsorption reactions on soil minerals
and soils was described. Extensive tables of surface equilibrium constants
have been provided. It must be emphasized that because all five surface
complexation models contain different basic assumptions for the mineral—
solution interface, the chemical species defined and the equilibrium con-
stants obtained with one model must never be used in any other model.
Surface complexation models have been incorporated into chemical spe-
ciation programs and into transport programs. Application of these mod-
els to describe surface reactions on heterogeneous surfaces such as clay
minerals and soils requires various simplifying approximations. Additional
research is needed to develop consistent protocols for the use of surface
complexation models in describing reactions of natural chemical systems
such as soils.
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