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Abstract

Sulfate and selenate adsorption on iron oxides are important reactions in natural systems under a very wide range of pH values, ionic
strengths, and electrolyte compositions. Under such conditions, spectroscopic and theoretical calculations have demonstrated the poten-
tial importance of a variety of surface species. Understanding the variations in the surface speciation of these oxyanions is fundamental
to prediction of their partitioning between minerals and aqueous solutions. In the present study, published experimental spectroscopic
and theoretical molecular evidence of the identity of sulfate/selenate surface species are integrated with a surface complexation model
consistent with a wide variety of experimental adsorption, surface titration, and proton coadsorption data to define the surface speciation
of sulfate and selenate on iron oxides under a wide range of conditions. The analysis was carried out with the extended triple layer model
(ETLM) taking into account the electrostatics of water dipole desorption during ligand exchange reactions. On seven out of eight goeth-
ites studied, sulfate and selenate surface reactions can be represented by the formation of a monodentate-mononuclear inner-sphere and
a bidentate-binuclear outer-sphere (or H-bonded) species according to
> FeOHþHþ þAO2�
4 ¼> FeOAO�3 þH2O

and

> FeOHþ 2Hþ þAO2�
4 ¼ ð> FeOHþ2 Þ2 AO2�

4

respectively, where A stands for S or Se. The model predicted changes in the proportions of the species with pH, ionic strength and sur-
face coverage consistent with independently derived experimental evidence from in situ Raman, ATR-FTIR and EXAFS studies. In con-
trast to goethite, the ETLM analysis of sulfate and selenate adsorption on hydrous ferric oxide (HFO) required an additional outer-
sphere (or H-bonded) surface species represented by,
> FeOHþ 2Hþ þAO2�
4 ¼> FeOHþ2 HAO�4
Equilibrium constants for sulfate and selenate adsorption based on site-occupancy standard states (Kh) for > FeOAO�3 and
ð> FeOHþ2 Þ2 AO2�

4 on HFO are systematically higher than those on goethite, indicating that HFO has a greater affinity for sulfate
and selenate than goethite.
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1. Introduction

Sulfate is a common anionic species in natural aqueous
systems from soils to the oceans. Adsorption of sulfate on
iron oxides affects a variety of other geochemical processes.
Sulfate adsorption competes with phosphate, carbonate
and organic acid adsorption (Ali and Dzombak, 1996; Gee-
lhoed et al., 1997; Liu et al., 1999; Wijnja and Schulthess,
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2002). The presence of sulfate affects the adsorption of
trace metals by forming ternary surface complexes (Davis
and Leckie, 1978a,b; Ostergren et al., 2000; Elzinga et al.,
2001; Swedlund and Webster, 2001; Swedlund et al.,
2003). In addition, adsorption of sulfate enhances proton
surface charge relative to monovalent anions such as chlo-
ride (Breeuwsma and Lyklema, 1973; Yates and Healy,
1975; Sigg and Stumm, 1980; Rietra et al., 1999), which
strongly affects the adsorption behavior of other ions on
mineral surfaces. To predict the migration of ionic species
in natural systems, the adsorption behavior and the nature
of adsorbed sulfate species on iron oxides must be known
over the full range of environmental conditions.

Although selenate is a trace species in nature compared
to sulfate, it is discussed here together with sulfate because
the chemical characteristics of selenate are quite similar to
sulfate (Balistrieri and Chao, 1990). In addition, selenium
is an essential nutrient for humans and animals, it often
accumulates in plants and can prove toxic to animals that
ingest the vegetation (Peak and Sparks, 2002). Adsorption
of selenate on iron oxides plays an important role in the
distribution between solid and aqueous phases in natural
environments (Balistrieri and Chao, 1990; Myneni et al.,
1997; Wijnja and Schulthess, 2000; Peak and Sparks,
2002). Therefore, it is important to understand the adsorp-
tion behavior and nature of adsorbed selenate species on
iron oxides over wide ranges of environmental conditions.

Evidence of the surface speciation of adsorbed sulfate
and selenate on iron oxides has been obtained through
infrared and X-ray spectroscopic studies, as well as theoret-
ical molecular calculations. According to in situ ATR-
FTIR spectroscopic investigations of sulfate adsorption
on goethite as a function of pH, ionic strength and surface
coverage (Peak et al., 1999; Wijnja and Schulthess, 2000),
sulfate forms both inner-sphere and outer-sphere surface
species on goethite, the relative proportions of which are
functions mainly of pH and ionic strength. The inner-
sphere complex was assigned to be a monodentate-mono-
nuclear sulfate or bisulfate species. The bisulfate species
has subsequently been ruled out by the application of
MO/DFT calculations (Paul et al., 2005). The molecular
calculations suggest that the ATR-FTIR results could be
accounted for by a combination of monodentate-mononu-
clear inner-sphere plus a hydrogen-bonded sulfate species
or a bidentate-binuclear inner-sphere species plus a hydro-
gen-bonded sulfate species. Distinguishing between a true
outer-sphere complex (with waters of solvation associated
with the sulfate) and a hydrogen-bonded complex may be
difficult with MO/DFT calculations (Paul et al., 2005),
nor is this difference explicitly treated in surface complexa-
tion models. In addition, aqueous phase IR studies of
Fe(III)–sulfate interactions emphasize a different interpre-
tation of the sulfate coordination compared to the surface
IR studies cited above (Majzlan and Myneni, 2005). For
the purposes of the present study, it is assumed that sulfate
adsorption can be examined with an inner-sphere species
and an additional species that may be either outer-sphere
or hydrogen bonded to the surface. In situ ATR-IR studies
of sulfate on hematite (Hug, 1997; Paul et al., 2005) are
consistent with this approach, as are ATR-FTIR studies
of selenate on goethite (Peak et al., 1999; Wijnja and
Schulthess, 2000).

The nature of adsorbed selenate species has also been
studied by X-ray absorption spectroscopy. An EXAFS
study of selenate on goethite at pH 3.5 and 0.01 M NaNO3

implied that selenate formed an outer-sphere species
(Hayes et al., 1987; ionic strength given pers.comm. to
the present authors). In contrast, it was concluded that sel-
enate forms a bidentate-binuclear inner-sphere species on
goethite and HFO, at pH values of 2.7–3.5 and 0.1 M
NaNO3 (Manceau and Charlet, 1994). It has been suggest-
ed that the apparent inconsistency between these results is a
consequence of the difference in ionic strength in the exper-
iments (Peak and Sparks, 2002). Calculations illustrating
this difference are presented below using a surface complex-
ation model of the selenate/goethite/water interface.

Surface complexation models of sulfate and selenate
adsorption on iron oxides have been presented in numer-
ous studies (Sigg and Stumm, 1980; Hayes et al., 1988;
Balistrieri and Chao, 1990; Zhang and Sparks, 1990,; Ali
and Dzombak, 1996; Geelhoed et al., 1997; Rietra et al.,
1999; Rietra et al., 2001; Rahnemaie et al., 2006). However,
the complexation reactions estimated from the regression
of macroscopic adsorption data have not always been con-
sistent with the more recent in situ spectroscopic data (Sigg
and Stumm, 1980; Balistrieri and Chao, 1990; Zhang and
Sparks, 1990; Ali and Dzombak, 1996). It has become
widely recognized that the evidence of oxyanion speciation
from spectroscopic studies should be integrated with mod-
els describing macroscopic adsorption data (Suarez et al.,
1997; Hiemstra and van Riemsdijk, 1999; Blesa et al.,
2000; Goldberg and Johnston, 2001).

A pioneering effort to integrate the spectroscopic evi-
dence of oxyanion speciation with surface complexation
is the charge-distribution (CD) model (Hiemstra and
van Riemsdijk, 1996; Hiemstra and van Riemsdijk,
1999), according to which the charge of an adsorbed an-
ion is split between two adsorption planes. The splitting
factor (f) can be predicted from Pauling bond strength
considerations when the coordination of the anion is
established from spectroscopy. The factor f is then used
to modify the electrostatic work of ion adsorption. In
turn, this strongly affects the model calculations. In prac-
tice, f is often used as a fit parameter, in addition to the
equilibrium constant for adsorption of the anion (Hiem-
stra and van Riemsdijk, 1996; Geelhoed et al., 1998; Rie-
tra et al., 1999; Hiemstra and van Riemsdijk, 2000;
Rietra et al., 2001; Antelo et al., 2005). As a conse-
quence, the CD model loses sensitivity to alternative spe-
ciation schemes. For example, the CD model can fit
sulfate and selenate adsorption data equally well with
either an inner-sphere complex or both inner- and out-
er-sphere complexes (Rietra et al., 2001). In addition,
for sulfate on goethite, the predicted proportions of the
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two species as a function of ionic strength are not con-
sistent with spectroscopic results (Rietra et al., 2001). A
more recent CD model fit to the same sulfate data in-
volved inner- and outer-sphere sulfate species with only
three fit parameters, but did not address the issue of
the predicted ionic strength dependence of the two spe-
cies in comparison with ATR-FTIR trends (Rahnemaie
et al., 2006).

An alternative approach, the dipole modification of the
triple-layer model (ETLM, Sverjensky and Fukushi, 2006a)
is capable of independently predicting the proportions of
inner- and outer-sphere surface complexes as functions of
pH, ionic strength, and surface coverage consistent with
spectroscopic results. This is possible because the ETLM
takes into account a previously neglected phenomenon
integral to inner-sphere surface complexation reactions:
the electrostatic work associated with desorption of the
water dipoles in a ligan-exchange mechanism (Fig. 1). It
has been shown that the magnitude of the electrostatic
work associated with this dipole modification to the
TLM is substantial and depends only on the stoichiometry
of the surface reaction. No new fitting parameters are in-
volved. The electrolyte and surface protonation part of
the ETLM is the same as previously described (Sverjensky,
2005, 2006). As a result, the sensitivity of the ETLM to pre-
dicting alternate speciation schemes is enhanced. When the
structures of adsorbed anions established in spectroscopic
studies are used to calibrate models of bulk adsorption
Fig. 1. Diagrammatic representations and model reactions of the formation o
(Sverjensky and Fukushi, 2006a,b). The inner-sphere species forms by a ligand-
account in the electrostatic term for the reaction (DWr), which includes contribu
sulfate surface species has an electrostatic term dependent only on the ions in
data, the models then independently predict the propor-
tions of inner- to outer-sphere surface complexes as func-
tions of pH, ionic strength and surface coverage. The
predicted proportions compare very favorably with spec-
troscopic results for sulfate ðSO2�

4 Þ on goethite, arsenite
ðAsO3�

3 Þ on b-Al(OH)3, and oxalate ðC2O2�
4 Þ on goethite

(Sverjensky and Fukushi, 2006a). For arsenite and oxalate
the agreement is quantitative, for sulfate the spectroscopic
data give qualitative trends only which agree with the mod-
el predictions. However, the applicability of the model to a
wide variety of goethites synthesized under different condi-
tions, and, to a wide variety of surface chemical measure-
ments involving sulfate and selenate (e.g., isotherms,
proton surface titration, proton coadsorption, and electro-
kinetic studies) has yet to be investigated.

In the present study, we demonstrate the applicability of
the ETLM to a variety of surface chemical measurements
involving sulfate and selenate on a wide range of goethites
(Yates and Healy, 1975; Sigg and Stumm, 1980; Balistrieri
and Murray, 1981; Hayes et al., 1988; Ali and Dzombak,
1996; Geelhoed et al., 1997; Liu et al., 1999; Rietra et al.,
2001) and hydrous ferric oxide (HFO) (Davis and Leckie,
1980; Hayes et al., 1988; Balistrieri and Chao, 1990; Swedl-
und and Webster, 2001), including adsorption envelope,
adsorption isotherms, proton surface titration in the pres-
ence of sulfate and selenate, proton coadsorption with sul-
fate and selenate, and electrokinetic studies. The purpose
of the study is to determine the effect of pH, ionic strength,
f inner- and outer-sphere sulfate surface species according to the ETLM
exchange reaction which releases one water dipole. This effect is taken into
tions from the ions and the water dipole. The outer-sphere (or H-bonded)
the reaction.
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surface coverage and type of adsorbant on the surface spe-
ciation of sulfate and selenate on iron oxides and to com-
pare the results with trends established from FTIR and
X-ray spectroscopic studies and evidence of possible speci-
ation from theoretical molecular studies. In addition, the
performance of the ETLM for integrating spectroscopic
with bulk adsorption data is compared with the CD model.

2. ETLM treatment of sulfate/selenate adsorption

2.1. Aqueous speciation, surface protonation and electrolyte

adsorption

Aqueous speciation calculations were carried out taking
into account aqueous ionic activity coefficients appropriate
to single electrolytes up to high ionic strengths calculated
with the extended Debye–Huckel equation (Helgeson
et al., 1981; Criscenti and Sverjensky, 1999). Electrolyte
ion pairs used were consistent with previous studies (Cris-
centi and Sverjensky, 1999; Criscenti and Sverjensky,
2002). Aqueous sulfate and selenate protonation and aque-
ous complex equilibria are summarized in Table 1.

The sample characteristics and surface protonation and
electrolyte adsorption equilibrium constants used in the
present study are summarized in Table 2. Surface proton-
ation constants referring to site-occupancy standard states
(indicated by the superscript ‘‘h’’,), i.e., log Kh

1 and log Kh
2,

were calculated from values of pHZPC and DpKh
n (Sverjen-

sky, 2005):

log Kh
1 ¼ pHZPC �

DpKh
n

2
ð1Þ

log Kh
2 ¼ pHZPC þ

DpKh
n

2
ð2Þ

Values of pHZPC were taken from point-of-zero-salt effects
or reported zero-point-of-charge by authors corrected for
electrolyte adsorption (Sverjensky, 2005). For HFO exam-
ined by Hayes et al. (1988) and Swedlund and Webster
(2001), neither isoelectric points nor surface titration data
were reported. It was assumed that these HFO samples
have the same pHZPC = 7.9 as in Davis and Leckie
(1978a,b). Values of DpKh

n were predicted theoretically
Table 1
Aqueous protonation and aqueous complex formation constants of sulfate
and selenate at 25 �C used in present study

Reactions log K References

HSO�4 ¼ SO2�
4 þHþ �1.98 a

HSeO�4 ¼ SeO2�
4 þHþ �1.80 b

NaSO�4 ¼ SO2�
4 þNaþ �0.88 d

NaSeO�4 ¼ SeO2�
4 þNaþ �0.88 d

KSO�4 ¼ SO2�
4 þKþ �0.88 c

KSeO�4 ¼ SeO2�
4 þKþ �0.88 d

a Shock et al. (1997).
b Seby et al. (2001).
c Sverjensky et al. (1997).
d Assumed the same as the KSO�4 species.
(Sverjensky, 2005). For convenience, equilibrium constants
expressed relative to the hypothetical 1.0 molar standard
state, (indicated by the superscript ‘‘0’’) as well as the equi-
librium constants expressed relative to site-occupancy stan-
dard states, are given in Table 2. The relationships between
the two standard states are given by

log K0
1 ¼ log Kh

1 � log
NSAS

N zAz

� �
ð3Þ

log K0
2 ¼ log Kh

2 þ log
NSAS

N zAz

� �
ð4Þ

where,
NS represents the surface site density on the sth solid

sorbent (sites m�2)
N� represents the standard state sorbate species site den-

sity (sites m�2)
AS represents the BET surface area of the sth solid sor-

bent (m2 g�1)
A� represents a standard state BET surface area (m2 g�1)
In the present study, values of N� = 10 · 1018 sites m�2

and A� = 10 m2 g�1 are selected for all solids.
Electrolyte adsorption equilibrium constants referring

to site-occupancy standard states, log Kh
Mþ and log Kh

L� ,
and capacitances, C1, were obtained from regression of
proton surface charge data when such data were available.
In other instances, these parameters were obtained by the-
oretical prediction (Sverjensky, 2005) or from similar sam-
ples as noted in Table 2. For convenience, values for the
hypothetical 1.0 molar standard state relative to >SOH
species, log �K0

Mþ and log �K0
L� (where the superscript ‘‘*’’

represents a reaction relative to the species >SOH), are also
given in Table 2. The relationships between log �K0

Mþ and
log �K0

L� , and log Kh
Mþ and log Kh

L� are given by

log �K0
Mþ ¼ log Kh

Mþ � pHZPC � DpKh
n � log

NSAS

N zAz

� �
ð5Þ

log �K0
L� ¼ log Kh

L� þ pHZPC � DpKh
n � log

NSAS

N zAz

� �
ð6Þ

Surface areas of the iron oxides (AS) were taken from
experimental measurements where possible. For goethite,
measured BET surface areas were used (Table 1). However,
for samples of HFO, it was assumed that the surface areas
are 600 m2 g�1 as established in earlier studies (Davis and
Leckie, 1978a,b; Dzombak and Morel, 1990).

Site densities (NS) were derived from regression of oxy-
anion adsorption data as a function of surface coverage
where these data were available. This procedure was adopt-
ed because oxyanions are likely to adsorb on only a subset
of the total sites available (Hiemstra and van Riemsdijk,
1996, 1999; Catalano et al., 2006a,b) and because theoret-
ical estimation of site densities is impossible for a powdered
sample when the proportions of all the crystal faces are un-
known. In most experimental studies, the latter informa-
tion is not available. In addition, the surface chemical
characteristics of goethites in general vary widely, even
those synthesized in the absence of CO2 (Sverjensky,



Table 2
Sample characteristics, surface protonation and electrolyte adsorption equilibrium constants, and capacitances used in present study

Solid Salt (ml) NS
c

(sites nm�2)
AS

d

(m2 g�1)
pHZPC

e DpKh
n

f log Kh
1 log Kh

2 log �K0
1 log �K0

2 log Kh
M log Kh

L log �K0
M log �K0

L C1

(lF cm2)
Source of surface
charge data

Adsorption data

Goethite NaCl 2.5 79.4 8.0 5.6 5.2 10.8 4.9 �11.1 3.3 3.1 �7.8 8.0 115 Ali and Dzombak
(1996)i

Ali and Dzombak
(1996)

Goethite NaNO3 2.3 96.4 9.4 5.6 6.6 12.2 6.3 �12.5 3.0 2.7 �9.5 9.0 80 Rietra et al. (2000)n Rietra et al. (1999a
& 2001)

Goethite KNO3 2.3 96.4 9.4 5.6 6.6 12.2 6.3 �12.5 3.0 2.7 �9.5 9.0 80 Rietra et al. (2000)n Geelhoed et al.
(1997)

Goethite KCl 3.0 82 7.8 5.6 5.0 10.6 4.6 �11.0 3.2g 3.2g �7.8 7.8 125g —k Liu et al. (1999)
Goethite KNO3 3.6 48 7.5 5.6 4.7 10.3 4.5 �10.5 3.2 3.1 �7.3 7.6 65 Yates and Healy

(1975)l
Yates and Healy
(1975)

Goethite NaClO4 4.2 29 7.6 5.6 4.8 10.4 4.7 �10.5 3.4 2.4 �7.1 7.3 175 Sigg and Stumm
(1980)m

Sigg and Stumm
(1980)

Goethite NaCl 3.5 52 7.6 5.6 4.8 10.4 4.5 �10.7 2.5 2.5 �8.2 7.0 90 Balistrieri and
Murray (1981)j

Balistrieri and
Murray (1981)

Goethite NaNO3 2.3 95 9.3 5.6 6.5 12.1 6.2 �12.4 3.5 3.2 �8.9 9.4 60 Venema et al. (1996)i Rietra et al. (2001)
Goethite NaNO3 3.5 52 8.4 5.6 5.6 11.2 5.3 �11.5 3.2 3.3 �8.3 8.6 60 Hayes, 1987)i Hayes et al. (1988)
HFO NaNO3 3.8 600 7.9 5.6 5.1 10.7 3.7 �12.1 4.3 4.5 �7.8 8.2 100 Davis and Leckie

(1978a,b)o
Davis and Leckie
(1978a,b)

HFO NaNO3 3.8 600 7.9 5.6 5.1 10.7 3.7 �12.1 4.3h 4.5h �7.8 8.2 100h Davis and Leckie
(1978a,b)o

Swedlund and
Webster (2001)

HFO KCl 3.8 600 7.7 5.6 5.1 10.7 3.5 �11.9 4.3h 4.5h �7.8 8.2 100h Davis and Leckie
(1978a,b)o

Balistrieri and Chao
(1990)

HFO NaNO3 3.8 600 7.9 5.6 5.1 10.7 3.7 �12.1 4.3h 4.5h �7.8 8.2 100h Davis and Leckie
(1978a,b)o

Hayes et al. (1988)

Values of log Kh
1, log Kh

2, log Kh
Mþ and log Kh

L� refer to site-occupancy standard states for the reactions listed belowa. Values of log Kh
1 and log Kh

2, were predicted using the given values of pHZPC and
DpKh

n. Values of log Kh
Mþ , log Kh

L�and C1 were estimated from regression of proton surface charge data unless otherwise noted. Values for log �K0
Mþ and log �K0

L� refer to the hypothetical 1.0 M standard
state and the reactions listed belowb. They were calculated from the values of log Kh

1, log Kh
2, log Kh

Mþ and log Kh
L� with the aid of Eqs. (3)–(6) using the tabulated values of NS, AS, pHZPC and DpKh

n.
a log Kh

1: > SOHþHþ ¼> SOHþ2 ; log Kh
2: >SO� + H+ = >SOH; log Kh

Mþ : >SO� + M+ = >SO�_M+; log Kh
L� : > SOHþ2 þ L� ¼> SOHþ2 L�.

b log K0
1: > SOHþHþ ¼> SOHþ2 ; log K0

2: >SO� + H+ = >SOH; log �K0
Mþ : >SOH + M+ = >SO�_M+ + H+; log �K0

L� : > SOHþHþ þ L� ¼> SOHþ2 L�.
c Values generated by regression of sulfate or selenate adsorption data as a function of surface coverage except for the goethites from Yates and Healy (1975), Sigg and Stumm (1980), Balistrieri and

Murray (1981) and Hayes et al. (1988) which were predicted using the correlation with surface area in Fig. 5. Values for HFO were estimated from regression of arsenite adsorption data (Sverjensky and
Fukushi, 2006b).

d Surface areas from BET measurements by the authors with the exception of HFO for which the surface area was taken from Davis and Leckie (1978a,b).
e Zero points of charge taken from point-of-zero-salt-effect or reported point of zero charge by authors corrected for electrolyte adsorption after Sverjensky (2005). The values for HFO by Swedlund

and Webster (2001) and Hayes et al. (1988) were assumed to be the same as measured by Davis and Leckie (1978a,b).
f Predicted theoretically (Sverjensky, 2005).
g Predicted theoretically (Sverjensky, 2005).
h Assumed same as Davis and Leckie, 1978a,b.
i Sverjensky (2005).
j Sverjensky and Fukushi (2006a,b).

k Predicted theoretically (Sverjensky, 2005).
l Present study (see Fig. 3a).

m Present study (see Fig. 3c).
n Present study (see Fig. 4a).
o Criscenti and Sverjensky (2002).
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2005). Together with site densities for goethites already
published (Sverjensky and Fukushi, 2006a,b), the results
of the present study define an empirical correlation be-
tween site density and surface area of goethite that enabled
estimation of site densities for those goethites for which
oxyanion adsorption data over a wide range of surface cov-
erage were not available (see below). In the case of HFO
samples, we used a single site density taken from our previ-
ous regression results for As(III) adsorption data (Sverjen-
sky and Fukushi, 2006a,b).

For simplicity, we used a single site density for each
sample applied to all the surface equilibria: oxyanion,
surface protonation and electrolyte equilibria. This is
possible because the predicted surface protonation and
electrolyte adsorption equilibrium constants summarized
previously (Sverjensky, 2005, 2006) refer to site-occupan-
cy standard states independent of the site densities and
surface areas of actual samples. They can be transformed
to equilibrium constants referring to individual sample
characteristics (e.g., the hypothetical 1.0 M standard
states) using relationships such as Eqs. (3)–(6) above.
For the sake of interest, we also tried analysing the oxy-
anion adsorption data using a two-site model, i.e., with
different site densities for oxyanion adsorption versus
proton (and electrolyte) adsorption, but did not obtain
significantly different results. All the calculations reported
here were carried out with the aid of the computer code
GEOSURF (Sahai and Sverjensky, 1998). However, any
code that treats a triple-layer model could also be used
for the ETLM calculations reported below because the
water dipole correction described below only affects
how the electrostatic factor for inner-sphere oxyanion
complexes is formulated.

2.2. Sulfate and selenate adsorption

In the ETLM treatment of sulfate and selenate adsorp-
tion on goethite, we investigated the applicability of the in-
ner-sphere and outer-sphere (or H-bonded) complexes
depicted in Fig. 1 (after Sverjensky and Fukushi, 2006a).
The inner-sphere species is a monodentate-mononuclear
species represented by

> FeOHþHþ þAO2�
4 ¼> FeOAO�3 þH2O ð7Þ

and

�Kh
>FeOAO�3

¼
a>FeOAO�3

aH2O

a>FeOHaHþaAO2�
4

10
F ðDWr Þ
2:303RT ð8Þ

where AO2�
4 represents S or Se. The outer-sphere species is

represented by

2 > FeOHþ 2Hþ þAO2�
4 ¼ ð> FeOHþ2 Þ2 AO2�

4 ð9Þ
and

�Kh
ð>FeOHþ

2
Þ2 AO2�

4
¼

að>FeOHþ
2
Þ2 AO2�

4

a2
>FeOHa2

HþaAO2�
4

10
F ð2W0�2WbÞ

2:303RT ð10Þ
The relationships of the site-occupancy standard states to
the hypothetical 1.0 M standard state are given by

log �Kh
>FeOAO�3

¼ log �K0
>FeOAO�3

þ log
NSAS

N zAz

� �
ð11Þ

log �Kh
ð>FeOHþ

2
Þ2 AO2�

4
¼ log �K0

ð>FeOHþ
2
Þ2 AO2�

4

þ log
ðN SASÞ2

N zAz
CS

 !
ð12Þ

where CS denotes solid concentration (g L�1).
In the exponential term of Eq. (8), DWr represents the

electrostatic factor related to the work done in an electric
field when species in the reaction move on or off the
charged surface. With the ETLM, DWr is evaluated taking
into account the adsorbing ions and the water dipole re-
leased in Eq. (7) (Sverjensky and Fukushi, 2006a). The ions
experience changes in potential relative to the bulk solution
depending on which plane in the model they are placed.
Similarly, the water molecule released, which is an electric
dipole, must also experience a change in potential leaving
the charged surface. Electrostatic work is done in the case
of the ions and in the case of the water dipole.

We place the charge of the proton in Eq. (7) on the 0-
plane and the charge of the sulfate/selenate on the b-plane.
The latter is a departure from the practice advocated by
Hayes et al. (1988), but because of the dipole modification,
the ETLM produces the same overall result for DWr as re-
cent studies (using the CD-TLM approach) of carbonate
on goethite (Villalobos and Leckie, 2001; Villalobos
et al., 2003) and arsenate on hematite (Arai et al., 2004).
It should be emphasized here that an inner-sphere complex
on the b-plane is reasonable because of the complexity of
the distribution of oxide surface functional groups. The
oxygens in these functional groups do not, in general, all
lie on a single plane, but instead occur at different distances
from the bulk lattice of the solid. For example, the terminal
oxygen in >TiOH extends further out than the bridging
oxygen in >Ti2O(H) on the rutile (110) surface (Fenter
et al., 2000; Zhang et al., 2004) and similarly for the termi-
nal oxygen in >AlOH vs. the oxygen in >Al3O(H) (Cata-
lano et al., 2006a). Because the terminal >SOH groups
are the ones most likely to participate in inner-sphere com-
plexation with oxyanions (e.g., Hiemstra and van Rie-
msdijk, 1999; Catalano et al., 2006a,b), the potential
experienced by the bound oxyanion can be envisioned as
being well-approximated by the potential at the b-plane.

In the ETLM, the water dipole leaving the charged sur-
face experiences a change in potential equal to
�n(W0 � Wb) where n is the number of desorbed waters
per reaction (Sverjensky and Fukushi, 2006a). For the reac-
tion in Eq. (7), n = 1 so the ETLM results in

DWr ¼ W0 � 2Wb � ðW0 �WbÞ ¼ �Wb ð13Þ
For the outer-sphere complex in Eq. (10), we continue to
express the electrostatic factor in the traditional way for



 
 

  

a b

c d

Fig. 2. The data points represent experimental results for sulfate adsorption on goethite from Ali and Dzombak (1996). The curves in (a) represent
regression calculations but those in (b–d) represent predictions made with the ETLM using the sulfate surface species and parameters in Tables 2 and 3. (a)
Sulfate adsorption as a function of pH, ionic strength and surface coverage. (b–d) Predicted sulfate speciation. The proportion of outer-sphere species is
predicted to increase with pH, but decrease with ionic strength consistent with in situ ATR-FTIR results (Peak et al., 1999; Wijnja and Schulthess, 2000).
(e) Regression of sulfate adsorption using an inner-sphere, bidentate-binuclear sulfate surface species (Eqs. (14)–(16)). The poor fit to the data indicates
that such a species is not appropriate.

Sulfate and selenate surface speciation on oxides 7
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b-plane complexes in the triple-layer model (Davis and
Leckie, 1980).

It can be seen in Fig. 2a that the combination of reac-
tions (7) and (9) results in a close description of the exper-
imental adsorption data over wide ranges of pH values,
ionic strengths and surface coverages. The data shown in
Fig. 2a cover such a wide range of conditions, including
surface coverage, that they were used to regress for the
two equilibrium constants and the site density. An indepen-
dent test of the model can be made by comparison of model
predictions with qualitative trends in ATR-FTIR spectro-
scopic results as pH, ionic strength and surface coverage
are varied. It can be seen in Fig. 2b–d that the proportion
of the outer-sphere complex is predicted to increase as a
function of pH and decrease with ionic strength and sur-
face coverage. All three of these predicted model variations
were detected spectroscopically (Peak et al., 1999; Wijnja
and Schulthess, 2000), which provides strong support for
the ETLM for sulfate. Comparisons for selenate with X-
ray absorption studies are discussed below. Finally,
predicted values of the n-potential assuming that n = Wd

indicate no significant shift with of the isoelectric point
with sulfate loading, consistent with extrapolation of
trends of experimental values of n-potential (Hansmann
and Anderson, 1985).

Eqs. (7) and (9) are also consistent with the infrared and
MO/DFT evidence for sulfate and selenate surface species
summarized above. The monodentate-mononuclear inner-
sphere sulfate species in Eq. (7), i.e., > FeOSO�3 , is sup-
ported by both the ATR-FTIR and molecular studies.
Molecular studies (Paul et al., 2005) have also suggested
that an alternate possibility is a bidentate-binuclear sulfate
species, which could be represented by the reaction

2 > FeOHþ 2Hþ þ SO2�
4 ¼ ð> FeOÞ2SO0

2 þ 2H2O ð14Þ
and

�Kh
ð>FeOÞ2SO0

2
¼

að>FeOÞ2SO0
2
a2

H2O

a2
>FeOHa2

HþaSO2�
4

10
F ðDWr Þ
2:303RT ð15Þ

where

DWr ¼ 2W0 � 2Wb � 2ðW0 �WbÞ ¼ 0 ð16Þ
because 2 mol of water are desorbed in Eq. (14). It can be
seen in Fig. 2e that the reaction forming the bidentate-bi-
nuclear species provides a very poor fit to the bulk adsorp-
tion data. Consequently, the ETLM calculations suggest
that this species is not a viable one. Instead, the two species
discussed above, > FeOSO�3 and ð> FeOHþ2 Þ2 SO2�

4 are
supported not only by ATR-FTIR studies and molecular
calculations, but are also consistent with a surface com-
plexation description of the bulk adsorption data from
Ali and Dzombak (1996).

Even though the fitted curves in Fig. 2a provide a close
description of the experimental adsorption data from Ali
and Dzombak (1996), and the predicted model variations
in Fig. 2b–d agree with the independently established
trends from spectroscopy, it remains to be shown how
applicable the model is for other goethites and other types
of surface chemical measurements. Goethites synthesized
under different conditions can have distinctly different sur-
face properties (Sverjensky, 2005). Consequently, we inves-
tigate a wide variety of goethites in the calculations
reported below. It has also been repeatedly emphasized in
the literature that surface complexation models should be
tested by application not just to adsorption edges, but also
to isotherm measurements, proton surface titration in the
presence of oxyanions, proton coadsorption with oxya-
nions, and electrokinetic studies (e.g., Rietra et al., 2001).
A major purpose of the present paper is to investigate the
applicability of the ETLM to a wide range of goethites
and different types of surface chemical measurements.

For sulfate and selenate adsorption on hydrous ferric
oxide (HFO), an additional outer-sphere (or H-bonded)
species was needed to describe the adsorption data:

> FeOHþ 2Hþ þAO2�
4 ¼> FeOHþ2 HAO�4 ð17Þ

�Kh
>FeOHþ

2
HAO�4

¼
a>FeOHþ

2
HAO�4

a>FeOHa2
HþaAO2�

4

10
F ðW0�WbÞ

2:303RT ð18Þ

The relationship to the hypothetical 1.0 M standard state is
given by

log �Kh
>FeOHþ

2
HAO�4

¼ log �K0
>FeOHþ

2
HAO�4

þ log
N SAS

N zAz

� �
ð19Þ

The addition of the reaction in Eq. (17) is not inconsistent
with the spectroscopic results for sulfate or selenate
adsorption on HFO summarized above. It will be shown
below that for selenate adsorption on goethite by Hayes
et al. (1988), the reaction in Eq. (17) is needed instead of
the reaction in Eq. (9).

The equilibrium constants expressed relative to the spe-
cies >SOH (using the superscript ‘‘*’’) in Eqs. (8), (10) and
(15), depend on the pHZPC and DpKh

n of samples . The
reported pHZPC of iron oxides significantly vary with
experimental conditions. Therefore, it is convenient to cor-
rect for differences in the pHZPC and DpKh

n by eliminating
the contributions of surface protonation from equilibrium
constants. These conversions can be made with the follow-
ing equations (Sverjensky, 2005):

log Kh
>FeOAO�3

¼ � log �Kh
>FeOAO�3

� pHZPC þ
DpKh

n

2
ð20Þ

log Kh
ð>FeOHþ

2
Þ2 AO2�

4
¼ � log �Kh

ð>FeOHþ
2
Þ2 AO2�

4

� 2pHZPC þ DpKh
n ð21Þ

log Kh
>FeOHþ

2
HAO�4

¼ � log �Kh
>FeOHþ

2
HAO�4

� pHZPC

þ DpKh
n

2
ð22Þ

The resultant values of log Kh
>FeOAO�3

, log Kh
ð>FeOHþ

2
Þ2 AO2�

4

and log Kh
>FeOHþ

2
HAO�4

are independent of the site density,

surface area or solid concentration of the specific samples
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as well as pHZPC and DpKh
n of iron oxides used in the exper-

iments. Values of log �K0
>FeOAO�3

, log �K0
ð>FeOHþ

2
Þ2 AO2�

4
and

log �K0
>FeOHþ

2
HAO�4

referring to the hypothetical 1.0 M

standard state and reactions formed from >FeOH, as well

as values of log Kh
>FeOAO�3

, log Kh
>FeOHþ

2
HAO�4

and

log Kh
ð>FeOHþ

2
Þ2 AO2�

4
(referring to site-occupancy standard

states) for sulfate and selenate adsorption reactions are
summarized in Table 3.
3. Application to sulfate and selenate adsorption

3.1. Sulfate adsorption

3.1.1. Adsorption of sulfate on goethite from Geelhoed et al.

(1997) and Rietra et al. (1999, 2001)

It can be seen in Fig. 3a–d that an unusually wide range
of different types of experimental measurements are depict-
ed, including proton surface titration in the presence of sul-
fate, proton coadsorption with sulfate, adsorption
isotherms and adsorption edges. Furthermore, the two
goethites represented by these experimental studies were
synthesized extremely carefully in CO2-free conditions by
a consistent, well-described method in the same laboratory
(Venema et al., 1996; Geelhoed et al., 1997; Rietra et al.,
2000). Consequently, the high BET surface areas and high
pHZPC values (9.3–9.4) of these goethites define what are
probably the most useful goethite samples for retrieving
surface complexation equilibrium constants. They refer
purely to the system under investigation (e.g., no carbonate
contamination effects). It will also be seen that these high
surface area goethites represent an end-member for the car-
bonate-free goethites considered in the present study.

The solid curves in Fig. 3a–d represent regression calcula-
tions using the same reactions as in Fig. 1, i.e., involving the
species> FeOSO�3 and ð> FeOHþ2 Þ2 SO2�

4 . In these calcula-
tions, three regression parameters were used, the two equilib-
rium constants for the sulfate surface species and the site
density. It can be seen that the calculated curves provide a
close description of the bulk of the experimental data of all
kinds. It can be seen in Fig. 3c and d that the model slightly
overestimates the isotherm data for pH 3 and pH 8 and
underestimates the adsorption edge at ionic strength 0.5.
Unfortunately, uncertainties in the experimental data are
not available, but the uncertainties in the logarithms of the
two equilibrium constants for the species > FeOSO�3 and
ð> FeOHþ2 Þ2 SO2�

4 are of the order of ±0.2, which would
certainly cover the discrepancies indicated in the figures.
Overall, it can be concluded that the ETLM provides a rea-
sonably satisfactory description of a very wide range of types
of surface chemical data and environmental variables.

The unusually wide range of types of experimental data
in Fig. 3 also permit a test of an alternative approach, plac-
ing the sulfate charge on the 0-plane as originally suggested
by Hayes et al. (1988). Together with the dipole correction
this results in DWr = �2W0 + Wb (see also footnotes to
Table 3). This approach is represented by the heavy dashed
curve in Fig. 3a which is clearly inconsistent with the pro-
ton surface titration data in the presence of sulfate at both
low and high pH values. Similar discrepancies for this ap-
proach are discussed below with respect to other proton
surface titration and adsorption data.

The data in Fig. 3a–d have also been extensively ana-
lysed with the CD model (Geelhoed et al., 1997; Rietra
et al., 1999; Rietra et al., 2001; Rahnemaie et al., 2006).
A CD analysis using two surface species identified from
spectroscopic studies is represented by the light dashed
curves in Fig. 3a and c (taken from Figs. 2 and 3 in Rietra
et al., 2001). The light dashed curves represent a CD calcu-
lation using inner- and outer-sphere complexes with the
charge distribution as a fit parameter for each species. In
other words, a total of four fit parameters were used, two
equilibrium constants and two CD parameters. It was also
established by Rietra et al. (2001) and Rahnemaie et al.
(2006) that the data in Fig. 3a–d could be equally well-fit
using only one (inner-sphere) sulfate species. In other
words, the CD model cannot distinguish between the need
for one or two sulfate surface species from the macroscopic
data fitting alone without the spectroscopic evidence of two
species. In addition, with the two surface species just dis-
cussed, the CD model apparently does not predict the cor-
rect trend of increasing outer-sphere species with
decreasing ionic strength (Rietra et al., 2001).

It can be seen in Fig. 3a and c that two out of the four
dashed curves representing the CD model fit the experi-
mental data more closely than do the solid curves of the
present study using the ETLM. However, this might well
be expected given the use of four fit parameters for the
CD model compared to three for the ETLM. In particular,
the two CD fit parameters are a very powerful influence on
the fitting. They multiply directly into the electrostatic
work factor (DWr) for the reactions which strongly enhanc-
es fitting ability. The latter is also almost certainly the rea-
son for the insensitivity of the CD model to a one-species fit
versus a two-species fit. In contrast, the ETLM approach
requires the use of two surface species to fit the adsorption
data. This can be seen in Figs. 2b–d and Fig. 3f, where the
two sulfate surface species are important in different pH re-
gimes. If only one species were used, the overall shape of
the bulk adsorption curve would not fit the data. Of course
two species is also what is required by the spectroscopic
evidence. The ETLM fitting process is sensitive to the num-
ber of surface species because the electrostatic work factor
(DWr) in the ETLM is not a fit parameter. Finally, the fact
that the ETLM can predict the correct trend of sulfate sur-
face speciation with ionic strength (e.g., Fig. 2c and d) is
extremely useful.

The predicted model speciation of sulfate on goethite for
isotherm data at a pH of 5.0 from Fig. 3c and for adsorp-
tion envelope data for low ionic strength from Fig. 3d are
shown in Fig. 3e and f, respectively. Fig. 3e shows that the
inner-sphere species increases in importance at high surface
coverage at pH 5, which is consistent with qualitative



Table 3
Equilibrium constants for sulfate and selenate adsorption on goethite and HFO from regression of the data in Figs. 2–11

Solid Adsorbate log �K0
>FeOAO�3

log Kh
>FeOAO�3

log �K0
>FeOHþ2 HAO�4

log Kh
>FeOHþ2 HAO�4

CS (g L�1) log �K0
ð>FeOHþ2 Þ2 AO2�

4

log Kh
ð>FeOHþ2 Þ2 AO2�

4
Source Data

Goethite Sulfate 9.1 4.2 — — 1.6 21.6 14.0 Ali and Dzombak (1996) Fig. 2
Goethite Sulfate 9.7 3.4 — — 10 22.6 13.1 Rietra et al. (1999a & 2001) Fig. 3ac and b
Goethite Sulfate 9.7 3.4 — — 20.6 22.3 13.1 Rietra et al. (2001) Fig. 3c
Goethite Sulfate 9.7 3.4 — — 3.1 23.1 13.1 Rietra et al. (2001) Fig. 3c
Goethite Sulfate 9.7 3.4 — — 0.5 23.9 13.1 Geelhoed et al. (1997) Fig. 3d
Goethite Sulfate 9.7 3.4 — — 4 23.0 13.1 Geelhoed et al. (1997) Fig. 3d and f
Goethite Sulfate 9.6 5.0 — — 1.064 21.8 14.6 Liu et al. (1999) Fig. 4a–d
Goethite Sulfate 9.3 4.8 — — 4.17 19.8 13.5 Yates and Healy (1975) Fig. 6a–b
Goethite Sulfate 9.9 5.2 — — 4.6 20.2 13.4 Sigg and Stumm (1980) Fig. 6c–dd

Goethite Sulfate 8.2 3.7 — — 7.46 19.2 13.0 Balistrieri and Murray (1981) Fig. 6e and f
HFO Sulfate 10.2 6.5 16.5 12.8 0.088 — — Davis and Leckie (1978a,b) Fig. 7a and b
HFO Sulfate 11.5 7.8 — — 0.0845 — — Swedlund and Webster (2001) Fig. 7c and d
Goethite Selenate 10.2 4.0 — — 16.42 22.0 12.9 Rietra et al. (2001) Fig. 8a and b
Goethite Selenate 10.1 3.8 — — 20.6 22.1 12.9 Rietra et al. (2001) Fig. 8c
Goethite Selenate 10.1 3.8 — — 3.1 22.9 12.9 Rietra et al. (2001) Fig. 8c
Goethite Selenate 10.1 3.8 — — 9.7 22.4 12.9 Rietra et al. (2001) Fig. 8c and d
Goethite Selenate 10.1 3.8 — — 10 22.4 12.9 Rietra et al. (1999a & 2001) Fig. 8e and f
Goethite Selenate 10.1 3.8 — — 30 21.9 12.9 Rietra et al. (2001) Fig. 10c and d
Goethite Selenate 9.8 4.4 16.6 11.3 30 — — Hayes et al. (1988) Fig. 9a and c
Goethite Selenate 9.8 4.4 16.6 11.3 3 — — Hayes et al. (1988) Figs. 9b and d &

10a and b
HFO Selenate 9.3 5.6 16.9 13.2 0.088 22.4 15.9 Davis and Leckie (1978a,b) Fig. 11a and b
HFO Selenate 9.6 6.1 16.8 13.3 0.0264 21.5 14.8 Balistrieri and Chao (1990) Fig. 11c
HFO Selenate 9.6 6.1 16.8 13.3 0.264 20.5 14.8 Balistrieri and Chao (1990) Fig. 11c and d
HFO Selenate 10.5 6.8 15.8 12.1 0.088 20.4 13.9 Hayes et al. (1988) Fig. 11e and f

Values of log �K0
>FeOAO�3

, log �K0
>FeOHþ2 HAO�4

and log �K0
ð>FeOHþ2 Þ2 AO2�

4

refer to the hypothetical 1.0 M standard state and reactions formed form >FeOHa. Values of log Kh
>FeOAO�3

, log Kh
>FeOHþ2 HAO�4

and

log Kh
ð>FeOHþ

2
Þ2 AO2�

4
refer to site-occupancy standard states for sulfate and selenate adsorption reactionsb calculated from the values of log �K0

>FeOAO�3
, log �K0

>FeOHþ2 HAO�4
and log �K0

ð>FeOHþ
2
Þ2 AO2�

4
with

aid of Eqs. (11), (12), (16), (17), (18) and (19) using values of NS, AS, pHZPC and DpKh
n from Table 2 and CS from Table 3.

a log �K0
>FeOAO�3

: > FeOHþHþ þAO2�
4 ¼> FeOAO�3 ; log �K0

>FeOHþ2 HAO�4
: > FeOHþ 2Hþ þAO2�

4 ¼> FeOHþ2 HAO�4 ; log �K0
ð>FeOHþ2 Þ2 AO2�

4

: 2 > FeOHþ 2Hþ þAO2�
4 ¼ ð> FeOHþ2 Þ2 AO2�

4 .
b log Kh

>FeOAO�3
: > FeOHþ2 þAO2�

4 ¼> FeOAO�3 ; log Kh
>FeOHþ2 HAO�4

: > FeOHþ2 þHþ þAO2�
4 ¼> FeOHþ2 HAO�4 ; log Kh

ð>FeOHþ
2
Þ2 AO2�

4
: 2 > FeOHþ2 þAO2�

4 ¼ ð> FeOHþ2 Þ2 AO2�
4 .

c The heavy dashed curve is computed with DWr = � 2W0 + Wb for > FeOSO�3 and DWr = 2W0 � 2Wb for ð> FeOHþ2 Þ2 SO2�
4 . Values for log �K0

>FeOAO�3
and log �K0

>FeOHþ2 HAO�4
are -0.5 and 24.5,

respectively.
d The heavy dashed curves are computed with DWr = �2W0 + Wbfor > FeOSO�3 and DWr = 2W0 � 2Wb for ð> FeOHþ2 Þ2 SO2�

4 . Values for log �K0
>FeOAO�3

and log �K0
>FeOHþ2 HAO�4

are 3.0 and 20.7,
respectively.
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Fig. 3. The data points represent experimental results for sulfate adsorption on goethite from Rietra et al. (2001) and Geelhoed et al. (1997). The solid
curves in (a–d) represent regression calculations with the ETLM using the two sulfate surface species and parameters in Tables 2 and 3. Three regression
parameters were used, the two equilibrium constants and the site density. The curves in (e and f) represent predictions. The heavy dashed curve in (a)
represents calculations with an alternate approach putting the charge of the sulfate on the 0-plane (see text and Table 3 footnotes). The light dashed curves
in (a and c) represent a two-species, four parameter regression fit with the CD model (Rietra et al., 2001). (a) Proton surface charge as a function of pH and
ionic strength in NaNO3 and Na2SO4 electrolyte solutions. (b) Proton coadsorption with sulfate. (c) Sulfate adsorption as a function of pH and sulfate
loading. (d) Sulfate adsorption as a function of pH, ionic strength and surface coverage. (e) Predicted sulfate speciation at pH 5 in (c). The proportion of
outer-sphere species to inner-sphere species decreases with surface coverage, consistent with in situ ATR-FTIR results (Wijnja and Schulthess, 2000) at
near neutral pH values. (f) Predicted sulfate speciation at I = 0.01 and 1mM of sulfate from Fig. 3d.
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trends from FTIR spectroscopy as a function of sulfate
loading at approximately pH 5.5 (Wijnja and Schulthess,
2000), as is the predicted trend with surface loading at near
neutral pH. Fig. 3f compared to Fig. 2b–d shows that the
inner-sphere species can predominate up to a pH of 5 at
high enough surface loadings.

3.1.2. Adsorption of sulfate on goethite from Liu et al.

(1999)

Regression calculations are depicted for adsorption edge
and isotherm data from Liu et al. (1999) in Fig. 4a and c.
Although the data are less extensive than those depicted
in Figs. 2 and 3, the isotherm data again permit evaluation
of the site density together with the equilibrium constants
for the two sulfate surface species (Fig. 1). It can be seen
that the calculated isotherm curve can reproduce the exper-
   

 

  

Fig. 4. The data points represent experimental results for sulfate adsorption on
calculations with the ETLM using the sulfate surface species and parameters in
sulfate speciation in (a). (c) Sulfate adsorption as a function of sulfate loadin
species to inner-sphere species do not significantly change with surface coverage
imental data for the whole range of surface loading. This
contrasts with ETLM analyses of As(III) adsorption on
oxides where the model systematically underestimates the
amount of adsorbed As(III) at high surface loading, which
was attributed to surface precipitation or polymerization
(Sverjensky and Fukushi, 2006b). The present results indi-
cate that sulfate does not undergo precipitation or poly-
merization on goethite surfaces even at high surface
loading.

The predicted model speciation of sulfate on goethite
for the adsorption edge and isotherm conditions from
Liu et al. (1999) can be seen in Fig. 4b and d. As dis-
cussed above for the other goethite studied here, it can
be seen in Fig. 4b that the inner-sphere sulfate species
dominates at low pH (here less than 4), but at higher
pH values the outer-sphere (or H-bonded species)
 

goethite from Liu et al. (1999). The curves in (a and c) represent regression
Tables 2 and 3. (a) Sulfate adsorption as a function of pH. (b) Predicted

g. (d) Predicted sulfate speciation in (c). The proportion of outer-sphere
consistent with in situ ATR-IR results at low pH values (Peak et al., 1999).
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predominates. Little difference is apparent in the pro-
portion of the two sulfate surface species with surface
loading (Fig. 4d), which is consistent with observations
at pH 3.5 from ATR-FTIR spectroscopy (Peak et al.,
1999).

3.1.3. Correlation of site densities with surface area for

goethites

The regression calculations summarized above for sul-
fate on three goethites referring to adsorption data cover-
ing a wide range of surface coverages permitted
simultaneous retrieval of equilibrium constants and site
densities (Tables 2 and 3). The values of the site densities
obtained are 2.5, 2.3, and 3.0 (±0.3) sites nm�2, for goeth-
ites from Ali and Dzombak (1996), Rietra et al. (2001) and
Liu et al. (1999), respectively. Such values compare favor-
ably with the theoretical site density for singly coordinated
oxygens, a value of 3.03 sites nm�2 for the (101) plane of
goethite in the Pnma spacegroup (Gaboriaud and Erhardt,
2003) and the value for the same type of site on goethite
powder (3.45 sites nm�2, Hiemstra and van Riemsdijk,
1996).

Together with site densities obtained previously for
other oxyanions on goethite (Sverjensky and Fukushi,
2006a,b), the results of the present study strongly suggest
that there is a useful predictive relationship between site
density and surface area for goethites. The data are plotted
in Fig. 5 where it can be seen that there is a strong correla-
tion. The same suggestion has already been made by Vill-
alobos et al. (2003) based on an analysis of carbonate
adsorption on goethites with widely different surface areas.
The correlation in Fig. 5 could be the result of very differ-
ent crystal faces or steps being exposed on the particles
   

 
 

Fig. 5. Empirical correlation of goethite site densities generated with the
ETLM by regression of adsorption data referring to a wide range of
surface coverages for a range of different oxyanions. The line has a
negative slope consistent with the results obtained for carbonate on
goethites with different surface areas by Villalobos et al. (2003).
with different surface areas. However, a similar negative
correlation between the capacitance C1 and surface area
for goethite (Sverjensky, 2005) suggests that the surface
chemistry of goethites is more complex than this and re-
quires further experimental characterization. From a prac-
tical standpoint the results depicted in Fig. 5 provide a
useful tool for the estimation of site densities when adsorp-
tion data over a wide range of surface coverages is unavail-
able. We use this correlation for several of the goethites
analyzed next in the present study.
3.2. Adsorption of sulfate on goethite from Yates and Healy

(1975), Sigg and Stumm (1980) and Balistrieri and Murray

(1981)

As in Fig. 3a–d, it can be seen in Fig. 6a–e that both pro-
ton surface titration data in the presence of sulfate as well
as sulfate adsorption data are depicted. However the three
goethites referred to in Fig. 6a–e were probably not synthe-
sized under CO2-free conditions (Sigg and Stumm, 1980;
Yates and Healy, 1975). Consequently, these goethites have
very low pHZPC values (7.5 to 7.8). Retrieval of equilibrium
constants for sulfate adsorption from these samples can be
expected to be affected by carbonate contamination. Nev-
ertheless, the solid curves in Fig. 6a–e represent regression
calculations using the same reactions involving the species
> FeOSO�3 and ð> FeOHþ2 Þ2 SO2�

4 used previously with
site densities predicted from the correlation with surface
area in Fig. 5. It can be seen that the calculated curves pro-
vide a close description of the bulk of the experimental data
except at the extremes of pH.

We have also used the proton surface titration (and
adsorption) data in Fig. 6c and d to test the alternative
approach of placing the sulfate charge on the 0-plane, as
described above for Fig. 3a (together with the dipole
correction resulting in DWr = �2W0 + Wb for the inner-
sphere species, see footnotes to Table 3). This approach
is represented by the heavy dashed curves in Fig. 6c and
d which are clearly inconsistent with the data, particularly
at lower pH values where the inner-sphere sulfate species
predominates.

Returning to the ETLM calculations represented by the
solid curves in Fig. 6a–d, it is interesting to compare the
values of the equilibrium constants referring to the site-oc-
cupancy standard states for sulfate adsorption on these
goethites with the values derived above for the CO2-free
conditions from the data in Fig. 3a–d. It can be seen in Ta-

ble 3 that the values of log Kh
ð>FeOHþ

2
Þ2 SO2�

4
are 13.5, 13.4,

and 13.0 for the Yates and Healy (1975), Sigg and Stumm
(1980), and Balistrieri and Murray (1981) goethites, respec-
tively, which agree within an overall uncertainty of ±0.3,
and also agrees with the value of 13.1 for the goethites
studied by Rietra et al. However, the corresponding values

of log Kh
>FeSO�3

are 4.8, 5.2, and 3.7, respectively, which do

not agree well with each other, and two of them strongly
disagree with the value of 3.4 for the Rietra et al. goethites.
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Fig. 6. The data points represent experimental results for sulfate adsorption on goethite from Yates and Healy (1975), Sigg and Stumm (1980) and
Balistrieri and Murray (1981). The solid curves represent regression calculations with the ETLM using the sulfate surface species and parameters in Tables
2 and 3. The curves in (f) represent predictions. The heavy dashed curve in (c and d) represent calculations with an alternate approach putting the charge of
the sulfate on the 0-plane (see text and Table 3 footnotes). (a and b) Proton surface titration as a function of pH and ionic strength in KNO3 (a) and K2SO4

(b) electrolyte solutions. (c) Proton surface titration as a function of pH and sulfate concentration in NaClO4 solutions. (d) Sulfate adsorption as a
function of pH and surface coverage. (e) Sulfate adsorption as a function of pH and ionic strength. (f) Predicted sulfate speciation in Fig. 5e.
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These values indicate that the effects of carbonate contam-
ination affect the inner-sphere species more strongly, caus-
ing them to be anomalously large. This may be a
consequence of the strong binding of carbonate as an in-
ner-sphere species on goethite (Bargar et al., 2005).

The predicted model speciation of sulfate on the Balistri-
eri and Murray (1981) goethite is shown in Fig. 6f for the
low ionic strength studied. It can again be seen that the
monodentate inner-sphere species is predicted to predomi-
nate at pH less than 4 and the outer-sphere (or H-bonded)
species becomes dominant at pH 4 to 8. The trends in sur-
face speciation with pH are consistent with infrared spec-
troscopic results (Peak et al., 1999).
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3.2.1. Adsorption of sulfate on HFO from Davis and Leckie

(1980) and Swedlund and Webster (2001)

In contrast to all the above figures, the adsorption
data depicted in Fig. 7a and c refer to adsorption of sul-
fate on HFO (Davis and Leckie, 1980; Swedlund and
Webster, 2001). The solid lines in Fig. 7a refer to regres-
sion calculations using the same inner-sphere species as
for sulfate on goethite (i.e., > FeSO�4 Þ. However, the
data from Davis and Leckie (1980) required a different
outer-sphere (or H-bonded) species, > FeOHþ2 HSO�4 . It
will be shown below that this type of species is also nec-
essary for selenate adsorption on HFO, indicating a sig-
nificant difference between the surface chemistry of HFO
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and most, but not all, goethites (the only goethite where
this species appears in our analysis is from Hayes et al.
discussed below). The solid lines in Fig. 7c, refer to only
the inner-sphere sulfate surface complex, because the
data are not sufficiently varied to require more than
one surface species. An additional uncertainty in the cal-
culations depicted in Fig. 7c is that the surface proton-
ation and electrolyte adsorption characteristics of this
sample are assumed to be the same as those established
previously for the sample in Fig. 7a.

It can be seen in Table 3 that the values of log Kh
>FeSO�3

for the two HFO samples in Fig. 7 are 6.5 (Davis and Lec-
kie, 1980) and 7.8 (Swedlund and Webster, 2001).
Although these values are not close in magnitude, which
may well be a consequence of differences in sample history
which have been neglected here or the simplicity of the spe-
ciation treatment for the Swedland and Webster sample.
The values are significantly larger than the values for sul-
fate on carbonate-free goethite discussed above (e.g., 3.4
for the Rietra et al. samples). Larger equilibrium adsorp-
tion constants for sulfate on HFO relative to goethite are
consistent with recent applications of Born solvation theo-
ry to arsenite adsorption on a variety of iron oxides (Sver-
jensky and Fukushi, 2006b). The larger log Kh

>FeSO�3
values

for HFO result from the larger dielectric constant of HFO.
Under these circumstances, the work involved for dehy-
drating the adsorbing sulfate is negligible for the HFO-
water interface, but for the goethite–water interface is large
enough to be a significant influence opposing sulfate
adsorption. Knowing the dielectric constants of other oxi-
des suggests that it might be possible to make preliminary
estimates of the values of log Kh

>FeSO�3
for other oxides.

3.3. Selenate adsorption and surface speciation on iron

oxides

3.3.1. Adsorption of selenate on goethite from Rietra et al.

(1999, 2001)
A comprehensive study of selenate adsorption including

proton surface titration in the presence of selenate, proton
coadsorption with selenate, adsorption isotherms and
adsorption edges is represented by the data depicted in
Fig. 8a, c, e, and f (Rietra et al., 1999; Rietra et al.,
2001). Furthermore, as in Fig. 3, the goethites used in these
experimental studies represent CO2-free conditions
(Venema et al., 1996; Rietra et al., 1999). The solid curves
in Fig. 8a, c, e, and f represent regression calculations using
the same reaction stoichiometries as in Fig. 3, i.e., involving
the species > FeOSeO�3 and ð> FeOHþ2 Þ2 SeO2�

4 , but in
these calculations the site density was fixed at the value
determined above for sulfate on the same goethite. Conse-
quently, the only regression parameters were the two equi-
librium constants. The selenate species used are also
consistent with in situ Raman and ATR-FTIR results
(Wijnja and Schulthess, 2000; Peak and Sparks, 2002). It
can be seen that the calculated curves provide a close
description of the bulk of the experimental data of all
kinds. This also indicates that the site density we obtained
for sulfate is applicable to selenate. Overall, it can be con-
cluded that the ETLM provides a satisfactory description
of a very wide range of types of surface chemical data
and environmental variables, particularly when it is consid-
ered that only two fitting parameters (the two equilibrium
constants) were involved. The fact that two selenate surface
species are needed in this implementation of the ETLM can
again be seen in the predicted selenate surface speciation
plot (Fig. 8b). The two species occupy such different pH re-
gimes that the sum of both is essential for describing the
bulk adsorption data.

As in the case of sulfate discussed above, the same sele-
nate data have been extensively analysed with the CD mod-
el in the studies where these data were originally published.
A CD analysis using two surface species identified from
spectroscopic studies is represented by the dashed curves
in Fig. 8a, c, and e (taken from Figs. 1, 3, and 5 in Rietra
et al., 2001). Dashed curves are given for only one isotherm
in Fig. 8c to illustrate the maximum discrepancy between
the CD and ETLM calculations. The dashed curves repre-
sent the same type of CD calculation as for sulfate, i.e., in-
ner- and outer-sphere complexes with the charge
distribution as a fit parameter for each species (i.e., four
fit parameters: two equilibrium constants and two CD
parameters). As for sulfate, the data in Fig. 8a, c, e, and
f could be equally well-fit using only one (inner-sphere) sel-
enate species. The CD model could not distinguish between
the need for one or two selenate surface species from the
macroscopic data fitting alone. It can be seen in Fig. 8a,
c, e, and f that the dashed curves representing the CD mod-
el fit the experimental data more closely than do the solid
curves using the ETLM. Again, this might well be expected
given the use of four fit parameters for the CD model com-
pared to two for the ETLM. Overall, the differences in the
fits of the two sets of calculations do not seem significant.

A key set of data emphasized in the application of the
CD model (Rietra et al., 1999) is the proton coadsorption
data depicted in Fig. 8f for both selenate and sulfate. In or-
der to adequately describe the small but significant differ-
ence between the proton coadsorption of selenate and
sulfate, the CD model required not only different equilibri-
um constants but also different fitted charge distribution
parameters, even when two surface species (i.e., inner-
and outer-sphere) were used for both selenate and sulfate.
In contrast, it can be seen here that the ETLM can describe
the higher proton coadsorption with selenate relative to
sulfate just with the equilibrium constants (i.e., a total of
four fitting parameters, all of which are equilibrium con-
stants). From an interpretive standpoint, the CD approach
attributes the difference of proton coadsorption stoichiom-
etry between selenate and sulfate to a difference in charge
distribution at the interface, whereas the ETLM attributes
the proton coadsorption difference to differences in the pro-
portions of inner- and outer-sphere (or H-bonded) species.

A predicted model speciation of selenate on goethite is
shown in Fig. 8b referring to low ionic strength
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Fig. 8. The data points represent experimental results for selenate adsorption on goethite from Rietra et al. (1999, 2001). The solid curves in (a, c, e, and f)
represent regression calculations with the ETLM using the surface species and parameters in Tables 2 and 3. The dashed curves in (a, c, and e) represent a
two-species, four parameter regression fit with the CD model (Rietra et al., 2001). (a) Selenate adsorption on goethite synthesized by Venema et al. (1996)
as a function of pH and ionic strength. The curves represent regression fits of experimental data plotted as symbols. (b) Predicted selenate speciation at
I = 0.01 from (a and c) Selenate adsorption as a function of pH and selenate loading. (d) Predicted selenate speciation at pH 5 from (c). (e) Comparison of
proton surface titration for Na2SeO4 and Na2SO4 electrolyte solutions. (f) Comparison of proton coadsorption with selenate and sulfate loading.
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(I = 0.01). It can be seen in Fig. 8b that the species
> FeOSeO�3 is predicted to predominate at acidic condi-
tions where the pH is less than 6.5, whereas the species
ð> FeOHþ2 Þ2 SeO2�

4 is predicted to become dominant at
pH values 7 to 9. This independently predicted trend of
changes in surface speciation with pH is consistent with
spectroscopic results (Rietra et al., 1999; Wijnja and
Schulthess, 2000). It is also interesting to note that the
dominant conditions for the outer-sphere or H-bonded sel-
enate species is shifted to higher pH values compared with
sulfate (see Fig. 3f). The predicted model selenate specia-
tion for the adsorption isotherm is shown in Fig. 8d. Under
the conditions shown, it can again be seen that the impor-
tance of the inner-sphere selenate species is enhanced when
compared with sulfate adsorption under the same experi-
mental conditions (see Fig. 3e). These features are also
 

 

Fig. 9. The data points represent experimental results for selenate adsorption
regression calculations with the ETLM using the selenate surface species and p
function of pH, ionic strength and surface coverage. Total selenate is 0.1 mM.
(a and b), respectively. The importance of the outer-sphere species increases w
quantitatively expressed in the logKh values derived in the
present study, i.e., the log Kh

>FeSeO�3
is higher than

log Kh
>FeSO�3

but log Kh
ð>FeOHþ

2
Þ2 SeO2�

4
is lower than

log Kh
ð>FeOHþ

2
Þ2 SO2�

4
.

3.3.2. Adsorption of selenate on goethite from Hayes et al.
(1988)

The data depicted in Fig. 9a and b cover a very wide
range of pH values, ionic strengths and an order of mag-
nitude in surface coverage (Hayes et al., 1988). However,
the goethite used in these experiments is very different to
the ones used in Fig. 8. It has a significantly lower
pHZPC value (8.4 compared with 9.3–9.4, Table 2), indi-
cating that it is probably contaminated with CO2. It can
also be seen in Table 2 that the BET surface area of the
goethite used by Hayes et al. (1988) is much lower than
 

 

on goethite from Hayes et al. (1988). The curves in (a and b) represent
arameters in Tables 2 and 3. (a and b) Selenate adsorption on goethite as a
(c and d) Predicted selenate speciation at I = 0.01 and 30 and 3 g L�1 from
ith increasing surface coverage.
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those used by Rietra et al. In addition, and in contrast
to all the other goethites considered above for either sul-
fate or selenate adsorption, the surface species
> FeOSeO�3 and, surprisingly, > FeOHþ2 HSeO�4 , were
discovered to be essential in the regression calculations,
particularly for the higher surface coverages depicted in
Fig. 9b. It can be seen in Fig. 9a and b that the calcu-
lated curves using these two selenate surface species pro-
vide close descriptions of the adsorption data over very
wide ranges of conditions.

Although the reaction stoichiometry for the spe-
cies> FeOSeO�3 is common to all the calculations for sul-
fate and selenate adsorption on goethite, the species
> FeOHþ2 HSeO�4 has a stoichiometry not previously dis-
covered for any of the other sulfate/selenate/goethite sys-
tems described above, which include seven different
samples of goethite. In this regard the goethite studied by
Hayes et al. appears to be anomalous. In fact surface spe-
cies with the stoichiometry > FeOHþ2 HSeO�4 or
> FeOHþ2 HSO�4 only otherwise seem to be associated with
HFO samples, as noted above for Fig. 7a and b (and see
also below for selenate/HFO). The anomalous behavior
of Hayes et al.’s goethite suggests perhaps that the surface
characteristics of this sample are, at least in part due to
HFO mixed with the goethite. Although the Hayes et al.
sample was checked with X-ray diffraction and goethite
was detected (Hayes, 1987), amorphous HFO would be dif-
ficult to detect by this means.

The predicted model speciation of selenate for the
adsorption envelopes are depicted in Fig. 9c and d. Spe-
ciation plots are given for low and high surface coverage
at I = 0.01. It can be seen in Fig. 9c that for the relative-
ly low surface coverage shown, the species > FeOSeO�3 is
dominant at all pH values. However, at the higher sur-
face coverage depicted in Fig. 9d, both selenate surface
species are comparably abundant over a wide range of
pH values. This result differs significantly from the re-
sults apparent in Fig. 8d referring to the high pHZPC,
high BET, CO2-free goethite studied by Rietra et al.
Again, this emphasizes the anomalous nature of the goe-
thite studied by Hayes et al. (1988).

3.3.3. Comparison of predicted ETLM selenate/goethite

speciation with EXAFS results: Hayes et al. (1987) vs.

Manceau and Charlet (1994)

As noted earlier, two EXAFS studies of selenate on
goethite under similar acidic conditions have yielded
apparently conflicting results. At a pH of 3.5, one study
implied that selenate formed an outer-sphere species on
goethite (Hayes et al., 1987). In contrast, at similar pH
values of 2.7–3.5, it was concluded that selenate forms
a bidentate-binuclear inner-sphere species on goethite
and HFO (Manceau and Charlet, 1994). It is now clear,
particularly from ATR-FTIR studies that selenate and
sulfate, and probably most oxyanions, have two or more
surface species on any given mineral and that the pro-
portions of these species vary with environmental condi-
tions (see also the ETLM calculations given above).
Consequently, it has been suggested that the apparent
inconsistency between the two EXAFS studies for sele-
nate/goethite under acidic conditions is a consequence
of the difference in ionic strength in the experiments
leading to different surface speciations (Peak and Sparks,
2002). The ionic strength used in the Hayes et al. (1987)
study was 0.01 (Hayes pers. comm.), whereas that in the
Manceau and Charlet (1994) study was 0.1. The two also
differ in surface coverage, because very high selenium
concentrations are apparent in Fig. 10a (see Fig. 9a as
well). Calculations illustrating these differences are pre-
sented below using the ETLM.

Model predictions of selenate surface speciation are
given for the two different sets of EXAFS experiments
(n.b. ionic strengths and surface coverages) in Fig. 10a
and b. In each case, the calculations refer to the surface
chemical characterization established for the (anomalous)
goethite of Hayes et al. that was obtained above (Fig. 9,
Tables 2 and 3). In the calculations, the species
> FeOSeO�3 represents an inner-sphere species and
> FeOHþ2 HSeO�4 represents what the EXAFS studies
have termed an outer-sphere species. It can clearly be
seen in Fig. 10a and b that a dramatic difference in
the proportions of > FeOSeO�3 vs. > FeOHþ2 HSeO�4 is
predicted for the two sets of EXAFS experiments. In
Fig. 10a, at pH 3.5, > FeOHþ2 HSeO�4 is predicted to
be more than two times abundant as > FeOSeO�3 . The
main reason for this is the much higher selenium concen-
trations in the Hayes et al. EXAFS system compared to
the system used for the bulk adsorption studies (c.f.
Fig. 9c). In contrast, in Fig. 10b, at pH values of about
3, > FeOSeO�3 is predicted to be almost twice as abun-
dant as > FeOHþ2 HSeO�4 . Although the level of sensitiv-
ity of the EXAFS experiments to the detection of minor
amounts of inner-sphere species is rather uncertain, the
model predictions in Fig. 10a and b certainly support
the notion (Peak and Sparks, 2002) that differences in
the adsorption conditions could account for the apparent
disagreement between the results of the two EXAFS
studies.

One difference between the results in Fig. 10b and the
EXAFS results reported by Manceau and Charlet (1994)
is that our model inner-sphere species is monodentate-
mononuclear, whereas these researchers reported a Fe–Se
distance consistent with a bidentate-binuclear inner-
sphere species. The reason for this remaining discrepancy
between calculation and experiment is not clear. Howev-
er, the diverse nature of different types of solid reported
as goethite has been emphasized repeatedly in this paper.
Consequently, our use of the Hayes anomalous goethite
surface chemical properties in the calculations shown in
Fig. 10b, even though they refer to the environmental
conditions described by Manceau and Charlet (1994),
may be inappropriate. Unfortunately, the surface chemi-
cal properties of the specific goethite studied by Manceau
and Charlet (1994) were not reported. An additional
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Fig. 10. Prediction of selenate surface speciation on goethite for the EXAFS conditions of Hayes et al. (1987) and Manceau and Charlet (1994). The
curves in (a and b) represent predictions using the selenate surface species and parameters corresponding to the goethite from Hayes et al. (1988) given in
Tables 2 and 3. The curves in (c and d) represent predictions using the selenate surface species and parameters corresponding to the goethite from Rietra
et al. (2001) given in Tables 2 and 3.
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possible reason is that the interatomic distance informa-
tion obtained through EXAFS can be insufficient as a
definitive constraint on possible binding configurations
(Catalano et al., 2006b).

In order to test how the results in Fig. 10a and b might
depend on the specific goethite used, we carried out a sec-
ond set of selenate model predictions for the two EXAFS
experimental conditions using the surface chemical proper-
ties established above for the adsorption of selenate on a
goethite from Rietra et al. (Fig. 9, Tables 2 and 3). These
calculations are depicted in Fig. 10c and d. It can be seen
in these figures that under acidic conditions only the inner-
sphere species is dominant—a different result to those
shown in Fig. 10a. The model predictions thus have a
strong dependence on the type of goethite used. The calcu-
lations in Fig. 10a refer to Hayes’s goethite under the EX-
AFS conditions examined by Hayes et al. (1987). It may
well be that it is only for this (anomalous) goethite that
an outer-sphere species is dominant at acid conditions at
the ionic strength and surface coverage of the Hayes
et al. EXAFS experiment. For the conditions of the Man-
ceau and Charlet EXAFS experiments, both the Hayes and
the Rietra goethites lead to the same conclusion, i.e. that
an inner-sphere species is dominant. However, the exact
nature of this species may not be predictable because it is
not consistent with the type of inner-sphere species we
have inferred for all the other goethites (and HFO) in
the present study.



  
  

    

 

 

 

Fig. 11. The data points represent experimental results for selenate adsorption on HFO from Davis and Leckie (1980), Balistrieri and Chao (1990) and
Hayes et al. (1988). The curves in (a, c, and d) represent regression calculations with the ETLM using the surface species and parameters in Tables 2 and 3.
(a) Selenate adsorption as a function of pH and sulfate loading. (b) Predicted selenate speciation at 0.01 mM of selenate form (a). (c) Selenate adsorption
as a function of pH and solid concentrations. (d) Predicted selenate speciation (0.0264 g L�1) from (c). (e) Selenate adsorption as a function of pH and
ionic strength. (f) Predicted selenate surface and aqueous speciation at I = 1 from (e).
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3.3.4. Adsorption of selenate on HFO from Davis and Leckie

(1980), Balistrieri and Chao (1990) and Hayes et al.

(1988)

A wide range of surface coverages and ionic strengths
for selenate adsorption on HFO is depicted by the data
in Fig. 11a, c, and e. The solid lines in these figures
represent regression calculations using the minimum
number of selenate surface species from the group
> FeSeO�3 ; ð> FeOHþ2 Þ2 SeO2�

4 and > FeOHþ2 HSeO�4 , all
of which might be expected based on the studies of HFO
and goethite described above. The data from Davis and
Leckie (1980) were best fit using all three species because
they cover such a wide range of conditions. However, the
other two data sets only required two surface species. It
can be seen in Fig. 11a, c, and e that the calculated curves
provide close descriptions for the selenate adsorption enve-
lopes on HFO over wide ranges of pH, surface coverage
and ionic strength except for the data at I = 0.1 in
Fig. 11e. The adsorption data for I = 0.013 and 0.1 in this
figure show significant scatter, which may indicate substan-
tial uncertainty in the data. Table 3 lists the parameters for
selenate adsorption reactions on HFO. It is interesting to
note that, as in the case of sulfate, the logKh for HFO
are higher than for goethite, indicating that HFO has a
greater affinity for selenate than goethite.

The predicted model speciation of selenate on HFO are
depicted in Fig. 11b, d, and f, respectively. The speciation
plots refer to a range of surface coverages, ionic strengths
and pH values. As in the case of selenate on goethite, the
speciation plots in Fig. 11 indicate the dominant selenate
surface species should depend very strongly on the environ-
mental parameters.

4. Conclusions

The extended triple layer model (ETLM), which takes
into account the electrostatics of water dipole desorption
caused by inner-sphere surface complexation, was deve-
loped to help integrate published experimental spectro-
scopic and theoretical molecular evidence of the identity
of oxyanion surface species with a surface complexation
model of adsorption (Sverjensky and Fukushi, 2006a,b).
With no additional fit parameters, the model is able to
predict changes in the proportions of inner- and outer-
sphere surface species with changes in environmental
variables, such as pH, ionic strength and surface cover-
age, consistent with independent spectroscopic evidence.
In the present study, the applicability of the ETLM to
a wide variety of experimental adsorption, surface
titration, and proton coadsorption data for sulfate and
selenate on iron oxides under a wide range of conditions
has been investigated. The goal was to determine the
effect of pH, ionic strength, surface coverage and type
of adsorbant on the surface speciation of sulfate and
selenate on iron oxides consistent with evidence from
FTIR and X-ray spectroscopic and theoretical molecular
studies. In addition, the performance of the ETLM for
integrating spectroscopic with bulk adsorption data is
compared with the CD model. Based on the calculations
described above, the following conclusions can be
made.

(1) On seven out of eight goethites studied, sulfate and
selenate surface reactions for a wide variety of different
types of experimental data were successfully represented
with the ETLM involving a monodentate-mononuclear in-
ner-sphere and a bidentate-binuclear outer-sphere (or H-
bonded) species according to

> FeOHþHþ þAO2�
4 ¼> FeOAO�3 þH2O

and

2 > FeOHþ 2Hþ þAO2�
4 ¼ ð> FeOHþ2 Þ2 AO2�

4 ð23Þ
respectively, where A stands for S or Se. The model pre-
dicted changes in the proportions of the species with pH,
ionic strength and surface coverage consistent with inde-
pendently derived experimental evidence from in situ Ra-
man, ATR-FTIR, and EXAFS studies. Only one goethite
(Hayes et al., 1988) required a slightly different surface spe-
ciation involving a protonated outer-sphere (or H-bonded)
selenate species.

(2) The reactions given above involving a monodentate-
mononuclear inner-sphere and a bidentate-binuclear outer-
sphere (or H-bonded) sulfate or selenate surface species are
not only consistent with available spectroscopic evidence
but also with the theoretical MO/DFT calculations of Paul
et al. (2005). The latter had suggested also that a bidentate-
binuclear sulfate species might be an alternative inner-
sphere species. However, our calculations indicate that,
within the constraints and limitations of the ETLM, such
a species is not consistent with the bulk adsorption data.
Consequently, taken together, the spectroscopic, MO/
DFT and surface complexation evidence strongly support
the reactions cited above involving the inner-sphere species
> FeOAO�3 and the species ð> FeOHþ2 Þ2 AO2�

4 . In the
present work, the latter species represents either an outer-
sphere complex or a H-bonded species. Additional experi-
mental and theoretical studies will be necessary to distin-
guish these possibilities.

(3) Although the wide variety of different types of goeth-
ites analysed in the present study involved the same types
of surface selenate and sulfate species, the magnitudes of
the derived equilibrium constants varied substantially, par-
ticularly for those goethites not synthesised under CO2-free
conditions. Site densities on goethite correlate with and can
be predicted from surface area (see also Villalobos et al.,
2003). The high BET (about 95 m2 g�1), high pHZPC

(9.3–9.4), CO2-free goethites synthesized and characterized
by Rietra and co-workers form an end-member in this
series.

(4) For HFO, the ETLM analysis of sulfate and selenate
adsorption required an additional outer-sphere (or H-
bonded) surface species represented by,

þ 2� þ �
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The regression values of logKh (based on site-occupancy
standard states) for > FeOAO�3 and ð> FeOHþ2 Þ2 AO2�

4

on HFO are systematically higher than those on goethite,
indicating that HFO has a greater affinity for sulfate and
selenate than goethite.

(5) Comparison of the ETLM to CD model fits of sul-
fate and selenate adsorption on goethite indicated that un-
der some circumstances the CD model can provide a closer
fit to the experimental data, particularly when the CD
model equilibrium constants and charge distribution
parameters are obtained by regression. However, if the
ETLM site density is known independently, the CD model
requires double the number of fit parameters relative to the
ETLM. Even under these circumstances the CD model is
not sensitive to the number of surface species, not does it
necessarily predict the correct changes in the proportions
of surface species with changes in ionic strength (Rietra
et al., 2001). In contrast, the ETLM is sensitive to the num-
ber of surface species because the electrostatic factor is not
a regression parameter. In addition, as already noted, it can
predict the correct changes in surface speciation with envi-
ronmental changes.

(6) The predicted model speciation of selenate on goe-
thite for the two different sets of conditions in the EXAFS
studies of Hayes et al. (1987) and Manceau and Charlet
(1994) helps to resolve the apparent differences of the two
EXAFS studies. The lower ionic strength and higher sur-
face coverage used by Hayes et al. (1987) is predicted to
have favored an outer-sphere selenate species, whereas
the higher ionic strength used by Manceau and Charlet
(1994) is predicted to have favored an inner-sphere selenate
species, as suggested by Peak and Sparks (2002). In addi-
tion, it appears that the (anomalous) surface properties
of the goethite used by Hayes et al. may be a contributing
factor.
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