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Mobility and toxicity of heavy metals are largely controlled by chemical reactions which take place at 
the oxide/water interface. Insights in the mechanisms involved in these reactions can be obtained from 
the recently developed synchrotron-based fluorescence-yield X-ray absorption spectroscopy. The pheno- 
mena investigated in the present study are: the precipitation of Cr(III), its coprecipitation with FHIII), its 
sorption onto goethite (aFeOOH), and its oxidation at the surface of a Mn(1V) oxide, birnessite. These 
examples are used to show how a combination of macroscopic and spectroscopic information provides 
a mechanistic picture of the mobilization and immobilization pathways of heavy metals in natural systems. 

KEY WORDS: EXAFS, surface complexes, adsorption, coprecipitation, reductive dissolution, 
chromium 

INTRODUCTION 

The toxicity and mobility of heavy metals present in soil and surface waters depend 
on their speciation. This speciation arises from the competition among different 
complexing species for these metal ions. Adsorptive surfaces compete with the 
dissolved ligands for the system’s metal ions, and thus exert a strong control on their 
speciation, via adsorption, surface precipitation or coprecipitation reactions. These 
various sorption phenomena are together responsible for the “immobilization” of 
heavy metals in soils. But mineral surfaces can also catalyze or take part to redox 
reactions which may then “mobilize” these metals. All these surface processes must 
be described in detail in order to understand the possible pathways of detoxification 
of the heavy metals, when present at hazardous concentrations. 

Such risk assessments have long been based on information obtained by sequential 
extraction techniques. More recently, macroscopic models have been developed on 
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98 L. CHARLET A N D  A. MANCEAU 

the basis of laboratory macroscopic sorption data to describe quantitatively the 
surface phenomena responsible of the retardation of a given pollution. Computer 
code capable of calculating the extent of solute sorption have been coupled with 
transport model to predict the transport and dispersion of contaminants in surface- 
and ground-waters. In order to further develop such models, unambiguous informa- 
tion about the stability and molecular structure of species at the colloid/solution 
interface is required, which can only be obtained with in-situ surface spectroscopy. 
Invasive and structural spectroscopic methods that require sample desiccation or 
high vacuum techniques (e.g., electron microscopy and microprobe analysis; X-ray 
photoelectron (XPS), IR-transmission, IR-ellipsometric, inelastic electron tunneling 
(IETS), and electron energy loss (EELS) spectroscopies) have contributed significantly 
to the understanding of adsorbate-surface interactions'. Sampling techniques re- 
quired by these methods often change irreversibly the surface species of interest, and 
molecular level information about the mechanisms of surface reactions suggested by 
data obtained with these methods may bear little resemblance to the mechanisms 
operating in a natural colloidal system. 

Recent advances in the development of non-invasive, in-situ spectroscopic techni- 
ques have been applied successfully to the study of natural colloids in aqueous 
suspensions. Among other emerging spectroscopic methods the recently developed 
X-ray absorption spectroscopy (XAS) is one of the few methods capable of providing 
direct structural information on dilute heavy metal species sorbed on wet surfaces 
at room temperature. It shall be used in this study to decipher two key mechanisms 
involved in the cycle of chromium in soils and surface waters. 

CHROMIUM CYCLE IN THE ENVIRONMENT 

Chromium is introduced into surface waters as a consequence of the weathering of 
the rocks such as shales and serpentine' and as by-products of steelworks, chromium 
electroplating, leather tanning and chemical manufacturing industries. These in- 
dustries produce waste waters rich in Cr(V1) and sludges containing up to 5 g kg- ' 
Cr(III)3. Cr(1II) and Cr(V1) are the two thermodynamically stable oxidation states 
in natural waters4. 

Chromium (VI) is the most soluble form of chromium. The chromate and 
bichromate ions, whose solubility may be controlled by FeCr,0,(~)~, are weakly 
adsorbed on mineral surfaces. For example, the surface complexation constant for 
chromate ion with an iron oxyhydroxide surface (goethite) are very close to the one 
obtained for selenate6*', an ion whose adsorption on goethite has, in turn, been shown 
to involve only long range electrostatic forces*. Chromium (VI) can therefore easily 
migrate, and it represents the major form of chromium both dissolved in lake waters' 
and uptaken by plants'0*' '. 

Chromium (V) is an unstable species which may be responsible for the mutagenic 
and mammalian carcinogenic properties of chromium. It has been shown by ESR 
spectroscopy to be stabilized by intracellular organics" and by humic acids12. 
Organics are often involved in the reduction of Cr(V1) in acid  soil^'^*'^ and in rivers 
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HEAVY METAL SURFACE REACTIONS 99 

and sediments’ ’. Other reductants include sulfides, ferrous containing minerals 
(magnetite16 and biotite”) and free ferrous ion. The latter is widely used in water 
treatment plants and in analytical chemistry to remove Cr(V1) out of dilute solu- 
tions”, and this reduction occurs also in root cells’’. 

Chromium (111) is in the pH range of natural waters the most unsoluble form of 
chromium. It is extensively hydrolyzed and polymerized20-22. The Cr(II1) polymers 
are used in the industry as tanning agent: positively charged, they are bound to the 
organic groups present at the leather surface23. Cr(II1) has also a high affinity for 
mineral surfaces, such as silica24, aluminum and iron oxides26. This 
“particulate” form of chromium is responsible for a large portion of chromium 
transported in polluted rivers2’. Cr(II1) is very stable with regard to oxygenation (the 
oxidation rate constant by 0, is 0.37 yr-’ 28), but it readily converts to Cr(V1) in 
presence of Mn(II1, IV) oxide surfaces29s30. In this study we shall explore with X-ray 
absorption spectroscopic techniques the microscopic mechanisms responsible for the 
high affinity of Cr(II1) for Fe oxyhydroxide surfaces (a cause of its “immobilisation”) 
and the mechanisms involved in the oxidation of Cr(II1) by Mn(IV) oxides. 

OUTLINE OF THE X-RAY ABSORPTION SPECTROSCOPY 

XAS consists in recording the absorption, by a given sample, of X-rays as a function 
of the wavelength. The spectral scan is performed in the vicinity of an X-ray 
absorption edge (K or L) of the chosen target element. XAS is therefore a bulk, 
element specific spectroscopic method. Unlike most spectroscopic methods however, 
most elements are spectroscopically active. XAS can therefore be used to study 
compositionally complex materials, by successively tuning to the absorption edge of 
each spectroscopically active atom present within the sample. 

By convention, XAS spectra are divided in two regions: (1) the X-ray absorption 
near-edge structure (XANES), in the range from 20 eV below to 70 eV above the 
absorption edge, and (2) the extended X-ray absorption fine structure (EXAFS) for 
higher energies, up to 800eV beyond this edge. The discussion below covers only 
the highlights of the EXAFS spectroscopy, and the reader is referred to recent 
monographs for a complete discussion of XAS3’*32. 

In the EXAFS regime, photons with an energy larger than the threshold energy 
are absorbed by the target atom which in turn ejects an ionized photoelectron. The 
kinetic energy of this electron allows it to reach the three to four first shells of 
neighboring atoms and to be backscattered by them. Interferences between outgoing 
and incoming electronic waves influence the probability of absorption of the incident 
X-ray photon, and hence, the probability of emission of a decay fluorescence photon. 
These interferences thus modulate the absorption coefficient, which results in the 
existence of oscillations in the EXAFS spectrum. After subtraction of the background 
absorption, the EXAFS data are treated by Fourier transform techniques to obtain 
a radial distribution function (RDF), i.e. a one dimensional representation of the local 
structure around the absorber atom. The analysis of the RDF provides information 
on distances, coordination numbers and sometimes, identity of the neighboring 
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100 L. CHARLET A N D  A. MANCEAU 

atoms. EXAFS spectroscopy is therefore a particularly valuable tool for the structural 
characterization of surface complexes. The main features of EXAFS are: 

-it yields structural quantitative information extending beyond the first co- 
ordination shell, with an accuracy of k 0.02 A for distances and k 20% for coordina- 
tion numbers. This allows to distinguish various sorption mechanisms, as discussed 
below. 

-it works whatever the crystallinity or non-crystallinity of the solid phase, since 
in any event this method only detects the two or three closest shells of neighbors 
around the absorbing atom (I 5-7 A). 

-it is an in-situ non invasive method which allows systems to be studied in their 
natural aqueous environment, e.g. as wet paste. 

-finally, the high intensity of the X-ray synchrotron radiation combined to the 
sensitivity of the fluorescence-yield mode (which minimizes matrix absorption effects 
and maximizes signal-to-noise ratio) allow to study systems with metal concentration 
down to 0.1 % per weight (metal adsorbed per metal in the adsorbent), a concentration 
to be found in heavily polluted soils and sediments15. 

Sorption of heavy metals may result from various microscopic mechani~rns~~ : (1) 
when the ion is attracted to the surface via long range coulombic forces but retains 
its water of hydration, it either stands within the diffuse ion swarm, or forms an 
outer-sphere complex with the surface reactive group; (2) when the ion looses some 
of its hydration water molecules to be directly bound to the surface by short-range 
forces (chemical bond), it forms with the surface reactive groups an inner-sphere 
surface complex; ( 3 )  when this innersphere complex involves sorbed polymers, surface 
nucleation, (and eventually precipitation), occurs; finally (4) when the sorbed metal ion 
is found within the sorbent matrix, lattice diffusion or coprecipitation has occurred. 
These different mechanisms are often undistinguishable by macroscopic studies33, 
but may be discriminated by EXAFS spectroscopy. The RDF of a metal atom sorbed 
according to the first mechanism depicts a single peak, that is the oxygen atoms of 
the hydration water molecules (or in the case of oxyanions, the oxygen atoms of the 
anion). Selenate ions have been shown to be sorbed on goethite by such a mechan- 
ism*. On the other hand, the presence in the RDF of additional peaks is indicative 
of an organized local structure about the target sorbed atom. EXAFS spectroscopy 
allows unambiguously to distinguish whether a given peak arises from atoms similar 
to the target atom (an indication that mechanism 3 has occurred), or from other 
types of atoms (an evidence for mechanism 2 or 4), only if the adsorbed metal and 
the metal present in the sorbent have significant difference in backscattering ampli- 
tude and phase shifts. This condition is fulfilled whenever these atoms have a 
Z-contrast, i.e. difference in atomic number, greater than about 10. Examples of 
application include Co2+ sorbed on Al,03 and TiOz34, SeOi- sorbed on goethite’, 
and UOi+ sorbed on hydrous ferric o ~ i d e ~ ’ . ~ ~ .  When this condition is not fulfilled, 
the distinction between sorbate metal atom (e.g. Cr) and metal atoms present in the 
sorbent (e.g. Fe or Mn) and thus the distinction between mechanisms (2), (3) and (4) 
is nonetheless feasible, but it is less straightforward and it requires the combination 
of both spectroscopic and mineralogical data. 
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HEAVY METAL SURFACE REACTIONS 101 

- Fe OOH :Cr ... Y CrOOH 
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This later approach will be followed in the present study, in which the investigated 
phenomena are: the precipitation of Cr(III), its coprecipitation with Fe(III), its 
sorption onto goethite (aFeOOH), and its oxidation at the surface of a Mn(1V) oxide, 
birnessite. 

EXPERIMENTAL PROCEDURE 

Materials 

The methods used to prepare goethite (aFeOOH) and birnessite have been described 
el~ewhere~'.~*. The N2 BET specific surface area of the two solids are: 19.1 m2g-' 
for goethite and 27.0 m2g- for birnessite. The structure of goethite is depicted in 
Figure 1 and that of birnessite in Figure 2. Birnessite is a Mn(1V) phyllomanganate. 
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Figure 1 Coprecipitation of Fe(II1) and Cr(lI1) (upper two figures); sorption of Cr(lI1) onto goethite 
(lower two figures). Left: EXAFS results, right: structural interpretation. 
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102 L. CHARLET AND A. MANCEAU 

BlRNESSlTE 

1 2 3 4 R (A) 

t I 30 S. 

t = 2 mln. 

Figure 2 Cr(Il1) oxidation at the surface of birnessite. Left: EXAFS results, right: structural interpretation 
of the kinetics. 

Within each Mn octahedra layer, one Mn atom out of six is lacking. This creates a 
deficit of charge and thus a permanent surface charge3g. The chemical formulae of 
birnessite is: (Na+),(Mn,,O:;) * (H20),38. 

Procedures 

Since all previous EXAFS cation adsorption studies have shown the presence of 
polymers at the mineral/water the difficulty in such experiments is to 
control and minimize the formation of these polymers in solution, in order to 
distinguish what is catalyzed by the surface from what is formed in solution. This is 
all the more true for chromium(III), which is known to polymerize extensively and 
slowly in the pH range where sorption occurs20-22. 

Cr(II1) sorbed samples were prepared by mixing an aliquot of a 0.6 M NaCl, 
N HCl, 0.005 M CrCl, solution with a 0.6 M NaCl suspension of HFO, whose 

pH had been previously adjusted at pH 3.00. This suspension was slowly (8 peq 
min-') coulometrically titrated up to pH 4.0. After equilibration for a week at 
25.00"C, the suspension was filtered and the filter pad washed with 0.6MNaC1, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
8
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



HEAVY METAL SURFACE REACTIONS 103 

N HCl solution, in order to remove equilibrium entrained solution and non 
adsorbed Cr(II1). Within this procedure, only 1% of the total chromium could have 
been at the most present as polymer in solution41. The surface coverage is equal to 
7.5% of a monolayer, assuming a surface site density of 7 sites nm-2.8 

A different procedure has been followed in the experiments with birnessite, because 
of the very fast redox kinetics to be studied. In these experiments the Cr solution 
and the birnessite suspension were separately, coulometrically titrated up to pH 4.00. 
At r = 0 they were mixed together. After equilibration for 30 sec or 2 min, the 
suspension was filtered and washed, as described above. 

Data collection and analysis 

All EXAFS data were obtained at the LURE synchrotron french facility (1.85 GeV 
and 300-260 mA beam current). Cr K-edge spectra were recorded in the fluorescence 
mode and Fe K-edge spectra in the transmission mode. Fluorescence-yield spectra 
were collected using a plastic scintillator. Elastic scattering was attenuated with 
vanadium filters. All spectra were recorded first on wet paste at room temperature, 
and second at 77 K. Since no change in structural information could be observed, 
and since spectra recorded at 77 K have a better signal-to-noise ratio, only these 
spectra will be presented here. The analysis of the EXAFS data using the classical 
plane-wave formalism is described in detail elsewhere3 1*32. Phase shift and amplitude 
functions were derived from spectra of the following crystallographic references: 
a- and y-FeOOH and birnessite. 

RESULTS AND DISCUSSION 

Sorption of Cr(III)  on goethite 

Sequential extraction of a variety of soils have shown that chromium was associated 
with the citrate-dithionate-extractable portion of these soils, i.e. with their Fe- 
o ~ i d e s ~ . ~ ~ .  This has raised a considerable interest for the sorption of chromium by 
Fe oxides. Chromium (111) adsorption has been shown to occur at low pH and to 
be nearly ~ o m p l e t e d ~ ~ . ~ ~  at a pH equal to the first hydrolysis constant of Cr(III), i.e. 
at pH 4.020. Isotherm performed at this pH have indicated a continuum between 
adsorbed and surface-precipitated Cr(III)44, and shown that the solubility of this 
surface precipitate is similar to the solubility of the pure amorphous Cr(OH), 
(pK,, = 30.02'). On the other hand, when Cr(II1) is coprecipitated with Fe(III), the Cr 
solubility of the product is, even at low Fe content, an order of magnitude lower4', 
and the activation energy for the dissolution of the product is much higher than that 
observed for other metal substituted Fe(II1) oxyhydr~xides~~. This coprecipitation is 
therefore a very efficient removal process. It is commonly used to eliminate Cr(II1) 
out of industrial waste waters. As we shall see now, these differences in removal 
efficiency have been related by EXAFS spectroscopy to a difference in local structure 
about Cr(II1) atoms44. 
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104 L. CHARLET A N D  A. MANCEAU 

The Cr-edge and Fe-edge RDFs of an aged (Fe,Cr)OOH coprecipitate are shown 
in Figure 1 (upper left corner). They display three peaks, a first oxygen peak, and 
two metal-neighbor peaks. This type of Fe-RDF has been shown to be indicative of 
a goethite-like local structure (Figure 1, upper right corner), the second and third 
peaks corresponding to Fe octahedra sharing edges and corners, respectively4'. The 
identity in distance and relative intensity of the two metal-metal RDF's peaks at  the 
Cr and Fe K-edges points to a similar local structure, i.e. an isomorphic substitution 
of Cr into the goethite network, as depicted on the upper right corner in Figure 1. 
This substitution is possible because the Fe and Cr octahedra have similar size and 
are both found in a-type structures. 

The RDF of the XRD-amorphous Cr(OH), precipitate is also given in Figure 1 
(dotted line, lower left corner). The shift to larger distances of the second metal-metal 
peak as compared to the one discussed above clearly indicates that the local structure 
in Cr(OH), is no longer a-CrOOH, but rather y-CrOOH. In this structure, Cr 
octahedra do not any longer share double corners, but instead a single corner with 
the neighboring octahedra. This structure is also encountered in polymers formed 
early in the precipitation of Cr(III), namely the Te isomer of Cr tetramer4*. Thus the 
homogeneously precipitated chromium hydroxide has a y-Fe00H-like structure, 
whereas the one coprecipitated with Fe(II1) had an a-Fe00H-like structure. A 
difference in structure accounts therefore in the present case, as previously observed 
in the case of Zn  hydroxide^^^, for a difference in solubility, and consequently for a 
difference in removal efficiency between the two precipitation processes. 

The Cr-RDF of chromium sorbed onto goethite is given in Figure 1 (full line, lower 
left corner). It depicts the presence of three peaks, which indicate three types (edge, 
double corners, single comer) of linkages. Octahedra of sorbed Cr atoms are sharing 
i) edges with in average 1.1 to 1.6 first neighbor metal (Fe or Cr) octahedra, ii) double 
corners with 0.5 to 0.8 second neighbor atom octahedra, and iii) single corners with 
1.2 to 1.9 third neighbor atom octahedra. These high average numbers of metal atom 
neighbors can only be accounted for by the formation of small lepidocrocite-like Cr 
polymers sorbed on the goethite surface, as indicated in Figure 1 (lower right corner). 
Therefore, although polymerization was kinetically maintained at  a very low level in 
solution (1% of the total chromium at the most), sorbed Cr(1II) is not present as 
individual ion, but rather as polymer. Surface multinuclear complexes have also been 
observed in other EXAFS studies, of Co2+ and PbZ+ sorbed onto A1z0,34*40, and 
have been suggested by various ESR s t u d i e ~ ~ ' . ~ ~ .  

When the Cr concentration is increased, these surface multinuclear complexes act 
as nuclei for the y-CrOOH surface p re~ ip i t a t ion~~ .  On the other hand, if it is the 
sorbent crystal, instead of the surface multinuclear complexes, which keeps on 
growing, the local structure of these complexes may be fossilized and embedded in 
the crystal structure of the sorbent. Such multinuclear complexes are then reliques 
of phenomena which occurred at the time of the sorbent growth. Such structures 
have been recently described in a Fe-containing diaspores2 and in a Mn-containing 
goethite',. In the first case, hematite-like clusters are present in the channels of the 
diaspore structure and bound to the aluminous octahedral chains. In the second case, 
phyllomanganate clusters are embedded in a goethite structure. 
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H E A V Y  METAL SURFACE REACTIONS 105 

Oxidation of Cr( I I I )  on hirnessitr 

Because of their large surface area and of the high solubility of their metal constitutive 
ions in their low (+  11) oxidation state, Fe(II1) and Mn(II1, IV) oxides and oxy- 
hydroxides are involved in a variety of surface oxidation reactions coupled with their 
reductive d i s s ~ l u t i o n ~ ~ - ~ ~ .  Among these reactions, the oxidation of Cr(II1) at the 
surface of Mn(II1, IV) oxides has been thoroughly studied, due to toxicity and 
solubility of the product of the reaction, the chromate ion. This reaction has been 
shown to be an important pathway for solubilization of the chromium (111) introduced 
in soils via industrial sludges applied to the field. These studies have consistently 
shown that the rate of oxidation of Cr(II1) into Cr(V1) in presence of Mn oxides is 
proportional to the amount of Mn oxide present, but is independent on solution 
parameters such as Pol, ionic strength, and pH29*30. All these observations seem to 
indicate that the oxidation rate is controlled by the formation of an innersphere 
complex, except the last one, the independence on pH, which would argue for an 
outersphere electron tran~fer~' .~ ' .  EXAFS spectroscopy has been used to decipher 
the mechanism of this reaction and to show that the first of the two previous 
mechanistic hypothesis is the correct one when Cr(II1) is oxidized at  the birnessite/ 
water interface55. 

The Mn-edge RDF of birnessite is given in Figure 2. It is characteristic of a 
phyllomanganate, where each Mn atom is surrounded first by six oxygen atoms and 
then by five equidistant Mn atoms. In the two dimensional layer of Mn octahedra, 
one out of six Mn atoms is laking38, as depicted on the right hand side of Figure 2. 
This atom deficit or vacancy (denoted V in Figure 2) is responsible for the permanent 
charge of b i r n e ~ s i t e ~ ~ .  At t = 0, when the birnessite suspension is mixed to the Cr3+ 
solution (both had been previously coulometrically titrated at pH 4.0), the Cr3 + 

cations are first attracted by the negative potential originating from the existence of 
Mn(1V) vacancies. This phenomenon is similar to cation adsorption by clays such 
as montmorillonite. These clays present on their surface a negative charges arising 
from isomorphous substitution in octahedral and tetrahedral sheets33. 

The Cr-edge RDF of the birnessite sample after 30 sec exposure to the Cr(II1) 
solution is given in Figure 2 (dotted line). In this RDF a second intense peak is 
detected, which did not exist either in the Cr solution RDF or in the Cr polymers 
RDFs (Figure 1). This peak indicates that sorbed Cr3+ is not bound to the surface 
via an outersphere complex and is not present as Cr hydroxy polymer. Analysis of 
the first neighbor metal (Me) peak indicates that a Cr-Me distance equal to the 
Mn-Mn distance within birnessite (see the two RDFs), namely 2.90 A, and the 
presence of about 4 Me atoms in the atom shell. These two results can only be 
accounted for by the diflision of Cr(III)  within the vacancies present in this mineral, 
as depicted in Figure 2 (middle figure on the right hand side), and formation of an 
innersphere complex. This phenomenon can be compared to the diffusion of K+ 
ions into montmorillonite siloxane ditriganal cavities33. 

Ninety seconds later, the Cr-edge RDF of the filtered solid phase has drastically 
changed (Figure 2, dashed line). The second peak observed in the 30 sec RDF has 
dropped down: Cr atoms are therefore no more present in the birnessite cavities. 
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106 L. CHARLET A N D  A. MANCEAU 

The amplitude of the first peak (Cr-0 contribution) has also decreased: the electron 
transfer has occurred, and 45% of chromium remaining in the filter pad is in the 
Cr(V1) oxidation state5'. Oxidized chromium atoms are no longer in an octahedral 
environment, but present as anions in a tetrahedral coordination (CrOi-), and 
these anions are repelled from the negatively charged birnessite surface. In the case 
where U4', instead of Cr3+, is oxidized by MnO,, it has been shown by isotopic 
exchange that the oxygen of the reaction product (here UOi-), originates indeed 
from the oxide, and not from water m o l e ~ u l e s ~ ~ .  Information on the other reaction 
product, namely Mnzt, could not be obtained by the present technique. Oxidation 
of hydroquinone by MnO, have shown, however, that part of the Mn2' could be 
in a first step readsorbed by the negatively charged surface6'. Finally, the appearance 
of a new peak in the 2 mn RDF (Figure 2, dashed line) indicates the formation of 
polymers. This could have been expected since after z = 0 the pH was not controlled 
any more, and the weathering of birnessite is fast enough at pH 4.0 to drift the pH 
upward. These polymers are expected to be less reactive since they cannot fit within 
the Mn(IV) vacancies. They may even physically hinder, together with MnZ+, the 
diffusion of free Cr3' ions toward these vacancies, and their formation may account 
for the decrease of oxidation rate observed upon increase of Cr(II1) total concentra- 
tion30. In this reaction, birnessite appears to act, because of its lacunar structure, as 
a molecular sieve for free Cr3+ ions. This sieve is particularly efficient due to the 
2D structure of birnessite (3D Mn(II1, IV) oxides are much less efficient oxidants) and 
to the similarity of Cr(II1) and Mn(IV) ionic radii. 

The oxidation of Cr(II1) at birnessite can finally be mechanistically sketched as 
follows (Figure 2, right hand side): 

1) an electrostatic attraction of the Cr3+ cations toward the negatively charged 
surface, 

2) the diffusion of Cr(II1) ions within the Mn(IV) vacancies of the lattice, 
3) the electron transfer between chromium and manganese atoms via the 0x0 

4) a release of Cr(V1) in solution. 
bridges, and 

CONCLUSION AND OUTLOOK 

With EXAFS spectroscopy one obtains with a reasonable degree of accuracy the 
distance and number of atoms present in the first three/four atom shells surrounding 
a target central heavy metal atom sorbed on a wet surface. This information has 
been combined with macroscopic and mineralogical data to elucidate the mechanisms 
involved in Cr(II1) surface reactions (a sorption and a redox one) of importance in 
the environment. 

Only a few studies have been yet reported in this field. The present study has 
shown how the structure of the sorbent and in particular the nature and geometry 
of the surface functional group may control the availability and speciation of heavy 
metals in the environment. 
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This type of study is today limited to systems with metal surface coverage equal 
to at least about 10% of a surface monolayer. However once, in the next five years, 
the third generation of higher intensity synchrotron radiation sources will have 
been commissioned (e.g. the European Synchrotron Radiation Facility in Grenoble, 
France, and the Advance Photon Source at Argonne National Laboratory, USA), 
the study of metals present in much lower amount (e.g. natural samples) will be 
possible. In addition, new developments such as fast EXAFS and dispersive EXAFS 
will allow real time studies to be performed. 
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