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Abstract

The biogeochemistry of trace elements (TE) is largely dependent upon their interaction with heterogeneous ligands including metal
oxides and hydrous oxides of iron. The modeling of TE interactions with iron oxides has been pursued using a variety of chemical mod-
els. The objective of this work is to show that it is possible to model the adsorption of protons and TE on a crystallized oxide (i.e., goe-
thite) and on an amorphous oxide (HFO) in an identical way. Here, we use the CD-MUSIC approach in combination with valuable and
reliable surface spectroscopy information about the nature of surface complexes of the TE. The other objective of this work is to obtain
generic parameters to describe the binding of the following elements (Cd, Co, Cu, Ni, Pb, and Zn) onto both iron oxides for the CD-
MUSIC approach. The results show that a consistent description of proton and metal ion binding is possible for goethite and HFO with
the same set of model parameters. In general a good prediction of almost all the collected experimental data sets corresponding to metal
ion binding to HFO is obtained. Moreover, dominant surface species are in agreement with the recently published surface complexes
derived from X-ray absorption spectroscopy (XAS) data. Until more detailed information on the structure of the two iron oxides is avail-
able, the present option seems a reasonable approximation and can be used to describe complex geochemical systems. To improve our
understanding and modeling of multi-component systems we need more data obtained at much lower metal ion to iron oxide ratios in
order to be able to account eventually for sites that are not always characterized in spectroscopic studies.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The biogeochemical cycling of trace elements (TE) in
soil and aquatic environments is increasingly affected by
anthropogenic activities. The perturbation of biogeochem-
ical cycles by mankind occurs at nano, micro, and macro
scales. A major objective of geochemistry is to characterize
these changes and to forecast the response of natural sys-
tems to human perturbations. The mobility and the bio-
availability of TE in aquatic systems, soils, and sediments
are largely dependent upon their interaction with organic
ligands such as humic substances (Tipping, 1998;
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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Kinniburgh et al., 1999) and/or mineral surfaces like clays,
metal oxides, and hydrous oxides of aluminium, iron, and
manganese (Stumm and Morgan, 1981).

Iron oxides (i.e., hematite, goethite, hydrous ferric oxide
(HFO), etc.) are common minerals in soils and colloids in
aquatic environments (Buffle, 1990). The sorption of TE
by these oxides is important since it will significantly con-
trol their concentration and speciation in complex geo-
chemical systems. Moreover the availability of nutrients
and the mobility of toxic TE to living organisms will also
depend on the nature and the strength of the interactions
with the oxide surfaces.

The modeling of TE interactions with iron oxides in
aquatic and soil systems can be pursued using a variety
of chemical models. Since the early work of Stumm and
colleagues (Schindler and Kamber, 1968; Stumm et al.,
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1970; Huang and Stumm, 1973) numerous variations have
been developed (Davies and Leckie, 1979; Van Riemsdijk
et al., 1986; Westall, 1986; Dzombak and Morel, 1990).
More recently, new approaches have been proposed. For
instance, Sverjenski and Sahai (1996) and Crescenti and
Sverjenski (1999) combine an Extended Triple Layer Mod-
el with a 2 pK approach for one surface site while a new
multisite approach has been developed to account for the
chemical heterogeneity of oxide surfaces (Hiemstra et al.,
1989a,b). A comparison of the performance of the most
commonly used surface complexation models can be found
in Venema et al. (1996a).

A limitation of some of the above mentioned models is
that the crystallographic nature of the reactive sites is not
always taken into account. Recent advances in surface
spectroscopy (Brown et al., 1999 and references therein)
have generated numerous valuable and reliable informa-
tion about the nature of surface complexes of TE that
can be incorporated in Surface Complexation Modeling
(SCM).

Application of any of these models to complex multi-
component systems requires a set of suitable parameters
to describe the binding characteristics of the individual
TE. Explicit measurement of these binding properties is
difficult. For this reason, standardization of SCM
approaches has been proposed for HFOs (Dzombak and
Morel, 1990). These authors have suggested that a model
should involve a minimum number of adjustable parame-
ters. The availability of a robust and extensive set of
parameters for a given model is therefore highly desirable.
Macroscopic data (not shown here) obtained with the same
surface loading (i.e., sorption edge experiments) show that
goethite and HFO have comparable pH sorption edges for
Pb, Cu, and Cd (sorption egdes from: Benjamin, 1978; Lec-
kie et al., 1980; Benjamin and Bloom, 1981; Benjamin and
Leckie, 1981 for HFO and from: Balistrieri and Murray,
1982; Johnson, 1990; Kooner, 1992 for goethite). Con-
versely, Zn sorption edges for the two oxides are different.

Most recent molecular scale observations highlighted by
XAS also show similarities for Cd, Cu, and Pb binding to
HFO and goethite. Spadini et al. (1994) reported that the
crystallographic sites involved in cadmium complexation
are similar on goethite and on HFO. Trivedi et al. (2003)
suggested that adsorbed Pb could have similar coordina-
tion environments for these two mineral phases. On the
other hand, Waychunas et al. (2002) showed that Zn ad-
sorbed on goethite and on HFO has a different geometry.
This latter finding could explain the difference in the
adsorption curves reported earlier and the different behav-
ior of Zn with respect to Cd, Cu, and Pb.

Several publications present CD-MUSIC applications
on experimental data (Venema et al., 1996a; Boily et al.,
2000; Rietra et al., 2001). Weng et al. (2001) used this ap-
proach to calculate trace element (Cu, Cd, Zn, Pb, and
Ni) speciation in a soil and estimate the amount of TE ad-
sorbed onto goethite. However, they used a different ap-
proach to estimate the amount of metal ions bound to
HFO. This was done using the generic parameters pro-
posed in the Dzombak and Morel (1990) approach.

Based on previous macroscopic and microscopic obser-
vations (see above), this study demonstrates that the same
approach for the two iron oxides can be used to account
for their reactivity towards protons and a large number
of TE. This is especially relevant for the modeling of com-
plex natural or human impacted geochemical systems.
Rather than considering two distinct ferric oxides, we can
then consider only one kind of particle that combines the
properties of crystallized and amorphous iron oxides. This
approach results in a smaller number of adjustable param-
eters. Moreover, for field systems, several chemical proto-
cols are available to estimate the respective amounts of
crystallized and amorphous iron oxides in soils and sedi-
ments (Schwertmann and Cornell, 1991). Once the respec-
tive proportion of the two types of iron oxides is known, it
is incorporated in the modeling by converting the respec-
tive mass of the two types of oxides into surface areas
and site densities as described in greater detail below.

The first objective of this work is to show that it is possible
to model the adsorption of protons and TE on a crystallized
iron oxide (i.e., goethite) and on an amorphous iron oxide
(HFO) in an identical way using the CD-MUSIC approach.
The CD-MUSIC approach applied to complex field systems,
like in the work of Weng et al. (2001), requires a set of generic
parameters (i.e., parameters that can be used regardless of
the experimental conditions) for a series of TE. The other
objective of this work is to obtain generic parameters able
to describe the binding of the following elements (Co, Ni,
Cu, Zn, Cd, and Pb) onto both crystalline and amorphous
iron oxides. A compilation of an extended database of TE
interactions with both iron oxi-hydroxides will be made to
derive the generic parameters.

2. Methods

2.1. The CD-MUSIC model (Hiemstra and Van Riemsdijk,
1996)

The iron oxide surface is heterogeneous because of sev-
eral surface groups having different reactivities (Venema
et al., 1998). The description of iron oxide surface charging
behavior is made with a complexation model including sites
which protonate in two steps:

FenOnv�2 + H þ ¡ FenOHnv�1 Kn;1

FenOHnv�1 + H þ ¡FenOHnv�2 Kn;2

where n is the number of the underlying iron ions and v is
the bond valence that follows from the Pauling’s principle
of charge distribution defined as the charge of the central
ion (i.e., +3 for Fe(III)) divided by the number of sur-
rounding ligands (i.e., 6 for Fe(III) in octahedral coordina-
tion geometry). It was shown that log KH of both
consecutive reactions differs strongly (Hiemstra et al.,
1989b). This implies that only one of the two steps is of rel-



Metal ion binding to iron oxides 2681
evance for the charging behavior in natural systems (Hiem-
stra et al., 1989b).

In CD-MUSIC, the charge of an adsorbed ion is divided
between the ligands present at the surface plane and those
present in an intermediate plane. The charge distribution
(f) can be used as a fitting parameter or derived from the ex-
act structure of the surface complex as measured by EXAFS.

2.2. Model parameters

In this section, we will describe the various assumptions
made to simulate the experimental database assembled. In
the first part we will refer mostly to assumptions made on
the oxides structure, the specific surface areas of the major
crystallographic planes ([110], [02 1]) and to parameters
like proton affinities, capacitance of the different layers,
and ion pair formation constants used to describe the pro-
ton binding behavior. In the last part, the choices of TE
surface complexes are discussed and the TE binding con-
stants and charge distribution parameters are defined.

2.2.1. Oxides structure: Goethite and HFO
The structure of goethite consists of double chains of Fe

octahedral cross-linked by corner linkages. The dominant
crystal planes of goethite are the [110] and the [02 1]
(Schwertmann and Cornell, 1991). It has been shown that
the [110] plane running parallel to the long axis of the laths
is dominant (i.e., 80–95% of the total surface area). The
chain terminations are bounded by the much smaller
[021] plane (Schwertmann and Cornell, 1991). Because of
its needle-shape, goethite has a high proportion of low
affinity sites located along its chain length and a low pro-
portion of high affinity sites located in the [021] planes.
The specific surface area of goethite varies between 30
and 100 m2 g�1. In the goethite structure, the oxygen can
be singly (FeO), doubly (Fe2O) or triply (Fe3O) coordinat-
ed. Two types of oxygen can be distinguished in the goe-
thite structure, unprotonated oxygen (OII) and
protonated oxygen (OI) (Venema et al., 1998).

Manceau and Combes (1988), Manceau and Charlet
(1994), and Spadini et al. (1994) have pointed out the sim-
ilarity between goethite and HFO local structure. Their
structures differ by their medium and long-range order,
HFO having shorter octahedral chains. The extreme short-
ening of octahedral chains results in a tremendous increase
in the amount of high affinity sites. The specific surface
area of HFO is much higher than that of the goethite
and varies between 200 and 800 m2 g�1 depending strongly
on the measurement procedure (Dzombak and Morel,
1990).

The two dominant crystal planes ([1 10] and [021]) are
treated as having their own electrostatic potential and dou-
ble layer. This is the first time that such an approach for
goethite or HFO has been advanced. Previously, only an
averaged simplified composition was used with one electro-
static plane (Venema et al., 1996a,b). By giving each plane
its own electrostatic potential, it becomes very easy to ap-
ply the approach based on the use of an unique particle
combining the properties of the two oxides.

2.2.2. Proton affinities, sites density, and capacitance

We use, in this work, the detailed predicted proton affin-
ity constants instead of the much more simplified approach
used in the past. Hiemstra and Van Riemsdijk (1996) and
Hiemstra et al. (1996) found a linear relationship between
the log KH values and the actual oxygen charge:

log KH ¼ �19:8 �2þ msH þ nð1� sHÞ þ
Xnst

i

si;st

 !
; ð1Þ

where m is the number of donating H-bridges with ad-
sorbed water, n the number of accepting H-bridges with ad-
sorbed water, nst the total number of structural bonds, si

the bond valence of a structural Me–O or H–O bond and
sH the bond valence for an adsorbed proton (sH = 0.8)
(Hiemstra and Van Riemsdijk, 1996 and Hiemstra et al.,
1996). The logKH value is directly related to the actual
bond valence, si�j, and then to the bond length between
two elements, according to the following expression for
si�j:

si�j ¼ eðRi�j�R0;i�jÞ=0:37; ð2Þ

where Ri�j is the bond length, R0, i�j is an ion dependent
parameter (R0, Fe–O = 1.759, value optimized for a broad
range of environments) (Hiemstra and Van Riemsdijk,
1996 and Hiemstra et al., 1996), and the value of 0.37 is
found empirically by Brown and Altermatt (1985) as the
best parameter for different types of bonds.

As mentioned before, two types of oxygen are distin-
guished in the goethite structure (OI and OII). In the calcu-
lations, a distinction is made between internal H-bridges of
a surface ligand (noted OI) and H-bridges between a
surface ligand and adsorbed water (noted OH). Internal
H-bridges are part of the crystal structure and do not
contribute to the value of n + m in Eq. (1) above.

Venema et al. (1998) calculated the log KH values for the
different surface groups using Eq. (1), as well as the total
number of reactive groups from crystallographic data
(i.e., site densities in Appendix A). The pair formation con-
stants (Ki) values for Na+ and NO3

� are taken from Hiem-
stra and Van Riemsdijk (1996).

The capacitance values are optimized using the different
parameters defined by Hiemstra and Van Riemsdijk (1996)
and Venema et al. (1998) (log KH, logKi, and site density)
to simulate the charging curves of goethite for three electro-
lyte levels taken from Venema et al. (1998), and the same val-
ues of the capacitance and of the ion pair formation
constants are used for the two crystal planes ([11 0] and
[021]).

2.2.3. Surface complexes

Different kind of linkages are involved in the formation
of the surface complexes: apices, corners, edges or faces.
Each type of linkage results in a discrete and characteristic
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Me–Fe distance. EXAFS spectroscopy can be used to dis-
criminate between these different mechanisms of
attachment.

2.2.3.1. Cadmium. The cadmium is considered to have a six-
fold coordination, i.e., forming an octahedron with oxygen
atoms (O, OH, OH2) (Spadini et al., 1994; Randall et al.,
1999). Two different cadmium–iron distances are reported
by Spadini et al. (1994) and interpreted as two different sur-
face complex structures: edge-linkage and corner-linkage.
They proposed two types of complexes for each goethite
plane: on the [110] plane, monodentate complexes with
doubly coordinated oxygen (sharing a single corner) and
bidentate complexes with singly coordinated oxygen (shar-
ing a double corner); on the [02 1] plane, a tridentate com-
plex with two singly coordinated and one doubly
coordinated surface group sharing two edges and another
tridentate complex with two singly coordinated and one
doubly coordinated surface group sharing one edge and
two corners. Spadini et al. (1994) found that the relative
abundance of surface complexes having an edge-linkage
decreases with increasing cadmium surface loading and
concluded that surface complexes having an edge-linkage
have a higher cadmium affinity than surface complexes with
only a corner-linkage. Randall et al. (1999) reported only
one cadmium–iron distance which they interpreted as a
Table 1
Surface complexes selected from the literature for the fitting of macroscopic
approach

Complexes

Cd [110] Plane [(„Fe–OIIH)2–Cd]+

[(„Fe–OIIH)2–CdOH]0

[021] Plane [(„Fe–OHm)2–Cd–(HOI

[(„Fe–OHm)2–CdOH–(H

Cu [110] Plane [(„Fe2–OIIH)2–Cu]2+

[(„Fe2–OIIH)2–CuOH]+

[(„Fe–OIIH)2–Cu–(OI–F
[(„Fe–OIIH)2–CuOH–(O

[021] Plane [(„Fe–OHm)2–Cu–(HOI

[(„Fe–OHm)2–CuOH–(H

Pb [110] Plane [(„Fe–OIIH)2–Pb]+1

[(„Fe–OIIH)2–PbOH]0

[(„Fe–OIIH)2–Pb–(OI–F
[(„Fe–OIIH)2–PbOH–(O

[021] Plane [(„Fe–OHm)2–Pb–(HOI–
[(„Fe–OHm)2–PbOH–(H

Zn-goethite [110] Plane [(„Fe2–OIIH)2–Zn]2+

[(„Fe2–OIIH)2–ZnOH]+

[021] Plane [(„Fe–OHm)2–Zn–(HOI

[(„Fe–OHm)2–ZnOH–(H

Zn-ferrihydrite [110] Plane [(„Fe–OIIH)2–Zn]+

[(„Fe–OIIH)2–ZnOH]0

[021] Plane [(„Fe–OHm)2–Zn]+

[(„Fe–OHm)2–ZnOH]0
double corner-linkage. They did not observe the sharing
edge complexes located on [021] plane. This is not surpris-
ing since in their experiments this plane only represents
2% of the total surface area, which was likely too small
to be observed in their EXAFS measurements relative to
the dominant corner-sharing complexes located on [110]
plane.

In agreement with these studies, and considering the re-
sults of Venema et al. (1996b) suggesting that singly coor-
dinated surface groups are the most important reactive
surface groups for specific adsorption, we have chosen
bidentate complexes for the [11 0] plane (Table 1). For
the [021] plane, complexes involving two edges were cho-
sen. This configuration has the highest affinity for cadmium
(Venema et al., 1996b) (Table 1). This complex combines
three surface groups: FeOIH, FeOIIH, and Fe2OIH. How-
ever, in the actual version of the speciation code (ECO-
SAT, Keizer and Van Riemsdijk, 1999) only the
combination of two surface groups is possible. Instead of
FeOIH and FeOIIH, we will use a combination of both
groups, named FeOHm for the modeling of the adsorption
experiments. For the modeling of the charging curves, we
used the two distinct groups. Nonetheless calculations were
done using the 2 distinct groups (FeOIH and FeOIIH) and
the 2 ‘mean’ groups (FeOHm) and the results are quite sim-
ilar (difference smaller than 15%) for the pH values below
experimental data sets given in Appendix B and C with the CD-MUSIC

References

KCd-1 Spadini et al. (1994)
KCdOH-1

–Fe2„)]+ KCd-3 Venema et al. (1996b)
OI–Fe2„)]0 KCdOH-3

KCu-1 Alcacio et al. (2001)
KCuOH-1 Parkman et al. (1999)

e3„)]+1/2 KCu-2 Bochatay et al. (1997)

I–Fe3„)]�1/2 KCuOH�2

–Fe2„)]+ KCu-3

OI–Fe2„)]0 KCuOH-3

KPbOH-1 Ostergren et al. (2000)
KPbOH-1

e3„)]+1/2 KPb-2

I–Fe3„)]�1/2 KPbOH-2

Fe2„)]+ KPb-3

OI–Fe2„)]0 KPbOH-3

KZn-1 Juillot et al. (2003)
KZnOH-1

–Fe2„)]+ KZn-3 Schlegel et al. (1997)
OI–Fe2„)]0 KZnOH-3

KZn-1 Juillot et al. (2003)
KZnOH-1

KZn-3 Waychunas et al. (2002)
KZnOH-3
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9. For the lowest charge density values, around the PZC
values, the differences can be higher.

2.2.3.2. Copper. The copper presents a sixfold coordination
on goethite, in a Jahn–Teller distorted environment with
four close O atoms and two more distant O atoms (Bochatay
et al., 1997; Parkman et al., 1999; Alcacio et al., 2001).
Bochatay et al. (1997) studied copper complexation on goe-
thite by XAFS. They performed adsorption experiments at
pH 5 and pH 8. At pH 5, no 2nd coordination shell was
detected. Conversely, at pH 8 a well-defined 2nd coordina-
tion shell was evidenced, in agreement with Parkman et al.
(1999). However, none of these studies could conclusively
identify the 2nd neighbor atom (i.e., Cu or Fe). Alcacio
et al. (2001) performed Cu sorption experiments onto goe-
thite between pH 4.7 and 7.9. These authors discounted the
formation of Cu-hydroxy clusters or Cu surface precipitates
on goethite and explained the 2nd coordination shell by an
edge-sharing complex with single iron sites. According to
these EXAFS observations, the copper forms edge-sharing
complexes at the goethite surface. Long distances character-
istic of corner-sharing complexes have not been pointed out.
Recently, in a study of Cu sorption onto goethite, Peacock
and Sherman (2004) gave a different interpretation. They
proposed that a dimer adsorbed copper species could be
found in some cases. We did not consider this surface species
because, according to these authors, a bidentate corner-shar-
ing complex could also explain the EXAFS data.

For the modeling, we will consider a bidentate edge-
sharing complex involving two Fe2OH groups for the
[110] plane. Due to the lack of information about the nat-
ure of complexes formed on the [021] plane, we will consid-
er the same complexes as for cadmium, since these two
elements occur under the same octahedral geometry on
goethite (Table 1).

2.2.3.3. Lead. EXAFS-based investigations have proposed
either a square (Weesner and Bleam, 1998; Manceau
et al., 2000) or a trigonal (Bargar et al., 1997; Ostergren
et al., 2000) pyramid coordination for lead adsorbed onto
goethite. Bargar et al. (1997) studied lead adsorption onto
goethite between pH 6 and 8 using XAS and observed
only one Pb–Fe distance around 3.30 Å interpreted as
edge-sharing complexes. Ostergren et al. (2000) also used
XAS to investigate lead–goethite interactions between pH
5 and 7. Like Bargar et al. (1997), they reported one short
Pb–Fe distance attributed to edge-sharing complexes, at
pH 7. However, for acidic experiments (pH 5), they ob-
served two distances corresponding to corner-sharing and
edge-sharing complexes. They developed a Pb sorption
model onto goethite that integrates spectroscopic informa-
tion with energetic and steric constraints imposed by the
surface structure. They performed a site analysis for Pb
binding to goethite that uses bond valence and structural
considerations to constrain the interpretation of EXAFS
results. They defined six possible bonding geometries for
Pb on goethite (numbered 1 to 6) consistent with EXAFS
observations, by considering that the dominant first-shell
coordination is a trigonal pyramid with three oxygens as
nearest neighbors. Three of these six possible bonding
geometries are (1) a bidentate double corner-sharing
complex involving two FeOH groups, (2) a bidentate
edge-sharing complex with two Fe2OH groups, and (3) a
tridentate edge-sharing complex with two FeOH and one
Fe3O groups for the [110] face. The three remaining bond-
ing geometries are (4) a bidentate double corner-sharing
complex with two FeOH groups, (5) a bidentate edge-shar-
ing complex with a FeOH group and a Fe2OH group, and
(6) a tridentate edge-sharing complex involving two FeOH
and one Fe2OH groups for the [021] face.

Considering all these complexes would result in too many
parameters for the model. Moreover, some of these
complexes may only be relevant for the given set of specific
experimental conditions of Ostergren et al. (2000). Since
these authors observed two major distances attributed to
edge-sharing and corner-sharing complexes, we will consider
these two bonding geometries in the model. According to
Ostergren et al. (2000), the steric limitations for the bidentate
double corner-sharing site are expected to be more severe on
the [021] plane than on the [11 0] plane. Consequently, only
the first complex will be considered (Table 1). It is more
difficult, based on the results of Ostergren et al. (2000), to dis-
criminate between the two possible edge-sharing complexes.
For the [110] face, we prefer the tridentate complex, this
complex is more stable than the bidentate one because it
involves two shared edges. For the [021] face, we will consid-
er only one edge-sharing complex. Since the modeling of the
available data is not sensitive enough to the choice of
bidentate or tridentate complexes, we will use the tridentate
complex for the same reason as for the [110] face (Table 1).

2.2.3.4. Zinc, a special case. Zinc does not have the same
geometry when adsorbed on goethite and HFO surfaces.
It can have a sixfold coordination geometry when adsorbed
on goethite (Schlegel et al., 1997; Manceau et al., 2000;
Juillot et al., 2003) and a fourfold one when sorbed on
HFO (Waychunas et al., 2002; Juillot et al., 2003).

For goethite, Schlegel et al. (1997) and Juillot et al. (2003)
observed by EXAFS two distinct Zn–Fe distances (3.10 and
3.30 Å) both consistent with edge-sharing complexes. For
the [110] face, we will then consider bidentate edge-sharing
complexes involving two Fe2OH groups. For the [021] face,
we do not have enough information to conclude on the exact
nature of the complexes formed and we will consider com-
plexes similar to those used for Cd and Cu (Table 1).

For HFO, a single Zn–Fe contribution is observed at
3.45 Å, suggesting double corner-sharing complexes (Way-
chunas et al., 2002; Juillot et al., 2003). Consequently, we will
consider bidentate double corner-sharing complexes involv-
ing two FeOH groups for the [110] and [021] faces (Table 1).

2.2.4. Metal affinities and charge distribution

To adjust the complexation constant (log KMe) and the
charge distribution (z0 = charge located at the surface



Table 2
Surface complexes and median metal binding constants (±2 standard deviations) and charge distribution used to describe metal adsorption on ferric
oxides (goethite and HFO) with the CD-MUSIC approach.

Complexes logKMe z0/z1

Cd [110] Plane [(„Fe–OIIH)2–Cd]+ logKCd-1 = 7 (±0.9) 1.05/0.95
[(„Fe–OIIH)2–CdOH]0 logKCdOH-1 = 12 (±1)

[021] Plane [(„Fe–OHm)2–Cd–(HOI–Fe2„)]+ logKCd-3 = 11.5 (±0.6) 1.05/0.95
[(„Fe–OHm)2–CdOH–(HOI–Fe2„)]0 logKCdOH-3 = 14.5 (±0.9)

Pb [110] Plane [(„Fe–OIIH)2–Pb]+1 logKPbOH-1 = 8.6 (±0.8) 1/1
[(„Fe–OIIH)2–PbOH]0 logKPbOH-1 = 15.5 (±1)
[(„Fe–OIIH)2–Pb–(OI–Fe3„)]+1/2 logKPb-2 = 11.5 (±0.6) 1.1/0.9
[(„Fe–OIIH)2–PbOH–(OI–Fe3„)]�1/2 logKPbOH-2 = 17.8 (±0.6)

[021] Plane [(„Fe–OHm)2–Pb–(HOI–Fe2„)]+ logKPb-3 = 15.5 (±1) 1.1/0.9
[(„Fe–OHm)2–PbOH–(HOI–Fe2„)]0 logKPbOH-3 = 19.5 (±0.7)

Cu [110] Plane [(„Fe2–OIIH)2–Cu]2+ logKCu-1 = 8.5 (±0.8) 1.1/0.9
[(„Fe2–OIIH)2–CuOH]+ logKCuOH-1 = 15.5 (±0.8)
[(„Fe–OIIH)2–Cu–(OI–Fe3„)]+1/2 logKCu-2 = 12 (±0.4) 1.2/0.8
[(„Fe–OIIH)2–CuOH–(OI–Fe3„)]�1/2 logKCuOH-2 = 18.8 (±1.2)

[021] Plane [(„Fe–OHm)2–Cu–(HOI–Fe2„)]+ logKCu-3 = 13.2 (*) 1.2/0.8
[(„Fe–OHm)2–CuOH–(HOI–Fe2„)]0 logKCuOH-3 = 19.2 (*)

Zn-goethite [110] Plane [(„Fe2–OIIH)2–Zn]2+ logKZn-1 = 7 (±0.6) 0.7/1.3
[(„Fe2–OIIH)2–ZnOH]+ logKZnOH-1 = 13.8 (±0.8)

[021] Plane [(„Fe–OHm)2–Zn–(HOI–Fe2„)]+ logKZn-3 = 12.5 (±0.5) 0.9/1.1
[(„Fe–OHm)2–ZnOH–(HOI–Fe2„)]0 logKZnOH-3 = 18 (±0.8)

Zn-ferrihydrite [110] Plane [(„Fe–OIIH)2–Zn]+ logKZn-1 = 7.2 (±0.4) 0.9/1.1
[(„Fe–OIIH)2–ZnOH]0 logKZnOH-1 = 13.9 (±0.4)

[021] Plane [(„Fe–OHm)2–Zn]+ logKZn-3 = 9.5 (±0.4) 0.9/1.1
[(„Fe–OHm)2–ZnOH]0 logKZnOH-3 = 15.8 (±0.4)

*, no standard deviation, the same constant is used to describe the different experiments.
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plane, z1 = charge located in the mid plane) for Cd, Cu, Pb,
and Zn, experimental data sets from the literature were
used (Appendix B). They were chosen to cover a wide
range of ionic strength and different metal to goethite ratios
(i.e., surface coverage). The goethite specific surface area
used for the calculation is the one given by each author,
but the fraction of the total area attributed to the [110]
and the [021] faces is an adjustable parameter. The adjust-
ed values are given for each experiment in Appendix C.
Optimal values for the surface complexation constant
and charge distribution are first determined for each metal
sorption data set. Then median values of the binding con-
stant and the charge distribution are calculated using all
the optimized values. The variability of these median val-
ues is calculated as two times the standard deviation, and
these values are given in Table 2.

2.2.5. From goethite to HFO

The objective of this work is to model the adsorption of
protons and metal ions on a crystallized iron oxide (goe-
thite) and on an amorphous one (HFO) in an identical
way. The main difference between these two oxides is the
length of their octahedral chains and hence their site densi-
ties with a higher proportion of high affinity sites present
on the HFO surface (Manceau and Combes, 1988;
Manceau and Charlet, 1994; Spadini et al., 1994). These
differences are considered in the model by adjusting the
respective proportions of the two faces of HFO (i.e.,
[11 0] and [021]), as well as the capacitance value of the
two layers and the pair formation constant. In a first step,
we optimized these parameters using two HFO charging
curves taken from Davies (1977) and Hsi and Langmuir
(1985) using the different surface groups and associated
proton affinity and site density values defined by Venema
et al. (1998) for goethite. In a second step, the metal ion
parameters (log KMe, z0/z1) obtained by fitting metal
binding onto goethite were used without any adjustment,
to predict the interactions of the metal ions with HFO. This
was performed using part of the experimental database
compiled by Dzombak and Morel (1990).

3. Results

3.1. Proton adsorption

3.1.1. Goethite

The pair formation constants for Na+ and NO3
� are

fixed at logKi = �1 ± 0.5 (Hiemstra and Van Riemsdijk,
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1996). The overall capacitance Ctot is defined as:
Ctot = (C1 · C2)/(C1 + C2) in which C1 and C2 are the
capacitance of the inner and the outer layers, respectively.
C2 is set at 5 F m�2 according to Venema et al. (1996b) and
C1 is adjusted. The capacitance value is optimized with the
charging curve data from Venema et al. (1996b) (Fig. 1).
For a good description of the data, C1 is 1.65 F m�2, which
gives an overall capacitance of 1.24 F m�2.

Below the point of zero charge (pzc) the model fits are in
good agreement with the experimental data. The calculated
pzc value is equal to 9.3 and is in agreement with the mea-
sured value. The fit of the data for pH values above this pzc
are less accurate.

3.1.2. HFO

The respective proportions of the two major crystallo-
graphic planes ([110] and [021]), the capacitance and the
ion pair formation constant values were adjusted to de-
scribe the charging curve data. Two distinct sets of data
have been used for the optimization. They are shown
together with model fits in Fig. 2. The [02 1] plane becomes
dominant and represents 63% of the total specific surface
area fixed assuming that Stot = 800 m2 g�1 (i.e., S[1 1 0] =
300 m2 g�1 and S[0 2 1] = 500 m2 g�1). The overall capaci-
tance value is equal to 1.27 F m�2 with C1 = 1.7 F m�2

and C2 = 5 F m�2 and the ion pair formation constant logKi

is equal to�1.5. These fitted values allow a good description
of the charging curves, especially for the Hsi and Langmuir
(1985) data (Fig. 2B) below the pzc. As for goethite, the fit
is poor above the pzc. The calculated pzc value (i.e.,
pzc = 8.5–8.8) is higher than the value measured (pzc = 8).
This difference may be related to the difficulties associated
with performing titrations on HFO. For example, carbonate
ions are difficult to remove and will interfere with the deter-
mination of the pzc (Gaboriaud and Ehrhardt, 2003), and
Smith and Ferris (2001) pointed out that HFO structure is
sensitive to the preparation protocol.
Fig. 1. Charging behavior of goethite at three different salt concentrations
(data from Venema et al., 1996b). The lines correspond to model
calculation using a total capacitance of Ctot = 1.24 F m�2.
3.2. Metal adsorption

The overall optimization procedure to obtain the medi-
an parameters is similar to the one used by Milne et al.
(2003) for metal binding to humic substances. The optimi-
zation of the parameters related to the metal ion binding on
the different binding sites (log KMe, z0/z1) was first done
with various adsorption experiments of metal ions onto
goethite taken from the literature (Appendix B). In a sec-
ond step, the median generic values for each parameter ob-
tained from the analysis of the goethite data (log KMe and
z0/z1) were used to predict the metal ion (i.e., Cd, Cu, and
Pb) adsorption onto HFO (experimental data set presented
in Appendix D) without any further adjustment.

3.2.1. Cadmium binding data

3.2.1.1. Sorption onto goethite. The necessity of considering
the hydrolyzed species of Cd to describe the experiments per-
formed at high pH values has been highlighted during preli-
minary calculations not presented here. The median
parameters are presented in Table 2. The description of a
selection of different experiments with the optimized
constants and with the median constant is presented in Figs.
3a and b. The adsorption data are very well described with
the median parameters (Figs. 3a and b), except one experi-
ment from Hayes and Leckie (1987) performed at the lowest
ionic strength (I = 0.001 mol L�1) (not shown here).

Furthermore, the predominance of the bidentate corner-
sharing complexes predicted with the modeling (Figs. 3c
and d) is in agreement with EXAFS observations (Spadini
et al., 1994; Randall et al., 1999). Spadini et al. (1994) ob-
served an increase of the edge-sharing complexes for the
experiments performed with the lowest Cd concentrations.
The modeling results are in good agreement with this
observation because they also show an increase of edge-
sharing complexes with the decrease of cadmium concen-
tration (Figs. 3c and d).

3.2.1.2. Sorption onto HFO. The simulation of the adsorp-
tion of Cd on HFO, without any adjustment is very close to
the experimental data (Figs. 3e and f). A simple transposi-
tion of the constants obtained for goethite, allowed a very
good description of the adsorption isotherm of Cd on
HFO. Only a slight difference is observed between the sim-
ulation and the data for the experiment performed with the
lowest Cd concentration where the modeling underesti-
mates the amount of cadmium sorbed onto HFO
(Fig. 3e). The modeling predicts the predominance of the
edge-sharing complexes (Figs. 3g and h), whatever the
experimental conditions, which is in agreement with spec-
troscopic results of Spadini et al. (1994).

3.2.2. Lead binding data

3.2.2.1. Sorption onto goethite. As for cadmium, the hydro-
lyzed form of lead was taken into account to allow a good
description of the experimental data. The median parame-
ters are presented in Table 2.



Fig. 2. Charging behavior of HFO at three different salt concentrations and two solid/liquid (S/L) ratios (A data from Davies (1977), S/L = 0.18 g L�1

and B data from Hsi and Langmuir (1985), S/L = 1 g L�1). The lines correspond to model calculation using: S[1 1 0] = 300 m2 g�1, S[0 2 1] = 500 m2 g�1,
C = 1.27 F m�2, and log Ki = �1.5.
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The accuracy of the description of the experimental
adsorption curves with the median parameters is variable
depending of the experimental data (Figs. 4a and b). The cal-
culation using the optimized parameters allow a very good
description of the different experimental data sets, except
for the data obtained at the lowest Pb concentrations. For
these experiments, the modeling underestimates the fraction
of lead sorbed onto goethite (Fig. 4a). This gap between data
and modeling could be attributed to the lack, in the model, of
a species that is relevant for low Pb concentrations. To test
this hypothesis, new experimental data at low Pb concentra-
tions are needed. A decreasing contribution of the bidentate
corner-sharing complexes with decreasing pH is predicted
with the modeling (Figs. 4c and d) and is in agreement with
EXAFS observations of Ostergren et al. (2000).

3.2.2.2. Sorption onto HFO. The parameters optimized for
the goethite data allow a quite good simulation of the
adsorption data on HFO (Figs. 4e and f), with an overesti-
mation of the fraction of lead sorbed for the experiments
with the highest Pb concentrations (Fig. 4e). The modeling
predicts a large predominance of the edge-sharing complexes
for the different experiments described, the corner-sharing
complexes being negligible (Figs. 4g and h). These results
are in agreement with the spectroscopic observations of
Manceau et al. (1992) and Scheinost et al. (2001) who found
a major contribution of one Pb–Fe distance (3.30 Å) charac-
teristic of edge-sharing complexes. On the other hand, Triv-
edi et al. (2003) also observed a long Pb–Fe distance,
characteristic of corner-sharing complexes. As observed on
goethite by Ostergren et al. (2000), these authors highlighted
the evolution of the surface complexes as a function of pH,
with a decreasing of the proportion of corner-sharing
complexes with decreasing pH. However, this evolution is
not described with the modeling because the proportion of
corner-sharing complexes is very low (Figs. 4g and h).

3.2.3. Copper binding data

3.2.3.1. Sorption to goethite. Preliminary calculations
considering a bidentate edge-sharing complex with two
Fe2OH groups, did not allow an accurate description of
the experimental data. Subsequently, a tridentate complex
with two FeOH groups and one Fe3O group was added to
the modeling, allowing an improvement of the experimen-
tal data description. This complex was not considered in
the first calculations because its formation implies long
Cu–Fe distances which were not clearly evidenced with
spectroscopic techniques. Nevertheless, spectroscopic re-
sults can strongly depend on experimental conditions, as
observed for cadmium (Spadini et al., 1994). As for the
other metals, the hydrolyzed form of copper was consid-
ered. The median parameters are presented in Table 2.
The modeling with the median parameter values allows
a good description of the experimental data (Figs. 5a
and b), with a slight discrepancy for the experiments with
the lowest Cu concentrations (Fig. 5a, data from Robert-
son, 1996). For these conditions, the modeling slightly
underestimates the fraction of copper sorbed on goethite.
As for lead, this discrepancy could be explained by the
lack, in the model, of a surface complex that is important
at low copper concentrations. The modeling predicted the
predominance of the bidentate edge-sharing and triden-
tate edge-sharing complexes located on the [110] plane
(Figs. 5c and d). We have no spectroscopic information
to validate this results.

3.2.3.2. Sorption onto HFO. The prediction of the adsorp-
tion curves of copper on HFO with the parameters opti-
mized for goethite is close to the experimental data
(Figs. 5e and f). Scheinost et al. (2001) studied the adsorp-
tion of copper and lead on HFO with EXAFS. These
authors concluded that the surface complexes formed by
these two metals were similar. Their observations rein-
force our choice of the same complexes for lead and cop-
per for the modeling on the [021] face. This face being the
dominant one for HFO, the complexes observed by Schei-
nost et al. (2001) are probably related to the [021] face.
The tridentate edge-sharing complexes present on the
[11 0] and [021] planes, thus dominate the surface specia-
tion (Figs. 5g and h).



Fig. 3. Cd binding to goethite and HFO as a function of pH and total Cd amount. Experimental data are described using optimized parameters for each
individual data set (dotted line) and median parameters (solid lines). (a and b) correspond to data sets G-Cd-6 and G-Cd-1, respectively. (c and d)
correspond to calculated ‘‘surface’’ speciation for sorption data given in (b). (e and f) correspond to data sets HFO-Cd-1 and HFO-Cd-3, respectively and
(g and h) correspond to calculated ‘‘surface’’ speciation for sorption data given in (f).
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3.2.4. Zinc binding data

3.2.4.1. Goethite. The hydrolyzed form of zinc was consid-
ered to allow a good description of the experimental data.
The median parameters are presented in Table 2. The
adsorption data for zinc on goethite are less abundant than
for the other metals. However, for the available data set,
the modeling with the median parameter values allows a
good description of the experimental data (Figs. 6a and
b), except for the data of Balistrieri and Murray (1982) ob-
tained with the highest concentration of zinc (Fig. 6a). In
that case, the fraction of zinc sorbed is largely overestimat-
ed with the median parameters. The ‘‘surface’’ speciation is



Fig. 4. Pb binding to goethite and HFO as a function of pH and total Pb amount. Experimental data are described using optimized parameters for each
individual data set (dotted line) and median parameters (solid lines). (a and b) correspond to data sets G-Pb-3 and G-Pb-8, respectively. (c and d)
correspond to calculated ‘‘surface’’ speciation for sorption data given in (b). (e and f) correspond to data sets HFO-Pb-1 and HFO-Pb-2, respectively and
(g and h) correspond to calculated ‘‘surface’’ speciation for sorption data given in (f).
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dominated in all cases by bidentate edge-sharing complexes
(Figs. 6c and d) in agreement with the spectroscopic data of
Schlegel et al. (1997) and Juillot et al. (2003).

3.2.4.2. Sorption to HFO. In the case of zinc, a single trans-
position of the parameters adjusted to describe the interac-
tions with goethite is not possible because the surface
complexes are different on goethite (octahedral Zn) and
on HFO (tetrahedral Zn). The same approach as for goe-
thite is followed to adjust the parameters used to describe
the interactions of zinc with HFO. The hydrolyzed form
of zinc was considered to allow a good description of the



Fig. 5. Cu binding to goethite and HFO as a function of pH and total Cu amount. Experimental data are described using optimized parameters for each
individual data set (dotted line) and median parameters (solid lines). (a and b) correspond to data sets G-Cu-7 and G-Cu-4 , respectively. (c and d)
correspond to calculated ‘‘surface’’ speciation for the sorption data given in (b). (e and f) correspond to data sets HFO-Cu-1 and HFO-Cu-2 , respectively.
(g and h) correspond to calculated ‘‘surface’’ speciation for the sorption data given in (f).
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experimental data. The median parameters and model lines
are given in Table 2 and Figs. 7a and b, respectively.

For the [021] face, the bidentate complexes combine a
FeOIH group and a FeOIIH group. To write this complex
in the model, the two distinct groups, or two FeOHm

groups, as for the other metal, can be used. This compari-
son allowed a check for the absence of modification in-
duced by the use of the ‘mean’ FeOHm groups.
Calculations have been done with the two options and
the difference is smaller or equal to 5%.

The modeling results of Zn adsorption data on HFO
with the median parameter values are very close to the



Fig. 6. Zn sorption onto goethite as a function of pH and total Zn
amount. Experimental data are described using optimized parameters
for each individual data set (dotted line) and median parameters (solid
lines). (a and b) correspond to data sets G-Zn-1 and G-Zn-3,
respectively. (c and d) correspond to calculated ‘‘surface’’ speciation
for sorption data given in (b).
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experimental data set (Figs. 7a and b). A slight difference is
observed for the data of Kinniburgh and Jackson (1982)
obtained with the highest ionic strength (1 mol L�1) (data
not shown). The model predicts a change in the ‘‘surface’’
speciation of Zn on HFO for low and high Zn concentra-
tion conditions. Corner-sharing complexes on both [110]
and [021] planes control the surface speciation at low
concentrations (Fig. 7c). At higher Zn concentrations
corner-sharing complexes on the [021] plane are predicted
to dominate, especially at pH above 7. New EXAFS data
obtained for similar surface coverage are needed to confirm
this change.

4. Discussion

4.1. Limitations of the proposed approach

The major focus of this study was to try to get a consis-
tent description of TE sorption behavior that works for
goethite and HFO with the same set of model parameters.
We did our best to use physically realistic species based on
spectroscopic data.

In general, a good prediction of almost all the collected
experimental data sets corresponding to metal ion binding
to HFO was obtained. Moreover, dominant surface species
are in agreement with the recently published surface com-
plexes derived from XAS data for Cd, Cu, and Pb (Spadini
et al., 1994; Ostergren et al., 2000; Scheinost et al., 2001).
However, some data sets are clearly not well described by
the model in the case of goethite (data set of Johnson
(1990) with Cd = 0.2 mmol L�1 or data set of Kooner
(1993) with I = 0.01 mol L�1, results not shown here) or
HFO (e.g., Fig. 4e).

For Pb and Cu we may have missed high affinity
sites that are relevant for some of the very low metal
concentrations used in some experiments because our
species selection was based on EXAFS information ob-
tained with relatively high metal concentrations. In some
cases then, we may lack knowledge about high affinity
sites specific to some metal ions at concentrations that
may be more relevant for natural systems. Indeed, Spa-
dini et al. (1994) showed for Cd that the nature of the
surface sites vary strongly with Cd concentration. New
data obtained at much lower concentration than already
existing data with the new generation of synchrotons
are needed to test this hypothesis and to improve the
modeling.

For some data sets (i.e., G-Cd-4, G-Pb-5, and G-Cu-1 in
Appendix B) differences between experimental data and
modeling are not correlated to experimental conditions.
We do not believe that they are related to the modeling op-
tions but rather to a large heterogeneity in the experimental
data sets for very similar experimental conditions. For in-
stance, Johnson (1990) and Spark et al. (1995) found some
very different results when studying Cd sorption onto goe-
thite under similar conditions. Such differences could be
related to the heterogeneous nature of oxides (Schwert-



Fig. 7. Zn sorption onto HFO as a function of pH and total Zn amount.
Experimental data are described using optimized parameters for each
individual data set (dotted line) and median parameters (solid lines). (a
and b) correspond to data sets HFO-Zn-1 and HFO-Zn-2, respectively. (c
and d) correspond to calculated ‘‘surface’’ speciation for sorption data
given in (b). The optimized (dotted) and the median (solid) lines are for
those experiments superimposed.
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mann and Cornell, 1991). In addition, synthesis protocols
for goethite and HFO may vary from one author to anoth-
er. Differences in protocols generate differences in the
respective proportion of the two main crystallographic
planes ([1 10] and [021]) where reactive sites are located
(Dzombak and Morel, 1990; for HFO). This heterogeneity
will induce discrepancies among experimental data ob-
tained a priori under similar physico-chemical conditions
(salt level, pH range, and metal to ligand ratio). Such dif-
ferences can hardly be accounted for by any modeling ap-
proach using a generic set of parameters adjusted with a
large database. For this purpose, to obtain a set of generic
adjusted parameters with such variations can be an advan-
tage because it can produce more realistic predictions of
the complex geochemistry of natural or anthropogenic sys-
tems where heterogeneous ligands like organic matter (Tip-
ping, 1998; Kinniburgh et al., 1999) or oxides are always
involved. Moreover, Sauvé et al. (2000) showed that iron
oxides produced in the laboratory had a different reactivity
when compared to ‘‘natural’’ iron oxides.

Other possible variables that could explain the discrep-
ancy between modeling and experimental data are pH, ion-
ic strength, and composition of the solution.

Concerning pH, Ostergren et al. (2000) showed that the
nature of the Pb surface sites could vary strongly between
pH 4 and 7. It would be interesting to have similar data sets
and the corresponding XAS data for Cu and Zn in order to
better constrain the surface species used for those elements
in future versions of the modeling.

Concerning ionic strength, most transition metal sorp-
tion on oxide surfaces occurs by specific surface complex
formation with oxygen atoms at the surface (Crescenti
and Sverjenski, 1999). For instance, no salt effect is ob-
served during Pb and Cd (Hayes and Leckie, 1987) or Cu
and Zn sorption (Kooner, 1992). However, in the case of
Cd, some recent EXAFS results (Bargar, personal commu-
nication) suggest that the so-called outer-sphere complexes
(i.e., Cd located on the same electrostatic plane as K or Na)
could also be important. Incorporation of such species in
our modeling could improve its quality.

Concerning the composition of the solution, Ostergren
et al. (2000) showed that, in the case of Pb, sorption onto
goethite was achieved through the formation of carbonate
complexes. Considering these types of ternary complexes in
future modeling should improve its quality, especially when
modeling metal ion behavior in soils where CO2 may be
important. However, at the moment, good metal binding
data in the presence of carbonate anions are missing in or-
der to calibrate the model.

4.2. Extrapolation to other metal ions: Co, Ni

Unfortunately, for cobalt and nickel, a limited number
of sorption experiments combine macroscopic observa-
tions with in situ spectroscopic determination of the sur-
face complexes involved. The latter information is
however very important for the CD-MUSIC approach.



Fig. 8. Linear relationship between hydrolysis constants of Cd, Zn, Pb,
and Cu and their specific surface site binding affinity constant within the
CD-MUSIC approach. (1) bidentate complexes on the [110] plane, (2)
hydrolyzed metal ion forming bidentate complexes on the [110] plane, (3)
tridentate complexes on the [021] plane, and (4) hydrolyzed metal ion
forming tridentate complexes on the [021] plane. Numbers 1, 2, 3, and 4
correspond to linear regression lines which equation is given in Table 3.
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For those metal ions a method is needed to deduce
meaningful parameter values from incomplete evidence.
One approach is to use the variation in hydrolysis behav-
ior of the different metal ions as an indication of likely
relative binding capabilities to iron oxides. Bidentate cor-
ner-sharing complexes for Cd and Pb or bidentate edge-
sharing complexes for Cu and Zn and a tridentate com-
plex are used for the [110] and [021] crystallographic
plane, respectively. In Fig. 8, the binding constant for
Cd, Cu, Pb, and Zn are shown for the different surface
complexes on goethite (Y axis) as a function of their
respective hydrolysis constant (X axis) taken from Morel
(1983). Four relationships are obtained, two for each
crystallographic plane, and are given in Table 3. Using
those relationships and the hydrolysis constant of other
metal ions, we can estimate the binding constant for a
series of goethite surface sites. Cobalt and nickel were
chosen because they have the same valence as the one
used to calibrate the modeling approach. Cobalt and
nickel are two potentially toxic elements for which sorp-
tion experiments to goethite and/or HFO are available in
the literature. The binding constant values derived with
the empirical relationships for these two elements are
reported in Table 3. We use them here to predict the
experimental data collected from our literature survey
(Appendix B and D).

4.2.1. Cobalt

The results for cobalt are shown in Fig. 9. For this ele-
ment, we have used bidentate corner-sharing surface com-
plexes, the same as for Cd. This hypothesis is prompted by
the equivalent sorption isotherms reported by Spark et al.
(1995), for Co and Cd under similar conditions. The
simulations for Co binding to goethite and HFO are in
reasonable agreement with the literature data (Figs. 9a
and b). This result supports the proposed idea that the
same surface complexes can be used, in most cases, to
describe divalent metal ion binding to goethite and HFO
surfaces, at the same time.

4.2.2. Nickel

Choosing the surface species on the [110] plane involved
in nickel binding is more difficult since we do not have ex-
tra information to guide our choice, like for cobalt. Two
options were tested: bidentate corner-sharing and bidentate
edge-sharing. The results of the simulations are shown in
Fig. 10. In the case of goethite, for data published by
Mckenzie (1980) the bidentate corner-sharing complex op-
tion seems to give better results although the simulation is
not perfect (Fig. 10a). Whatever the option considered, the
prediction of the data published by Trivedi et al. (2001) is
not satisfying, especially at low pH where the model under-
estimates the amount of Ni sorbed (Fig. 10b). However,
according to Manceau et al. (2000) Ni behaves differently
from Cu, Co, and Zn. Its particular behavior could result
from a clustering of Ni atoms at the goethite surface. In
the case of HFO, the differences in the simulations resulting
from the use of either bidentate corner-sharing or edge-
sharing complexes are negligible because the [021] crystal-
lographic plane dominates the overall binding. The simula-
tion is in very good agreement with the data published by
Leckie et al. (1984) (Fig. 10c). Again, like in the case of
goethite, we underestimate the amount of Ni sorbed at
low pH for the data set corresponding to experiments by
Trivedi et al. (2001) (Fig. 10d).

At the present stage of our work, the predictions that
were obtained for Co and Ni for goethite and HFO, as
well as the simulations concerning the binding of Cd,
Cu, and Pb to HFO, are promising. Until more detailed
information on the structure of the two iron oxides are
available, the present modeling approach seems a rea-
sonable approximation and can be used to describe com-
plex geochemical systems. To improve our understanding
and modeling of multi-component systems involving
either crystallized or amorphous iron oxides and various
metal ions, we need more data obtained for various
experimental conditions. Data obtained at much lower
metal ion to iron oxide ratios are particularly needed
in order to be able to eventually consider high affinity
sites that are not always evidenced in spectroscopic stud-
ies because, until now, relatively concentrated systems
were needed to obtain good quality spectroscopic data.
In the case of Ni and Co, new spectroscopic data are
necessary to confirm the choices made a priori for the
nature of complexes on the [110] crystallographic plane
of goethite and HFO. To be confident in the model pre-
dictions obtained with the present approach we believe
that it should be tested against competitive adsorption
data for various metal ions over a range of pH and ion-
ic strength values.



Table 3
Predicted affinity constants for Co and Ni using the regressions lines 1, 2, 3, and 4 obtained by plotting metal ion surface complexes binding constants as
function of metal ion hydrolysis constants (Fig. 8)

logKMe–OH logKMe–bid[1 1 0] logKMeOH–bid[1 1 0] logKMe–tri[0 2 1] logKMeOH–tri[0 2 1]

Cobalt 4.3 7 12.7 11.9 15.8
Nickel 4.1 6.9 12.4 11.7 15.4

For bidentate complexes on the [110] plane: (1) logKMe–bid = 0.68 · logKhydr + 4.08 (R2 = 0.85) and (2) logKMeOH–bid = 1.37 · logKhydr + 6.78
(R2 = 0.99) For tridentate complexes on the [021] plane: (3) logKMe–tri = 1.11 · logKhydr + 7.17 (R2 = 0.63) and (4) logKMeOH–tri = 1.79 · log-
K

hydr
+ 8.07 (R2 = 0.90).

Fig. 9. Cobalt sorption onto goethite (a) (data set: G-Co-1 and G-Co-2) and on HFO (b) (data set: HFO-Co-1): experimental data (dots) and simulation
(solid lines for closed symbols and dotted lines for open symbols) using predicted parameters given in Table 3, using bidentate corner-sharing complexes
similar to Cd.

Fig. 10. Nickel sorption onto goethite (a and b) and on HFO (c and d). (a) and (b) corresponding to data sets G-Ni-1 and G-Ni-2, respectively, and (c) and
(d) to data sets HFO-Ni-1 and HFO-Ni-2, respectively. Experimental data (dots) and simulation using predicted parameters calculated in Table 3, using
bidentate corner-sharing complexes (solid lines) and bidentate edge-sharing complexes (dotted lines).

Metal ion binding to iron oxides 2693
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Développement (IRD). We also acknowledge support of
the association Naturalia et Biologia (NEB) to Dr. Marie
Ponthieu. Two anonymous reviewers supplied very useful
comments. M. Machesky, associated editor, proposed impor-
tant comments which improved the present manuscript.

Associate editor: Michael L. Machesky
Appendix A. Surface species, site densities, and proton binding constants for goethite are taken from Venema et al. (1998)

�2
Species
 logKH1/logKH2
 Site density (sites nm )
[110] Plane
 Fe1OII
 19.6/7.7
 3.03

Fe2OII
 12.3/0.4
 3.03

Fe3OII
 �0.2
 3.03

Fe3OI
 11.7
 6.06
[021] Plane
 Fe1OII
 20/8.1
 3.75

Fe1OI
 23.8/11.9
 3.75

Fe2OII
 7.9/�4
 3.75

Fe2OI
 15.6/7.7
 3.75
Appendix B. Summary details of selected sets of experimental data for metal ion binding by goethite

Code pH Ionic strength Metal concentration Goethite SSA Reference

(mol L�1)
 (mol L�1)
 (g L�1)
 (m2 g�1)
G-Co-1
 4–7
 0.1 NaNO3
 1 · 10�4
 5
 75
 Mckenzie (1980)

G-Co-2
 4–9
 0.005 KNO3
 5 · 10�5
 1.9
 49.6
 Angove et al. (1999)
�4
G-Ni-1
 4–7
 0.1 NaNO3
 1 · 10
 5
 75
 Mckenzie (1980)

G-Ni-2
 5–10
 0.01 NaNO3
 1 · 10�6
 1
 27
 Trivedi et al. (2001)
�7 �6
G-Zn-1
 4–7
 0.1 NaNO3
 5.6 · 10 /2.9 · 10 /
2.9 · 10�5
0.55
 51.8
 Balistrieri and
Murray (1982)
G-Zn-2
 4–7
 0.1 NaNO3
 1 · 10�5
 2
 78
 Padmanabham (1983)

G-Zn-3
 4–7.5
 0.1/0.01

NaNO3
7.65 · 10�5
 0.6
 50
 Kooner (1993)
G-Zn-4
 4–11
 0.001 KNO3
 1 · 10�4
 0.73
 62
 Spark et al. (1995)
�4
G-Cu-1
 4–7
 0.1 NaNO3
 1 · 10
 5
 75
 Mckenzie (1980)

G-Cu-2
 4–6
 0.075 KNO3
 6.5 · 10�5
 0.5
 89
 Barrow et al. (1981)

G-Cu-3
 4–7
 0.1 NaNO3
 3.2 · 10�7/1.8 · 10�6/

3.1 · 10�5

0.55
 51.8
 Balistrieri and Murray (1982)
G-Cu-4
 4–7
 0.1/0.01
NaNO3
7.87 · 10�6/1.57 · 10�5/
7.87 · 10�5/1.57 · 10�4
0.6/1.2/
2.9/5.5
50
 Kooner (1992)
G-Cu-5
 4–7.5
 0.1/0.01
NaNO3
7.87 · 10�6/1.57 · 10�5/
7.87 · 10�5/1.57 · 10�4
0.6
 50
 Kooner (1993)
G-Cu-6
 4–11
 0.001 KNO3
 1 · 10�4
 0.73
 62
 Spark et al. (1995)

G-Cu-7
 5–6
 0.01/0.1

NaNO3
From 1 · 10�3 to 1 · 10�10
 10
 49
 Robertson (1996)
�8 �7
G-Cd-1
 4–7
 0.1 NaNO3
 3.3 · 10 /2.5 · 10 /
3 · 10�6/3. 2 · 10�5
0.55
 51.8
 Balistrieri and Murray (1982)
G-Cd-2
 3–7
 0.01/0.1/0.3/1
NaNO3
1 · 10�4
 30
 52
 Hayes and Leckie (1987)
G-Cd-3
 3–8
 0.001 KNO3
 1 · 10�4/1 · 10�5/1 · 10�6
 2.5
 34
 Djafer et al. (1989)

G-Cd-4
 4–10
 0.01 KNO3
 2 · 10�4/1 · 10�4/1 · 10�5/

3 · 10�6/1 · 10�6

0.72
 76
 Johnson (1990)
G-Cd-5
 4–11
 0.001 KNO3
 1 · 10�4
 0.73
 62
 Spark et al. (1995)

G-Cd-6
 5/6/7/8/9
 0.01/0.1/0.5

NaNO3
From 1 · 10�2to 1 · 10�10
 —
 98
 Venema et al. (1996b)
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Appendix B (continued)
Code
 pH
 Ionic strength
(mol L�1)
Metal concentration
(mol L�1)
Goethite
(g L�1)
SSA
(m2 g�1)
Reference
G-Pb-1
 4–7
 0.1 NaNO3
 1 · 10�4
 5
 75
 Mckenzie (1980)

G-Pb-2
 4–6
 0.075 KNO3
 6.5 · 10�5
 0.5
 89
 Barrow et al. (1981)

G-Pb-3
 4–7
 0.1 NaNO3
 8.5 · 10�8/7.6 · 10�7/

3.4 · 10�6/2.7 · 10�5

0.55
 51.8
 Balistrieri and Murray (1982)
G-Pb-4
 4–7
 0.1 NaNO3
 1 · 10�5
 2
 78
 Padmanabham (1983)

G-Pb-5
 3–7
 0.01/0.1/0.3/1

NaNO3
2 · 10�3
 30
 52
 Hayes and Leckie (1987)
G-Pb-6
 3–8
 0.001 KNO3
 1 · 10�4/1 · 10�5/1 · 10�6
 2.5
 34
 Djafer et al. (1989)

G-Pb-7
 3–8
 0.1 NaNO3
 4.8 · 10�4
 13.9
 45
 Bargar et al. (1998)

G-Pb-8
 3–7
 0.1 NaNO3
 4.8 · 10�4/4.8 · 10�5
 4.8
 94
 Villalobos et al. (2001)
Appendix C. Optimized proportions of the crystallographic plane [110] compared to the total goethite surface area

(Appendix B)
References
 % S[1 1 0]
Angove et al. (1999)
 90

Balistrieri and Murray (1982)
 95

Bargar et al. (1998)
 95

Barrow et al. (1981)
 90

Djafer et al. (1989)
 90

Hayes and Leckie (1987)
 90

Johnson (1990)
 90

Kooner (1992)
 95

Kooner (1993)
 95

Mckenzie (1980)
 90

Padmanabham (1983)
 97

Robertson (1996)

Spark et al. (1995)
 90

Trivedi et al. (2001)

Venema et al. (1996b)
 90

Villalobos et al. (2001)
 95
Appendix D. Summary details of selected sets of experimental data for metal ion binding by hydrous ferric oxides (HFO)

Code pH Ionic strength Metal concentration (mol L�1) HFO (g L�1) References

(mol L�1)
HFO-Co-1
 4–9
 0.1 NaNO3
 1 · 10�6/1 · 10�9
 8.9 · 10�2
 Benjamin and Bloom (1981)
�6 �7
 �2
HFO-Ni-1
 4–10
 0.1 NaNO3
 5 · 10 /5 · 10
 8.9 · 10
 Leckie et al. (1984)

HFO-Ni-2
 4–8
 1.5/0.03 NaNO3
 5 · 10�9
 1
 Trivedi et al. (2001)
�6 �7 �7
 �2
HFO-Zn-1
 4–8
 0.1 NaNO3
 2 · 10 /5 · 10 /1 · 10
 2.67 · 10 /
8.9 · 10�2/
2.67 · 10�1
Benjamin (1978)
Leckie et al. (1980)
HFO-Zn-2
 4–8
 0.01 NaNO3
 9.12 · 10�6/3.02 · 10�6/
7.59 · 10�7/3.8 · 10�7/2 · 10�7
1.59 · 10�2
 Dempsey and Singer (1980)
HFO-Zn-3
 3–8
 1 NaNO3
 1 · 10�4/1 · 10�3/1 · 10�2
 8.3
 Kinniburgh and Jackson (1982)
�7 �7 �7
 �2
HFO-Cu-1
 4–7
 0.1 NaNO3
 1 · 10 /2 · 10 /5 · 10 /
1 · 10�6
8.9 · 10
 Benjamin (1978)
Leckie et al. (1980)
Benjamin and Leckie (1982)
(continued on next page)
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Appendix D (continued)
Code
 pH
 Ionic strength
(mol L�1)
Metal concentration (mol L�1)
 HFO (g L�1)
 References
HFO-Cu-2
 4–7
 0.1 NaNO3
 5 · 10�7
 8.9 · 10�3/
2.67 · 10�2/
8.9 · 10�2
Benjamin (1978)
Leckie et al. (1980)
Benjamin and Leckie (1982)
�8 �7 �7
 �2
HFO-Cd-1
 5–9
 0.1 NaNO3
 1 · 10 /1 · 10 /5 · 10 /
2 · 10�6
8.9 · 10
 Benjamin (1978)
Leckie et al. (1980)
Benjamin and Leckie (1981)
HFO-Cd-2
 5–9
 0.1 NaNO3
 2 · 10�8/5 · 10�8/2 · 10�7
 8.9 · 10�1
 Benjamin (1978)
Leckie et al. (1980)
Benjamin and Leckie (1981)
HFO-Cd-3
 5–9
 0.1 NaNO3
 5 · 10�7
 1.16 · 10�2/
5.79 · 10�2/
1.16 · 10�1/
3.47 · 10�1/
1.16
Benjamin (1978)
Leckie et al. (1980)
Benjamin and Leckie (1981)
HFO-Cd-4
 4–9
 0.1 NaNO3
 5 · 10�7
 8.9 · 10�2/
8.9 · 10�3
Davies and Leckie (1979)
HFO-Cd-5
 4–9
 0.7 NaNO3
 5 · 10�7
 8.9 · 10�2
 Benjamin and Leckie (1982)

HFO-Cd-6
 5–9
 0.1 NaNO3
 1 · 10�6
 8.9 · 10�2
 Honeyman (1984)
�7 �6 �5
 �2
HFO-Pb-1
 2–7
 0.1 NaNO3
 5 · 10 /5 · 10 /5 · 10
 8.9 · 10
 Benjamin (1978)
Leckie et al. (1980)
HFO-Pb-2
 2–7
 0.1 NaNO3
 5 · 10�7
 8.9 · 10�2/
2.67 · 10�2/
8.9 · 10�3
Benjamin (1978)
Leckie et al. (1980)
References

Alcacio, T.E., Hesterberg, D., Chou, J.W., Martin, J.D., Beauchemin, S.,
Sayers, D.E., 2001. Molecular scale characteristics of Cu(II) bonding
in goethite-humate complexes. Geochim. Cosmochim. Acta 65, 1355–
1366.

Angove, M.J., Wells, J.D., Johnson, B.B., 1999. The influence of
temperature on the adsorption of Cadmium(II) and Cobalt(II) on
goethite. J. Colloid Interface Sci. 211, 281–290.

Balistrieri, L.S., Murray, J.W., 1982. The adsorption of Cu, Pb, Zn and
Cd on goethite from major ion seawater. Geochim. Cosmochim. Acta

46, 1253–1265.
Bargar, J.R., Brown, G.E.J., Parks, G.A., 1997. Surface complexation of

Pb(II) at oxide–water interfaces: II. XAFS and bond-valence determi-
nation of mononuclear Pb(II) sorption products and surface functional
groups on iron oxides. Geochim. Cosmochim. Acta 61, 2639–2652.

Bargar, J.R., Brown Jr., G.E., Parks, G.A., 1998. Surface complexation of
Pb(II) at oxide–water interfaces: III. XAFS determination of Pb(II)
and Pb(II)-chloro adsorption complexes on goethite and alumina.

Geochim. Cosmochim. Acta 62, 193–207.
Barrow, N.J., Bowden, J.W., Posner, A.M., Quirk, J.P., 1981. Describing

the adsorption of copper, zinc and lead on a variable charge mineral
surface. Aust. J. Soil Res. 19, 309–321.

Benjamin M.M. (1978) Effects of competing metals and complexing
ligands on trace metal adsorption at the oxide/solution interface.
Ph.D. thesis, Stanford University, Stanford, California.

Benjamin, M.M., Bloom, N.S., 1981. Effects of strong binding of anionic
adsorbates on adsorption of trace metals on amorphous iron oxyhy-
droxides. In: Tewari, P.H. (Ed.), Adsorption from Aqueous Solution.
Plenum Press, New York.
Benjamin, M.M., Leckie, J.O., 1981. Multiple-site adsorption of Cd, Cu,
Zn, and Pb on amorphous iron oxyhydroxides. J. Colloid Interface Sci.

79, 209–221.
Benjamin, M.M., Leckie, J.O., 1982. Effects of complexation by Cl, SO4,

and S2O3 on adsorption behavior of Cd on oxide surfaces. Environ.

Sci. Technol. 16, 162–170.
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