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INGRID BERRODIER,1,2 FRANÇOIS FARGES,1,2,3,* M ARC BENEDETTI,4 MARKUS WINTERER,5 GORDON E. BROWN, JR.,3,6 and
MICHEL DEVEUGHÈLE

2

1Laboratoire des ge´omatériaux, Universite´ de Marne-la-Valle´e FRE CNRS 2455, 77454 Marne la Valle´e cedex 2, France
2Centre de Ge´ologie de l’Ingénieur, ENSMP-ENPC-UMLV, FRE CNRS 2455 “G2I,” 77454 Marne la Valle´e cedex 2, France

3Surface and Aqueous Geochemistry Group, Department of Geological and Environmental Sciences, Stanford University,
Stanford, CA 94305-2115, USA

4UMR CNRS 7047, Universite´ de Paris 6, 75251 Paris cedex 05, France
5Institut für Verbrennung und Gasdynamik, Universita¨t Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany
6Stanford Synchrotron Radiation Laboratory, SLAC, 2575 Sand Hill Rd., MS 99, Menlo Park, CA 94025, USA

(Received April 28, 2003;accepted in revised form February 4, 2004)

Abstract—Gold adsorption products on powdered ferrihydrite, goethite, and boehmite samples, prepared by
reacting Au(III)-Cl solutions ([Au]� 4.2� 10�5–9.0� 10�3 M; [Cl] � 0.017–0.6 M) with these adsorbents
at pH values of 4 to 9 and Au adsorption densities ranging from 0.046 to 1.53�mol/m2 were characterized
using Au-LIII XAFS spectroscopy. The solutions (before and after uptake) were investigated by Raman
scattering to determine speciation and by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) to determine solution composition. We present an analysis of several effects that are observed in
the Au LIII -edge XAFS spectra, including X-ray beam-induced photo-reduction, multi-electronic excitations,
disorder effects, and multiple scattering, that would complicate interpretation of the spectra if not accounted
for. A combination of methods (spectral deconvolution, principal component analysis, spectral inversion, and
wavelet analysis) was used to identify and quantify these effects, to characterize the nature of mixed ligands
around gold, and to distinguish between multiple-scattering features and features due to next-nearest neighbors
in the XAFS spectra.

Analysis of the Au-LIII XAFS spectra showed that Au(III) is present as square-planar Au(III)(O,Cl)4

complexes in the aqueous solutions and on the surfaces of the Al/Fe-(oxy)hydroxide adsorption samples with
dominantly O ligands at pH� 6 and mixed O/Cl ligands at lower pH values. The EXAFS-derived Au-O and
Au-Cl distances are 2.00(2) and 2.28(2) A˚ , respectively, and the magnitudes of the Debye-Waller factors and
third cumulants from anharmonic analyses indicate very little thermal or positional disorder around Au(III) in
the adsorption samples. Iron second neighbors are present around Au in the Au(III)/ferrihydrite and Au(III)/
goethite adsorption samples, with Au-Fe distances of 3.1(1) and 3.3(1) A˚ . In boehmite, two sets of Au-Al
distances were detected at 3.0(1) and 3.2(1) A˚ . A reverse Monte Carlo study of the XAFS spectroscopic data
suggests the presence of a continuum of edge-shared AuO4-FeO6 distances, which cannot be described
correctly by a classical model of these data in which only a mean distance (although severely under-estimated)

is derived. Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Gold is a strategic metal that can concentrate in iron
exogenetic horizons such as laterites (Brazil, Cameroon,
nesia) or gossans (Canada, USA, France, among many o
Modeling the transport and deposition of gold under exoge
conditions (seeSeward, 1984, for a discussion of endogene
hydrothermal transport of gold) requires an improved kn
edge of the possible interactions between gold species in
colating aqueous solutions and mineral surfaces onto w
gold can be adsorbed. The solubility of gold in these na
environments (seeSchoonen et al., 1992) is controlled in par
by adsorption reactions at mineral surfaces. For example
concentration of gold in natural soils is usually very low (
level) when compared with predictions of gold dissolu
using equilibrium thermodynamic calculations. The low g
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concentration in soils suggests that the dissolution of go
limited (seeBenedetti and Boulegue, 1990) and/or that gol
dissolution is inhibited by adsorption of gold onto mine
present in soils (Schoonen et al., 1992). Among the adsorptio
reactions of various moieties of gold available for trans
(e.g., monovalent gold solution complexes, colloidal met
gold, gold-sulfide/sulfite complexes interacting with orga
matter, biogeochemical forms of gold in plants, etc.), the
teractions of Au(III)-bearing solutions with fine-grained m
erals such as iron- and aluminum-hydroxides are amon
most important. These mineral phases are relatively abu
in many natural soils, and they have highly reactive surf
(Sposito, 1984). Not surprisingly, gold anomalies (a few pp
are commonly found in iron-rich soil profiles. The nature of
form of gold (so-called “invisible gold”: seeGréffié et al.,
1996) can be explained by the adsorption of gold during gro
of the host mineral phase (Schoonen et al., 1992).

Ferrihydrites (or hydrous ferric oxides, HFOs) are po

ordered iron hydroxides that are thought to play an important
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role in the exogenetic geochemistry of trace elements because
of their reactivity and large specific surface area (see Combes
et al., 1989; Bottero et al., 1993; Drits et al., 1993; Manceau
and Drits, 1993; Waychunas et al., 1996; Manceau and Gates,
1997; Brown et al., 1999). Iron- and aluminum-(oxy)hydrox-
ides (including ferrihydrite, goethite (�-FeOOH), and boehmite
(�-AlOOH)) can sequester a wide range of transition elements,
some of which are considered environmental pollutants. These
finely divided phases can also sequester strategic and highly
valuable elements such as gold (Schoonen et al., 1992; Gréffié
et al., 1996; Karasyova et al., 1998). Some of the great occur-
rences of gold are associated with iron-(oxy)hydroxides in
laterites or in gossans (see Machairas, 1963; Wilson, 1984;
Mann, 1984; Michel, 1987; Zeegers, 1987; Butt, 1988;
Benedetti and Boulegue, 1990; Grimm and Friedrich, 1990;
Colin and Vieillard, 1991; Fressinet, 1991; Bowell et al.,
1993a; Colin et al., 1989,1993; Sanfo et al., 1993). An im-
proved knowledge of the adsorption mechanisms of Au on iron
(oxy)hydroxides is, therefore, desirable to better understand the
nature of “ invisible gold,” and how to optimize its extraction
from such soils. This aspect is particularly important in devel-
oping countries where a number of micro-mining activities
currently result in the misuse of harmful chemicals (e.g., mer-
cury and cyanates) that have major impacts on the environment.

Previous studies of the adsorption of gold complexes on
minerals (Jean and Bancroft, 1985; Fedoseyeva and Strel’ tsova,
1987; Hyland and Bancroft, 1989; Mycroft et al., 1995; Widler
and Seward, 2002) have shown that gold species present in
solution can be reduced to metallic gold after exposure to
oxidizable mineral surfaces (i.e., electron donating) such as
metal sulfides. Gold can also be reduced and can precipitate by
reacting with Fe2�-bearing minerals or with Fe2� released by
the dissolution of such minerals (e.g., green rust-fougerite-
related phases; see Mann, 1984; Webster and Mann, 1984) or,
more importantly, with organic matter (such as fluvic and
humic acids) present in soils (see Machesky et al., 1992;
Bowell et al., 1993b; McInnes et al., 1996). The following
reaction describes the reduction of Au(III) to Au(0) by Fe2� in
solution:

AuCl4
� � 3Fe2� � 6H2ON Au0 � 3FeOOH

� 4Cl� � 9H� (1)

This reaction implies the simultaneous precipitation of gold and
iron oxide. Bowell et al. (1993b) showed that, under acidic
conditions, AuCl2

� and AuOH(H2O)0 aqueous complexes can
be reduced by fluvic acid to form highly mobile bioinorganic
gold colloids.

Adsorption of gold can also occur on redox-inactive mate-
rials such as alumina, kaolinite, hematite, and silica (see
Nechayev, 1984; Nechayev and Nickolenko, 1986; Fedoseyeva
and Zvonareva, 1988; Mitsyuk et al., 1991). Macroscopic stud-
ies of gold adsorbed on goethite and hematite surfaces (see
Machesky et al., 1991; Karasyova et al., 1998) suggest that
gold interacts with specific surface sites forming inner-sphere
species such as FeOHAuCl3 (for pH � 4) or Fe(OH)2Au(OH)2

(at higher pH values). However, this type of studies (macro-
scopic uptake and modeling) cannot verify a particular sorption
mode at the molecular scale. This can only be done using

appropriate molecular-scale spectroscopic or scattering meth-
ods such as XAFS spectroscopy or surface-sensitive 197Au
Mossbauer spectroscopy. For example, the interaction of gold
hydroxo-chloro complexes with Al/Fe-(oxy)hydroxides during
coprecipitation experiments was investigated using 197Au
Mössbauer spectroscopy (Gréffié et al., 1996). However, be-
cause the redox state of gold was not assessed in a variety of
Au-bearing iron-(oxy)hydroxides, the speciation of Au in these
iron-(oxy)hydroxides and its mode of sorption to the mineral
surfaces could not be derived using this method. On the other
hand, Au-LIII edge X-ray absorption fine structure (XAFS)
studies (including both the X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EX-
AFS) regions) are capable of identifying the speciation and the
mode of sorption of many elements, including gold, to mineral
surfaces (Brown, 1990; Farges et al., 1993; Berrodier et al.,
1998,1999; Heasmann et al., 1998; Brown and Parks, 2001).

XAFS studies of Au at the LIII edge are complicated because
of multi-electronic excitations and multiple-scattering events,
as well as the possibility of X-ray beam-induced photo-reduc-
tion of Au, that makes analysis of the XAFS spectra challeng-
ing. Similarly, modeling absorption process (using CD-MUSIC
methods, for instance; Hiemstra and van Riemsdijk, 1996;
Hiemstra et al., 1989a,b) is also complicated and requires great
care. Because of the variety of methods used in the present
study, we have divided it into two parts. The first part includes
a detailed description of the XAFS methods used to analyze
gold LIII XANES and EXAFS spectra in this study, including
an analysis of photo-reduction mechanisms, preedge features,
multi-electron excitations, and multiple-scattering using vari-
ous numerical tools such as principal component analysis
(PCA), spectral deconvolutions, and wavelet analysis of the
XAFS spectra. The first part also presents spectroscopic results
(XAFS and Raman scattering) for trivalent gold speciation in
solutions and on mineral surfaces.

2. EXPERIMENTAL

2.1. Starting Materials

Powdered goethite samples were prepared following the
procedures of Johnson (1990) and Venema et al. (1996) under
ambient conditions. Surface area determined using the
Brunauer-Emmett-Teller (BET) method employing N2 ranged
from 78.8 to 79.2 m2/g. Ferrihydrite (HFO) samples were also
prepared at room temperature in polyethylene bottles, follow-
ing two different protocols. One series of HFO samples was
prepared by mixing 40 g of Fe(NO3)3 · 9H2O in 0.5 L Milli-Q
water and dropwise addition of 330 mL of 1 mol/L KOH. The
KOH base was added to achieve a pH of 7–8. The solution was
stirred vigorously during the titration, centrifuged, and washed
repeatedly. A second set of HFO samples was prepared by
dissolving 10 g of FeCl3 in 250 mL Milli-Q water and adding
KOH, until pH reached 7–8. Low BET surface area (3.2 m2/g)
boehmite samples used in this study were kindly provided by R.
Gout via G. Morin (CNRS at the Laboratoire de Minéralogie-
Cristallographie, Universities of Paris 6 and 7; see Castet et al.,
1993, for details about these samples). In parallel, natural
ferrihydrite (from a brook seeping over weathered basaltic lava
of the Piton de la Fournaise volcano, Réunion Island, Indian

Ocean) was used for other adsorption experiments.
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Different gold stock solutions were prepared before the
adsorption experiments (see Tables 1, 2, 3, and for details). In
preparing the Au(III)/goethite adsorption samples, three stock
solutions of the following compositions were used: (1) [Cl]
� 0.1 mol/L and [Au] � 9 � 10�3 M, (2) [Cl] � 0.1 mol/L and
[Au] � 9.5 � 10�4 M, and (3) [Cl] � 0.01 mol/L and [Au]
� 3.45 � 10�3 M. For Au(III)/ferrihydrite adsorption samples
prepared with ferrihydrites synthesized using reagent-grade
iron(III) nitrate, three stock solutions of the following compo-
sitions were used: (1) [Cl] � 0.35 mol/L and [Au] � 3.0
� 10�3 M, (2) [Cl] � 0.02 mol/L and [Au] � 3.0 � 10�3 M,
and (3) [Cl] � 0.6 mol/L and [Au] � 6.0 � 10�3 M. For
Au(III)/ferrihydrite adsorption samples prepared with ferrihy-
drites synthesized using reagent-grade iron chloride, two stock
solutions of the following compositions were used (1) [Cl] �
0.5 mol/L and [Au] � 3.8 � 10�3 M, and (2) [Cl] � 0.03
mol/L and [Au] � 3.8 � 10�3 M. For the Au(III)/boehmite
adsorption samples, two stock solutions of the following com-
positions were used: (1) [Cl] � 0.1 mol/L and [Au] � 9.0 �
10�5 M, and (2) [Cl] � 0.01 mol/L and [Au] � 4.2 � 10�5 M.
We also reexamined several of the solutions studied by Farges
et al. (1993) and observed that after 10 yr of confinement in
air/light-sealed containers, the speciation of gold remains un-
changed. This finding suggests that the newer solutions pre-
pared before the adsorption experiments presented in the cur-
rent study are stable.

2.2. Adsorption Experiments

Various mixtures of gold-bearing solutions and Al/Fe-(oxy)-
hydroxides were stirred overnight at a given synthesis pH
(adjusted by 0.1 mol/L KOH and/or HNO3). Sorption kinetics
reported by Machesky et al. (1991) and Gréffié et al. (1996)
indicate that equilibrium should have been reached within 1 h
before XAFS data collection, the solutions were centrifuged at
13,000 g. The gold concentration in solutions before adsorption
experiments as well as in the supernatant solutions in contact
with the equilibrated adsorbents were analyzed using ICP-AES
(inductively coupled plasma atomic emission spectroscopy;
detection limits 50 nmol L�1; see Tables 1–4). The concentra-
tions of adsorbed Au on the sorbents were obtained by differ-
ence between the Au solution concentrations before and after
uptake and normalized to BET surface areas of 79 m2/g and 3.2
m2/g for goethite and boehmite, respectively. In the case of
HFO, a value of 600 m2/g was used as recommended by Davis
(1977) and discussed by Dzomback and Morel (1990). The
amount of adsorbed gold increases with increasing pH and
decreasing ionic strength (details in Berrodier, 2001) as previ-
ously reported by Machesky et al. (1991) and Karasyova et al.
(1998). No evidence for metallic gold formation was observed
in the samples examined here (the presence of metallic gold is
easily detectable by Au LIII-XANES spectra due to the much
lower amplitude white line and energy-shifted edge position
relative to Au(III)). Metallic gold was observed in several
series of samples by XAFS spectroscopy; these samples were
excluded from our study, the origin of that metallic “contam-
ination” identified, the samples resynthesized and XAFS data
recollected until a white line typical to Au(III) in position and

intensity was obtained.
2.3. Sample Characterization

2.3.1. X-ray methods

Before spectroscopic investigation, all solid samples were
characterized by X-ray diffraction methods and environmental
scanning electron microscopy (ESEM) to check for sample
homogeneity, crystallinity, and the presence of potential inclu-
sions of metallic gold at the spatial scale of observation of these
methods (dozens of �m to 0.01 �m). X-ray diffraction exper-
iments were conducted on a Siemens 501 diffractometer (CGI
facility, Ecole des Mines de Paris at Marne la Vallée), using Cu
K� radiation at 40 kV and 24 mA. Scans were collected over
the 2� range 2° to 62° (0.015° steps), using 1 s integration time
per data point. For goethites and boehmites, the diffraction
patterns are consistent with crystal structure refinements (Von
Hoppe, 1941; Reichertz and Yost, 1946; Szytula et al., 1968;
Gualtieri and Venturelli, 1999). The diffraction patterns for the
freshly synthesized HFOs have two broad bands centered near
2.4 and 2.1 Å, which are related to O-O and Fe-O pair corre-
lations, respectively (Drits et al., 1993).

2.3.2. Environmental scanning electron microscopy (ESEM)

ESEM images and semiquantitative elemental analyses were
conducted on an Electroscan apparatus (E3 type; at the CE-
SAM facility, Université de Marne la Vallée) under the follow-
ing conditions: electron accelerating voltage of 30 keV, sample
environment pressure of 0.01 atm, and detection using a sec-
ondary ion detection mode. Elemental analyses and imaging
were performed by monitoring the intensity of the L�/� X-ray
emission spectra of gold, performed on a 1 �m3 volume of
sample. Systematic mapping of the Au-content for most sam-
ples showed that gold was homogeneously distributed. No
metallic precipitate at the observation scale (0.5–50 �m) could
be observed in most samples, which is in agreement with
transmission electron microscopy (HRTEM) observations on
Au coprecipitated on HFO (Gréffié et al., 1996). However, in
some samples, precipitates of metallic gold were observed
(related to sample synthesis problems). Therefore, these types
of samples were excluded from further analyses.

2.4. Raman Scattering Spectroscopy

Unpolarized room temperature macro-Raman scattering
spectra were recorded on gold-bearing solutions to determine
qualitatively the gold speciation in solutions before and after
uptake, to compare with structural information from XAFS
spectroscopy, which averages the local environments for all
Au-species. We used a DILOR™ XY double subtractive multi-
channel Raman spectrophotometer (ITODYS facility at the
University of Paris 7) and collected the spectra between the
110–1100 cm-1 using a 1200 line/mm grating monochromator
and an ORTEC CCD nitrogen-cooled detector. Raman modes
were excited using the 514.5 nm line of an Ar� laser. Typical
recording conditions were 2–3 spectra with an incident laser
power of 0.4 W. Spectral analyses were performed using the
PeakFit package, by least-squares modeling of the experimental
spectra using gaussian-shaped bands, for which positions were
coarsely determined first from inspection of the second deriv-

atives of the raw signal.
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2.5. XAFS Spectroscopy

2.5.1. XAFS data collection

A first set of X-ray absorption fine structure (XAFS) spectra
was collected at the Stanford Synchrotron Radiation Labora-
tory (SSRL, SPEAR2 storage ring, Stanford, USA), at the Au
LIII edge (11,919 eV). Wiggler beam line 4–3 was used to
collect these spectra with samples at ambient (290 K) and low
temperatures (10 K, using a He-cooled cryostat). Either a
Stern-Heald-Lytle detector or a 13-elements solid-state Can-
berra Ge detector was used to monitor the L�/� fluorescence
arising from gold. A second set of XAFS spectra was collected
at 10 K on the EXAFS2 beamline at the Laboratoire pour
l’Utilisation du Rayonnement Electromagnétique (DCI storage
ring, LURE, Orsay, France) using a 7-element solid-state Can-
berra Ge detector. The SPEAR and DCI rings were operating at
3.0 and 1.8 GeV, respectively, with electron currents of 70–100
and 200–300 mA, respectively. The spectra were collected
using Si(220) and Si(311) double crystal monochromators,
respectively, at SSRL and LURE, detuned approximately 30%
to reject high energy harmonics from the incident beam. The
use of Si(111) monochromators would have resulted in more
severe degradation of the sample (by photo-reduction, as ex-
plained below, because of their higher flux than Si(220) for the
same spectrometer). Incident and transmitted X-ray fluxes were
measured using ionization chambers filled with N2. Fluores-
cence-yield spectra were measured using Ga and Ti filters to
help remove, respectively, elastic scattering and Fe-K� fluo-
rescence (in Fe-bearing samples). Energy calibration was mon-
itored using an Au foil (inflection point of the Au LIII edge was
set at 11,919 eV) placed in front of the I1 detector. Six to 15
scans were averaged for each sample to improve signal/noise
ratio, and each spectrum was checked for photo-reduction
effects (see below).

2.5.2. XAFS data analysis

XANES spectra were collected from 100 eV before to 250
eV after the Au-LIII edge, with 0.2 eV steps and 1 s/point
integration time. Resolution analysis at both SSRL and LURE
suggests that the Au-LIII edge core-hole lifetime (� 4.5 eV:
Krause and Oliver, 1979) is the main contributor to spectral
broadening (experimental broadening is � 1.2 eV on beam line
4–3 at SSRL, assuming also a 1 mm vertical slit opening before
the monochromator and the sample hutch, respectively). EX-
AFS spectra were collected from 300 eV before to 1000 eV
after the Au-LIII edge, with 2.5 eV steps (at LURE) or 0.04 Å�1

steps (at SSRL), and integration times ranging from 1 s/point
(just after the edge) to 5 s/point (at the end of each scan). To
control photo-reduction events, a higher number of scans was
collected per sample at a faster scanning speed rather than
using integration times above 5 s per data point. Au-LIII edge
XANES and EXAFS spectra were analyzed using the XAFS
package of Winterer (1996). Spectra were normalized in ab-
sorbance using a Victoreen function (for the region before the
Au-LIII edge) and a spline function (with 10 external double
knots) for the postedge region. Energies were converted into
k-space (k is the photoelectron momentum), with “E0” (i.e., the
energy where k is set to zero) arbitrarily chosen at the inflection

point of an error function used to model the edge jump. To
model first- or next-nearest neighbor contributions separately,
the k3-weighted spectra were Fourier transformed (FT) over the
k-range of 3 to 15Å-1, using a Kaiser-Bessel function with a �
value of 4, and back-Fourier transformed (FT�1) to extract the
FT-filtered EXAFS signal corresponding to either the first- or
next-nearest neighbors contributions. Both the normalized EX-
AFS and the FT-filtered EXAFS spectra were fitted using
least-squares methods (Levenberg-Marquardt). Most fits were
computed using normalized EXAFS spectra (least-squares fits
of noisy spectra, especially those of Au/boehmites, were based
on FT�1 spectra). An interpolation is required at some point in
the XAFS background fitting and subtraction procedure, result-
ing in a slight smoothing of the high frequency noise, which has
a slight effect on the normalized EXAFS spectra. For conve-
nience, we will present the normalized EXAFS spectra before
and after interpolation (the latter being used for fitting of the
spectra of adsorption samples). We used the curve-wave EX-
AFS formalism (Rehr et al., 1986; Crozier et al., 1988) to
derive the desired (average) structural information in k-space
around the central gold atom, which includes identification of
type of first- and next-nearest neighbor atoms, their number
(N), their average distance to the central Au, a Debye-Waller
type of factor (	2), and an anharmonic parameter (third cumu-
lant or C3). The 	2 and C3 parameters provide a measure of the
relative disorder (harmonic and anharmonic, respectively) in
the Au-O and Au-Cl pair correlations (relative to model com-
pounds). In fitting the background-subtracted and normalized
EXAFS of adsorption samples, backscattering phase-shift and
amplitude functions for the O/Cl first neighbors were extracted
from the EXAFS spectra of well-characterized crystalline
model compounds, such as Au2O3 (Jones et al., 1979) and
KAuCl4 · 2H2O (Theobald and Omrani, 1980). However, be-
cause of the lack of available model compounds, ab initio
backscattering phase-shift and amplitude functions for Al/Fe
second neighbors were calculated using FEFF 7 (Ankudinov et
al., 1988; Rehr et al., 1992). For these FEFF calculations, we
used the crystal structure of LaAuO3 (Ralle and Jansen, 1993)
that we modified by replacing La by Fe (or Al) and by adjusting
the unit-cell parameters to obtain a local structure around Au
consisting of corner-shared AuO4 and Fe/AlO6 polyhedra, with
Au-Fe/Al distances of 3.0–3.3 Å (as is also observed in our
Au-adsorption samples). Unfortunately, there are no AuFe-
containing model compounds available to our knowledge
(ICDS database), so we could not test the FEFF-calculated
model. However, the FEFF XAFS spectra calculated for vari-
ous model compounds of Au for which we have the experi-
mental spectra (Au(I)I, Au(I)Cl, Au(III)2O3, Au(III)(OH)3,
Au(III)Cl3, KAuCl4 · 2H2O) resulted in excellent results (see
later on Fig. 1c), suggesting that the XAFS spectrum calculated
for the hypothetical FeAuO3 structure is valid.

2.6. XAFS Spectral Artifacts

2.6.1. Identifying redox states of Au

As discussed previously (see Bassi et al., 1976; Lytle et al.,
1979; Watkins et al., 1987), the Au-LIII edge position shifts
dramatically with the redox state of gold (see Fig. 1a). Accord-
ingly, the edge position for Au(I) is shifted to higher energy

relative to that for metallic gold (by � 2 eV). However, the
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Fig. 1. (a) Au-LIII edge XANES spectra for Au-model compounds, showing the shift of the edge as a function of Au
oxidation state. Note the relatively low energy for Au(III) (as in Au2O3); (b) the model of the edge, assuming a pseudo-Voigt
for the “white-line (in fact, a preedge feature) and an arctangent for the edge jump; (c) theoretical XANES spectrum for
KAuCl4-2H2O calculated using Feff8.2, showing the need for self-consistent potentials (SCF) to model the “white line” (as
a preedge feature, or feature A). All other XANES features are obtained for a limited number of atoms (convergence was
reached for 26 atoms). Note that feature B is obtained for an AuCl4 cluster (“5 atoms”), suggesting that it is a good
spectroscopic signature for square-planar AuO4 moieties; (d) example of an photo-reduction experiment performed on a
Au(III)/ferrihydrite sorption sample collected at 290 K at SSRL; (e) photo-reduction kinetics, based on the two end members
Au(III) and Au(0), estimated using principal component analysis and target reconstruction methods. Under these conditions,
photo-reduction is observed to be negligible at 1 h or less of illumination by the incident X-ray beam; (f) spectral
deconvolution of the EXAFS spectrum collected for a Au(III)/goethite sorption sample, assuming a core-hole lifetime of
4.5 eV. The deconvolution enhances discrete features (indicated by arrows) such as multi-electronic excitations at k-values
close to those predicted by the GNXAS package (Benfield et al., 1994).
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edge position for Au(III) appears to be shifted to lower energy
(by � 2 eV) relative to Au(I). This unusual apparent shift is
explained by noting that the “white line” of gold is actually an
intense and poorly resolved preedge feature, as observed for
TiO4-bearing crystalline oxides (see Farges et al., 1996) or for
Br-containing aqueous solutions (Filipponi, 2000). Based on
this observation, a more accurate estimate of the position of the
LIII edge for Au(III) is determined by fitting a pseudo-Voigt
and an arctangent function to the proposed preedge feature and
edge jump, respectively (Fig. 1b). Based on this model, the
inflection point of that arctangent function is located at
11,926(1) eV in KAuCl4 · 2H2O. The new, corrected edge
position is 2 eV above that for Au(I) and 4 eV above that of
metallic gold, in good agreement with shifts in edge positions
for increasing oxidation states of other transition elements.
Assuming this model is correct, this preedge feature can be
related to electronic transitions from the initial 2p ground states
of Au to the partially empty 5d final states, possibly partially
hybridized by crystal-field effects. To support this model, ab
inito XANES calculations at the Au-LIII edge in crystalline
KAuCl4 · 2H2O were made using FEFF8 (version 8.20x8:
Ankudinov et al., 1998) (Fig. 1c). We used self-consistent
Hedin-Lunqvist potentials and the full multiple scattering
(FMS) method, based on the crystal structure of KAuCl4
· 2H2O (Theobald and Omrani, 1980). The calculated spectra
show that the “white line” feature is reproduced only if self-
consistent potentials are used within a cluster of at least 26
atoms around the central Au (cutoff radial distance of 5 Å).
Analysis of the 12 self-consistency loops during this calcula-
tion showed that FEFF8 predicts a formal charge of � 0.4 for
the central Au (the trivalent state being the nominal charge).
This value is similar to the charge of � 0.54 predicted for Au
in a square-planar complex of oxygens using 82% covalent
character for the Au-O bond (calculated using Pauling electro-
negativities for Au and O) and a bond valence of 0.75 vu for the
Au-O bond. As a result of this reduction in charge, the Fermi
level is shifted by �5 eV, and the electronic transition to the
first empty 5d levels is observed as an intense feature located 5
eV below the Fermi level for metallic gold. Using this reduced
charge on the central Au, the FEFF8.2 calculation confirms that
the LIII XANES of Au(III) is composed of an intense preedge
feature with a natural width that prohibits straightforward de-
termination of edge position.

2.6.2. Monitoring the photo-reduction of gold

Oxidized species of gold (e.g., Au(I) and Au(III)) are highly
sensitive to energetic photons and may undergo photo-reduc-
tion. X-ray beam-induced photo-reduction could, therefore,
interfere with the objective of our study: to determine the
nature of Au(III) adsorption complexes on common soil min-
eral surfaces. In our samples, we observed that the photo-
reduction of Au(III) resulted in the formation of metallic gold,
which has distinct XANES and EXAFS features as compared
to Au(III), including the edge position as explained above.
Therefore, we conducted deliberate photo-reduction experi-
ments under controlled conditions of X-ray photon flux and
time on a variety of samples (mostly Au(III) adsorbed on
goethite and ferrihydrite) to monitor these effects. The progres-

sive reduction of gold can easily be identified by a slight, but
constant decrease in the normalized intensity of the “white
line,” and by a shift in its position by � �1 eV (Fig. 1d). Based
on these results, the amount of trivalent gold that underwent
photo-reduction was estimated from a principal component
analysis (PCA) to be �50 atom% of the initial gold after 10 h
of synchrotron X-ray beam illumination at SSRL on beam line
4–3 (Fig. 1e). Fortunately, by using a He-cooled cryostat,
photo-reduction could be reduced to a level not detectable by
XAFS methods over the time frame of these experiments.
Similarly, photo-reduction was not detectable in EXAFS spec-
tra taken on the EXAFS2 beamline at LURE, while only a few
minutes of exposure was long enough to photo-reduce gold on
an undulator beamline on a third generation synchrotron source
such as the ESRF or APS.

2.6.3. Multi-electron excitations

Benfield et al. (1994) have identified two weak, but signifi-
cant, multi-electron excitations (MEE) in the Au-LIII edge
EXAFS region in crystalline KAuCl4 · 2H2O. The most im-
portant one (labeled [2p5f] in their paper) is a 5f 3 n
 elec-
tronic transition, promoted by the more probable 2p 3 n

transition (the origin of the main LIII edge). This additional
transition will, therefore, be present in any EXAFS spectrum
collected at the LIII edge of Au(III). Despite the fact that such
a transition should have the shape of a weak absorption edge,
it is present as an interfering shoulder near 5.5 Å�1 in the
spectrum of KAuCl4 · 2H2O. Such a feature cannot be properly
modeled using most XAFS software packages, with the notable
exception of the GNXAS code (Filipponi et al., 1991, Filip-
poni, 2000) or Viper (Klementiev, 2000). Using Viper, we
deconvoluted a normalized EXAFS spectrum for a sample of
goethite with adsorbed Au (sample G5, pH 7, discussed later),
assuming the core-hole lifetime broadening for Au at the LIII

edge to be 4.5 eV (Krause and Oliver, 1979) (Fig. 1f). Core-
hole lifetime deconvolution strongly affects the k-region of the
EXAFS near 2.4 and 5.0 Å�1, in fair agreement with Benfield
et al. (1994) on Au(III)-bearing model compounds. Consistent
with previous studies (e.g., see Solera et al., 1995), we ob-
served that the influence of these features on the way that
backgrounds and atomic absorption are fitted to EXAFS spectra
is limited to some distortion in the normalizing baseline. Such
errors in the baseline may result in “ low frequencies” in the
Fourier Transform, which are located well before the first-
neighbor contribution (i.e., below 1 Å in the FT). However, we
found that the EXAFS-derived parameters for model com-
pounds (such as Au2O3, AuCl3 or KAuCl4 · 2H2O) are not
significantly affected by these MEE features, even though the
calculated model is not accurate in the 5.0–5.5 Å region where
MEE occurs.

2.6.4. Multiple scattering interferences

Multiple-scattering (MS) paths of the photoelectron are sig-
nificant in the case of Au(III) located in a square-planar geom-
etry (Farges et al., 1993; Benfield et al., 1994). Because of these
extra paths, MS contributions related to the C4V geometry can
be observed in the FTs at higher R-values than the regular,
more probable single-scattering (SS) paths (i.e., the main con-

tribution related to first neighbors in the FT). Using the FEFF
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code (versions 7.02 and 8.25: Ankudinov et al., 1998), we were
able to estimate the magnitude of these effects in the XANES
and EXAFS spectra. As outlined previously (Farges et al.,
1993; Benfield et al., 1994), a MS feature related to O/Cl first
neighbors can be observed in the XANES spectra of most
Au(III)-bearing compounds, as confirmed by ab initio full
multiple-scattering XANES calculations (using FEFF8.2 5; see
Fig. 1c). Therefore, this feature is a qualitative, but straightfor-
ward, preliminary indication of Au(III) speciation in the un-
known samples. In the case of Cl first neighbors (as in KAuCl4
· 2H2O), this feature is intense and located near 11,935 eV. In
the case of oxygen ligands around Au(III), this feature is much
smaller and shifted by 9 eV to higher energy (11,944 eV).
Similarly, the position of the “white line” is shifted from
11,922 to 11,924 eV from gold-chlorides to gold-oxides, in
agreement with observations at the LIII edge of Pt in glasses
(Farges et al., 1999). The greater atomic number and ionic
radius of Cl relative to oxygen results in larger backscattering
amplitude and larger effective multiple-scattering distance, re-
spectively. Hence, both a higher intensity for this feature and a
shift toward lower energies (as compared to oxygen ligands)
are predicted (because E � 1/R2, in which E and R are the
energy position of the feature considered and an effective
distance R). This prediction is consistent with the XANES
measurements on Au-containing model compounds. With
FEFF, we estimated the relative importance of MS contribu-
tions to the EXAFS region in several model compounds (see
Figs. 2a–c). These calculations show, that among the many
possible photoelectron scattering paths, two particular paths
contribute significantly (see Berrodier, 2001, for details). First,
a triangular order-3 path (i.e., Au3X3X3Au, with X � O
or Cl) is predicted, with an effective distance of 3.4 Å and 3.9
Å for O and Cl neighbors, respectively (its relative importance
compared to the single-scattering Au3X3Au is 10%). Sec-
ond, an order-3 path (i.e., Au3X3X3Au, with X � O or Cl)
is observed with an effective distance of 4.0 Å and 4.6 Å for O
and Cl neighbors, respectively (its relative importance com-
pared to the single-scattering Au3X3Au is 20%). Finally, an
order-4 path (X 171 Au 171 X) is also noteworthy, with an
effective distance of 4.0 and 4.6 Å for O and Cl neighbors,

Fig. 2. (a) left: XANES for selected model compound
scattering (MS) feature related to first neighbors around A
signal for single-scattering (order 2) and multiple scatterin

of the EXAFS spectra presented in (b), showing the relative imp
respectively (with a relative importance compared to the single-
scattering Au3X3Au of 50%). The relative intensity of these
MS contributions is enhanced in the presence of Cl first neigh-
bors (instead of O), and in the case of square-planar environ-
ments with only small distortions (as in KAuCl4 · 2H2O). The
MS contributions near 3.4 Å might, therefore, interfere with the
SS signal arising from next-nearest neighbors (Al/Fe) in (oxy)-
hydroxides on which Au is adsorbed. Thus, all models of the
medium-range environment of Au in these oxy-hydroxides
included one or two extra contributions related to MS arising
from first neighbors.

2.6.5. Wavelet analysis of Au-LIII EXAFS spectra

Wavelet analyses (see Muñoz et al., 2003, for a discussion of
this method) was conducted for EXAFS spectra collected at the
Au LIII edge in a number of Au(III)-bearing aqueous solutions
and Au(III)/goethite adsorption sample (such as sample G6,
synthesized at pH 7.9; see later). In brief, a wavelet diagram
shows the (k,R) dependence of information derived from an
EXAFS spectrum. Any increment in k-space (�k) is repre-
sented as a function of the R-space (�(R��R)) by infinitesimal
FT analysis, and the third dimension is given by the modulus of
each {�k, �(R��R)} pixel component (Muñoz et al., 2003).
Figure 3 shows the wavelet analysis performed on a sample of
Au(III) adsorbed on goethite (Fig. 3b is a 3D view of the
wavelet diagram presented in Fig. 3a). In this adsorption sam-
ple, Au is surrounded by oxygen first neighbors (no detectable
chlorine first neighbors). Examination of Figure 3a shows that
the single-scattering Au-O contribution has an edge crest that is
horizontal in (k, R) space (the EXAFS frequency varies linearly
with k). This suggests that few anharmonic effects affect the
data. Furthermore, the oxygen first neighbors also generate
some multiple-scattering features as suggested by the presence
of a large feature in the k � 3–6 Å�1, R � 3 Å region. From
these MS features, one can infer from the EXAFS region that
Au(III) occupies a square-planar geometry in the adsorption
sample (FEFF MS calculations suggest that other possible
geometries, like Td, do not induce much MS). Also, for the
sample with Au(III) adsorbed on goethite, the EXAFS spec-

ing the shift of the “white line” (w-l) and the multiple-
iddle: theoretical calculations (FEFF8.2) of the EXAFS

rs 3 and 4) arising from an AuO4
� cluster; (c) right: FTs
s, show
u; (b) m
g (orde
ortance of MS paths as compared to SS paths.
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trum was collected out to k � 15.5 Å�1. For the Au-O pair
correlation, however, the collection of EXAFS data to k � 13
Å�1 would have been statistically sufficient, as more than 99%
of the integrated area for the Au-O contribution is observed as
a single large spot in the k � 1–15 Å�1; (R��R) � 1.5 Å
region (Fig. 3b). In order for this last statement to be valid, the
EXAFS spectrum was not convoluted with the Kaiser-Bessel
window function before being wavelet-transformed, to avoid
artificial minimization of the amplitude of the experimental
EXAFS spectrum at its borders (near k� 1 and 15 Å�1).
Second-neighbor Fe can be observed near (R��R) � 3 Å in

Fig. 3. (a) left: Wavelet Transform (WT) plot for an
momentum vector (k) plotted along the abscissa and the d
plotted along the ordinate. (b) right: reconstructed surface
three types of contributions around Au(III) can be visual
(2) single and multiple-scattering Au-O features, and (3) A
of 15.5 Å). The modeled edge for the first neighbors (dotte
of neighbors.
the wavelet transform. For these second neighbors, the majority
of their EXAFS signal is observed for k-values between13 and
16 Å�1. If EXAFS data had been collected only to k � 13 Å�1

(as is often done in many EXAFS experiments, typically be-
cause of the significant extra time required for collecting higher
k-range EXAFS data and the limited amount of beam time
allocated for most experiments at synchrotron light sources),
the structural information for these next-nearest neighbors
would have been much less robust (only 1/4 of the actual Au-Fe
contribution would have been measured).

Finally, the EXAFS contribution arising from these second
neighbors interferes strongly with the MS features from the O

-bearing goethite sample (sample G6-pH 7.9), with the
ce distance (R��R, i.e., uncorrected for phase-shifts, �)
WT, using false gray levels for the WT magnitude. The

sily and consist of (1) harmonic Au-O pair correlations,
ext nearest neighbor contributions (important to k values
s “horizontal enough” to indicate an harmonic Au-O shell
Au(III)
irect spa

of the
ized ea
u-Fe n

d line) i
first neighbors. This is true because the Au-O (MS) and the
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Au-Fe (SS) occur at nearly the same (R��) values. As a result,
a large destructive interference occurs between the EXAFS
contributions from these two sources, which can be viewed (as
“�c” Fig. 3b) between 9 and 11 Å�1 as a “hole” in the wavelet
transform magnitude. As a consequence, the FT-magnitude
does not show these details, which makes any FT-peak assign-
ment unreliable. Although the structural environments for Au
presented in this paper are based on wavelet transforms, for
clarity, we present the corresponding FTs. Figure 4 shows
typical fits computed for two Au-bearing goethites, in which we
fit first oxygen neighbors (single- and multiple-scattering con-
tribution of orders 3 and 4) as well as two Au-Fe shells of next
nearest neighbors. However, we will show that these distant
Au-Fe contributions (such as that presented in Fig. 4) are, most
likely, modeled too simplistically. However, current EXAFS
software does not appropriately compute disorder effects in the
medium-range environment around any type of absorbing atom
(usually resulting in severely underestimated distances and
number of neighbors: see Crozier et al., 1988). We will make
use of reverse Monte Carlo models to demonstrate how disor-
der effects impact any modeling of the medium-range environ-
ment around an atom that is computed using conventional
EXAFS data analysis methods (such as that presented in
Fig. 4).

3. RESULTS

3.1. Goethites

3.1.1. Raman scattering spectroscopy of Au-containing
solutions

The spectral region showing stretching modes of the Au-Cl
and Au-OH bonds is between 300 and 400 cm�1 (see Fig. 5a).
The intensity of these bands decreases dramatically with in-
creasing pH (Peck et al., 1991; Murphy et al., 1998). At pH 2,
deconvolution of this spectral region resulted in two bands (325
and 347 cm�1) that were assigned to vibrational modes related
to the AuCl4

� moiety. These two Raman bands have been

Fig. 4. Example of EXAFS models calculated for two goethites
(samples “G3” and “G5”) at the Au-LIII edge. When Au shows a mixed
O/Cl environment (left), multiple scattering is less significant (as ob-
served directly using wavelet analysis) and, therefore, can be excluded
from the model. In contrast, samples equilibrated at higher pH (right)
show single-(SS), and multiple-scattering (MS) contributions arising
from oxygen first neighbors, both of which are significant. For both
models, two shells of neighboring Fe (near 3.1 and 3.3 Å) are required

to model the experimental data (top curves).
calculated from first principles to occur at 323 and 353 cm�1

(Tossel, 1996), which is consistent with the results of Peck et
al. (1991) and Murphy et al. (1998) who observed bands at 324
and 347 cm�1 and at 325 and 348 cm�1, respectively, for
similar Au-bearing solutions at pH 2. Another small contribu-
tion located at 333–335 cm�1 was assigned to vibrational
modes related to the AuCl3OH� moiety. The vibrations char-
acteristic of this moiety are predicted to occur at 324, 341, and
352 cm�1 (Tossel, 1996). At higher pH (4), these three bands
are again observed in the solutions studied. However, the
relative intensity of the band related to the AuCl3OH� species
is much higher as compared to that at pH 2. At pH 6, two bands
are detected, which are located at 338 and 354 cm�1. These
Raman bands are characteristic of the AuCl2OH2

� moiety,
following the Raman studies conducted by Peck et al. (1991)
and Murphy et al. (1998), who observed these bands at 337 and
354 cm�1. However, Tossell (1996) predicted that these bands
should be located at slightly lower energies, namely 317 and
328 cm�1. At pH 7, two bands are observed at 338 and 355
cm�1, and their intensity is much lower than those measured
for Au-bearing solutions at pH 6 (and the signal-to-noise ratio
is dramatically lower). The band at 356 cm�1 was assigned by
Peck et al. (1991) and Murphy et al. (1998) to the AuClOH3

�

moiety, which differs quite significantly from the prediction of
Tossel (1996) (321 cm�1). As theoretical calculations of Ra-
man scattering are still subject to some computational assump-
tions, we follow the empirical assignments of Peck et al. (1991)
and Murphy et al. (1998) for the various bands associated with
Au-O and Au-Cl vibrations. Thus, our Raman scattering study
suggests that our starting Au-bearing solutions show gold spe-
ciation consistent with those of past studies (Peck et al., 1991;
Murphy et al., 1998), although the Au/Cl concentrations are not
fully comparable.

3.1.2. XANES for the solutions, before and after uptake

The Au-LIII XANES spectra of gold-bearing solutions con-
firm the change in Au-speciation with pH (with Au remaining
trivalent in all cases studied). As seen in Figure 5b, for solu-
tions containing 0.01 mol/L [Cl] and 3.45 � 10�3 M [Au] (pH
� 5), the Au-LIII edge XANES spectra have multiple-scattering
(MS) features located at 11,940 eV, typical of the AuCl4

�

moiety (see Farges et al., 1993). In contrast, at higher pH values
(�5), the XANES spectra for solutions show MS features
related to O-rich environments around Au(III). The same trends
are observed for solutions containing 0.1 mol/L [Cl] and 9.5
� 10�4 M [Au] (Fig. 5c). We also collected Au-LIII edge
XANES spectra for selected supernatants (0.01 mol/L [Cl] and
3.45 � 10�3 M [Au]), after Au uptake by goethite (Fig. 5d). In
this series of solutions, there are no significant spectral differ-
ences relative to the corresponding initial solutions, suggesting
that no significant change in the speciation of gold occurred
during uptake (e.g., no evidence for metallic gold formation).

3.1.3. XANES of the Au(III)-bearing goethites

The Au-LIII XANES spectra for Au adsorbed on all goe-
thite samples studied here show an intense “white line” that
we attribute to an intense preedge feature, suggesting the

presence of Au(III). This feature for all Au(III)/goethite
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adsorption samples has the same position and relative inten-
sity as that observed in KAuCl4 · 2H2O and Au2O3, sug-
gesting that X-ray beam-induced photo-reduction of Au(III)
was minimum for all samples (Figs. 6a–c). Thus, Au re-
mained in the trivalent state in most samples during XAFS
data collection. At high pH synthesis values (�6), the Au-
LIII XANES spectra of gold adsorbed on goethite are similar
to that for crystalline Au2O3 (i.e., similar MS feature),
suggesting the presence of AuO4 units in these samples. In
contrast, at low pH values, the XANES spectra show two

Fig. 5. (a) Raman spectra of a gold chloride solution w
gold chloride solution with 0.01 mol/L [Cl] and 3.45 mM
mol/L [Cl] and 0.95 mM [Au]; (d) XANES spectra of go
3.45 mM [Au].
MS features, suggesting the presence of a mixed O/Cl en-
vironment around Au. When compared to the solutions
before and after adsorption (Figs. 5c,d), there are clear
differences in the XANES for acidic solutions, related to the
MS feature located near 11,940 eV. These spectral differ-
ences suggest that large changes in the coordination envi-
ronment of Au(III) have occurred as a result of adsorption at
the mineral/water interface. These changes suggest that
more O than Cl ligands are present around Au(III) on the
goethite surface (as compared to the corresponding aqueous
Au). However, these changes are minor for most of the

mol/L [Cl] and 3.45 mM [Au]; (b) XANES spectra of a
(c) XANES spectra of a gold chloride solution with 0.1
upernatant with initial conditions of 0.01 mol/L [Cl] and
ith 0.01
[Au];

ld in a s
samples (i.e., at pH above 6).



ot be de

3029Mechanics of Au sorption on Al/Fe oxy-hydroxides
3.1.4. EXAFS for the first neighbors

Figure 7a shows k3-weighted, background-subtracted EX-
AFS spectra for selected Au-bearing goethites, and the corre-
sponding FTs are shown in Figure 7b. In Au(III)/goethite
adsorption samples, the FT shows one main contribution for
first neighbors, located at the same distance as for Au(III) oxide
and chloride model compounds, suggesting the presence of
Au-O/Cl bonds, depending on the sample synthesis conditions.
A low pH, this first-neighbor contribution splits into two com-
ponents (Fig. 7b,d), related to the presence of a shell of first
neighbors containing both O and Cl. Table 1 gives the refined
EXAFS parameters for these Au-O/Cl contributions (see Fig. 8)
for the best fits obtained for these spectra). In all samples, the
mean Au-O and Au-Cl distances (when measurable) are about
the same, i.e., 2.00(2) and 2.28(2) Å, respectively. These dis-
tances are typical of 4-coordinated Ausquare-planar complexes
(see Farges et al., 1993). The AuX4 (with X�O and/or Cl)
polyhedra show very little radial distortion, as indicated by a
Debye-Waller factor 	2 and an anharmonic parameter C3 (rel-
ative to respective model compounds) that are near zero. In
addition, the number of O/Cl first neighbors around Au depends
on both the pH and the Cl-concentration in the original Au-
bearing solution. As compared to the solutions, the relative
number of oxygen first neighbors is much greater for the
Au(III)/goethite adsorption samples (AuCl4

� moieties were not
observed in any of these samples).

3.1.5. EXAFS for the next-nearest neighbors and MS
interferences

The FT for the various samples of gold-bearing goethites
show three contributions arising from Fe second and third
neighbors as well as the MS contribution from the square-
planar moieties. Results of the modeling of these three contri-

Fig. 6. (a) XANES spectra of gold adsorbed on goethite
XANES spectra of gold adsorbed on goethite from a solu
spectra of gold adsorbed on goethite from a solution con
the presence of the MS features related to either Cl and O
requires zooming and analysis of first derivatives that cann
butions for selected goethites are similar (within errors). In all
samples, the Au-Fe distances are observed near 3.1(1) and
3.3(1) Å (distances corrected for phase-shifts). Only, the rela-
tive magnitude of such contributions varies (higher in goethite,
lower in HFOs). In fact, disorder effects in the medium-range
environment of Au on goethite are potentially very large (due
to goethite surface relaxation and the presence of an amorphous
fluid, water, which “ randomize” the way gold atoms adsorb on
the surface. Because of these potential artifacts, the use of
standard EXAFS modeling method is not recommended be-
cause the so-called “harmonic approximation” is no longer
valid (hence, EXAFS data analysis software lacking anhar-
monic analysis capabilities should not be used for analyzing
such data). If disorder effects are not taken into account, the
distances and number of neighbors obtained in EXAFS analysis
can be severely underestimated (up to 50%: see, e.g., Crozier et
al., 1988; Farges and Brown, 1996). The problem encountered
in the present study is that currently available anharmonic
methods are difficult to apply to the adsorption of metal cations
on an oxide surface because the magnitude and shape of the
distance distribution in the medium-range environment around
the adsorbed cation (here, Au) is unknown. Other methods have
to be used to obtain a more robust picture of disorder effects.
To address this issue, we present Reverse Monte Carlo simu-
lations in the discussion section that confirm the presence of
severe radial disorder around Au on the surface of goethite.
These simulations indicate that quantification of the next-near-
est neighbor environment of iron around Au cannot be modeled
accurately using conventional EXAFS data analysis methods.
As a consequence, we will not present the EXAFS-derived
structural information obtained for Au-Fe pairs in the different
goethite samples (nor that for Au-Al pairs in boehmite or
Au-Fe pairs in ferrihydrites) because the various models con-
verged to similar Au-Fe distances within errors (see Fig. 4) for

solution containing 0.1 mol/L [Cl] and 9.0 mM [Au]; (b)
ntaining 0.1 mol/L [Cl] and 0.95 mM [Au]; (c) XANES
0.01 mol/L [Cl] and 3.45 mM [Au]. The arrows indicate
ighbors (these features are indicated as their observation
tailed here; see Farges et al., 1993, for more information).
from a
tion co

taining
-first ne
a example of detailed analysis).
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3.2. Au(III)/boehmite adsorption samples

The Au-LIII XANES spectra of Au(III)/boehmite adsorption
samples (pH 6 to 8: Fig. 9a) are similar to that measured for
crystalline Au2O3, which suggests an environment similar to
that in AuO4 units (including also Au(OH)4, as protons do not
contribute significantly to XAFS spectra). These XANES re-
sults are consistent with the analysis of the EXAFS spectra
(Fig. 9b) and their corresponding FTs (Fig. 9c). For both series
of Au(III)/boehmite adsorption samples (the first series was

Fig. 7. (a) k3-weighted EXAFS spectra of gold adsorbe
mM [Au]; (b) Fourier Transform of the k3-weighted EXAF
0.1 mol/L [Cl] and 0.95 mM [Au]; (c) k3-weighted EXAF
0.01 mol/L [Cl] and 3.45 mM [Au]; (d) Fourier Transform
from a solution containing 0.01 mol/L [Cl] and 3.45 mM
prepared from solutions containing 0.1 mol/L [Cl] and 9.0
� 10�5 M [Au]; the second series was prepared from solutions
containing 0.01 mol/L [Cl] and 4.2 � 10�5 M [Au]), we
observe only O first neighbors in the short-range environment
of Au, with EXAFS-derived structural parameters (see Fig. 9d
and Table 2) consistent with fairly regular square-planar Au-O4

moieties. In these samples, the FTs of the EXAFS spectra (Figs.
9b,c) also show two contributions, which arise from Al second
neighbors located at 3.0 (1) and 3.2 (1) Å (distance are cor-
rected for phase-shifts). A third contribution, related to MS

˚

ethite from a solution containing 0.1 mol/L [Cl] and 0.95
ra of gold adsorbed on goethite from a solution containing
a of gold adsorbed on goethite from a solution containing
k3-weighted EXAFS spectra of gold adsorbed on goethite
d on go
S spect

S spectr
of the
[Au].
inside the AuO4 units is also observed near 4.0 (1) A. In some
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boehmite samples, in which X-ray beam-induced photo-reduc-
tion was always significant, a contribution arising from metallic
gold is observed near 2.87 (5) Å.

3.3. Au(III)/ferrihydrite adsorption samples

Different Au(III)/ferrihydrite adsorption samples were pre-
pared as a function of pH (see Table 1 for synthesis details for

Table 1. Synthesis conditions and EXA

Sample pHa
[Au]b

(%)
[Au]c

(mmol/m2)
Type and num

first neighb

0.1 M [Cl]
G2 4.10 1.09 0.697 O

Cl
G3 5.05 2.41 1.53 O

Cl
G1 6.02 5.29 0.335 O
G0 7.15 n.m.d n.m. O
G4 8.70 4.80 0.304 O

0.1 M [Cl]
G1 5.00 0.913 0.058 O

Cl
G4 5.85 1.61 0.102 O

Cl
or
O

G5 7.01 1.42 0.090 O
G6 7.90 1.44 0.091 O

0.01 M [Cl]
G7 4.1 1.86 0.118 O

Cl
G8 4.82 3.40 0.215 O

Cl
G9 6.00 3.14 0.199 O
G10 6.94 3.90 0.247 O
G11 7.93 3.46 0.219 O
Error 0.02 0.01 0.003

a pH after equilibration between the solid and the solution.
b [Au] concentration in the solid phase in % (i.e., g of Au per 100
c Calculated using specific surface areas from BET experiments (i.e
d n.m. � not measured.

Fig. 8. Fits of k3-weighted EXAFS spectra for gold adsorbed on
goethite from a solution containing 0.1 mol/L [Cl] and 0.95 mM [Au];
(b) Fits of k3-weighted EXAFS spectra for gold adsorbed on goethite

from a solution containing 0.01 mol/L [Cl] and 3.45 mM [Au].
the three series of HFO adsorption samples investigated). Two
series of HFOs were synthesized using iron chloride starting
materials, and three series of HFOs were prepared from iron
nitrate starting materials. The XAFS-derived structural details
of the Au(III) adsorption products are given below.

3.3.1. Local environment of Au(III) adsorbed on HFOs
synthesized from iron nitrate

As for the Au(III)/goethite adsorption samples, the Au-LIII

edges collected for various types of Au(III)/HFO adsorption
samples do not show any significant changes in energy position
and white line height as compared to those for Au(III)-models
compounds (see Figs. 10a, 11a, 12a), suggesting that gold
adsorbed on these HFO samples is dominantly Au(III). Gold
adsorption experiments performed on natural HFOs resulted in
the presence of dominant amounts of nano-crystallized metallic
gold (the XANES spectra are not reported here, see Berrodier,
2001, for details); we attribute this metallic gold to the presence
of reducing organic matter as evidenced by IR spectroscopy in
these natural HFO materials from the Reunion Island (IR
spectra not shown).

At high pH values (�6), the Au-LIII edge XANES spectra of
Au(III)/HFO adsorption samples are similar to that for crystal-
line Au2O3, suggesting that the first-shell coordination envi-
ronment around Au(III) in the adsorption samples consists of
dominantly oxygens ligands arranged in a square-planar geom-

meters for gold adsorbed on goethites.

d(Au-X)
(Å)

�	2 � 10�3

(Å2)
�C3 � 10�4

(Å3) �E0 (eV)

mM [Au]
2.00 0 0 0
2.31 0 0 0
2.00 0 0 0
2.29 0 0 0
1.99 0 0 �0.9
2.00 0 0 �0.2
1.99 0 0 �1.2

5 mM [Au]
2.01 0 0 �3.0
2.27 0 0 �2.0
2.03 0 0 0.5
2.29 0 0 �3.0

2.02 0 0 �1.5
2.01 0 0 �1.1
2.00 0 0 �2.2

5 mM [Au]
2.01 0 5 �2.6
2.30 0 7 �2.3
2.01 0 0 �0.2
2.28 0 0 �3.0
1.99 0 0 �3.0
2.01 0 0 �1.3
2.00 0 0 �1.7
0.02 0.001 0.0001

eight goethite).
2g�1).
FS para

ber of
ors

and 9.0
2.1
2.1
4.4
0.4
4.1
4.1
3.8

and 0.9
2.33
1.90
4.12
0.10

3.70
4.44
3.98

and 3.4
3.23
1.08
3.71
1.09
4.22
3.82
3.98
0.5

g dry w
., 79 m
etry. In contrast, for adsorption samples synthesized at more
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acidic pHs (0.35 mol/L [Cl], pH � 5), the Au LIII-edge XANES
spectra indicate a mixed Cl/O environment around gold (still
having C4v point symmetry). For Au(III)/HFO adsorption sam-
ples prepared with a 0.02 mol/L [Cl] gold-bearing solution,
chloride ligands are detected only at pH 4. For the series of
Au(III)/HFO adsorption samples equilibrated with a 0.02 mol/L
[Cl] gold-bearing solution, a mixed O/Cl environment is also
detected at pH 3.85, whereas only oxygen ligands are present
around Au at pH 6.2 and 7.4.

Selected EXAFS spectra for two series of Au(III)/HFO ad-
sorption samples (0.35 mol/L [Cl] and 3.0 � 10�3 M [Au],
0.02 mol/L [Cl] and 3.0 � 10�3 M [Au]) and their correspond-
ing FTs are presented in Figures 10b,c. Results of the least-

Fig. 9. (a) XANES spectra of gold adsorbed on boehm
[Au] and 0.01 mol/L [Cl] and 4.2 � 10�5 M [Au]; (b) k
Fourier Transform of the k3-weighted EXAFS spectra of go
for gold adsorbed on boehmite.
square fitting of the FT-filtered EXAFS spectra for the first
shell of neighbors around Au in our Au(III)/HFO adsorption
samples are reported in Table 3 and Figure 10d. At pH 4 and for
0.35 mol/L [Cl], a mixed O/Cl environment around gold is
observed with � 2 oxygen atoms and � 2 chlorine atoms (�3
oxygen atoms and �1 chlorine atom at pH 5.) At pH values of
7.9 and 9.4, only AuO4 units are detected (which includes
Au(OH)4 moieties as well). The average Au-O/Cl distances
were refined at 2.00(2) and 2.28(3) Å, respectively. These
distances are close to those observed for Au-O and Au-Cl in
model compounds (Au2O3 and KAuCl4 · 2H2O). As for the
Au(III)/goethite and Au(III)/boehmite adsorption samples,
these AuX4 (with X � O and/or Cl) moieties show small (if not
zero) values for the 	2 and C3 values (relative to model com-

solutions containing 0.1 mol/L [Cl] and 9.0 � 10�5 M
hted EXAFS spectra for gold adsorbed on boehmite; (c)
rbed on boehmite; (d) Fits of k3-weighted EXAFS spectra
ite from
3-weig
ld adso
pounds), suggesting very limited disorder and anharmonicity.
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At pH 3.85 (0.017 mol/L [Cl] and 3.0 � 10�3 M [Au]), a mixed
O/Cl environment (� 3/1) is detected, whereas only O first
neighbors are detected at higher pH values (see Table 3 and
Figs. 10b–d).

We also tested the effect of keeping the [Au]/[Cl] ratio
constant and increasing [Au] and [Cl], (the two series studied
were: 0.35 mol/L [Cl] and 3.0 � 10�3 M [Au], and 0.6 mol/L
[Cl] and 6.0 � 10�3 M [Au]). The XAFS experiments con-
ducted for the most concentrated Au(III)/HFO adsorption sam-
ples yielded results consistent with those of the more dilute
Au(III)/HFO adsorption samples. Also, the Au(III)/HFO ad-
sorption sample prepared at pH 6.2 (0.6 mol/L [Cl]) has an
EXAFS signal intermediate between that collected for the
Au(III)/HFO sample at pH 5 (0.35 mol/L [Cl]) and the Au(III)/
HFO sample at pH 7.9 (0.35 mol/L [Cl]), which corresponds to
a 3/1 O/Cl environment. Similarly, at pH 4.5 (0.6 mol/L [Cl])
and at pH 4.2 (0.35 mol/L [Cl]), a mixed O/Cl environment
(O/Cl: 2/2) is detected around Au. As for the other Au(III)/HFO
samples, the Au-O and Au-Cl distances are constant irrespec-
tive of the moieties present: 2.00(2) and 2.28(3) Å, respec-
tively. Again, the Debye-Waller factor, 	2, and anharmonic
parameter, C3, (both relative to respective model compounds)
are low, suggesting again there is little distortion of AuOX4

(X�O/Cl) polyhedra in all the Au(III)/HFO adsorption samples
examined. No significant Au-Au contributions could be de-
tected (near 2.9 Å), which would be indicative of metallic gold
(related to synthesis problems or photo-reduction events).
These EXAFS results are consistent with the structural models
derived from the Au-LIII XANES spectra.

3.3.2. Local environment of Au(III) adsorbed on HFOs
synthesized from iron chloride solutions

Except for the Au(III)/HFO samples 1 and 5 which show
evidence for significant photo-reduction of Au (Fig. 12a), all
other Au(III)/HFO adsorption samples prepared with HFOs
synthesized from iron chloride solutions (0.5 mol/L [Cl] and
3.8 � 10�3 M [Au]; and 0.03 mol/L [Cl] and 3.8 � 10�3 [Au])
show XANES spectra which indicate the presence of trivalent
gold. At low pH values (5.26 and 5.69), the Au-LIII edge
XANES spectra are consistent with a mixed O/Cl environment,
richer in O than in Cl. At higher pH values (�6), XANES
spectra are close to that for crystalline Au2O3, indicating the

Table 2. Synthesis conditions and EXA

Sample pHa
[Au]b

(ppm)
[Au]c

(mmol/m2)
Type and num

first neighb

0.1 M [Cl] an
B1 6.14 275 0.431 O
B3 7.0 214 0.337 O
B4 7.96 186 0.294 O

0.01 M [Cl] a
B5 6.02 205 0.325 O
B7 7.05 198 0.312 O
error 0.02 5 0.003

a pH after equilibration between the solid and the solution.
b [Au] concentration in the solid phase in % (i.e., g of Au per 100g
c Calculated using specific surface areas from BET experiments (i.e
presence of square-planar AuO4 moieties. The Au-LIII edge
EXAFS spectra for these samples and their Fourier Transform
(FTs) are presented on Figures 12b,c. The results of EXAFS
analysis for the first neighbors are presented in Table 4 and
Figure 12d. At high pH values (�6), AuO4 moieties are de-
tected, consistent with previous XANES observations. At low
pH values, mixed O/Cl environments are observed (ratio of
3/1), with “standard” Au-O and Au-Cl distances (2.0 and 2.3 Å)
and small disorder parameters.

3.3.3. Second-neighbor Fe around Au(III) adsorbed on
HFOs

In the Au(III)/HFO adsorption samples with the highest Au
adsorption densities, there is some evidence in the FTs (see
Figs. 10c, 11c, and 12c) for Fe second neighbors at distances of
2.5–3 Å (3.1–3.3 Å when corrected for phase-shifts). These
Au-Fe pair contributions are thus located at distances similar to
those determined for the Au(III)/goethite adsorption samples.
However, the magnitude of these contributions in the Au(III)/
HFO adsorption samples is much lower, suggesting larger
disorder for these Au-Fe pairs. Because the Au-O environment
is similar among goethites and ferrihydrites, the bond valence
requirements for the oxygens around Au connecting to Fe must
be similar, suggesting that the connectivity between AuO4 and
FeO6 units must be similar in goethite and in ferrihydrite. RMC
methods will help to understand these features (see discussion
section).

4. DISCUSSION

4.1. The Local Environment of Au(III) in Aqueous
Solutions Versus that of Au(III) Adsorbed on
Mineral Surfaces

A summary of the Au(III)-speciation information is shown
on Figure 13. The interpretation of the Raman scattering and
XANES spectroscopy data for the Au(III)-containing solutions
in this study is consistent with previous studies (Peck et al.,
1991; Farges et al., 1993; Murphy et al., 1998). For example,
we observe that the replacement of Cl ligands around Au by
OH ligands starts at pH 4. Murphy and coworkers reported the
onset of Cl/O replacement to occur at pH 3.8. However, Peck
et al. (1991) reported a higher pH (5.8) for such replacement.

meters for gold adsorbed on boehmite.

d(Au-X)
(Å)

�	2 � 10�3

(Å2)
�C3 � 10�4

(Å3) �E0 (eV)

0�5 M [Au]
1.99 �1.5 0 �2.2
1.99 �1.6 0 �2.7
1.99 �1.7 0 0.9

10�5 M [Au]
1.99 �2.1 0 �2.0
1.99 �1.7 0 �1.5
0.02 0.001 0.0001

ight boehmite).
2 g�1).
FS para

ber of
ors

d 9.0 1
4.5
4.5
4.3

nd 4.2
4.0
4.5
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These differences are related to the Au/Cl ratio of our solutions,
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which were much closer to these reported by Murphy et al.
(1998). These results confirm that AuCl4 moieties are present in
solution if there is enough Cl to complex Au(III) and if the pH
is relatively low (e.g., � 5). With increasing pH, hydroxyl groups
tend to progressively replace chloride ions within the square-
planar units. In a number of experiments in which gold uptake
was not too high, we observed that the speciation of Au(III) in
solutions remains unaffected by the adsorption process.

The same trends observed for the coordination environments of
Au(III) in solution as a function of Cl/O ratio are also observed for
Au(III) adsorbed on the surfaces of HFO, goethite, and boehmite.
For example, for Au/Cl ratios � 0.3, a progressive replacement of

Fig. 10. (a) XANES spectra of gold adsorbed on ferrihy
and 0.02 mol/L [Cl] and 3.0 mM [Au]; (b) k3-weighted
Transform of the k3-weighted EXAFS spectra of gold ads
gold adsorbed on ferrihydrite.
Au-Cl bonds by Au-O bonds is observed with increasing synthesis
pH. However, at any given pH, there are always more Au-O bonds
on these surfaces than in the corresponding solutions (before or
after uptake). For example, near pH 6.5, Cl-rich moieties are
detected in the native solution—a result that contrasts strongly
with the subsequent adsorbed moieties, which are dominated by
oxygen ligands. This phenomenon was observed for all mineral
surface investigated in this study.

4.2. Reverse Monte Carlo Simulations of the EXAFS
Spectra

RMC methods were first applied to the analysis of EXAFS

m solutions containing 0.35 mol/L [Cl] and 3.0 mM [Au]
S spectra for gold adsorbed on ferrihydrite; (c) Fourier
n ferrihydrite; (d) Fits of k3-weighted EXAFS spectra for
drite fro
EXAF

orbed o
spectra of amorphous and crystalline silicon and AgBr (Gur-
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man and McGreevy, 1990). Such simulations were originally
developed by McGreevy and Pusztai (1988) for the analysis of
neutron scattering data of liquids. As for any RMC model, the
computed solution is not unique and represents a particular
simulation of the structure probed (here, the local structure
around Au at the goethite/water interface). However, the sim-
ulation presented here is an average of 20 different configura-
tions around Au and, therefore, has a higher probability of
representing the system probed than simple models based on
the fitting of Au-Fe EXAFS contributions. An alternative so-
lution, known by glass scientists for two decades, is to simulate
(not to model) a structure, based on a more or less constrained
adjustment of the simulation to the experiment. In spite of their

Fig. 11. (a) XANES spectra of gold adsorbed on ferrihy
(b) k3-weighted EXAFS spectra for gold adsorbed on ferri
of gold adsorbed on ferrihydrite; (d) Fits of k3-weighted
intrinsic limitations (only one solution, simplistic metal/oxide
interface, etc.), disorder effects can be estimated and compared
to the standard EXAFS analysis approach.

In this study, we used the “RMC-XAFS” package (details on
the method can be found in Winterer et al., 2002). The starting
periodic model was constructed using a double (110) goethite
surface (crystal structure information from Gualtieri and Ven-
turelli, 1999) separated by a layer of water. Because protons do
not contribute significantly to EXAFS spectra, they were ne-
glected in the model. On both (110) surfaces, twenty iron atoms
were replaced by gold atoms (hence in sixfold coordination
before the refinement). During each cycle of refinement, all
atomic positions were allowed to vary on both the (110) sur-
faces and in the water layer. Only variations that improved the

2

m a solution containing 0.6 mol/L [Cl] and 6.0 mM [Au];
(c) Fourier Transform of the k3-weighted EXAFS spectra
spectra for gold adsorbed on ferrihydrite.
drite fro
hydrite;
EXAFS
model quality (based on a 
 test) were accepted. After 1000
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cycles, the calculated model matches all EXAFS features above
3 Å (Figs. 14a,b). The higher residuals at low energy are
attributed to the high-order MS contributions of the XANES
that were not included in the model. More details on this rmc
model are presented elsewhere (Winterer and Farges, 2004).
Figure 14c shows the average partial distribution functions
(g(R)) calculated around Au, as well as the gold coordination
that one can derive by integration of the g(R). Figure 14d shows
atomic-level details for the resulting goethite/water double in-
terface refined using RMC methods. The reverse Monte Carlo
analysis of the Au-O pairs is consistent with the EXAFS
information derived from classical fitting methods: 4.1 oxygen
atoms surrounding, on average, gold, at a distance of 1.94 Å.

Fig. 12. (a) XANES spectra of gold adsorbed on ferrih
0.5 mol/L [Cl] and 3.8 mM [Au] and 0.03 mol/L [Cl] and
on ferrihydrite; (c) Fourier Transform of the k3-weighte
k3-weighted EXAFS spectra for gold adsorbed on ferrihy
There are some unrealistically low Au-O distances (near 1.80
Å) created by the RMC model due to the hard sphere restriction
imposed using this model (limit set at 1.8 Å around Au). This
restriction explains why the modeled Au-O distance is slightly
lower than that fit using conventional EXAFS methods (1.99
Å). A second shell of oxygen neighbors is detected near 2.4 Å,
and is related to distant oxygens (“water” molecules in the
water layer). Iron next-nearest neighbors are distributed around
a continuum of Au-Fe distances, ranging from 2.8 to 3.6 Å,
with three major contributions centered around 3.0 (N Fe � 1
atom), 3.3 (N Fe � 0.5 atom), and 3.5 Å (N Fe � 1 atom).
These average values are close but significantly different from
those obtained from classic EXAFS curve-fitting methods (� 2
Au-Fe contribution near 3.1 and 3.3 Å). Therefore, based on

synthesized with iron chloride) from solutions containing
[Au]; (b) k3-weighted EXAFS spectra for gold adsorbed

FS spectra of gold adsorbed on ferrihydrite; (d) Fits of
ydrite (
3.8 mM
d EXA
drite.
RMC simulations, the adsorbed gold sites on the goethite
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surface are distributed over a broad continuum of Au-O-Fe
angles. This simulation is in excellent agreement with the
wavelet analysis of the EXAFS for Au on goethite in which the
Au-Fe pairs appear as a broad contribution (see Fig. 3). This
anharmonicity in the site distribution around gold cannot be
modeled accurately assuming two sets of Au-Fe distances,
which does not provide enough asymmetry to model the me-
dium-range environment around Au. Also, we observed some
strong phase-cancellation (�c) in the wavelet analysis of the
EXAFS contributions for first and next-nearest neighbors (see
�c in Fig. 3b), which makes the averaged EXAFS signal
significantly less informative about of the actual structure of

Table 3. Synthesis conditions and EXAFS param

Sample pHa
[Au]b

(%)
[Au]c

(mmol/m2)
Type and numbe

first neighbor

0.35 M [Cl]
HFO #1 4.2 0.554 0.047 O

Cl
HFO #2 5.0 1.838 0.155 O

Cl
HFO #3 7.9 3.286 0.276 O
HFO #4 9.4 2.948 0.248 O

0.017 M [Cl
HFO #5 3.8 3.44 0.289 O

Cl
HFO #6 5.1 3.85 0.324 O
HFO #7 8.3 3.34 0.281 O
HFO #8 9.4 3.38 0.284 O

0.6 M [Cl]
HFO #1 4.5 1.15 0.097 O

Cl
HFO #2 6.2 5.65 0.478 O

Cl
HFO #3 7.4 6.48 0.520 O
error 0.03 0.03 0.003

a pH after equilibration between the solid and the solution.
b [Au] concentration in the solid phase in % (i.e., g of Au per 100
c Using a surface area of 600 m2 g�1 as recommended by Davis (1

Table 4. Synthesis conditions and EXAFS data reductio

Sample pHa
[Au]b

(%)
[Au]c

(mmol/m2)
Type and

first ne

0.5 M [Cl]
HFO Cl3 2 5.7 1.55 0.131 O

Cl
HFO Cl3 3 7.8 9.89 0.832 O
HFO Cl3 4 8.8 9.33 0.785 O

0.03 M [Cl]
HFO Cl3 6 5.3 n.m.

(b)
n.m. O

Cl
HFO Cl3 7 7.4 n.m. n.m. O
HFO Cl3 8 9.4 5.9 0.497 O

0.04 M [Cl]
HFO NO3 6 5.4 n.m. n.m. O
HFO NO3 7 7.2 2.49 0.210 O

a pH after equilibration between the solid and the solution.
b [Au] concentration in the solid phase in % (i.e., g of Au per 100
c 2 �1
Using a surface area of 600 m g as recommended by Davis (1977) an
adsorbed Au(III) surface structure (hence this demonstrates the
need to use simulations instead of modelizations at this point of
the study to determine the range of validation for the EXAFS
fits).

Based on this result, we suggest that the conventional EX-
AFS-derived Au-Fe distances represent a simplification of the
Au-Fe bonding simulated by RMC methods. In addition, the
EXAFS-derived number of Fe next-nearest neighbors (� 2) is
an approximation, as it increases continuously with increasing
distance to �3 from the central gold atoms. Finally, Au-Au
pairs are detected only above 4.5 Å but second-neighbor Au
atoms are too disordered to be detected through this RMC

or first neighbors around Auadsorbed on HFO.

d(Au-X) (Å)
�	2 � 10�3

(Å2)
�C3 �10�4

(Å3) �E0 (eV)

0 mM [Au]
2.01 0 0.12 �6.3
2.28 0 0 �6.0
1.99 0 0 �0.9
2.28 0 0.15 �2.0
1.99 �0.6 0 �0.3
1.99 �1.0 0 �0.1

.0 mM [Au]
2.00 0 0 0
2.27 0 0 0
2.00 �1.4 0 �2.2
1.99 �1.3 0 �2.5
1.99 0 0 0

mM [Au]
2.01 2.29 0 0 0

0 0 0
1.98 0 0 0
2.26 0 0 0
1.99 �0.8 0 �1.3
0.02 0.001 0.0001

eight HFO).
d Dzomback and Morel (1990).

eters for first neighbors around Au adsorbed on HFO.

r of d(Au-X)
(Å)

�	2 � 10�3

(Å2)
�C3 �10�4

(Å3)
�E0

(eV)

mM [Au]
3.2 2.02 0 0 0
0.7 2.29 0 0 0
3.7 1.99 �0.8 0 �0.8
3.6 1.99 �0.9 0 �0.9
8 mM [Au]
3.0 2.01 0 0 0

0.9 2.29 0 0 0
4.0 1.99 �1.0 0 �0.8
4.3 1.99 �0.8 0 �0.9
0 mM [Au]
3.9 1.99 0 0 �1.0
4.1 2.00 �0.5 0 �0.8

eight HFO).
eters f

r of
s

and 3.
2.2
2.4
3.1
1.1
4.2
4.1
] and 3
3.2
1.3
3.7
4.3
4.2
and 6.0
1.9
2.6
3.2
1.0
4.5
0.5

g dry w
977) an
n param

numbe
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and 3.8

and 3.

and 4.

g dry w

d Dzomback and Morel (1990).
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analysis. Consequently, RMC models with lower Au surface
coverages would result in similar results, although the statistics
(i.e., the number of adsorbed sites for Au) would be too low.
Systematic RMC analysis of EXAFS spectra for absorbates
will soon be possible when the next generation of computers
will provide the CPU time required for these simulations.

4.3. Adsorption Mechanisms of Trivalent Gold

The observed differences in gold speciation at the mineral/
water interfaces examined in this study can be related to either
a change in gold speciation during uptake, or to preferential
absorption of more favorable Au species (O-rich ones) onto the
surfaces (as solutions can show a variety of Au species, espe-
cially in the pH range 5–9). However, under acidic conditions,
Au adsorption is nearly complete. In HFO reacted with a
solution containing [Cl] � 0.02 mol/L and [Au] � 3.0 � 10�3

M, for instance, more than 99% of the total Au was adsorbed,
leaving an essentially Au-free supernatant, as determined by
inductively coupled atomic emission spectroscopy. Under these
conditions, there are major differences in gold speciation in
aqueous solution vs. the mineral surfaces. The dominant solu-
tion species is AuCl4

� with four Cl� ligands, whereas ad-
sorbed Au species have only two Cl ligands. This change could
occur by adsorption of O-bearing gold complexes in solution as
suggested by Machesky et al. (1991), followed by a reequili-
bration of the solution (imposed by the pH and the Au/Cl molar
ratio). This reequilibration of the solution will instantaneously
produce a new quantity (even infinitesimal) of O-bearing moe-
ties, with short lifetimes in solution because they will adsorb
efficiently onto the surface. At low pH, these Au-OHn moieties
have a rather low concentration (Peck et al., 1991; Murphy et

Fig. 13. Summary of the Au(III)-speciation information for the Al/Fe
oxy-hydroxydes investigated in that study, showing the fields for Au(O/
OH)4, AuCl(O/OH)3 and AuCl2(O/OH)2 moieties (labeled respectively
“4,” “ 3” and “2” ).
al., 1998), which could explain why the absorption of gold
increases with increasing pH as shown by Machesky et al.
(1991).

Our spectroscopic information also shows that the adsorption
of Au(III) from chloride solutions onto iron/aluminum hydrox-
ides surfaces proceeds via inner-sphere complexation (because
of the presence of Al/Fe second neighbors). In addition,
changes in the structure of the mineral surface may also play a
key role in the speciation of gold. We can compare, for exam-
ple, the adsorption of gold on HFO synthesized from iron
nitrate (in Table 4, HFO NO3, 6 and 7) with HFO synthesized
from iron chloride (in Table 3, HFOCl3, 6 and 7) but equili-
brated under the same solution conditions ([Cl] � 0.03 mol/L
and [Au] � 3.8 � 10�3 M (chloride) and [Cl] � 0.04 mol/L
and [Au] � 4 � 10�3 M (nitrate). We can expect a larger
contribution of Au-Fe pair correlations to the EXAFS spectra
of the HFOs synthesized from iron chloride vs. those synthe-
sized from iron nitrate because the former were shown to be
slightly more ordered (Bottero et al., 1993). However, at pH 5
and 7, the XAFS spectra for both series of HFOs are similar.
More significant “ordering” of the Au-Fe pairs could perhaps
be obtained by adsorbing Au(III) onto natural goethite surfaces
because its specific area is typically much less than that of
HFOs.

In a number of HFO samples where the signal-to-noise ratio
is more favorable, we can detect Au-Fe contributions at high
R-values (above 2.5 Å), quite similar to those observed in the
Au(III)/goethite samples. Therefore, the adsorption mechanism
for Au(III) on HFOs may be similar to that for goethite,
although the EXAFS data for the Au(III)/HFO adsorption sam-
ples cannot be analyzed quantitatively. Au-Al contributions to
the EXAFS spectra are more difficult to detect in the case of
Au(III)/boehmite adsorption samples because of the signifi-
cantly lower photoelectron backscattering of Al vs. Fe.

4.4. Bond Valence Constraints on Au(III) Adsorption
Modes

Whatever the exact mechanism(s) of Au(III) adsorption on
goethites, HFOs, or boehmite, the above observations suggest
that oxygen ligands play a key role at the mineral/water inter-
face during the adsorption of gold. Pauling’ s bond valence
considerations (see Pauling, 1929; Brown and Altermatt, 1985;
Farges et al., 1991; Manceau and Gates, 1997; Bargar et al.,
1997a,b,1998) indicate that monovalent chloride ions are not
likely to form a “bridge” between two trivalent (hence, highly-
charged) cations (Al/Fe3� and Au3�) when Au(III) adsorbs on
Al(III)-Fe(III)-(oxy)hydroxide surfaces. This is because the
valence of chloride ions is too low (�1) to accommodate two
highly charged cations such as [6]Fe(III) and [4]Au(III) (these
two cations will provide 0.5 and 0.75 valence units, respec-
tively, which exceeds the Pauling bond valence sum of 1 vu
required for Cl by Pauling’ s second rule). The observation of Cl
first neighbors around Au in goethite at pH 4 by Heasmann et
al. (1998) is, therefore, at variance with our results and, fur-
thermore, cannot be explained in terms of Pauling’ s bond
valence rule. The molecular aspects of Au(III) adsorption on
Fe(III)/Al(III)-(oxy)hydroxides is discussed in more detail in
Berrodier (2001), including the connectivity of the Fe/Al-O/
Cl-Au polyhedra based on the Raman scattering and XAFS

spectroscopy information presented above. Part II will also
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present the results of potentiometric titration experiments that
were performed to help constrain the type(s) of Au(III) species
present on the mineral surfaces, as XAFS methods are not
sensitive to protons and Raman scattering methods cannot be
currently used to provide information for Au(III) species on
Fe-rich surfaces. This information will be combined and refined
using Pauling bond valence models and models of adsorption
predicted with the CD-MUSIC model (Hiemstra and Van
Riemsdijk, 1996) to develop a molecular-scale view of gold
adsorption mechanisms on Fe(III)/Al(III)-(oxy)hydroxides.

5. CONCLUSIONS

Analysis of XANES and EXAFS data collected at the Au-
LIII edge for crystalline model compounds and Au(III) ad-
sorbed on goethite/HFO is complex and requires special data
analysis methods. We have applied several recently developed
methods, including spectral deconvolution, principal compo-
nent analysis, spectral inversion, and wavelet analyses, to eval-
uate (1) the redox states of Au, (2) X-ray beam-induced Au(III)
photo-reduction kinetics, (3) multi-electronic excitations, (4)

Fig. 14. RMC models results (top three figures); (a) left:
(N) and partial distribution function around Au(III) (g(R))
view of the RMC model, showing the goethite/water interf
and the relaxed water layer (hydrogens were not compute
in the EXAFS spectrum).
multiple-scattering features, (5) the number and identity of and
distance to first and more distant neighbors around Au, (6) the
k-range required for deriving statistically robust structural mod-
els of the local environment of Au in these types of samples, (7)
potential artifacts in the data due to anharmonic effects, and (8)
possible destructive interferences that can potentially reduce
the information content of EXAFS spectra unless detected. We
have shown that for XAFS studies of Au(III) adsorbed on
iron/aluminum (oxy)hydroxides, a significant EXAFS k-range
is required to fit the experimental data (out to k�15 Å�1, at
least). The model requires at least three contributions: (1)
single-scattering from first neighbors, which can be split into
separate O and Cl shells; (2) multiple-scattering arising from
these neighbors, which involves at least two contributions, with
3- and 4-leg paths; and (3) a single-scattering contribution
involving Fe/Al next-nearest neighbors, which are also often
split into at least two significant contributions. Reverse Monte
Carlo models of gold adsorption on the (110) surface of goe-
thite suggest the presence of a continuum of Au-O-Fe angles,
resulting in a highly asymmetric gAu-Fe(R) between 2.8 and 3.6
Å. Classical EXAFS models are now believed to report mostly

ce, (b) middle: in R-space; (c) right: coordination number
ted from the RMC model; bottom figure: zoom on the 3D
Au(III) atoms (in black) adsorbed on the goethite surface

y do not backscatter x-rays significantly to be detectable
in k-spa
calcula

ace with
d as the
the statistical centroids for each cumulant in that asymmetry.
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Based on these constraints, EXAFS spectroscopic studies
show that Au(III) adsorbs from chloride solutions on ferrihy-
drite, goethite, and boehmite surfaces dominantly as inner-
sphere, square-planar complexes, all with relatively low de-
grees of distortion. Gold adsorbed on goethite and ferrihydrite
is present dominantly as Au(III)O4 complexes at pH � 6, and
as Au(III)(O,Cl)4 complexes at pH � 6, with the number of Cl
ligands generally increasing as pH decreases and [Cl] increases.
Gold adsorbed on boehmite at pH 6–8 is present as Au(III)O4

surface complexes. Thus, the redox state of Au remains un-
changed during adsorption on these phases. The weak contri-
bution arising from second-neighbor Fe around Au(III) ad-
sorbed on HFOs did not allow us to quantitatively model the
EXAFS spectra of these samples. However, by comparing the
Au(III)/HFO adsorption sample data with those for the Au(III)/
goethite and Au(III)/boehmite adsorption samples, a consistent
model of Au(III) adsorption on Fe(III)- and Al(III)-(oxy)hy-
droxides can be developed. The structural models integrating
these data and potentiometric titration data are to be detailed in
Berrodier (2001) and in Part II of that series (in preparation).
This next paper will show that, based on spectroscopic and
titrations experiments together with bond valence consider-
ations that Au(III)(O,Cl)4 units are bonded as inner-sphere,
bidentate binuclear and monodentate (corner-shared) com-
plexes with Fe(O,OH)6 and Al(O,OH)6 octahedra on the
Fe(III)-(oxy)hydroxide and boehmite surfaces, respectively,
with Au-O-Al/Fe angles of 100–110°. The overall good agree-
ment between spectroscopic and thermodynamic models
confirms the paucity of the structural model based on spectros-
copy, RMC and bond valence theory. Then, from the use of
the CD-MUSIC package, the various Au-sorbed species
(such as Fe(OH)2AuCl2, Fe(OH)2AuClOH, Fe(OH)2AuOH2,
(Fe3(OH))3Au(OH)2, etc.) can be identified as a function of pH.
However, some minor discrepancies (especially at pH � 8) are
attributed to neglecting of potentially active sites on the surface
of goethite, such as these observed on the (021) face.
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