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Abstract

The Fe(II) adsorption by non-ferric and ferric (hydr)oxides has been analyzed with surface complexation modeling. The
CD model has been used to derive the interfacial distribution of charge. The fitted CD coefficients have been linked to the
mechanism of adsorption. The Fe(II) adsorption is discussed for TiO2, c-AlOOH (boehmite), c-FeOOH (lepidocrocite), a-
FeOOH (goethite) and HFO (ferrihydrite) in relation to the surface structure and surface sites. One type of surface complex
is formed at TiO2 and c-AlOOH, i.e. a surface-coordinated Fe2+ ion. At the TiO2 (Degussa) surface, the Fe2+ ion is probably
bound as a quattro-dentate surface complex. The CD value of Fe2+ adsorbed to c-AlOOH points to the formation of a tri-
dentate complex, which might be a double edge surface complex. The adsorption of Fe(II) to ferric (hydr)oxides differs. The
charge distribution points to the transfer of electron charge from the adsorbed Fe(II) to the solid and the subsequent hydro-
lysis of the ligands that coordinate to the adsorbed ion, formerly present as Fe(II). Analysis shows that the hydrolysis corre-
sponds to the hydrolysis of adsorbed Al(III) for c-FeOOH and a-FeOOH. In both cases, an adsorbed MðIIIÞðOHÞ2þ is found
in agreement with structural considerations. For lepidocrocite, the experimental data point to a process with a complete sur-
face oxidation while for goethite and also HFO, data can be explained assuming a combination of Fe(II) adsorption with and
without electron transfer. Surface oxidation (electron transfer), leading to adsorbed „Fe(III)(OH)2, is favored at high pH
(pH > �7.5) promoting the deprotonation of two FeIII-OH2 ligands. For goethite, the interaction of Fe(II) with As(III)
and vice versa has been modeled too. To explain Fe(II)–As(III) dual-sorbate systems, formation of a ternary type of surface
complex is included, which is supposed to be a monodentate As(III) surface complex that interacts with an Fe(II) ion, result-
ing in a binuclear bidentate As(III) surface complex.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Iron is an element that is dynamically present on the
boundary between the oxidized and reduced world. Only
a tiny shell of the geosphere is oxidized due to photosynthe-
sis. On the long-term geo-historic record, it is a relatively re-
cent phenomenon. Reduced conditions are maintained in
water-logged soils and sediments due to back-consumption
of oxygen and organic carbon by chemotrophic microor-
ganisms. The rate of Fe(II) production by micro-organisms
depends on the surface area of the ferric (hydr)oxide that is
in contact with micro-organisms (Bonneville et al., 2006).
Under intermediate redox conditions (10 < pe < 0) and
0016-7037/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2007.09.030

* Corresponding author. Fax: +31 317 419000.
E-mail address: tjisse.hiemstra@wur.nl (T. Hiemstra).
neutral pH values, iron can be present as aqueous Fe(II)
in combination with Fe(III) (hydr)oxides. Under these con-
ditions, dissolved Fe(II) may interact with these ferric oxi-
des and also with other minerals as well as organic matter.

Adsorbed Fe(II) is known to be very reactive (Stumm
and Sulzberger, 1992), acting as a reductant for elements
like Hg(II), As(V) (Charlet et al., 2002), U(VI) (Liger
et al., 1999), Cr(VI) (Buerge and Hug, 1999) or Cu(II)
(Maithreepala and Doong, 2004) and for the transforma-
tion or natural attenuation of organic components (Klau-
sen et al., 1995; Liger et al., 1999; Amonette et al., 2000;
Pecher et al., 2002; Vikesland and Valentine, 2002a,b;
Strathmann and Stone, 2003; Klupinski et al., 2004; Mai-
threepala and Doong, 2004). In addition, adsorbed Fe(II)
may strongly affect the Fe(III) dissolution rate of iron oxide
minerals in the presence of organic anions (Stumm and
Sulzberger, 1992; Ballesteros et al., 1998), and may catalyze
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the transformation of Fe(III) minerals (Zhang et al., 1992;
Hansel et al., 2005; Pedersen et al., 2005) In addition, ad-
sorbed Fe2+ is far more easily oxydized if bound by mineral
surfaces (Wehrli and Stumm, 1989; Wehrli et al., 1989).

Until recently, the interaction of Fe(II) with metal (hy-
dr)oxides has only been studied sparingly under well-de-
fined conditions. An important reason is the experimental
challenge that is related to the work under reduced condi-
tions, i.e. the oxidation rate of Fe(II) is very high in the
experimental pH range of adsorption (Tamura et al.,
1976; Emmenegger et al., 1998; King, 1998). Traces of oxy-
gen will immediately lead to transformation of Fe(II) into
Fe(III).

Unfortunately, a number of Fe (II) adsorption data have
been collected in systems that are difficult to interpret
unequivocally. Sometimes, the data refer to multi-compo-
nent systems in which sulphate is present due to the addi-
tion of Fe(II) as Fe(II)SO4 (Appelo et al., 2002; Charlet
et al., 2002; Liger et al., 1999), or the systems contain simul-
taneously Ca2+ (Zachara et al., 2000) or bicarbonate (Choi
et al., 2001). These ions may interfere. In other cases, com-
binations of ions have been chosen, like Fe(II) in NaClO4

(Zachara et al., 2000; Vikesland and Valentine, 2002a) or
Fe(II) in NaNO3 (Liger et al., 1999; Appelo et al., 2002;
Jeon et al., 2003) that are thermodynamically instable,
although maybe not kinetically. We note that most Fe(II)
adsorption data have been measured in NaCl solutions.

One of the most early adsorption data sets of Fe(II) is of
(Zhang et al., 1992) who measured the Fe(II) adsorption on
lepidocrocite (c-FeOOH) in 0.6 M NaCl. Recently, (Nano
and Strathmann, 2006) have measured the Fe(II) binding
to TiO2 and boehmite (c-AlOOH) in NaCl and (Dixit and
Hering, 2006) measured it recently for goethite (a-FeOOH).
As will be discussed in this paper, interpretation of these
data suggests that the Fe(II) adsorption behavior does
not only depend on the types of surface sites that are in-
volved in the binding, but that the Fe(II) binding may also
depend on the presence of Fe(III) as component of the min-
eral structure. It has been suggested that in such a case an
electron transfer between adsorbed Fe(II) and the mineral
surface may occur (Williams and Scherer, 2004; Silvester
et al., 2005; Larese-Casanova and Scherer, 2007). Electron
transfer will lead to changes in the interfacial charge distri-
bution, which may be detected by analyzing the Fe(II)
adsorption phenomena with the charge distribution (CD)
model (Hiemstra and van Riemsdijk, 1996a).

The CD model is a surface complexation model, in
which the charge of a surface complex is not considered
as single unit, but is assumed to be spatially distributed in
the compact part of the interface. In the present study, we
will apply the CD model to analyze the Fe(II) adsorption
behavior and determine to what extent the resulting charge
distribution can be related to surface oxidation of adsorbed
Fe(II), or not. First, the adsorption of Fe(II) on non-ferric
metal (hydr)oxides will be analyzed, i.e. TiO2 and c-AlOOH
(boehmite). It will be compared with the situation for iron
(hydr)oxides, in particular goethite, lepidocrocite and
HFO. Before doing this, we will briefly discuss in the next
section the factors that determine the interfacial charge dis-
tribution and we will introduce a recently suggested double
layer picture (Hiemstra and van Riemsdijk, 2006) that has
been used in the present data analysis.

2. THEORY

The complexity of the molecular processes on the micro-
scopic level is studied with many advanced approaches, like
spectroscopy and molecular modeling. The results of these
studies can be useful for models that operate at the macro-
scopic scale. Surface complexation models are a good
example. These models aim to describe the complexity of
the macroscopic scale. To be successful, the molecular pro-
cesses on the microscopic level are incorporated in a simpli-
fied manner. Below, two aspects will be elaborated on.

2.1. Interfacial charge distribution

In a double layer, the concept of point charges becomes
problematic near the surface. Close to the surface, struc-
tural double layer details are needed. More than 80 years
ago, Stern (1924) introduced the concept of charge separa-
tion between surface and counter ions to account for the
minimum distance of approach of counter- and co-ions.
Grahame (1947) extended the model, introducing electro-
lyte outer sphere complexation at the head end of the dif-
fuse double layer, which was applied for the first time to
metal oxide surfaces by Yates et al. (1974) and Davis
et al. (1978a). In the first generation of surface complexa-
tion models, the charge of an innersphere surface complex
has been condensed to a single unit that is located in the
double layer profile. The location of ion charge in the elec-
trostatic double layer is crucial in the modeling of the
adsorption behavior of a component. This is due to the very
large changes in the electrostatic potential in the inner com-
pact part of the double layer (Hiemstra and van Riemsdijk,
2006). An innersphere complex experiences a gradient of
electrostatic potentials. The corresponding electrostatic en-
ergy contribution cannot be calculated accurately with the
simplified assumption of the presence of ion charge on
one single electrostatic position in the interface. In the
charge distribution model, one part of the charge of
the innersphere complex is attributed to the surface. The
remaining part is located at some distance from the surface.

A number of factors will determine the value of the
interfacial charge distribution. First of all, the charge distri-
bution will depend on the number of ligands that coordi-
nate with the surface relative to the number of non-
coordinating ligands. This has been demonstrated for a ser-
ies of divalent oxyanions, comprising SO4

�2 and SeO4
�2,

MoO4
�2 and CrO4

�2, and SeO3
�2 and CO3

�2 (Rietra
et al., 1999a; Hiemstra et al., 2004). A refinement is neces-
sary for ions that have a strongly asymmetrical coordina-
tion sphere. In that case, bond strength becomes an
important parameter too. The bond strength is related to
the relative bond length between the central ion of a com-
plex and the coordinating ligands (Brown and Altermatt,
1985; Brown, 2002). In principle, the variation in bond
length is experimentally accessible and can also be ap-
proached with molecular orbital (MO) calculations (Hiem-
stra and van Riemsdijk, 2006; Stachowicz et al., 2006;
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Hiemstra et al., 2007; Rahnemaie et al., 2007). The varia-
tion in bond strength, due to differences in the geometry
of metal surface complexes, can rationalize the differences
in the CD values found for a series of divalent metal cations
like Hg(II), Pb(II), Cu(II) and Cd(II) (Hiemstra and van
Riemsdijk, 2002). Recently, a third point has come into fo-
cus. It has been suggested that the overall CD value is also
affected by changes in the orientation of the water dipoles in
the compact part of the double layer due the introduction
of surface charge (Hiemstra and van Riemsdijk, 2006).
The dipole orientation of water can partly reduce the elec-
trostatic effect of the interfacial accumulation of charge.
The dipole contribution is generally relatively small
(�<0.15 valence units) but nevertheless often significant
as has been shown for the adsorption of for instance un-
charged As(OH)3 (Stachowicz et al., 2006) and H4SiO4

(Hiemstra et al., 2007).
Finally, a new aspect is the possible change of the charge

distribution in a surface complex due to electron transfer. If
an adsorbed Fe(II) will release an electron that is taken up
by an ion in the solid, the redistributed charge is a combi-
nation of the location of the electron in the surface and
the adsorption of iron as Fe(III). Since Fe(III) is known
for its strong hydrolysis, the electron transfer will also lead
to release of protons from the water ligands that are bound
to the adsorbed ion, formerly present as Fe(II).

2.2. Extended stern layer model

Recently, the interfacial double layer model has been re-
fined (Hiemstra and van Riemsdijk, 2006) based on the anal-
ysis of titration data. Data were collected for goethite in a
variety of electrolyte solutions containing Li+, Na+, K+,
Cs+, -chloride or -nitrate (Rahnemaie et al., 2006). The exper-
imental curves were internally consistent because of the use of
a common stock suspension. Data analysis indicated that the
head end of the diffuse double layer (DDL) was separated
from the minimum distance of approach of electrolyte ions
(ions pairs) by a second Stern layer (Hiemstra and van Rie-
msdijk, 2006). The double layer picture can be classified as
an Extended Stern (ES) layer model (Westall and Hohl,
1980). As discussed in Hiemstra and van Riemsdijk (2006),
the double layer structure that emerges can be explained by
the alignment of water molecules near the surface in several
layers, in which the electrolyte ions can only change stepwise
their position. This picture agrees with experimental infor-
mation obtained by different valuable approaches like force
measurements (Pashley and Israelachvili, 1984; Israelachvili
and Wennerstrom, 1996), X-ray reflectivity (Toney et al.,
1995; Fenter and Sturchio, 2004; Catalano et al., 2006) and
Sum Frequency Spectroscopy (Yeganeh et al., 1999; Kat-
aoka et al., 2004; Ostroverkhov et al., 2005; Shen and Ostro-
verkhov, 2006). These measurements show increase in the
ordering of water within a distance of about 0.7–0.9 nm,
which is equivalent to about 2–3 layers of water molecules
(Hiemstra and van Riemsdijk, 2006).

Sum Frequency Spectroscopy for silica, quartz,
Al2O3(s), and TiO2(s) (Shen and Ostroverkhov, 2006)
shows that the number and orientation of polar water mol-
ecules changes with the interface charge (Yeganeh et al.,
1999; Ostroverkhov et al., 2005). In case of the introduction
of charge at the surface due to ion adsorption, water dipoles
will orient in the electrostatic field. It results in a redistribu-
tion of charge in the compact part of the double layer,
diminishing the induced field. The dipole orientation of
the first water layer is implicitly part of the CD model as
an approximation (Hiemstra and van Riemsdijk, 2006).
The approximation has been quantified for use in the CD
model and the dipole correction can be combined with
the ionic charge distribution. This will be illustrated later
in the text.

2.3. Calculations

The modeling and objective optimization of the adsorp-
tion parameters has been done using the ECOSAT 4.8 pro-
gram (Keizer and van Riemsdijk, 1998) in combination
with a recent version (2.581) of the program FIT of Kinni-
burgh (1993).

3. RESULTS AND DISCUSSION

In the following sections, we will discuss the adsorption
of Fe(II) for a series of materials. We will compare the
adsorption of Fe(II) on ferric and non-ferric (hydr)oxides.
For each mineral, first the structure of the surface will be
analyzed, including a brief discussion on the development
of the primary charge. Next, we will discuss the possible
geometry of the Fe(II) surface complex based on EXAFS
information measured for the adsorption of other metal
ions as far as available. The interfacial CD will be derived
by modeling the Fe(II) adsorption and a mechanistic inter-
pretation of the CD will be given. In the approach, the ex-
tended Stern layer model has been simplified by using equal
values for the inner and outer Stern layer capacitance. This
simplification has also been proposed by Sverjensky (2005).

3.1. TiO2

3.1.1. Surface structure

In the mineral structure of TiO2, e.g. rutile and ana-
tase, all oxygen ions are triply coordinated. At the sur-
face, one or two Ti ions are lacking leading to the
formation of respectively doubly („Ti2O�2/3) and singly
(„TiOH�1/3) coordinated surface groups. The charge
attribution to these surface groups can be done using
the bond valence concept of Pauling (1929). The Ti4+

ion is hexa-coordinated and neutralizes on average +2/3
valence units (v.u.) per bond. In the interior, three bonds
with +2/3 v.u. are required to neutralize the negative oxy-
gen charge (z = �2 v.u) leading to #Ti3O0. A lower coor-
dination of the oxygens at the surface will result in
negative charge on these oxygens, which can be compen-
sated by the adsorption of one or two additional protons
per oxygen (Hiemstra et al., 1989a, 1996b). This leads to
the definition of two proton adsorption reactions that can
describe the surface charging behavior (Hiemstra et al.,
1989b; Rodriguez et al., 1996; Machesky et al., 1998;
Regazzoni et al., 1998; Bourikas et al., 2001; Ridley
et al., 2004; Fitts et al., 2005; Jing et al., 2005):
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BTiOH�1=3 þHþðaqÞ () BTiOHþ2=3
2 ð1Þ

and

BTi2O�2=3 þHþðaqÞ () BTi2OHþ1=3 ð2Þ

The proton affinity (logKH) of both types of surface
groups can be estimated by calculating the potential degree
of saturation of the oxygens charge by applying the Brown
bond valence concept (Brown, 2002) in which the bond va-
lence is linked to the Ti–O bond length. The estimated affin-
ity constants explain the experimental PZC (Hiemstra et al.,
1996b; Machesky et al., 2001) and also explain semi-quan-
titatively the in-situ IR absorption behavior observed by
(Connor et al., 1999a) as discussed in Hiemstra and van
Riemsdijk (2002).

3.1.2. Surface charge

The charging behavior of rutile and anatase has been
evaluated by Bourikas et al. (2001), resulting in a set of rec-
ommended ion pair formation constants (Table 1). For rea-
sons of simplicity, the proton affinity constants (logKH) of
the above protonation reactions were set equal to the value
of the PZC in the approach. Bourikas et al. (2001) reported
that TiO2 materials can be divided into two groups, i.e.
those with a low Stern layer capacitance (C � 0.9 F/m2),
and those that have a higher capacitance (C � 1.6 F/m2).
The difference was attributed to the presence of a difference
in hydration. However recently, it has been shown by spec-
troscopy that at the 110 face of rutile (Zhang et al., 2004),
cations may coordinate to surface groups forming quattro-
dentate complexes. This is not only observed for a variety
of divalent and trivalent ions, but it was also found for
Rb+ at very high pH and concentration. Additional inner-
sphere complexation of such cations will strongly increase
the proton desorption, which will apparently lead to a high-
er value for the Stern layer capacitance if formation of such
complexes is not taken into account. It can be shown that if
formation of innersphere complexes for simple monovalent
electrolyte ions is allowed in the analysis of the charging
behavior, the capacitance value decreases to values that
Table 1
The location of ion charge (Extended Stern layer model) and affinity con
(Degussa) and the adsorption of Fe(II) with the CD model

Surface groupa Dz0 D

„TiOH�1/3 0 0
BTiOH2

þ2=3 1 0
„TiOH�1/3–Na+ 0 1
BTiOH2

þ2=3–Cl� 1 �
„Ti2O�2/3 0 0
„Ti2OH+1/3 1 0
„Ti2O�2/3–Na+ 0 1
„Ti2OH+1/3–Cl� 1 �
„(TiO)2(TiOH)2–Fe(II) 1.43 ± 0.03 0

The capacitance of the inner Stern layer is set equal to the value of the out
et al., 2001) has been used.

a Sites density is set at 6 nm�2 for each group (Bourikas et al., 2001; H
b Based on the PZC of TiO2 of Degussa.
c From Bourikas et al. (2001).
d Fitted, this study.
can be considered as more representative for the capaci-
tance of the inner layer Stern layer, found for many well-
crystallized minerals like goethite, gibbsite, etc.

3.1.3. Fe(II) binding to TiO2

The adsorption of Fe(II) by TiO2 (Degussa P25) has
been studied by Nano and Strathmann (2006). The adsorp-
tion data are shown in Fig. 1 as function of pH, electrolyte
level, and mineral loading of the system. Data have been
modeled using the parameter set given in Table 1. In a first
approach, we assumed the formation of a bidentate com-
plex for adsorbed Fe2+. This model approach leads to a fit-
ted CD with a very high charge attribution to the surface
plane (Dz0 � 1.4 v.u.). The fitted charge distribution cannot
be understood by the combination of the formation of a
bidentate complex and a Pauling distribution of charge of
Fe2+ over the coordinating ligands. If Fe2+ is hexa-coordi-
nated, a charge of only 0.33 v.u. is attributed per bond. In
case of a bidentate complex, the expected ionic surface
charge attribution is only 0.67 v.u. This number strongly
differs from the above fitted result (Dz0 � 1.4 v.u.).

As mentioned in Section 3.1.2, it has been shown re-
cently (Zhang et al., 2004) that a number of mono-, di-
and trivalent metal ions may form quattro-dentate com-
plexes at the 110 face of rutile (Fig. 2). If this molecular
picture is valid for Fe(II) bound by TiO2 (Degussa), we
may write:

2BTi2O�2=3 þ 2BTiOH�1=3 þ Fe2þðaqÞ ()
BðTi2OÞ2ðTiOHÞ2�2þDz0 � FeðIIÞ�Dz1 ð3Þ

with Dz0 + Dz1 = +2 v.u. Application of this reaction in the
modeling, results in a fitted interfacial CD value of D
z0 = 1.42 ± 0.03 v.u. and Dz1 = 0.58 ± 0.03 v.u. (Table 1).
The calculated model lines are given in Fig. 1.

The fitted CD is now much more in agreement with a
structural interpretation (Fig. 2). In case of a coordination
of Fe(II) with four surface groups, assuming hexa-coordi-
nation, 4/6 of the ion charge (n0 = 1.33 v.u.) will contribute
to the neutralization of the common ligands in the surface.
stants used to describe the experimental charging behavior of TiO2

z1 Dz2 logK

0 0
0 6.3b

0 �0.6c

1 0 6.3 � 1.2 = 5.1c

0 0
0 6.3b

0 �0.6c

1 0 6.3 � 1.2 = 5.1c

.57 ± 0.03 0 3.39d ± 0.03

er layer C1„C2. For TiO2 (Degussa), a value of 0.9 F/m2 (Bourikas

iemstra et al., 1996b).
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Fig. 1. (a) The adsorption of Fe(II) on TiO2–Degussa (2 g/l, 50 m2/g) as function of pH at three Fe(II) loadings (lmol/L) in 0.01 M NaCl. (b)
The adsorption of Fe(II) (C–ini = 0.1 mM) on TiO2–Degussa (2 g/l, 50 m2/g) in NaCl as function of the ionic strength. (c) The adsorption of
Fe(II) (C–ini = 0.1 mM) on TiO2–Degussa (50 m2/g) and c-AlOOH (85.8 m2/g) at pH 7.5, I = 0.01 M NaCl as function of mineral loading of
the system. All data points are of Nano and Strathmann (2006). The lines are calculated with the CD model using the parameter set of Table 1.
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Fig. 2. The structure of the 110 face of rutile with in its interior
oxygens (dark gray spheres) that are triply coordinated by Ti ions
(small black spheres). At the surface, doubly and singly coordi-
nated surface groups are present in rows (white spheres). A metal
ion (light small sphere) may coordinate to two „Ti2O�2/3 and two
„TiOH�1/3 surface groups, resulting in a quattro-dentate complex.
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The remaining part of the ion charge (n1 = 0.67 v.u.), asso-
ciated with the free ligands, is attributed to the first Stern
plane.

As mentioned above, it has been proposed that the
introduction of ion charge in the surface will result in a
small redistribution due to dipole orientation of water mol-
ecules in the compact part of the double layer. It has been
found that the dipole orientation will redistribute a charge
/ of about 0.17 v.u. per unit of charge created in the surface
plane. Formally, the correction term (/K0) can be defined
generally as (Hiemstra and van Riemsdijk, 2006):

/K0 ¼ / n0 þ nH0 þ
X

nref zref

� �
ð4Þ

in which K0 is the ionic charge introduced in the surface by
the adsorption of metal ions (n0) and any additional pro-
tons (nH0), relative to the reference charge (

P
nrefzref) that

is found by the summation (
P

) of the charge on the refer-
ence groups (zref) over the number of reference groups (nref)
as formulated in the reaction. Application of the equation
to the Fe(II) adsorption on TiO2 leads to /
K0 = 0.17 * (1.33 + 0 + 2 * � 2/3 + 2 * � 1/3) = �0.11 v.u.
This correction term (/K0) can be combined with the ionic
charge distribution (n0 + nH0, n1 + nH1) that includes the
ion charge and any additional protons, which have been
formulated in the reaction. The combination results in the
overall charge distribution coefficients (Dz0, Dz1):

Dz0 ¼ n0 þ nH0 � /K0 ð5Þ

and

Dz1 ¼ n1 þ nH1 þ /K0 ð6Þ
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In our case, application of these equations leads to the
overall charge distribution coefficients Dz0 = n0 � /K0 =
+1.33 + 0.11 = +1.44 v.u. and Dz1 = n1 + /K0 = +0.67 �
0.11 = +0.56 v.u. This number is, surprisingly or not, equal
to the fitted value (Dz1 = 1.43 v.u., Dz1 = 0.57 v.u.) consid-
ering the uncertainty (±0.03 v.u.). We note that the agree-
ment is only firm provided that the assumption of an
equal distribution of the charge of adsorbed Fe(II) over
its coordinating ligands is sufficiently valid. One may turn
the reasoning, stating that apparently Fe(II) distributes its
charge reasonably equal over the coordinating ligands.

The high charge attribution of an ion to the surface is
equivalent with a strong pH dependency of the ion adsorp-
tion. A pH dependency can also be high due to the hydro-
lysis for the adsorbed species. Hydrolysis has been found
upon adsorption of Zn2+ to rutile (Zhang et al., 2006). This
ion can be bound in a monodentate fashion. Therefore, we
have modeled the Fe2+, assuming monodentate surface
complex formation with in addition the possibility of
hydrolysis. As constraint, we assumed the same charge
attribution to the 0-surface plane for the binding of Fe2+

and FeOH+, resulting in Dz0 = 0.34 ± 0.02 v.u. This num-
ber fully agrees with the CD value expected for a monoden-
tate surface complex with hexa-coordination of Fe(II)
(Dz0 = 0.33 v.u.). However, we doubt the correctness of this
picture because of the low value for the proton affinity con-
stant of the adsorbed FeOH+ species (logKH = 6.7) com-
pared to the logKH value for the hydrolysis in solution
(log KH;FeðOHÞ2 ¼ 11:1; log KH;FeOH ¼ 9:5). In case of Zn2+,
the enlarged hydrolysis is due to a decrease of the coordina-
tion number upon adsorption. A lower coordination num-
ber will increase the bond valence and therefore the
neutralization of the ligands by the central ion which results
in a lower proton affinity of the ligands. Change of the
coordination number is less likely for Fe(II).
Fig. 3. The idealized morphology of sol–gel prepared crystallites of boe
bottom and at the edges the 101 face and its equivalents. The crystal str
bottom of each sheet, doubly coordinated OH groups are present. In the i
indicate the surface ligands (one singly and two doubly coordinated surfa
3.2. Boehmite (c-AlOOH)

3.2.1. Surface structure

Boehmite (c-AlOOH) is isostructural with lepidocrocite,
the Fe analogue (c-FeOOH) to be discussed later. In
boehmite, two sheets of aluminum octahedra are linked to-
gether forming a bi-layer. In the interior of this layer, the
oxygens are fourfold coordinated with respect to Al and
at the exterior they are twofold coordinated. In the latter
case, the oxygen is additionally neutralized by a proton
forming the OH ion of c-AlOOH. In the mineral, the layers
are stacked in the b-axis direction and linked by hydrogen
bonding.

Recently, the formation of c-AlOOH has been studied
in detail (Bokhimi et al., 2002). Well-crystallized boehm-
ite, prepared with a sol gel method, forms rhombus-
shaped thin flat crystallites (Fig. 3). It has been shown
that the particles are bounded by the planar 010 face
and at the edges by the 101 face and its equivalents.
The size of the particles increases on aging, but the aver-
age shape is rather constant. Based on the average crys-
tallite dimensions, one can calculate the ratio of the faces.
The calculated surface area A of the both type of faces is
Aface0 1 0:Aface101 � 2:1.

We have analyzed the surface structure of the 010 face
and the 101 faces. The 010 face is made up by surface
OH groups that are doubly coordinated to Al3+ i.e.
„Al2OH0 with the deeper lying fourfold-coordinated oxy-
gen („Al4O0). With respect to the „Al2OH0 surface
groups, the situation on the 010 face is partly comparable
with the 001 face of gibbsite (Hiemstra et al., 1999b). At
the 101 surface of boehmite, we have singly („AlOH�1/2

or BAlOH2
þ1=2 and doubly („Al2OH0) coordinated sur-

face groups in a 1:1 ratio with a site density of Ns = 6.8
nm�2 for each type of surface group.
hmite forming flat thin rhombuses, with the 010 face on top and
ucture is made up by sheets of AlOOH octahedra. On the top and
nterior, fourfold-coordinated oxygens are found. The white spheres
ce groups) involved in ion binding, resulting in double edge sharing.
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3.2.2. Surface charge

The proton speciation of the surface groups (Table 2)
has been estimated on the basis of the MUSIC model ap-
proach (Hiemstra et al., 1996b). As mentioned previously,
the chemical affinity of a surface oxygen is related to the
formal charge that is calculated using a bond valence ap-
proach. Part of the neutralization of the various surface
oxygens is due to coordination with Al. Its contribution de-
pends on the number of Al ions and the relative Al-O bond
length. For boehmite, it has been found that the Al-O bond
lengths in the Al coordination sphere depend on the crystal-
lite size (Bokhimi et al., 2001). In small, nano-sized parti-
cles, the octahedron is more distorted. We have calculated
the affinity constant for the surface protonation reactions
of singly and doubly coordinated surface groups, using
the experimental bond lengths reported by (Bokhimi
et al., 2001) for the very small (d020 � 1–2 nm) and the large
(d020 � 10–20 nm) particles. These particle sizes are equiva-
lent with a calculated specific surface area (flat rhombuses)
of respectively about 800 to 500 and 80 to 50 m2/g. The re-
sults are summarized in Table 2. The proton affinities in Ta-
ble 2 refer to the consecutive protonation reactions with,
respectively, logKH1 and logKH2, formulated as:

BAlO�3=2 þ 2HþðaqÞ ()
BAlOH�1=2 þHþðaqÞ () BAlOHþ1=2

2 ð7Þ

and

BAl2O�1 þ 2HþðaqÞ ()
BAl2OH0 þHþðaqÞ () BAl2OHþ1

2 ð8Þ

For large 10–20 nm particles, the logKH1 for the proton-
ation of „Al2O�1 (Table 2) is very high. It implies that the
doubly coordinated groups are very easily protonated to
form „Al2OH0. This surface species may accept a second
proton but only at very low pH. It implies that a perfectly
crystallized 010 face will usually have only „Al2OH0 as
surface group in the range of for instance pH 4–10. For
very small nano-particles (‘‘pseudo-boehmite’’) a similar
behavior is expected, but the formation of „Al2O�1 may
occur more easily at high pH, if the mineral is perfectly
crystallized.
Table 2
The surface groups and corresponding calculated proton affinity
constant affinity for the main crystal faces of boehmite

Face Surface group logKHd � 1–2 nm logKHd � 10–20 nm

010 „Al2O�1a 8.9 15.3
„Al2OH0a �3.0 3.5

101 „AlO�3/2 18.3 21.7
„AlOH�1/2 6.4 9.9
„Al2O�1 19.3 15.8
„Al2OH0 7.4 3.9

At the 010 face, the site density Ns is 9.75 nm�2 for the doubly
coordinated surface groups. At the 101 face, the site density of the
singly and doubly coordinated surface groups is both
Ns = 6.8 nm�2.

a In case of defects on the 010 face, singly and triply coordinated
surface groups are created having a logK of respectively
logK(„AlOH) = 9.7 and logK(„Al3O) = 5.3.
The doubly coordinated surface OH groups at the 101
face of relatively large particles can also be considered as
proton inactive in the given pH range. In contrast, the sin-
gly coordinated surface group is proton active. The „OH/
OH2 groups will determine the surface charge and will sup-
press the reactivity of the doubly coordinated surface group
as discussed in Hiemstra et al. (1989b). It can be shown that
the logKH2 value of the singly coordinated surface group
represents the pristine point of zero charge (PPZC).
Depending on the particle size, the estimated value may
vary between PPZC � 6.4 and 9.9.

The charging behavior of boehmite has been measured
by Nordin et al. (1997) and Klebanov et al. (2001) for par-
ticles with a surface area of respectively 180 m2/g and
124 m2/g. The reported PZC values are respectively about
8.6 and 8.5–8.8 (Klebanov et al., 2001). Within the uncer-
tainties, these values are in reasonable agreement with the
estimation for 10–20 nm particles if the singly coordinated
surface groups at the 101 face determine the charging
behavior.

The most extensive titration work for boehmite has been
reported by Klebanov et al. (2001). According to the above
analysis, a perfectly crystallized 010 face with only doubly
coordinated surface groups is expected not to contribute
significantly to the charging behavior in the normal pH
range of titration. In the sol–gel preparation of Bokhimi
et al. (2002), the 010 face represents about 67 ± 5% of total
the surface area. If the development of surface charge is re-
stricted to the edge faces, attribution of the experimental
charge to only the 101 face will result in an unrealistically
high surface charge. Therefore, we assume that the 010 face
also contributes and that this is due to the presence of de-
fects. In case of Al vacancies in the lattice on the 010 face,
singly and triply coordinated surface groups are formed
with respectively a logKH of 9.6 and 5.3, which will lead
to a PZC of approximately 7.5 if present in a 1:1 ratio.
We have arbitrarily chosen an apparent site density for
the triply and singly coordinated surface groups at a defect
010 face, i.e. Ns(„AlOH) = Ns(„Al3O) = 2 nm�2. This
assumption leads to an estimated overall site density of
Ns(„AlOH) = 3.6 nm�2 and Ns(„Al3O) = 1.3 nm�2 for
boehmite with a 101 face and 010 face contribution of
respectively 1/3 and 2/3.

To describe the proton titration data, we used the ion
pair formation constants previously determined for gibbsite
(Hiemstra et al., 1999b), i.e. logKNa = 0.2 and
logKCl = �0.2 (Table 3). As simplification, the proton affin-
ity of singly and triply coordinated surface groups is set
equal and the logKH is derived by fitting the charging lead-
ing to logKH = 8.79 ± 0.12. The logKH value represents the
PPZC. The fitted Stern layer capacitance is
C1„C2 = 1.03 ± 0.02 F/m2. For data of (Nordin et al.,
1997) the capacitance was lower (C1„C2 = 0.80 F/m2),
which might point to a lower contribution of the 010 face
to the overall charging behavior in that preparation.
3.2.3. Fe(II) adsorption to c-AlOOH

So far, the formation of Fe(II) surface complexes on
boehmite has not been studied spectroscopically. However,
some information on ion complexation is available.



Table 3
Location of ion charge and affinity constants used to describe the experimental charging behavior (Klebanov et al., 2001) and the Fe(II)
adsorption (Nano and Strathmann, 2006) of boehmite applying C1 = C2 = 1.03 F/m2

Surface group Dz0 Dz1 Dz2 logK

„AlOH�1/2 0 0 0 0
BAlOH2

þ1=2 1 0 0 8.79a ± 0.12
„AlOH�1/2–Na 0 1 0 +0.2b

BAlOH2
þ1=2–Cl 1 �1 0 8.79 � 0.2b = 8.59

„Al3O�1/2 0 0 0 0
„Al3OH+1/2 1 0 0 8.79a ± 0.12
„Al3O�1/2–Na 0 1 0 +0.2b

„Al3OH+1/2–Cl 1 �1 0 8.79 � 0.2b = 8.59
„(Al2OH)2(AlOH)FeII

c 0.97 ± 0.05 1.03 ± 0.05 0 4.42a ± 0.02

a Fitted, this study.
b From Hiemstra et al. (1999b).
c The surface complex refers to edge sharing of Fe(II) with two Al octahedra.
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Fig. 4. (a) The adsorption of Fe(II) on boehmite (5 g/l, 85.6 m2/g)
as function of pH at three Fe(II) loadings (lmol/L) in 0.01 M
NaCl. (b) The adsorption of Fe(II) (C–ini = 0.1 mM) on boehmite
(5 g/l, 85.6 m2/g) in NaCl as function of the ionic strength. Data
points are of Nano and Strathmann (2006). The lines are calculated
with the CD model using the parameter set of Table 3.
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Recently, the adsorption mode of another divalent metal
ion, i.e. Ni2+, has been measured with EXAFS (Strathmann
and Myneni, 2005). Both metal ions have approximately
the same ion size, i.e. ionic radius of Ni(II) = 68 pm and
of Fe(II) = 73 pm (Marcus, 1983). In the first shell of the
adsorbed Ni ion, six oxygens are found with a Ni-O bond
length of 205 ± 1 pm. Two Al ions are found in the second
shell at a distance of 298 pm. A structural interpretation of
these distances is most consistent with edge sharing (Strath-
mann and Myneni, 2005). This finding can be used to iden-
tify for Ni(II) the adsorption site on the reactive surface of
boehmite. According to data, two Al ions are present in the
second coordination sphere. This can be interpreted as edge
sharing of the Ni ion with two Al octahedra. According to
Bokhimi et al. (2002), the morphology of well crystallized
boehmite indicates that the 101 faces are chemically most
reactive. Crystal growth at the 101 face can be seen as bind-
ing of Al ions at specific growth sites. The surface groups of
this site are indicated in Fig. 3 with small white spheres. At
crystal growth, edge sharing of the adsorbing ion with two
Al octahedra of the solid will occur, resulting in an Al–Al
distance of 287 pm. Based on the analogy sketched, we sug-
gest that in case of Ni(II) and also Fe(II) adsorption, the
same structural position is occupied.

An important question is the protonation status of the
common ligands in case of the formation of a M(II) surface
complex. If the common ligand would be an oxygen ion, it
will become highly undersaturated with respect to charge.
Using a bond valence approach, one calculates for the
charge on the ligand in „Al–O–Ni and „Al2–O–Ni bond
respectively �1.13 v.u. and �0.67 v.u. if the Ni(II) ion con-
tributes 0.33 v.u. and the Al ion(s) on average 0.5 v.u.
(Pauling bond valences). The high degree of undersatura-
tion suggests a high proton affinity, i.e. formation of an
OH as common ligand is expected. In that case, the adsorp-
tion reaction of Fe(II) ions can be formulated as:

2BAl2OH0 þ 1BAlOH�1=2 þ Fe2þðaqÞ
() BðAl2OHÞ2ðAlOHÞ�1=2þDz0 FeDz1

II ð9Þ

where Dz0 + Dz1 = 2. Application of this adsorption reac-
tion in the modeling enables a good description
(R2 = 0.96) of the adsorption data (Figs. 1c and 4). Arbi-
trarily, the site density of the doubly coordinated surface
groups has been set equal to that of the singly coordinated
surface groups (Ns = 3.6 nm�2). The precise value has a
minor influence (about 0.05 v.u.) on the fitted CD value.
The fitted CD value and logK value are given in Table 3.

The fitted CD value can be interpreted structurally. In
this approach, we assume that the adsorbed Fe(II) will dis-
tribute the charge equally over its ligands, i.e. equal Fe–O
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distances. In case of coordination of a Fe(II) ion with three
surface groups, assuming hexa-coordination, half of the ion
charge will be attributed to the common ligands in the sur-
face. The other half will be attributed to the free ligands in
the Stern plane. It results in an ionic charge distribution
coefficients of n0 = +1.0 v.u. and n1 = +1.0 v.u. Correcting
for the dipole effect by applying Eqs. (4)–(6) (/K0 =
0.17 *(1 + 0 + 1 * � 1/2) � 0.09 v.u.) results in the overall
charge distribution coefficients Dz0 = n0 � /K0 = +0.91 v.u.
and Dz1 = n1 + /K0 = +1.09 v.u. The above fitted CD
values are in agreement with the calculated ones, which
supports the proposed adsorption mechanism of the forma-
tion of a tridentate Fe(II) complex at the surface.

In summary, we conclude that the adsorption of the sur-
face of TiO2 and c-AlOOH can be described as Fe(II) com-
plexation without the assumption of any electron transfer.
The differences in behavior of these two minerals phases
can be linked satisfactory to a binding at particular sites.

3.3. Lepidocrocite c-FeOOH

3.3.1. Surface structure

Lepidocrocite is isostructural with boehmite. Lepidocro-
cite (Fig. 5) may have a rod or a plate-like morphology (Le-
wis and Farmer, 1986; Manceau et al., 2000) or a
combination in which the elongated plates finger out in
rods in the crystallographic c-direction (Weidler, 1996).
Main mineral faces are supposed to be the 010 and 100
faces. Manceau et al. (2000) showed that 101 faces may de-
velop too. These crystal faces can be formed at the c-axis
termination of elongated crystals as sketched in Fig. 5.
Fig. 5. The idealized and simplified morphology of lepidocrocite
crystals, with the 010 face on top and bottom and at the edges the
100 face and at the termination in the c direction 101 faces can be
formed.

Table 4
The surface groups and corresponding predicted proton affinity constan

Face Reference surface group

010a BFe2OII
�1 or Fe2OIIH

0

100 BFeOI
�3=2 or „ FeOIH

�1/2

BFeOII
�3=2 or „ FeOIIH

�1/2

BFe3OI
�1=2

101 BFeOI
�3=2 or „FeOIH

�1/2

BFe2OII
�1 or „Fe2OIIH

0

a In case of the presence of defects, singly and triply coordinated sur
resulting in a PZC of 7.5.

b The lower value is found if two H bonds are formed with this group
c The PZC of this face is expected to be high, i.e. PZC = 9.7.
Atomic force measurements showed a relative contribution
of the 010 face of about 70% (Manceau et al., 2000) for
plate-like particles.

The surface composition of the various faces is given in
Table 4. As for boehmite, the surface groups at the 01 0 face
of lepidocrocite are all doubly coordinated („Fe2OH) if
the 010 face is perfectly crystallized. The 100 face consists
of three rows of singly („FeOH) and one row of triply
(„Fe3O) coordinated surface groups (Manceau et al.,
2000). At the 101 face and its equivalents, a combination
of singly and doubly coordinated surface groups is found
in a 1:1 ratio (Table 4).

3.3.2. Surface charge

The proton affinity of the various surface groups has
been estimated with the MUSIC approach in which the po-
tential saturation of the surface oxygen is calculated on the
basis of the neutralization by Fe, protons and H bonds. For
Fe, the bond valence is calculated based on the bond
lengths, being 198, 201, or 207 pm (Zhukhlistov, 2001), giv-
ing a bond valence of, respectively, 0.55, 0.51 and 0.43 v.u.
The proton is assumed to contribute 0.8 v.u. and a H-bond
0.2 v.u. The logKH values for the consecutive protonation
steps are given in Table 4. In case of a perfect crystal and
perfect faces, the 101 and 100 can be considered as proton
reactive with a PZC of respectively 9.7 and 7.3. As for
boehmite, the main 01 0 face will not be reactive if it is per-
fectly crystallized. However, the experimental data for sev-
eral materials (Madrid and Diazbarrientos, 1988; Venema
et al., 1998; Zhang et al., 1992) indicate that we have to as-
sume that these faces contribute considerably to the overall
surface charge, similar as for boehmite. The singly and tri-
ply coordinated surface groups that are supposedly present
have a proton affinity of respectively logKH2 = 9.7 and
logKH1 = 5.3 which will lead to a PZC of approximately
7.5 if present in equal numbers.

The PZC values reported for various lepidocrocite prep-
arations are approximately PZC = 7.2 (Davies and Mor-
gan, 1989), PZC = 7.3 (Zhang et al., 1992), PZC = 7.7
(Peacock and Sherman, 2004), PZC = 8.0 (Venema et al.,
1998; Madrid and Diazbarrientos, 1988).

Based on the above analysis, we make a simplification in
order to make a representative description of the charging
behavior. Assuming an apparent site density of 2 nm�2

for „FeOH and „Fe3O at the defect 010 face and a
ts affinity for the main crystal faces of lepidocrocite

Ns (nm�2) logKH1 logKH2

8.4 11.5 �0.4
4.1 21.6 9.7

8.2 23.1 11.3/7.3b

4.1 5.3 –

6.5 21.6 9.7c

6.5 13.1 1.2

face groups are found having a logKH of respectively 9.7 and 5.3,

resulting in a PZC = 7.3.



Table 5
Location of ion charge and affinity constants used to describe the experimental charging behavior and Fe(II) adsorption of lepidocrocite of
Zhang et al. (1992)

Surface group Dz0 Dz1 Dz2 logK

„FeOH�1/2 0 0 0 0
BFeOH2

þ1=2 1 0 0 7.12 ± 0.1a

„FeOH�1/2–Na 0 1 0 �0.60b

BFeOH2
þ1=2–Clc 1 �1 0 7.12–0.45b

BFeOH2
þ1=2–NO3

c 1 �1 0 7.12–0.70b

„(FeOH)2–Al(OH)2
d +0.86 ± 0.05 +0.14 ± 0.05 0 �0.47 ± 0.09

„(FeOH)2–FeIII(OH)2
e +0.24 ± 0.10 �0.24 ± 0.05 0 �6.96 ± 0.09

The fitted capacitance value is C1 = C2 = 1.24 ± 0.05 F/m2 (Extended Stern layer model).
a Fitted.
b From Rahnemaie et al. (2007).
c Cl in case of Zhang et al. (1992) and NO3 in case of Silvester et al. (2005).
d Defined in Eq. (10).
e Defined in Eq. (11) as Fe2+ adsorption with interfacial electron transfer.
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relative contribution of the 010, 100 and 101 faces of
respectively 2/3, 1/6 and 1/6, the apparent site density is
about 4 sites per nm2 for the singly coordinated and 2
nm�2 for the triply coordinated surface groups. We further
simplify by setting the logKH value for both types of surface
groups equal to the value of the PZC as done for TiO2 and
c-AlOOH. For the ion pair formation constants, we rely on
the values found for goethite (Rahnemaie et al., 2007).

Using this approach, we have modeled the surface
charge behavior of (Madrid and Diazbarrientos, 1988;
Zhang et al., 1992; Venema et al., 1998), resulting in a set
of Stern layer capacitances (C1 = C2) of respectively 0.79,
1.24, and 0.98 F/m2. The value of (Zhang et al., 1992) is
rather high. Their material has a rather low surface area
(ABET = 17.1 m2/g), in contrast to both other materials
which have respectively ABET = 116 m2/g and 73 m2/g. In-
crease of the apparent capacitance with decreasing surface
area has previously also been noticed for goethite (Hiemstra
et al., 1989b; Boily et al., 2001; Gaboriaud and Ehrhardt,
2003; Sverjensky, 2005). The parameters for the description
of the proton adsorption data of Zhang et al. (1992) are gi-
ven in Table 5. The proton titration curve in 0.6 M NaCl is
shown in Fig. 6.
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Fig. 6. The variation in the proton adsorption of lepidocrocite
(10 g/l, 17.1 m2/g) in the absence and presence of Al(III) as
function of the pH (I = 0.6 M NaCl). Data are from Zhang et al.
(1992). The lines have been calculated using Eq. (10) and Table 5.
3.3.3. Al3+ adsorption to c-FeOOH

The adsorption of Fe(II) might be accompanied by the
transfer of an electron, changing adsorbed Fe2+ into ad-
sorbed Fe3+ (Williams and Scherer, 2004; Larese-Casanova
and Scherer, 2007). To better understand the adsorption
behavior of a trivalent cation, we will analyze first the
adsorption behavior of Al3+ which has been measured by
Zhang et al. (1992) for the same lepidocrocite material that
has been used for the adsorption study of Fe(II).

A first exploration of the modeling of the Al(III)
adsorption indicated that for a good fit, the charge attri-
bution to the 1-plane should be low (�0.1 v.u.). This low
charge attribution is probably due to hydrolysis of the
water ligands that are coordinated to the adsorbed
Al(III). Hydrolysis is expected since Al3+ hydrolyzes also
easily in solution. Moreover, the protons on the ligands
of adsorbed Al(III) will experience a repulsive field that
will stimulate the hydrolysis. We found that data are best
explained if two water ligands are hydrolyzed, i.e. forma-
tion of adsorbed AlðOHÞ2þ. Furthermore, the fitted sur-
face charge attribution related to the adsorption option
of AlðOHÞ2þ (Dz0 � 1 v.u.) points to the formation of a
bidentate complex because in that case approximately
1/3 of the Al3+ charge (1 v.u.) is to be found at the sur-
face. In case of a bidentate complex, two ligands are
common with the surface and the other four ligands
are free (Fig. 6). The suggestion of the formation of an
adsorbed AlðIIIÞðOHÞ2þ complex, implies that half of
the ligands in the Stern plane is hydrolyzed and the other
half is not (Fig. 6). This is approximately equal to the sit-
uation that is found for the singly coordinated surface
groups at the surface of for instance gibbsite. In the
PPZC, half of the groups is „AlOH�1/2, while the other
half is BAlOH2

þ1=2. It can be shown that even in case of
charging of the surface, the ratio „AlOH:„AlOH2 re-
mains relatively close to the 1:1 ratio, even at low pH,
which follows from the relatively low experimental excess
amount of protons in relation to the number of reactive
groups. The relatively low reactivity is caused by the sup-
pressing effect of the electrostatic field. In case of a
bidentate mechanism, the adsorption reaction of Al(III)
on lepidocrocite can be formulated as:
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2BFeOH�1=2 þAl3þðaqÞ þ 2H2OðlÞ ()
BðFeOHÞ�1þDz0

2 AlIIIðOHÞDz1

2 þ 2HþðaqÞ ð10Þ

with Dz0 + Dz1 = 1 v.u.
To be more precise, we have calculated the expected CD in

case of a Pauling bond valence distribution in this bidentate
complex. The expected ion charge distribution is n0 + nH0

=1 + 0 = 1 v.u. and n1 + nH1 = 2-2 = 0 v.u. Including the
dipole effect (Eqs. (4)–(6)) with /K0 = 0 gives Dz0 = 1.0 v.u.
and Dz1 = +0.0 v.u. It should be noted that the same result
will be found in case of the formation of a bidentate complex
as result of the reaction of Al(III) with one „Fe3O�1/2 and
one „FeOH�1/2.

Using the above adsorption reaction (Eq. (10)), the final
fitting was done leading to a good description of data
(Fig. 6). The fitted CD parameters are Dz0 = 0.86 ± 0.05 v.u.
and Dz1 = +0.14 ± 0.05 v.u. (Table 5). In case we assume the
formation of bidentate complex formed from „Fe3O�1/2

and „FeOH�1/2, the fitted CD values are Dz0 = 0.81 ±
0.07 v.u. and Dz1 = +0.19 ± 0.07 v.u. Both results point to
the formation of a hydrolyzed bidentate surface complex,
but the charge in the 1-plane is slightly larger than expected
(Dz1 = 0). This may be due to the formation of some addi-
tional adsorbed AlOH2+, but its contribution could not be re-
solved from data.

Bidentate complex formation can be due to the forma-
tion of a double corner or a single edge surface complex.
Complex formation of Al(III) on lepidocrocite has not
been studied with spectroscopy. For Cd(II), the binding
mode on lepidocrocite has been studied by several
authors using EXAFS (Parkman et al., 1999; Randall
et al., 1999; Manceau et al., 2000). At high loading, only
one type of complex was found. It has a relatively short
Fe-Cd distance which is characteristic for the formation
of edge-linked complexes. At a lower loading, also a dou-
ble corner complex is found (Manceau et al., 2000). For
Cd2+, formation of double edge complexes (tridentate
surface complexation) has been suggested for the 0 01
face (Manceau et al., 2000). At the 001 and 100 faces,
double corner complex formation (bidentate surface com-
plexes) is also possible for cations. The formation of dou-
ble corner complexes (bidentate surface complexes) has
been reported for oxyanions, like As(III)(OH)3 (Ona-
Nguema et al., 2005) and As(V)O4 (Randall et al.,
2001) on lepidocrocite.
3.3.4. Fe(II) adsorption to c-FeOOH

The adsorption behavior of Fe(II) on lepidocrocite
(Fig. 7) has also been characterized with proton titrations
(Zhang et al., 1992). As mentioned above, the Fe(II)
adsorption can be affected by electron transfer. Such an
electron transfer will lead to a significant change of the ex-
pected CD value. To assess the CD values that can be ac-
cepted as possibly due to electron transfer, we have
calculated the expected Dz0 and Dz1 values in case of
adsorption with and without electron transfer. The results
are summarized in Table 6 and the details of the calcula-
tions are explained in the footnotes. Bidentate and triden-
tate complexes with and without electron transfer have
been chosen. In case of the formation a Fe(III) surface com-
plex, hydrolysis will occur. As argued above for Al(III), the
formation of adsorbed Fe(III)(OH)2 is most likely.

The calculations (Table 6) show that the surface
charge attribution for the adsorption of Fe(II) as biden-
tate surface complex without electron transfer is almost
equal to the value expected for tridentate complexes with
electron transfer. A major difference is that in case of the
presence of Fe(III) as central ion, the complex will
hydrolyze, leading to a negative charge in the 1-plane
(Dz1 < 0). In case of bidentate complexes with and with-
out electron transfer, the CD values for both electrostatic
planes will differ.

In a first approach to model data, we have assumed
bidentate Fe(II) binding without electron transfer (B-
Fe(II)). Data can be described reasonably well in case of
bidentate complex formation if we allow a free fit of the
logK and the CD value. However, the fitted charge distribu-
tion, Dz0 = 2.54 ± 0.21 v.u. and Dz1 = �0.54 ± 0.21 v.u., is
certainly in conflict with the assumed mechanism. This
changes if we assume the formation of a bidentate surface
complex with electron transfer and subsequent hydrolysis
(B-Fe(III)(OH)2), using the reaction:

2BFeOH�1=2 þ Fe2þðaqÞ þ 2H2OðlÞ
() BðFeOHÞ�1þDz0

2 FeIIIðOHÞDz1

2 þ 2HþðaqÞ ð11Þ

with Dz0 + Dz1 = 0 v.u. The fitted CD is Dz0 = 0.24 ±
0.10 v.u. and Dz1 = �0.24 ± 0.10 v.u. A similar CD is
found, if the above reaction is written with one
„FeOH�1/2 and one „Fe3O�1/2 surface group, i.e.
Dz0 = 0.20 ± 0.09 v.u. and Dz1 = �0.20 ± 0.09 v.u. The fit-
ted CD values are within the uncertainty equal to the ex-
pected value for bidentate complex formation with
electron transfer and subsequent hydrolysis, i.e.
Dz0 = +0.17 v.u., Dz1 = �0.17 v.u. (Table 6). Apparently,
the adsorbed Fe(II) seems to react as a Fe(III) ion. A
noticeable difference that remains is the affinity. Comparing
Data (Figs. 6 and 7) or the logK values (Table 5) shows
that the Al(III) ion is far more strongly bound than
‘‘Fe(III)’’.



Table 6
Calculated location of ion charge for bidentate (B) and tridentate (T) complexes with and without electron transfer having „FeOH�1/2 and/
or „Fe3O�1/2 as reference groups and a Pauling distribution of the central ion

Surface complex Dz0
a Dz1

a

„B-Fe(II)b 0 + 0.67 + 0 + 0.06 = +0.73 1.33 + 0 � 0.06 = +1.27
„T-Fe(II)b 0 + 1.0 + 0 + 0.09 = +1.09 1.0 + 0 � 0.09 = +0.91
„B-Fe(III)(OH)2

c �1 + 1.0 + 0 + 0.17 = +0.17 2.0 � 2 � 0.17 = �0.17
„T-Fe(III)(OH)2

c �1 + 1.5 + 0 + 0.17 = +0.67 1.5 � 2 � 0.17 = �0.67

a Dz0 = ne + n0 + nH0 � /k0 and Dz1 = n1 + nH1 + /k0 (Eqs. (4)–(6)).
b Surface complexes without electron transfer, using n0 + n1 = +2 v.u.
c Surface complexes with electron transfer, using n0 + n1 = +3 v.u. Note ne + n0 + n1 = 2 v.u.
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In conclusion, we have seen so far that variation in
Fe(II) binding on TiO2 and c-AlOOH can be linked to
the local structure of the surface complexes. For Fe(II)
binding to c-FeOOH this is only possible if electron trans-
fer is accepted, i.e. surface oxidation of adsorbed Fe(II)
takes place at this ferric oxo-hydroxide surface resulting
in a hydrolyzed Fe(III)(OH)2 complex with an electron in
the surface.

3.4. Goethite (a-FeOOH)

3.4.1. Reactive groups

Another Fe(III) oxo-hydroxide is goethite. In the lattice
of goethite (a-FeOOH), two different types of triply coordi-
nated oxygens exists, one non-protonated („Fe3–OI) and
one protonated („Fe3–OIIH) oxygen. The difference in
proton affinity of both triply coordinated oxygens can be
linked to a difference in the distances between the oxygen
and the coordinating Fe-ions (Hiemstra et al., 1996b).
The Fe–O distances are respectively of 196 and 210 pm,
which results in bond valences of respectively 0.6 and
0.4 v.u. Both types of oxygens (OI and OII) are also found
Table 7
Location of ion charge and affinity constants used to describe the charg
(Lövgren et al., 1990) adsorption of goethite

Surface group Dz0 D

„FeOH�1/2 0 0
BFeOH2

þ1=2 1 0
„FeOH�1/2–Naa 0 1
BFeOH2

þ1=2–Cla 1 �
BFeOH2

þ1=2–NO3
a 1 �

BFeOH2
þ1=2–ClO4

b 1 �
„(FeOH)2–Al(OH)2

c 0.95 ± 0.03 0
„(FeOH)2–FeII

d „0.73e „

„(FeOH)2–FeIII(OH)2
d „0.17e „

„(FeO)2AsIIIOHg „0.34f „

„FeOAsIII(OH)2
g „0.16f „

„FeOAsIII(OH)3FeII
h 0.08 ± 0.05 +

a logK from Rahnemaie et al. (2007).
b logK fitted on data of Rietra et al. (2000a).
c Defined in Eq. (14).
d Defined in Eqs. (16) and (17) as Fe2+ adsorption without and with e
e Taken by definition from Table 6.
f Taken from Stachowicz et al. (2006).
g logK values vary for the bidentate complex between the various goeth
h Defined in Eq. (20).
as surface groups (BFe3OI
�1=2 and „Fe3OIIH

�1/2) at the
surface of the dominant 110 face and also the 100 face
(Hiemstra et al., 1996b; Weidler et al., 1999; Gaboriaud
and Ehrhardt, 2003). The site density of „Fe3OIIH

+1/2 is
twice that of (BFe3OI

�1=2) (respectively Ns = 6 and 3
nm�2). In case of a large difference in proton affinity for
both types of triply coordinated surface groups, it can be
shown that the overall charging behavior is equivalent with
the use of a site density of only Ns = 3 nm�2 (Hiemstra
et al., 1996b) for the triply coordinated surface groups.

Goethite has also surface groups with a lower Fe coor-
dination, i.e. doubly and singly coordinated oxygens. The
doubly coordinated „Fe2OH groups are probably not pro-
ton reactive. Singly coordinated surface oxygens
(BFe3OI

�3=2) are highly instable and are always trans-
formed into „FeOIH

�1/2 in aqueous systems (Hiemstra
et al., 1989a; Rustad et al., 1996b). Depending on the pH,
the hydroxyl („FeOIH

�1/2) may accept a second proton
forming a charged surface water group ðBFeOIH2

þ1=2.
The site density is 3 nm�2 at the 110 face.

In the present approach, the affinity constants of both
proton reactive surface groups („FeOH�1/2 and
ing behavior, the Fe(II) (Dixit and Hering, 2006) and the Al(III)

z1 Dz2 logK

0 0
0 9.2
0 �0.60

1 0 9.2–0.45 = 8.75
1 0 9.2–0.7 = 8.5
1 0 9.2–1.4 = 7.8

.05 ± 0.03 0 1.51 ± 0.08
1.27 0 8.47 ± 0.05
�0.17 0 �9.31 ± 0.08
�0.34f 0 7.26 to 6.58
�0.16f 0 4.91 to 4.62

0.92 ± 0.05 0 3.38 ± 0.10

lectron transfer.

ite preparations. See text. Reactions defined in Eqs. (18) and (19).
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BFe3OII
�1=2) are set equal in the modeling (Hiemstra and

van Riemsdijk, 1996a,b).
Faces like the 021 and 001 face terminate the goethite

needles at the top ends of the crystals (Spadini et al.,
2003). These crystal faces have equal numbers of singly
and doubly coordinated surface groups (Ns = 7–8 nm�2).
In the modeling, the protonation constant of these singly
coordinated surface groups is taken equal to that of the
110 face. The overall site density of the singly coordinated
surface groups of goethite is calculated assuming 90% 110/
100 face and 10 % 021/001 face, leading to
2.7 + 0.75 = 3.45 nm�2 for the singly coordinated group
(Hiemstra and van Riemsdijk, 1996a). The overall net site
density of the reactive triply coordinated surface group is
2.7 nm�2.

3.4.2. Surface charge

Based on the above analysis, the surface charging can be
calculated using two protonation reactions:

BFeOIH
�1=2 þHþðaqÞ () BFeOIH

�1=2þDz0

2 ð12Þ

and

BFe3O�1=2
II þHþðaqÞ () BFe3OIIH

�1=2þDz0 ð13Þ

In the Fe(II) adsorption modeling, we have used the pro-
ton affinity constant of logKH = 9.2 for both groups (Hiem-
stra and van Riemsdijk, 1996a). The ion pair formation
constants, given in Table 7, are from Rahnemaie et al.
(2007). In the modeling, a capacitance value of 0.93 F/m2

(well-structured goethite) is used.

3.4.3. Al3+ adsorption on goethite

Before analyzing the behavior for Fe(II), we will first fo-
cus on the Al(III) adsorption, similar as we have done for
lepidocrocite. Data are from Lövgren et al. (1990), who ti-
trated goethite in the presence of different initial concentra-
tions of Al(III) in 0.1 M NaNO3 (Fig. 8). As will be
discussed below, the charge distribution is most closely ex-
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Fig. 8. The variation in the proton adsorption of goethite (7.16 g/l,
39.9 m2/g) in the absence and presence of Al(III) as function of the
pH (I = 0.1 M NaNO3). Data are from Lövgren et al. (1990). The
lines have been calculated using Eq. (14) and Table 7. The
capacitance and logKH have been adjusted to the values given in
the text.
plained by the formation of a bidentate complex. Similar as
for lepidocrocite, we also find in this case a strong hydroly-
sis, i.e. binding as AlðOHÞ2þ. The proposed complex can be
formed at the 110 face, most likely as a double corner com-
plex. The reaction can be formulated as:

2BFeOH�1=2 þAl3þðaqÞ þ 2H2OðlÞ
() BðFeOHÞ�1þDz0

2 AlIIIðOHÞþDz1

2 þ 2HþðaqÞ ð14Þ

with Dz0 + Dz1 = 1 v.u. As for lepidocrocite, the expected
overall charge distribution for the formation of this com-
plex is Dz0 = 1.0 v.u. and Dz1 = +0.0 v.u. if a Pauling bond
valence attribution is valid. We have calculated the geome-
try of this surface complex using MO/DFT computations
applying various DFT models. The calculation approach
is described in Hiemstra and van Riemsdijk (2006). The
bond lengths of the Al with the surface groups are given
in Table 8. The bond lengths vary with the type of ligands
involved (common OH, free OH and OH2). Application of
the Brown’s bond valence principle results in n0 + nH0 =
1.03 ± 0.05 v.u. and n1 + nH1 = �0.03 ± 0.05 v.u. The
uncertainty (±0.05) is estimated based on our previous
experience that the precise value depends on the model
used, the hydration and the defined FeOOH cluster (Hiem-
stra and van Riemsdijk, 2006; Stachowicz et al., 2006;
Hiemstra et al., 2007; Rahnemaie et al., 2007). The dipole
correction term is negligible, leading to a set of CD coeffi-
cients of Dz0 = 1.03 v.u. and Dz1 = �0.03 v.u. Although
the individual bond length and valences are quite different,
the calculated CD is almost equal to the Pauling estimate
within the uncertainty.

In the modeling, the primary proton adsorption data
were fitted first. It results in logKH = 9.09 ± 0.07 and the
capacitance C1„C2 = 1.06 ± 0.02 F/m2 for data of Fig. 8.
Next, the titration data with added Al(III) were fitted
resulting in a set of charge distribution values
Table 8
The calculated distances (pm) in the geometry of bidentate
Al(OH)2 complex using various DFT models

Bond B3LYP EDF1 EDF2 Exp

FeOH–Al 192.4 193.1 191.3
FeOH–Al 192.6 192.9 191.2 —
Al-OH 180.8 182.3 183.9 —
Al-OH 183.7 182.5 180.5 —
Al-OH2 204.7 208.1 202.6 —
Al-OH2 219.7 225.6 216.4
FeOH 195.5 ± 0.2 198.3 ± 0.3 193.8 ± 0.2 196a

Fe–Al 360 ± 1 363 ± 1 356 ± 1 355 ± 3b

R0 167.8 169.0 166.9 165.1c

n0
d +1.03 +1.05 +1.03

n1
d �0.03 �0.05 �0.03

a Distance present in the goethite structure without relaxation.
b The Fe–Ga distance characteristic for double corner complex-

ation is d(Fe–Ga) = 355 ± 3 pm (Persson et al., 2006).
c Average R0 for Al in minerals.
d The charge of AlðOHÞþ2 attributed to the ligands of the 0- and

1-plane application of the Brown bond valence concept to the
calculated geometry, using s = exp((R0 � R)/37) in which s is the
bond valence, R the bond length and R0 the Al specific constant.
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Dz0 = +0.95 ± 0.03 v.u. and Dz1 = +0.05 ± 0.03 v.u.. The
CD value agrees with the above calculated value within
the range of uncertainties, i.e. the dominant binding mech-
anism is probably a bidentate complex with the hydrolysis
of two outer ligands. We note that the formation of biden-
tate complexes on goethite has frequently been reported in
EXAFS studies for metal ions like for Cd(II) (Manceau
et al., 2000), Cu(II) (Peacock and Sherman, 2004), Zn(II)
(Waychunas et al., 2002) and Hg(II) (Kim et al., 2004).

3.4.4. Fe(II) on goethite

The Fe(II) adsorption of goethite has recently been mea-
sured extensively by (Dixit and Hering, 2006). The binding
of Fe(II) was found to be reversible. Data are given in
Fig. 9. The modeling of data has been done in several steps.
A primary modeling indicates that in case of binding as
Fe(II) ion without electron transfer, the charge attribution
is relatively high, i.e. Dz0 � 1.2 v.u.. Such a value is more
representative for the formation of a tridentate surface
complex than for the formation of a bidentate surface com-
plex. Tridentate surface complexes can be formed at the
021 face, as has been found for Cd(II) (Spadini et al.,
1994; Manceau et al., 2000), but the total Fe(II) loading
in the experiments of (Dixit and Hering, 2006) is relatively
high which implies that the 110 face has to accommodate a
considerable part of the ferrous ions. In principle, tridentate
complexes can be formed at the 110 face at interaction with
two „FeOH and one „Fe3O (double edge sharing),
according to,

2BFeOH�1=2 þ 1ðlÞ BFe3O�1=2 þ Fe2þðaqÞ
() BðFeOHÞ2ðFe3OÞ�1:5þDz0 FeDz1

II ð15Þ

with Dz0 + Dz1 = 2. Using this reaction, the CD values, ob-
tained in a very good fit (R2 = 0.986), are
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Fig. 9. Adsorption edges of Fe(II) on two goethites (2.5 g/l) as function o
and (c and d) Surface area = 78 m2/g. Data are from Dixit and Hering (
Dz0 = 1.26 ± 0.03 v.u. and Dz1 = 0.74 ± 0.03 v.u. The fitted
Dz0 value is larger than the expected value of Dz0 = 1.09
(Table 6), but the formation of a tridentate complex cannot
be excluded definitively. However, as noted above, divalent
ions usually form double corner bidentate surface com-
plexes at the 110 face. Tridentate complex formation has
only been suggested for the Pb(II)ion (Bargar et al.,
1997b). The Pb(II) ion is probably exceptionable since this
ion is able to change its coordination and bond valence
drastically upon adsorption (CN = 3). From this perspec-
tive, one may consider bidentate complex formation for
Fe(II) at the 110 face as more likely. If this is the case,
the Fe(II) adsorption is maybe a combination of an adsorp-
tion process with and without electron transfer. Unfortu-
nately, the fitting procedure is unable to generate for this
data a set of reliable CD and logK values if two reactions
are assumed to occur simultaneously (4-parameter fit). To
reduce the number of parameters, we have fixed the CD val-
ues to calculated values for bidentate (B) and tridentate (T)
complexation as given in Table 6. Several options were ex-
plored. In case of bidentate complexation, the fit for the
combination B-Fe(II) and B-Fe(III)(OH)2 surface complex
gives the best result (R2 = 0.980): The reactions are:

2BFeOH�1=2 þ Fe2þðaqÞ () BðFeOHÞ�1þKz0

2 FeDz1
II ð16Þ

with Dz0 + Dz1 = 2 and

2BFeOH�1=2 þ Fe2þðaqÞ þ 2H2OðlÞ
() BðFeOHÞ�1þKz0

2 FeIIIðOHÞDz1

2 þ 2HþðaqÞ ð17Þ

with Dz0 + Dz1 = 0. The fitted logKvalues have been given
in Table 7. The model lines are in Fig. 9. We note that other
combinations like B-Fe(II) & T-Fe(III)(OH)2 cannot be ex-
cluded on the basis of the quality of the fit (R2 = 0.978). It
shows that the model is flexible enough to describe data, i.e.
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in this case the precise mechanism can only be proposed
based on additional considerations.

To understand the conditions that favor electron trans-
fer, we have calculated the relative contribution of adsorbed
Fe2+ and adsorbed ‘‘Fe(III)(OH)2’’ as function of pH and
loading (Fig. 10). The adsorption of Fe(OH)2 is more pH
dependent than the adsorption of Fe(II) species. It implies
that the surface oxidation becomes relatively more impor-
tant at high pH. At pH < �7, adsorbed ferrous iron is pres-
ent as adsorbed Fe2+ while above pH > �7.5, it is adsorbed
as a Fe(III)(OH)2 ion with electron transfer to the solid.
This agrees with a recent Mössbauer study, showing that
the ratio of Fe(II)/Fe(III) adsorbed to montmorillonite is
reversible and decreases at high pH (Gehin et al., 2007).

3.4.5. Fe(II)–As(III) interaction

Dixit and Hering (2006) have also measured the influ-
ence of As(III) on the Fe(II) adsorption and vice versa for
one of their goethite preparations (A78). To predict the ef-
fect of the presence of As(IIII) on the adsorption Fe(II) on
goethite, first the adsorption behavior of As(III) will be
parameterized.

The main surface species of As(III) on goethite is a
bidentate complex (Ona-Nguema et al., 2005). It is formed
by interaction of As(III)(OH)3 with singly coordinated sur-
face groups on the main crystal face of goethite (Sun and
Doner, 1996). In addition, a monodentate complex may
be present in a minor amount. This species contributes at
high loading (Stachowicz et al., 2006). The reactions can
be formulated as:

2BFeOH�1=2 þAsðOHÞ03ðaqÞ
() BðFeOÞ�1þDz0

2 AsðOHÞDz1 þ 2H2OðlÞ ð18Þ

and

1BFeOH�1=2 þAsðOHÞ03ðaqÞ
() BFeO�1=2þDz0 AsðOHÞDz1

2 þ 1H2OðlÞ ð19Þ

with Dz0 + Dz1 = 0.
Dixit and Hering (2003) have measured the As(III)

adsorption for one of the goethites (A54) extensively.
Fig. 10. The total Fe(II) adsorption (full line) on goethite as
function of pH, made up by a contribution of the Fe(II) species
(dashed line) and Fe(OH)2 species (dotted line) as function of pH in
0.01 M NaCl at an equilibrium concentration of 0.5 mM Fe(II).
Unfortunately, for the goethite on which Fe(II)–As(III)
interaction has been measured (A78) only a few data points
are available at zero addition of Fe(II) (Fig. 11b). To model
data, we used the CD values for As(III) surface complexes
that have been calculated by Stachowicz et al. (2006). These
charge distribution coefficients (Table 7) have been derived
from the geometries of the As(III) surface complexes,
found by molecular orbital (MO) optimization using
Density Functional Theory (DFT). Data for A54 could
be described well with logK(„(FeO)2AsOH) = 6.86 ± 0.04
and logK(„FeOAs(OH)2) = 4.86 ± 0.05 (R2 = 0.987).
Application to the sparingly available data for the A78 goe-
thite systems without added Fe(II) leads to a too high pre-
diction of the As(III) adsorption. We have further adapted
the logK values by fitting the logK values for the small data
set of A78, leading to respectively logK(„(FeO)2AsOH) =
6.56 ± 0.47 and logK(„FeOAs(OH)2) = 4.62 ± 0.13, which
have been used in the final fitting of the Fe(II) adsorption.

Application of these parameters to the Fe(II)–As(II) sys-
tem leads to the prediction of a strong reduction of the
As(III) adsorption (dotted line in Fig. 11b). The main rea-
son is site competition, which is most prevalent at high pH,
where both ions have the highest adsorption in the mono-
sorbate systems. The amounts of As(III) and Fe(II) added
in the dual-sorbate systems are both high, equivalent with
Fig. 11. (a) Adsorption edges of Fe(II) for As(III)–Fe(II) goethite
systems (2.5 g/l) in 0.01 M NaCl for pH = 6, 7 and 7.5 and an
initial As(III) concentration of 0.5 or 1 mM As. (b) The adsorption
of As(III) as function of the adsorption of Fe(II), corresponding to
the data of (a). Data are from Dixit and Hering (2006). The full
lines are calculated with the parameters of Table 7. The dotted line
refers to the As(III) adsorption at pH 6 without formation of the
ternary Fe(II)–As(III) surface complex.
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a loading of 2–3 lmol/m2 for each element. It implies that
the large majority of singly coordinated surface groups is
used to accommodate all these ions. The experimental data
show even an increase of As(III) loading with increase of
the Fe(II) loading. The strong increase may point to the for-
mation of a ternary complex or for instance surface precip-
itation. Modeling shows that any ternary complex has to be
a monodentate surface complex, due to the lack of free sites
at the surface. Data could be described well assuming that
the monodentate As(III) surface complex (Eq. (19)) may
interact with a Fe(II) ion. The relevant formation reaction
that can describe data well can be formulated as:

BFeOH�1=2 þAsðOHÞ03ðaqÞ þ Fe2þðaqÞ
() B FeO�1=2þDz0 AsðOHÞ2FeIIOHDz1 þHþðaqÞ ð20Þ

with Dz0 + Dz1 = +1. Our modeling suggests the release of
one proton at the formation of a Fe(II)–As(III) surface com-
plex (Eq. (20)). Proton release may for instance be due to the
formation of an OH ligand in the Fe(II) coordination sphere
or the change in the coordination number of the As(III) from
CN = 3–4 for AsðOHÞ30 to AsðOHÞ4�1 or the formation of
an As–O–Fe bond. These details are difficult to resolve here.
We have fitted the CD value and the logK on the Fe(II)
adsorption data (Fig. 11a) and tested the results by looking
to the predicted corresponding As(III) binding (Fig. 11b).
The fit on the Fe(II) data leads to Dz0 = 0.08 ± 0.05
Dz1 = 0.92 ± 0.05 v.u. and logK = 3.50 ± 0.12. The fitted
CD value is in agreement with what is expected for the forma-
tion of a As(III) monodentate surface complex. The CD of a
hydrated monodentate „FeOAs(OH)2 complex is
Dz0 = 0.09 and Dz1 = �0.09 v.u. (Stachowicz et al., 2006),
when calculated with the MO/DFT geometry approach
(Hiemstra and van Riemsdijk, 2006). It is interesting to note
the „FeO–As(OH)2FeIIOH can be considered as a binu-
clear-bidentate complex. At the surface of goethite, binu-
clear-bidentate surface complexes are found to be
dominant (Ona-Nguema et al., 2005). The fitted Fe(II)
adsorption is given in Fig. 11a as lines. The corresponding
prediction of the As(III) binding is given in Fig. 11b.

3.5. HFO

The experimental information with respect to the Fe(II)
binding by (2-line) ferrihydrite is very sparse (Liger et al.,
1999; Appelo et al., 2002). In the reported experiments, sul-
phate is present since Fe(II) has been added as Fe(II)SO4.
Moreover, the Fe(II) binding has been measured in NaNO3

and both data sets are, according to Appelo et al., not fully
consistent. For these reasons, our modeling will be a first-
order approach.

The structure of 2-line ferrihydrite or hydrous ferric
oxide (HFO) has been discussed recently by (Spadini
et al., 2005). The structure of HFO and goethite is related.
Two characteristic Fe–O bond lengths are found (Combes
et al., 1989; Waychunas et al., 1993), i.e. d-FeO �
195 ± 1 pm and d-FeOH = 209 ± 1 pm, which are close
to the two Fe–O distances found in goethite. The funda-
mental unit of a synthetic 2-line ferrihydrite is the
Fe(O,OH)6 octahedron present in double chains which
are cross-linked. The inter-chain linkage is probably disor-
dered which may result in smaller Fe–Fe distances (Waych-
unas et al., 1993). Similar as for goethite, the structure of
HFO gives rise to the presence of singly, doubly, and triply
coordinated surface groups. The relative short chain length
of the crystals will enhance the number of singly coordi-
nated surface groups at the expense of triply coordinated
surface groups. In case of an equal fraction of ‘‘110- and
021-like’’ faces, three-quarters of the apparent reactive sur-
face sites might be singly coordinated surface groups. In the
modeling, the site density of both groups is set at respec-
tively Ns („FeOH) = 6 nm�2 and Ns („Fe3O) = 2 nm�2.
In addition, the site density of the doubly coordinated
group is arbitrarily set equal to the density of the singly
coordinated groups Ns („Fe2OH) = 6 nm�2. For modeling
the particle charge, we have used the capacitance values and
the ion pair formation constants as found for goethite (Ta-
ble 7) and the proton affinity constants of the proton reac-
tive surface groups are set equal to the PZC (PZC = 8.2).
An effective surface area Aeff of 600 m2/g has been used
(Davis and Leckie, 1978b). As discussed later, this number
may be doubted in Fe(II)-HFO systems.

The adsorption behavior is probably dominated by the
crystal faces that terminate the chains (021/001 like faces).
At the 021 face, ions may form tridentate complexes, as
shown for Cd(II) (Spadini et al., 2003). The Cd2+ ion inter-
acts with 1 doubly and two singly coordinated surface
groups. If Fe(II) adsorbs at the same position, the reaction is:

2BFeOH�1=2 þ 1BFe2OH0 þ Fe2þðaqÞ
() BðFeOHÞ2ðFe2OHÞ�1þDz0 FeðIIÞDz1 ð21Þ

with Dz0 + Dz1 = 2. In case of a Pauling distribution, we
have an equal ion charge distribution over both electro-
static planes. The calculated overall CD values are
Dz0 = 1.0 v.u. and Dz1 = 1.0 v.u.

In the modeling, we have applied the above reaction and
fitted the CD values of Dz0 = 1.30 ± 0.16 v.u. and
Dz1 = 0.70 ± 0.16 v.u. The value of Dz0 is too high com-
pared to the above expected value which may indicate that
also surface oxidation may occur via electron transfer to the
solid and a subsequent hydrolysis of the ligands. This is
supported by recent Mössbauer spectroscopy (Silvester
et al., 2005). The reaction can be formulated as:

2BFeOH�1=2þ1BFe2OH0þFe2þðaqÞþ2H2OðlÞ
()BðFeOHÞ2ðFe2OHÞ�1þDz0 FeIIIðOHÞDz1

2 þ2HþðaqÞ
ð22Þ

with Dz0 + Dz1 = 0. The CD coefficients for this tridentate
reaction are expected to be Dz0 = +0.59 v.u. and
Dz1 = �0.59 v.u. Following the same approach as done
for goethite, i.e. fixing the CD values to the above expected
values, we have fitted the adsorption edge using both reac-
tions resulting in a good fit with logK(FeII) = 4.59 ± 0.12
and logK(FeIII(OH)2) = �13.07 ± 0.38 (R2 = 0.98) as
shown in Fig. 12a.

More recently, Appelo et al. (2002), have measured the
Fe(II) adsorption using the same experimental approach
as (Liger et al., 1999), but using a higher solid:solution ra-
tio. The result, a measured adsorption isotherm at pH �7,
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Fig. 12. (a) Adsorption edge of Fe(II) (0.16 mM) on 2-line ferrihydrite, HFO (0.21 g/l) as function of pH in 0.1 M NaNO3. Data are from
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in Sections 3.5 and 3.6.
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is given in Fig. 12b with black squares. For comparison,
also the Fe(II) adsorption found by Liger et al. is given
(black sphere), showing that both data sets are not com-
pletely consistent. The adsorption isotherm can be de-
scribed well if the above logK values, fitted to the
adsorption edge of Fig. 12a, are both increased by about
0.8 logK units, resulting in the lower line in Fig. 12b
through the HFO data points.

3.6. General discussion

The Fe(II) interaction with non-ferric minerals differs
from ferric-minerals. In the modeling of the Fe(III) miner-
als, we have found indications of interfacial electron trans-
fer upon Fe2+ adsorption, that may change the overall CD
value. For lepidocrocite, the surface oxidation is apparently
complete, whereas for goethite and HFO, two types of sur-
face species might be present. The formation reaction for
both types of surface species can be combined and written
as a chemical equilibrium between „SIII–FeII and „SII–
FeIII(OH)2. The resulting internal redox reaction reads:

BSIII � FeII þ 2H2O() BSII � FeIIIðOHÞ2 þ 2Hþ ð23Þ

The logK value follows from the difference in logK val-
ues of the formation reactions of both surface species.
For goethite, we find DlogK = �9.31 + �8.47 � �17.8 ± 0.
1. For HFO, DlogK == �13.07 + �4.59 � �17.7 ± 0.5.
The calculation shows that, despite large differences in the
constituting logK values for both minerals, the logK for
the equilibrium between adsorbed Fe(II), with and without
electron transfer (Eq. (23)), is equal within the
uncertainties.

The intrinsic logK value of Eq. (23) can be interpreted as a
combination of an electron transfer reaction (logKE) and a
deprotonation of two OH2 ligands (�logKH), producing
„Fe(III)(OH)2. The latter one is contributing most to the
standard Gibbs free energy change of the reaction given. If
the protonation constant of a Fe(III)-OH ligand is about
logKH = 8 ± 1, the intrinsic logKE value for the electron
transfer will be logKE 6 �2 ± 2. It is important to note that
the logK found for the above redox reaction (Eq. (23)) cannot
be applied to lepidocrocite. The formation of S(II)–
Fe(III)(OH)2 is relatively stronger, which might point to a
higher electron transfer affinity (logKE) for this mineral. At
present, an explanation is speculative. Maybe, it is related
to the difference in mineral structure (Manceau et al.,
2000). We note that very recently no Fe2+ species could be de-
tected for hematite with Mössbauer spectroscopy in the nor-
mal concentration range (Larese-Casanova and Scherer,
2007), suggesting that also for this mineral all adsorbed
Fe(II) has been transformed by electron transfer.

The location of the electron in the mineral is also un-
known, i.e. ‘‘Is it at the surface as part of a defined complex,
or is it present at certain defects in the mineral bulk?’’ This
cannot be resolved with current electrostatic double layer
models because the location of the charge within the lattice
is conceptually not relevant for the electrostatic field radiat-
ing from the surface. In the case that the electrons move to
defects, a mineral with a low surface area and a high defect
density is favored in the surface oxidation reaction.

For goethite, reversibility of the adsorption has been
claimed (Dixit and Hering, 2006). In other cases, adsorbed
Fe(II) could not be extracted and this was attributed to
instability of the lattice leading to transformation to a
Fe(III)/Fe(II) mineral (Jeon et al., 2003). If both processes
occur simultaneously, the final outcome will be time, pH
and material dependent.

Our speciation calculation (Fig. 10) has shown that the
above reaction is favored by a high pH value. For HFO,
we calculate that at pH = 7 (Fig. 12b), the adsorption iso-
therm is fully dominated by the adsorption of Fe(II), i.e.
no surface oxidation yet. This is also found for goethite.
A noticeable difference between goethite and HFO is the
apparently much higher affinity of the Fe2+ ions for goe-
thite than for HFO, as is illustrated in Fig. 12b with the
experimental (triangles) and calculated adsorption isotherm
of Fe(II) on goethite (upper line). The reason is unknown.
A possible explanation might be an incorrect use of a high
surface area for HFO. According to Hansel et al. (2005)
and Pedersen et al. (2005), the presence of Fe2+ strongly
catalyzes the transformation of HFO to other minerals like
goethite and lepidocrocite. The transformation may be al-
ready significant at the time scale of the adsorption experi-
ments (hours). It might imply that the surface area used is
too high leading to a too low experimental loading if ex-
pressed per unit surface area.

Above pH �7.5, surface oxidation with electron transfer
to the solid is expected to dominate. The overall reaction is



5930 T. Hiemstra, W.H. van Riemsdijk / Geochimica et Cosmochimica Acta 71 (2007) 5913–5933
driven by the deprotonation of the –OH2 ligands, as also fol-
lows from the mass action law of Eq. (23), i.e. the release of
two protons. In contrast, one expects that the electron trans-
fer itself will be favored by a low pH, because of the positive
surface charge for these conditions. The positive surface po-
tential attracts the electron that can be released by the ad-
sorbed Fe(II), leading to interfacial redistribution of charge.

4. CONCLUSIONS

• At the surface of non-ferric (hydr)oxides, divalent iron is
bound without electron transfer. At ferric (hydr)oxides,
adsorbed Fe(II) may transfer an electron to the solid,
creating a trivalent ion that will hydrolyze. The complex
formed is equivalent with adsorbed Fe(OH)2.

• The charge distribution of Fe(II), adsorbed on the sur-
face of TiO2 without hydrolysis, is characteristic for
the formation of a quattro-dentate surface complex.
Such complexes have recently been found for a series
of mono-, di- and trivalent cations with spectroscopy.

• The charge distribution of Fe(II), adsorbed on the surface
of c-AlOOH (boehmite), points to the formation of a tri-
dentate surface complex. Such type of surface complexes
have also been found for Ni(II) using EXAFS.

• The titration data of Fe(II)–lepidocrocite can be
explained as due to a complete surface oxidation of
adsorbed divalent iron via electron transfer to the solid.
The experimental Fe(II) adsorption data of goethite and
HFO can be explained by Fe(II) binding with and with-
out electron transfer.

• Goethite and HFO react quite similar with respect to
electron exchange between an adsorbed ferrous ion
and a ferric ion of the mineral lattice. However, the affin-
ity of Fe(II) for goethite is significantly larger than for
HFO.

• Surface oxidation is favored by a high pH value, since it
is dominantly driven by the deprotonation of FeIII-OH2

ligands. Surface oxidation dominates above pH �7.5,
while Fe(II) is present below pH �7 as an adsorbed
Fe2+ ion.

• At the goethite surface, Fe(II) and As(III) may form a
ternary surface complex in which As(III) is present as
a binuclear bidentate complex.
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