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The local structural environment of Co sorbed on hectorite (a
agnesian smectite) has been investigated by polarized EXAFS

P-EXAFS) spectroscopy on a self-supporting film of Co-sorbed
ectorite. This sorption sample was prepared by contacting Co
nd hectorite at pH 6.5 and at high ionic strength (0.3 M NaNO3)
o favor pH-dependent sorption reaction over cation exchange. A
elf-supporting film was elaborated after 120 h of reacting time,
hen apparent quasi-equilibrium conditions were attained. The
alf-width at half maximum of the orientation distribution of c*
xis of individual clay platelets off the film normal was determined
y quantitative texture analysis, and found to be equal to 18.9°. Co
-edge P-EXAFS spectra were recorded at angles between the

ncident beam and the film normal equal to 0°, 35°, 50°, and 60°;
he 90° spectrum was obtained by extrapolation. Spectral analysis
ed to the identification of the two nearest cationic subshells
ontaining 1.6 6 0.4 Mg at 3.03 Å and 2.2 6 0.5 Si at 3.27 Å. These
istances are respectively characteristic of edge-sharing linkages
etween Mg and Co octahedra and of corner-sharing linkages
etween Co octahedra and Si tetrahedra, as in clay structures. The
ngular dependence of the Co–Mg and Co–Si contributions indi-
ates that Co–Mg pairs are oriented parallel to the film plane,
hereas Co–Si pairs are not. These results are interpreted by the

ormation of Co inner-sphere mononuclear surface complexes lo-
ated at the edges of hectorite platelets, in the continuity of the
Mg, Li) octahedral sheet. © 1999 Academic Press

Key Words: Co; hectorite; adsorption; EXAFS; polarized
XAFS; surface complex.

INTRODUCTION

Smectites are widespread minerals of weathering forma
nd sediments (1). They possess a large specific surfac
nd a high structural charge (up to 1000 meq per kg). Th

ore, these clay minerals much influence the physico-chem
roperties of geological formations where they are present
etention properties of smectites are also of interest fo
etup of geochemical barriers for nuclear waste reposito

1 To whom correspondence should be addressed.
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ll rights of reproduction in any form reserved.
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hese barrier systems are foreseen to limit leaching of ha
us chemicals or radionuclides (2). Industrial application
mectites encompass heterogeneous catalysis on mo
lays (3) and pharmacological technologies. For all these
ons, a good understanding of the surface stability and so
eactivity of smectites is highly desirable.

The high surface reactivity of smectites is a direct co
uence of their lamellar and defective structure. Smectite
uilt of layers made by the condensation of one central o
edral sheet and two tetrahedral sheets (4). Heteroionic

onic substitutions impart to smectites a permanent neg
tructural charge, which is compensated by the adsorpti
ations on basal planes. Divalent cations sorbed on
lanes form outer-sphere (OS) surface complexes (5–10
re easily exchanged with solute ions by varying the cat
omposition of the solution. Besides these cation exch
roperties, smectites also possess pH-dependent sorption
rties (11–17). The pH-dependent sorption was inferred to
lace at layer edges, where truncation of the bulk struc

eads to the formation of oxygen dangling bonds. Howeve
efinite structural evidence for the adsorption of cations
dge sites has been reported yet. Extended X-ray abso
ne structure (EXAFS) studies rather suggested that the
ependent sorption of cations on phyllosilicates leads to
recipitation of mixed (18, 19) or pure (9, 20) hydrox
hases, without definite evidence for spatial association

ween the precipitated and the sorbent phases. Furtherm
ecent reevaluation of EXAFS data on a similar sorbate–
ent system (21) emphasized the relatively high uncertain
tructural parameters (interatomic distance, number of n
oring atoms) obtained by powder-EXAFS, which could ev

ually bring the reliability of several sorption structural mod
n question. One origin for these uncertainties is the relati
imited reciprocal space explored by EXAFS (at bestDk 5 14

21), which prevents the discrimination of atomic shells s
rated by less than 0.10–0.15 Å (22). This is typically the

n phyllosilicates, where absorbing atoms of the octahe
heet are surrounded by neighboring cations from the oc
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141SORPTION OF METAL IONS ON CLAY MINERALS
ral and tetrahedral sheets atR ; 3.05–3.10 Å andR ;
.20–3.25 Å,respectively. Manceau and co-workers (23,
howed that this limitation can be overcome by perform
olarized-EXAFS (P-EXAFS) experiments on phyllosilic
ingle crystals. The contribution of cations from the tetrahe
heets can be minimized by orienting the phyllosilicate p
arallel to the electric field vectore of the incident X-ray beam
Fig. 1, left). Conversely, the contribution of cations from
ctahedral sheet is extinguished in the perpendicular ori

ion of e (Fig. 1, right). Recently, this P-EXAFS technique w
uccessfully applied for the first time to well-textured s
upporting clay films (25, 26). These studies demonstrate
nique ability of P-EXAFS to probe highly anisotropic en
onments with an enhanced precision, as compared to po
XAFS. The discriminating capacity of P-EXAFS can be u

o differentiate cations precipitated in solution from cati
dsorbed on the edges of smectite layers.
In the present study, the sorption mechanism of Co

ectorite, a magnesian smectite, was investigated by P-EX
pectroscopy performed on a self-supporting film of Co-so
ectorite. Adsorption of Co on the edge sites of hectorite

avored by carefully controlling the chemical conditions of
orption process. In particular, sorption was carried out at
onic strength (I 5 0.3 M) to inhibit Co adsorption on catio
xchange sites, and at moderate pH (pH 6.5) and Co co

ration ([Co] 5 1024 M) to avoid as much as possible t
recipitation of either pure Co(OH)2(s) or of Co hydrous phyl

osilicates such as Co-rich kerolite (hereafter referred t
oKer) (21). The orientation distribution of hectorite crys

ites in the self-supporting film plane was determined by q
itative texture analysis (QTA). Mg and Si cationic sh
urrounding sorbed Co were unambiguously identified b
XAFS spectroscopy, and the orientation of the Co–Mg
o–Si pairs with respect to the basal plane of hectorite par
ere determined. Based on these results, a structural mod

FIG. 1. Principle of polarized EXAFS measurements on phyllosilica
left) electric field vectore parallel to the layer plane; (right)e perpendicula
o the layer plane.
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he adsorption mechanism of Co on the layer edges of hec
s proposed.

BACKGROUND

Quantitative Texture Analysis

The quantitative texture analysis of a polycrystalline ag
ate is based on the concept of orientation distribution (O
hich represents a statistical description of the individ
rystallite orientations within this aggregate (27). This or
ation can be evaluated by determining the pole distributio
hkl} diffracting planes (i.e. the orientation distribution of t
ectors^hkl&* perpendicular to these planes) with respec
he sample referential. Figure 2 illustrates the principle
ole distribution measurement on an X-ray diffractome
hree rotation movements,u hkl (Bragg angle),g (azimutha
ngle), andr (tilt angle) are available. In this geometry, o
hkl} planes whose poles are aligned with thek direction are

n diffracting conditions, providedu hkl fulfills the Bragg con
ition. The diffracted intensityI hkl(g, r) is proportional to th
umber of crystallite planes that satisfy these orientation
ragg conditions. Rotation of the sample in every posi
roundg andr conservesu hkl and allows for all crystallites o

he sample to be brought successively in a diffracting posi
pole densityPhkl(g, r) is then obtained by normalizin

easured diffracted intensities with respect to an average
btained by integrating all intensities overg and r This nor-
alization procedure enables the comparison of several
les regardless of their porosity and purity, under the ass

ion that the average diffracted intensity is constant what
he true texture is. Finally, a pole figure is obtained by
ecting the pole density on the film plane using an equal-
rojection for qualitative visual representation of the text
uality of the sample.
In the case of smectite samples, only a few {hkl} reflections

re experimentally accessible, because some are too lou hkl

ngles to ensure a constant irradiation of the sample, and o
re systematically extinct. Furthermore, the measurable p
onsist of several overlapped reflections, as a result o

:

FIG. 2. X ray diffraction geometry used for texture analysis in the re
ion mode. Auhkl pole figure can be measured by fixinguhkl and then rotatin
he sample aroundg andr (both rotations conservinguhkl).



c ar
o in
f alc
l po
d e fi
b ns
c

w cu-
l r
r in-
t r-
i tur
s sin
p tio
M he
(

e fu
t arly
p hre
f ane
t

w
l s
o r
p ive
f tion

w A
m n-
d

pic
E ter
i
a
s ly,
t FS

s
I d
o t
s

as
r aves
o ed
b nto
c ,
t of
a

w
a -
t
r and
A
o
s a
D re
d

of
x of
e g
a e
p n

w s
m d
c
a e
i a
t lane
i g
a

-
m

142 SCHLEGEL ET AL.
rystal symmetry (26), and the resulting multipole figures
f complex visual interpretation. To derive a quantitative

ormation on the sample texture, it is then necessary to c
ate the complete OD that would best fit the measured
ensity, using a refinement technique. The quality of th
etween the experimental and the OD-recalculated pole de
an be evaluated by the reliability factor,

RP5
1

I O
hkl

O
j

Phkl
calc~ j ! 2 Phkl

obs~ j !

Phkl
obs~ j !

, [1]

herePhkl
obs( j ) and Phkl

calc( j ) refer to the observed and recal
ated pole densities, andj runs for allg andr values. A simila
eliability factor RW, in which observed and recalculated
ensities are weighed, can be defined.RW enables the compa
son of the refinement quality for samples with different tex
trengths. Once the OD has been refined, every desired
ole figure can be recalculated for much simpler interpreta
ore details on QTA refinements can be found elsew

26, 28).

Polarized EXAFS

In an EXAFS experiment, the absorption coefficientm of an
lement present in the studied material is measured as a

ion of the energy of the incident X-ray beam. For a line
olarized X-ray beam and a layered compound having a t

old or higher symmetry axis perpendicular to the layer pl
his absorption coefficient can be written (23–26, 29)

m a 5 m \cos2a 1 m 'sin2a, [2]

herea is the angle between the electric field vectore and the
ayer plane (Fig. 1). The notations\ and' denote orientation
f e parallel (a 5 0°) and perpendicular (a 5 90°) to the laye
lane, respectively. The net EXAFS oscillations are der

rom X-ray absorption spectra by the normalization equa

x 5
m 2 m0

m0
f m 5 m0~1 2 x!, [3]

herem0 is the absorption coefficient of an isolated atom.
0 does not depend ona, x exhibits a dichroic angular depe
ence described by

x a 5 x \cos2a 1 x 'sin2a 5 x ' 1 ~x \ 2 x '!cos2a. [4]

Equation [4] is rigorously correct for the total macrosco
XAFS signal (i.e. for the sum of single and multiple scat

ng contributions). From the knowledge ofx\ andx', Eq. [4]
llows the calculation ofxa for any value ofa in dichroic
ystems. Conversely, ifx' is not accessible experimental
hen it can be calculated via linear regression of EXA
e
-
u-
le
t
ity

e
gle
n.
re
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e-
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d
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-

pectra obtained fora , 90° and extrapolation toa 5 90°.
n a perfectly disordered (isotropic) powder,xa is average
ver all space directions and reduces to ana-independen
pectrum,x iso.
The EXAFS oscillations are interpreted microscopically

esulting from the interference between photoelectronic w
utgoing from the absorbing atom (i) and waves backscatter
y neighboring atoms (j); therefore it can be decomposed i
ontributions of successive atomic shells,x ij . For a powder
he amplitude ofx ij

iso is of course proportional to the number
toms present in thej shell; Nj

real andx ij
iso can be written

x ij
iso 5 S0

2Nj
realAij~k, l, Rij , s j! z sin~2kRij 1 f ij~k!!, [5]

herek is the norm of the photoelectron wavevector,Rij is the
bsorber–backscatterer distance,f ij (k) is a phase shift func

ion depending on the nature of theij pair, S0
2 is an amplitude

eduction factor which is characteristic of the absorber,
ij (k, l, Rij , s j) is a damping function which depends onRij ,
n the mean free path of the photoelectron (l), and on the
tructural and thermal disorder of thej shell, expressed as
ebye–Waller factors j . At a given temperature, the mo
isordered the shell, the highers j .
In contrast to powder EXAFS, in P-EXAFS the amplitude

ij
P is not only dependent onNj

real, but also on the orientation
with respect to the vectorsR iu j that connects the absorbini
tom to theuj

th atom of thej shell. At theK-edge and in th
lane-wave approximation, this relationship can be writte

x ij
P 5 3x ij

iso O
uj51

N j
real

cos2u iuj
5 3^cos2u iuj

&x ij
iso, [6]

hereu iu j is the angle betweene andR iu j. The summation i
ade over all the Nj

real atoms of thej shell. For layere
ompounds,u iu j can be expressed as a function ofa, of theb uj

ngle betweenR iu j and c*, and of thev uj angle between th
n-plane projections ofe andR iu j (Fig. 3). The existence of
hreefold or higher symmetry axis normal to the layer p
ndicates that thej th shell contains severaluj backscatterin
toms with the sameb orientation (except forb 5 08).

FIG. 3. Definition of the anglesu ij , v uj , a, andb uj in polarized experi
ents.
uj uj
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143SORPTION OF METAL IONS ON CLAY MINERALS
hus, thê cos2u iu j& term can be reduced to a function of o
andb j by averaging the in-planev uj angles (29). This resul

n

3^cos2u iuj
& 5 1 2

~3 cos2b j 2 1!~3 cos2a 2 2!

2
. [7]

ence the angular dependence ofx ij
P can be described by

imple affine function of cos2a:

x ij
P 5 x ij

iso z F1 2
~3 cos2b j 2 1!~3 cos2a 2 2!

2 G . [8]

quation [8] confirms that only the amplitude ofx ij
P is modified

y varyinga. It is then possible to define for eacha angle an
pparent number of neighboring backscatterers,Nj

app, which is
roportional tox ij

P, so that

Nj
app

Nj
real 5

x ij
P

x ij
iso . [9]

j
app can be calculated fromb j and Nj

real for any a value by
ombining Eqs. [8] and [9]:

Nj
app5 Nj

real z F1 2
~3 cos2b j 2 1!~3 cos2a 2 2!

2 G . [10]

Equation [10] resumes to a simple expression in two ca
irst, whena 5 35.3°, thenNj

app 5 Nj
real regardless ofb j , and

he polarized and powder EXAFS spectra are identical.
nd, whenb j 5 53.78, Nj

app 5 Nj
real regardless ofa, and the

XAFS contribution of thej shell has no angular dependen
5 35.3° andb j 5 54.78 are “magic angles.” Equation [1

lso indicates thatNj
app increases with increasinga for b j ,

4.78 and decreases with increasinga for b j . 54.78. Thus,
he orientation of theij pairs with respect tob 5 54.7° can be
etermined from the angular dependence of Nj

app.
How these theoretical considerations apply to phyllosilic
ill now be shown taking Fe in biotite as a example (23,
iotite is a trioctahedral phyllosilicate like hectorite (Fig.
e is located in the octahedral sheet and is surrounded by
g) neighbors of the octahedral sheet (b 5 90°) and 4 (Si, Al)
eighbors of the tetrahedral sheets (b ' 33°). These two shel
re located at close distances (;3.04–3.10 Å vs 3.25–3.30 Å
nd their EXAFS contributions cannot be discriminated
onventional EXAFS analysis (22), thereby decreasing
ccuracy of the spectral quantitative analysis (30). In con
q. [10] shows that in P-EXAFS, the contribution from the (
g) shell extinguishes fora 5 90° (NFe,Mg

app 5 0), and the
nalysis of the enhanced contribution of the single (Si,
hell is facilitated (NSi,Al

app 5 8.4). Likewise, for a 5 0°, the
pparent number of (Si, Al) neighbors is diminished (Napp 5
Si,Al
s.

c-

.

s
.

Fe,

y
e

st,
,

l)

.8), which makes easier the analysis of the enhanced c
ution of the (Fe, Mg) shell (NFe,Mg

app 5 9). Manceau an
o-workers (23) confirmed experimentally these theore
redictions and demonstrated that P-EXAFS measurem
llow the determination of structural parameters (Rij , Nj) for
lose atomic shells with an enhanced precision.
For an absorbing element whose structural environme

ot known, the inclination angleb j of a backscatteringj shell
ith respect toc* can be ideally determined from the angu
ependence ofNj

app. For this purpose, Eq. [10] can be rewrit
s an affine function of cos2a:

Nj
app

Nj
real 5

3

2
~1 2 3 cos2b j! z cos2a 1 3 cos2b j. [11]

he slope (B) of this function depends only onb j , and theb j

alue can be readily determined from a linear regressio
j
app/Nj

real with respect to cos2a.
Eqs. [2], [4], [7]–[11] hold true for dichroic single crysta

hey can be applied to textured self-supporting clay fi
rovided a symmetry axis of order greater than two e
ormal to the film plane. For example, aC` axis can be
btained by perfectly orienting the basal planes of individ
latelets parallel to the film surface, and then dispersinga
ndb axis randomly in the film plane. In this case, allc* axes
oint perpendicular to the film plane, andb j are the same fo
ll crystallites. For real films, in which the basal planes
latelets are disoriented off the film plane, aC` axis can stil
e defined, ifa andb axes are distributed randomly around
lm normal. In this case, however, disorientation of the pl
ets causes a dispersion of theb j angles and results in angu
ependencies ofNj

app that are weaker than in the case o
erfect orientation. As a corollary,b j determined experime

ally from Eq. [11] on these real films tends to be undere
ated forb j . 54.78 and overestimated forb j , 54.78.

EXPERIMENTAL

Hectorite Purification and Characterization

Hectorite Na0.40(Mg2.65Li 0.35)(Si3.95Al 0.05)O10(OH)2 was pur-
hased from the Clay Mineral Repository (SHCa-1). In
agnesian smectite, the Mg and Li atoms are located in
ctahedral sheet and Si atoms in the tetrahedral sheets
roximately 25 g of the raw material were suspended in 1 L of
eionized Milli-Q water and shaken at 180 rpm for 48 h.
2 mm fraction was then separated by sedimentation t
iques. This fraction was treated several times with a 1024 mol
21 (M) HNO3 solution to remove carbonate minerals,
ubsequently washed 5 times with 0.5 M NaCl to excha
nterlayer cations with sodium. No concentrated inorganic
olutions were used, since hectorite appears to dissolve q
n strong acidic media (31, 32). Afterwards the clay suspen
as treated 1 h with a 53 1023 M dithionite, 0.2 M citrate, 0.
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144 SCHLEGEL ET AL.
bicarbonate, 0.5 M NaCl solution at pH 6.5 to remo
ossibly remaining ferric oxides, and 1 h with a 3% H2O2, 0.5
NaCl solution at 50°C to remove organic matter (17, 33,

emaining H2O2 was destroyed by heating the suspension
ore than 1 h at70°C. Dialysis against Milli-Q water was th
erformed until no Cl2 anions could be detected (AgNO3 test).
he final 2 wt% stock suspension was stored at 4°C in the
rior to use. Measurements of aqueous SiO2 concentrations a
ifferent preparation stages showed that the amorphous2
olubility limit was never reached.
The purified clay suspension was characterized by X

iffraction on a Siemens D-500 X-ray diffractometer. No tr
f crystallized carbonate mineral could be detected. The c
xchange capacity (CEC), measured by Cs exchange (3
40 meq kg21. Specific surface area determined by BET eq
14 m2 g21.

Co sorption and Film Preparation

eneral Considerations

Chemical reactions such as hectorite dissolution, forma
f pure or mixed Co hydroxide, or Co adsorption on excha
ites may strongly interfere with Co adsorption on pH-de
ent sites. Therefore, the chemical conditions (pH, i
trength) for Co sorption were carefully determined to a
hese interferences.

The lower limit of the possible pH value for Co sorption w
mposed by the dissolution kinetics of hectorite. At pH 6.5
akes about 10 days for the working clay suspension to re
ree Si concentration of 400mM. Since the dissolution rate
ectorite is enhanced at lower pH (36), pH 6.0 was chose
lower limit. Also, as a prerequisite, pH has to be high eno

o allow for a sufficient amount of Co to sorb on hecto
ithin a reasonable period of time. The upper pH limit w

FIG. 4. Solubility of Co in solution with respect to Co hydroxides a
o-rich kerolite (CoKer). Solubility constants are taken from Refs. (21,
lots of solubility limits are given for (1) stoichiometric dissolution of CoK

2) CoKer solubility controlled by amorphous silica, (3) CoKer solub
ontrolled by quartz, (4) solubility of pink active Co hydroxide, and
olubility of blue Co hydroxide. The cross refers to the maximal experim
Co] in the hectorite suspension.
).
r

rk

O

y
e
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e
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c
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s

elected to avoid precipitation of pure Co(OH)2(s) and CoKer
lots of the Co solubility with respect to CoKer and Co(OH2(s)

Fig. 4) indicate that the upper pH limit for Co sorption is;6.7
or a Co concentration of 100mM. Sorption experiments we
hus conducted at pH 6.5.

Ionic strength (I ) and equilibration time for Co sorptio
ere defined on the basis of kinetic results obtained at
ifferent ionic strengths (Fig. 5). At low ionic strength (0.01
aNO3), an important Co sorption occurred within the firs
in of contact time between the cation and the clay surfac
igh ionic strength (0.3 M NaNO3), this rapid cation sorptio
as far less pronounced, which suggests that it correspon
o adsorption on exchange sites (37). Following this in
tep, sorption went on at slower rates. The relaxation
ssociated with this second sorption step is not compatible
cation exchange process (37). Based on these results, C

orbed at high ionic strength (I 5 0.3 M) to inhibit cation
xchange, and the self-supporting film was elaborated
20 h of reacting time, when Co sorption was significa
lowed down.

xperimental Design

All chemicals were of ACS reagent grade. All solutio
ere prepared with Milli-Q water. A constant Na concentra
f 0.3 M was maintained throughout the experiment by
aring the working solutions with the appropriate amount
aNO3 salt (Fluka). pH measurements were made usin
etrohm combined electrode connected to a Metrohm
eter. This electrode was calibrated with buffers (Me

itrisol) and recalibrated at least every 48 h. The pH of
uspension was continuously adjusted to 6.5 (60.05) by soft-
are-controlled additions of small volumes of acid (0.1
NO3, 0.3 M NaNO3) or base (0.02 M NaOH, 0.28 M NaNO3)
olutions.
The sorption experiment was conducted at 256 0.1°C in a

).

al

FIG. 5. Kinetics of Co sorption on hectorite at high (I 5 0.3 M, ƒ) and
ow (I 5 0.01 M, h) ionic strengths. Chemical conditions are: pH 6.5, s
oncentration [hectorite]5 1.95 g L21, total Co concentration [Co]tot 5
00 mM.
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olyethylene vessel immersed in a thermostated water
olid concentration in the suspension was 1.95 g L21. Vigorous
tirring of the suspension was achieved by a rotating mag
ar. An inert atmosphere was maintained by bubbling a

hroughout the suspension. Prior to use, Ar was acid-
ase-washed by bubbling through 10% H2SO4 and 0.1 M
aOH solutions, and bubbled through a 0.3 M NaNO3 solution

o ensure a constant PH2O partial pressure. After a preequilibr
ion time of 48 h at pH 6.5, an aliquot of a 0.21 M Co(NO3)2,
023 M HNO3, 0.3 M NaNO3 solution was added to the cl
uspension to obtain a final Co concentration of 100mM. The
H of the suspension was then readjusted to 6.5 within 5
y gentle addition of the base solution and kept at this v
ntil the end of the experiment. At the end of the sorp
eriod (120 h), Co and Si concentrations in the supern
ere measured by spectrophotometry (38), and Mg was

yzed by inductively coupled plasma-atomic emission s
rometry. The amount of Co sorbed on hectorite at the en
he experiment was equal to 37mmol g21 of hectorite, i.e. a
eight concentration of 2.233 1023 g g21 of hectorite. The

ree Si concentration in solution amounted to 333mM at the
ime of Co introduction in the suspension, and reache
oncentration of 394mM at the end of the sorption perio
issolved Si was always undersaturated with respect to a
hous silica (solubility of;2000mM (39)), and supersaturat
ith respect to quartz (solubility of 183mM (40)). This super
aturation can be neglected, owing to the very slow crys
ation rate of quartz at room temperature (41).
A 60-mm thick self-supporting film of Co-sorbed hector

as prepared by slowly filtering 60 mL of the suspension
.05-mm Sartorius cellulose nitrate filter in a closed filtrat
essel. In order to avoid atmospheric carbonate contamin
continuous flow of humidified argon was maintained ove

ample throughout the whole filtration stage. Excess of sal
queous Co were washed with a few milliliters of Milli
ater. When dry enough, the thin film was moved int
esiccator. This last drying stage is not believed to h
ubstantially modified the sorption mode of Co, as hector
nown to retain at least two layers of water molecules, e
nder low pressure of water vapor (42). Seven slices o
ame film were cut and stacked on a sample holder, in ord
et a thick sample for fluorescence-yield EXAFS meas
ents. Upon stacking, these slices were successively ro
round an axis perpendicular to the film plane to ensu
ompletely random in-plane orientation of hectorite crystal
n the EXAFS sample. The concentration of Co in the sam
as low enough (Dm/m , 0.01 at a 5 60°) to eliminate
elf-absorption effects (43, 44).

ynthesis of Reference Compounds

CoKer of formula Co3Si4O10(OH)2, and Co-doped Mg-ric
erolite (CoMgKer) of formula Co0.03Mg2.97Si4O10(OH)2 were
ynthesized by aging fresh precipitate of the desired che
th.

tic
n
d

in
e

n
nt
a-
-

of

a

r-

li-

a

n,
e
nd

e
is
n
e
to
-

ted
a

s
le

al

ompositions at 75°C for 15 days, according to the proce
escribed by Decarreau (45, 46). Their b unit cell parame
s calculated from the position of the (060) diffraction pe
qual 9.30 Å and 9.24 Å, respectively. In these precipitates

s located within the phyllosilicate octahedral sheet, an
urrounded by 6 Co and 4 Si (CoKer), or 6 Mg and 4
CoMgKer), respectively. Co(OH)2(s) was obtained by titratin
0.05 M Co(NO3)2 solution with 0.2 M NaOH under an arg
tmosphere. The fresh pink precipitate was allowed to ag
5 days at room temperature in an anoxic glove box. T
eference compounds were loaded in sample holders s
ith Kapton windows for EXAFS measurements.

Quantitative Texture Analysis

QTA was carried out by X-ray diffraction experiments o
our-circle goniometer mounted on a rotating copper an
Rikagu RU 300-E). The X-ray incident beam was monoc
atized using a flat graphite monochromator and collima
iving a final beam cross section of 1*1 mm2. Pole densitie
ere measured on a single portion of the hectorite film
canning the tilt angler between 0 and 85° and the azimut
ngleg between 0 and 360° with angle incrementsDr andDg
f 5°. In order to minimize defocusing effects, relatively o
4 mm) detecting slits were used. Three pole figures w
easured: {004}, {020/110}, and {200/130}. Data were c

ected for background defocusing. The pole densities
ormalized and the OD was refined using the WIMV algori
47) of BEARTEX (28). The reflection overlaps are not
xact ones from a theoretical random powder, because
using limits the pole figure extent accessible to measurem
r only up to 85°). Thus all overlaps were considered
nknowns and were resolved during the OD refinement
edure. The OD was iteratively refined up to a velocity
onvergence of 0.3%. Multiple and single pole densities w
hen recalculated. Visual evaluation of the OD simulation
llowed by comparison of experimental and recalculated
gures, whereas the quality of the OD refinement was qu
ed by RP andRW values (26).

EXAFS Data Collection and Reduction

Polarized Co K-EXAFS spectra for the Co-sorbed hect
lm were recorded at the SRS synchrotron radiation facilit
aresbury, UK, on the EXAFS 8.1 station. The optic of
pectrometer consists of a Si(111) double crystal mono
ator and a focusing mirror (48). The second crystal of
onochromator was detuned by 30% to increase the reje

ate of harmonics. The clay film was mounted on a goniom
nd EXAFS spectra were recorded ata 5 0°, 35°, 50°, and 60

n fluorescence detection mode using a 13-element arra
etector (Canberra).
EXAFS spectra for Co(OH)2(s) and CoKer were recorde

n transmission mode at the LURE synchrotron radia
acility, France, on the D42 station, with the plane of
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ample holder positioned at the magic angle to get rid of
extural effect (24). Measurements were performed usi
i(331) channel-cut monochromator, and gaz ioniza
hambers filled with an air– helium mixture dosed to at
ate the beam intensity by;20% before and;50% after the
ample entry. The EXAFS spectrum for CoMgKer w
ecorded in fluorescence mode at ESRF, France, on
M32 CRG/IF station. Measurements were performed u
Ni-coated focusing mirror, a Si(111) monochromator,
30-element array Ge detector, with the plane of the sa
ositioned at the magic angle.
EXAFS data reduction was accomplished following

tandard procedure (22), using a software package im
ented by D. Bonnin (ESPCI, Paris). As a preliminary s
bsorption spectra were given the shape of the semi-e

cal model of Lengeler (49, 50).x(k) for a 5 90° was
xtrapolated from 0°# a # 60° measurements followin
q. [4] (23, 26). Fourier transformation was performed
3x(k) between 2 and 10 Å21 using a Kaiser apodizatio
indow (51), resulting in a radial structure function (RS

n the distance space. RSF peaks are located at app
istances (R 1 DR), which differ from crystallographi
bsorber-backscatterer distances (R) by ; 20.3 Å, owing to

he existence of the phase shift termf ij (k) in the EXAFS
ormula (Eq. [5]) (22). RSF’s structural peaks of inter
ere selected in the distance space, and Fourier-back-

ormed ink space. Interatomic distances (R) and number o
tomic neighbors (N) were determined by least-square

ing these Fourier-filtered contributions with theoret
hase and amplitude functions calculated with FEFF
52), using talc, hectorite (Co–Mg and Co–Si pairs)
o(OH)2(s) (Co–O and Co–Co pairs) as model structu

53–56). The amplitude reduction factor S0
2 was set to 0.85

n accordance with previous experimental studies (57).
oodness of the fit was quantified by the reliability fac

, defined as

TAB
Quantitative EXAFS Analy

First peak

IFT rangea

(Å)

Co–O shell
IFT rangea

(Å)

C

R (Å) N s (Å) Rp R (Å

o(OH)2(s) 1.1–2.2 2.10 6.0c 0.08 0.003 2.2–3.5 3.1
oKer 0.9–2.2 2.09 6.0c 0.09 0.012 2.3–3.5 3.1
oMgKer 0.9–2.2 2.08 6.0c 0.09 0.005 2.2–3.1

a Ranges for inverse Fourier transforms (IFT) in the real space.
b The threshold energyE0 was taken at the half-height of the absorptio
c Value held fixed during the fitting procedure.
d CrystallographicRCo–Co 5 3.17 Å (56).
e CrystallographicRCo–Co 5 3.10 Å (calculated from the position of the
P
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Rp 5
¥k ~k3 z xcalc~k! 2 k3 z xexp~k!! 2

¥k ~k3 z xexp~k!! 2 . [12]

he accuracy of the interatomic distances obtained by u
heoretical FEFF functions was assessed by fitting the ex
ental contributions of the first and second atomic shells
o(OH)2(s), CoKer and CoMgKer references. Examination
able 1 shows that EXAFSRCo–O values for the first oxyge
hell of the three references are very similar to crystallogra
alues for divalent and oxygen-hexacoordinated Co (e.g.,RCo–O

2.097 Å for Co(OH)2(s) (56)). EXAFS-derivedRCo–Co values
or Co(OH)2(s) (3.19 Å) and CoKer (3.12 Å) are both larg
han crystallographic distances (3.17 and 3.10 Å, respecti
able 1). The same difference of 0.02 Å was previously
orted (58) and likely originates from uncertainty in theoret
hase shift functions. The EXAFS-derivedRCo–Mg value for
oMgKer (3.07 Å) is similar to crystallographicRMg–Mg dis-

ances in talc (3.05–3.06 Å (53)) and to the distance calcu
rom the b unit cell parameter of CoMgKer (59.24/35 3.08
). Finally, EXAFS-derivedRCo–Si for CoMgKer (3.21 Å) is

ower by 0.03 Å thanRMg–Si in talc (3.24 Å (53)). This result
urprising, as the Co octahedra have a larger size (e.g.,RCo–O 5
.097 Å in Co(OH)2(s)), compared to Mg octahedra (RMg–O '
.05–2.08 Å in talc), which should cause Si tetrahedra t
epelled at higher distances. This relatively large uncerta
n RCo–Si cannot be attributed to the use of theoretical F

unctions (26), but rather results from the overlap of the
nd Si shells in powder-EXAFS spectra (21, 59). In con
ion, the uncertainty on EXAFS-derived distances resu
rom the use of theoretical phase shift functions is about

for Co–O pairs, probably about 0.02 Å for Co–Co a
o–Mg pairs. The uncertainty in distance for Co–Si p
annot be estimated with accuracy on powder samples bu
een shown to be as good as 0.03 Å in former P-EX
xperiments (26). The uncertainty on the number of neigh

ng atoms will be discussed later.

1
for Reference Compounds

Second peak

Co shell Co–Mg shell Co–Si shell

RP

DE0
b

(eV)N s (Å) R (Å) N s (Å) R (Å) N s (Å)

6.0c 0.08 0.008 20.1
6.0c 0.09 3.27 4.0c 0.09 0.003 20.8

3.07 6.0c 0.09 3.21 4.0c 0.10 0.035 20.7

dge (Dm/ 2). DE0 given here for FEFF7.02 theoretical functions.
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RESULTS AND INTERPRETATION

Texture Analysis

Normalized experimental and OD-recalculated pole fig
re presented in Fig. 6. Pole densities are expressed in m
f a random distribution (m.r.d.). Experimental and reca

ated patterns look similar to each other, with low (i.e., go
eliability factors. Reliability factors for density values abo
m.r.d. ofRP1 5 2.3%, and for alldensities ofRP0 5 5%,
ere obtained at the end of the refinement. The correspo
eighted factors areRW1 5 1.4% andRW0 5 6.1% (26).
Zones of iso-densities form nonconstant rings on the {020/

ole figure and to some extent on the {200/130} pole figur
ell. One would see in such density variations an effec
referential orientations ofa andb axes in the film plane. How
ver, these irregularities affect only the peripheral part of
ole figure, where the beam may not hit regularly the sample
re located at the same azimuthal angle for all pole figures.
bservation is not consistent with a texture effect for diffe
hkl} reflections; we therefore conclude to a geometrical e
ue to a nonregular irradiation of the sample duringg rotation.
hus, it can be concluded thata and b axes of crystallites ar

andomly distributed in the film plane. This observation, c
ined with the high density at the center of the {004} pole fig

ndicates that the distribution of crystallites in the thin film
xisymmetrical, or, in other words, that aC` symmetry axis exist
erpendicular to the film plane. The presence of this axisymm

ndicates that it is possible to apply Eqs. [4] and [7]–[1
anceauet al.(26) drew the same conclusion on a self-suppo

lm of nontronite.
Figure 7a represents the {001} distribution recalculated f

he OD. This reflection has a maximum orientation densit
1 m.r.d., which is an indication of a highly textured film, bu

ower than the value of 39 m.r.d. reported for a nontronite
upporting film (26). The difference of texture strength of the
lms possibly originates from the greater thickness of the h

FIG. 6. Normalized, experimental (above) and recalculated (below)
ote that experimental pole figures are satisfactorily reproduced by the
s
ple
-
)

ng

}
s
f

h
nd
is
t
t

-
,

ry
.
g

f

f-
o
o-

ite film (;60 mm) as compared to that of nontronite (;20 mm).
he increase in thickness allowed us to increase the intens

he fluorescence signal during EXAFS acquisition.

FIG. 7. (a) Recalculated {001} pole figure for hectorite (linear den
cale, equal area projection). (b) Integratedr scan of the {001} pole figure. Th
m.r.d. density is represented by an horizontal dashed line and the gaus

o ther scan by a solid line.

e figures for Co-sorbed hectorite (logarithmic density scale, equal area).
mputation.
pol
co
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148 SCHLEGEL ET AL.
A r-transect of the {001} density distribution was obtain
y averaging for eachr value the normalized densities of t
001} pole figure over allg angles (Fig. 7b). The dispersion
* axes of individual platelets off the film normal can
uantified by the full width at half maximum (FWHM) of th
-transect. Here the FWHM is equal to 37.7°, as compare
9.8° for Garfield nontronite (26). This lower orientation
xpected to diminish slightly the angular dependence o
XAFS spectra. The difference betweenNj

app obtained for an
deal texture (Eq. [10]) and the value obtained for real sam
Nj

exp) was calculated by Manceauet al. (25) in the case of
tep-shaped distribution ofc* axis symmetrically around th
lm normal. These calculations showed that for a distribu
aving a step-shaped width of 40°, (Nj

app 2 Nj
exp)/Nj

app is equa
o 11% ata 5 90° for b 5 33°, and equals 4% ata 5 0° for

FIG. 8. (a) k3-weighted Co K-edge EXAFS spectra ata angles of 0°, 3
xperimental data for 0# a # 60° and extrapolation toa 5 90°. (b) Comp
3-weighted EXAFS spectra fora 5 35°.
to

-

s

n

5 90°. Consequently,Nj
exp can be considered equal toNj

app as
first approximation.

EXAFS Spectra

The EXAFS spectra recorded at differenta angles and th
xtrapolated spectrum ata 5 90° are displayed in Fig. 8a. T
uality of the extrapolation procedure was estimated by c
aring the experimental spectrum ata 5 35°, xexp

358(k) to that
ecalculated from the regression procedure,xcalc

358(k) (Fig. 8b).
he agreement between these two spectra is very good a
and decreases at highk, as a result of the increase of t

ignal to noise ratio. Close examination of Fig. 8b shows
calc
358(k) is less noisy thanxexp

358(k), especially at highk. One can
ee in this observation an effect of the calculation ofxcalc

358(k) via
inear regression of independent experimental points. Th

50°, 60°, and 90°. The 90° spectrum has been obtained by regressio
on of the experimental (solid line) and extrapolated-recalculated (dash
5°,
aris
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149SORPTION OF METAL IONS ON CLAY MINERALS
erence can be checked by comparing the uncertainty o
easurements forxexp

358(k) (sexp
a (k)) and for xcalc

358(k) (scalc
a (k))

ith the assumption thatsexp
a (k) is independent ona, i.e. that

exp(k) is the same for all experimental spectra;sexp(k) and
calc
a (k) are then related by (60)

scalc
a 5 sexp~k! z F1

n
1

~cos2acalc 2 ^cos2aexp&!
2

¥aexp ~cos2aexp 2 ^cos2aexp&!
2G 1/ 2

, @13#

hereaexp is the experimental angle (aexp 5 0°, 35°, 50°, and
0°), n is the number of experimental spectra (heren 5 4),
ndacalc is the angle of the calculated spectrum. Applicatio
q. [13] results inscalc

358(k) 5 0.52*sexp(k), which means tha
he recalculated spectrum is theoretically about half as noi
he experimental one. This calculation compares favor
ith the reduction of noise observed forxcalc

358(k) (Fig. 8b).
urthermore, fora 5 90°, scalc

908(k) 5 1.14*sexp(k), which
uggests thatxcalc

908(k) has a similar signal to noise ratio as
xperimental spectra. This result allows us to place confid

n the regression and calculation procedure.
P-EXAFS spectra (Fig. 8a) contain several distinct freq

ies having a large amplitude, even at highk. Multiple scat-
ering paths do not have a large amplitude at highk. Hence, the
bserved multifrequency indicates the presence of se
ackscattering shells around Co. The position and amplitu
everal oscillation maxima vary as a function ofa. For exam
le, the maximum centered near 6 Å21 (a 5 0°) shifts to highe
with increasinga, whereas the opposite trend is observed

he maximum near 4.2 Å21. These modifications cannot
nterpreted by the variation of a hypothetical self-absorp
ffect with a, as this effect solely modifies the amplitude
a(k) (43, 61), and also because of the low concentration o
ithin the sample (Dm/m , 0.01). Instead, these angular va
tions originate from a polarization dependence of the EX
ontributions. It has been seen in the background section
he amplitude of the contribution of an atomicj shell (xCo–j)
epends on itsb j angle. Therefore, the occurrence of multi
ave frequencies, together with the polarization dependen
XAFS spectra, indicate that Co atoms are surrounde
everal atomic shells oriented differently with respect toc*.
he angular dependence of EXAFS spectra also sugges
orbed Co atoms are associated structurally to hectorite
ets.

EXAFS spectra recorded at the magic angle for Co-so
ectorite and reference compounds are contrasted in F
o-sorbed hectorite has a markedly different EXAFS spec

rom CoKer and Co(OH)2(s), which points to distinct crystallo
hemical environments. This simple comparison indicates
orbed Co did not precipitate as pure Co(OH)2(s) or CoKer, as
xpected from the careful choice of sorption chemical co

ions. Instead, EXAFS spectra of Co-sorbed hectorite
oMgKer bear strong similarities, which suggests that so
o is located, at least partially, in a Mg clay-like environm
he
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Radial Structure Functions (RSFs)

RSFs corresponding to the P-EXAFS spectra in Fig. 8a
lotted in Fig. 10. Several intense peaks are observed atR 1
R distances of 1.8 Å and 2.7–2.8 Å. These peaks point t
resence of several atomic shells in the vicinity of sorbed
hich is fully consistent with the occurrence of several w

requencies noted previously in P-EXAFS spectra. Figur
hows that the RSFs of Co(OH)2(s), CoKer, and Co-sorbe
ectorite ata 5 35° differ by the position and amplitude

heir second structural peaks, which confirms that Co h
ifferent structural environment in Co-sorbed hectorite an

hese references. A significant difference of amplitude can
e observed between Co-sorbed hectorite and CoMg

FIG. 9. k3-weighted Co K-edge EXAFS spectra for Co(OH)2(s), Co-rich
erolite (CoKer), Co-doped Mg-rich kerolite (CoMgKer), and Co-sorbed
orite. All spectra were recorded at the magic angle.
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150 SCHLEGEL ET AL.
hich suggests that either the number or the nature of n
oring cations are different in these two compounds.

irst RSF Peak

The first RSF peak atR 1 DR 5 1.8 Å corresponds to th
ontribution of oxygen atoms coordinated to Co. TheRCo–O

istance was determined by least-squares fitting the p
XAFS contribution obtained by Fourier back-transform

his RSF peak. Good fits (RP # 0.006 for 0°# a # 60°, and
P 5 0.010 fora 5 90°) were obtained by assuming 5.6 (a 5
°) to 4.3 (a 5 90°) oxygen atoms atRCo–O 5 2.08 Å (s 5 0.10
) (Table 2). The uncertainty onRCo–O andNO resulting from
xperimental measurements and spectral analysis were
ated ata 5 35° by successively varying and fixing the

tructural parameters during the least-squares fit. A 0.02 Å
f RCo–O from its best-fit value, or an increase ofNO from 5.1

o 6 (20%), led to a two-time increase ofRP. However, this
stimation procedure does not take into account the pos
ffset ofRCo–O resulting from the use of theoretical phase s

unctions. ThisRCo–O offset was previously inferred to 0.01
rom the analysis of references. Therefore, the experim
ncertainty onRCo–O andNO are typically60.03 Å and620%,
espectively.

The value ofRCo–O confirms that sorbed Co is divalent a
exacoordinated to oxygen (62), as fourfold coordinated C
ixfold coordinated Co(III) would have resulted in sho
o–O distances of 1.9–2.0 Å. It can therefore be conclu

hat no redox reaction occurred during the sample prepara
he relatively high value ofs (s 5 0.10 Å), and the low
umber of detected oxygens (4.3# NO # 5.6), in compariso

o CoKer and Co(OH)2(s), point to an increase in the dispers
f Co–O bond lengths in the sorption sample. The larger sp
f R likely results from difference of bond strengths, p

FIG. 10. Polarization dependence of the Co K-edge RSF for Co-so
ectorite ata angles of 0°, 35°, 50°, 60° (experimental), and 90° (extrapola
Co–O
h-

ial

sti-

ift

le
t

tal

or
r
d
n.

ad
-

ibly because oxygens coordinated to Co belong to dis
hemical entities, such as H2O molecules, OH groups, a
xygens of the sorbent surface. This structural disorder ca
damping of the EXAFS signal, which is not fully comp

ated by an increase ofs, so that the number of oxyge
etected by EXAFS is lower than the actual number coo
ated to Co. Since this difference between the detected an
ctual number of oxygens is structural in origin, it was

aken into account in the previous estimate of the experim
ncertainty. Therefore, the real uncertainty onNO, which sums
p the experimental uncertainty and the effects of struc
isorder, is probably higher than 20%.
The amplitude of first RSF peaks decreases with increa
(Fig. 10), and this lowering is reflected in Table 2 b

eduction ofNO
app from 5.6 ata 5 0° to 4.3 ata 5 90°. As

xposed in the background section, the sense of this var
ndicates thatbO . 54.7°, i.e. that the coordination octahed
s flattened (26). To quantify this flattening,bO has bee
stimated as follows. First, a linear regression ofNO

app with
espect to cos2a was performed for 0°# a # 60° (Fig. 12)
econd,NO

real 5 5.18 was calculated from this regression eq
ion at the magic anglea 5 35.3°. Third, application of Eq

FIG. 11. Co K-edge RSF for Co(OH)2(s), Co-rich kerolite (CoKer), Co
oped Mg-rich kerolite (CoMgKer), and Co-sorbed hectorite.

d
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11] with NO
real 5 5.18 yieldedbO

exp 5 57.9°. The statistica
ncertainty onbO

exp was obtained from the dispersion ofNO
app off

he regression line (60) and was equal to61° at the 95.5%
onfidence level. As discussed in the background section
ealbO value (bO

real) is probably slightly higher than the exp
mentalbO

exp value, because of the disorientation of individ
latelets off the film plane. Nevertheless,bO

exp compares we
ith bO for edge-sharing octahedra in Co-substituted synt
ica (;58.2° (63)).

econd RSF Peak

The high amplitude of the RSF peak nearR 1 DR 5
.7–2.8 Å fora 5 0° and 90° suggests that it originates fr

he contribution of nearest cationic shells, which may con
f either Co, Si, or Mg. This peak displays a complex ang
ependence, decreasing froma 5 0° to a 5 35°, and then

ncreasing froma 5 35° toa 5 90°. Meantime, its maximum
hifts fromR 1 DR 5 2.7 Å to 2.8 Å asa increases. If thi

TAB
Quantitative EXAFS Anal

a

First peak

IFT rangeb

(Å)

Co–O shell
IFT rangeb

(Å)R (Å) NO
app s (Å) Rp

° 0.9–2.2 2.08c 5.6 0.10c 0.004 2.3–3.3
5° 0.9–2.2 2.08 5.1 0.10 0.002 2.3–3.
0° 0.9–2.2 2.08c 4.9 0.10c 0.005 2.2–3.3
0° 0.9–2.2 2.08c 4.7 0.10c 0.006 2.2–3.4
0° 0.9–2.2 2.08c 4.35 0.10c 0.010 2.2–3.4

a The threshold energyE0 was taken at the half-height of the absorptio
b Ranges for inverse Fourier transforms (IFT) in the real space.
c Value held fixed during the fitting procedure.

FIG. 12. Angular dependence of the apparent number of oxygen n
ors (NO

app) for Co-sorbed hectorite. Squares: experimental data. Linear re
ion of experimental data (solid line) for 0# a # 60° yielded NO

app 5
.17*cos2a 1 4.39.
he

l

ic

st
r

eak arised from asingle atomic shell contribution, then i
osition would be invariant witha (Eq. [8]). Therefore, th
hift in position witha indicates that this peak is made of
ontributions of at least two atomic subshells, consisting e
f chemically identical atoms located at different distan

rom Co, or of chemically different atoms. Furthermore,
ngular effect can only be observed if the contribution of
ubshell predominates ata 5 0° and the other ata 5 90°, i.e.,

f these two subshells have differentb j angles.
Back-Fourier transforms of second RSF peaks fora 5 0°,

5°, and 90° are contrasted in Fig. 13a. Of significance is
resence of isosbestic points, for whichx ij

P is independent ofa.
hese points are much sensitive to defaults in spectral no

zation, and their observation over the entirek-span attests fo
he reliability of the data analysis. This reliability can
urther assessed by comparing the experimentalx2nd peak

35° contri-
ution to that recalculated fromx2nd peak

0° and x2nd peak
90° by the

heoretical expression derived from Eq. [4],

x 2nd peak
358 5 2

3 z x 2nd peak
08 1 1

3 z x 2nd peak
908 . [14]

igure 13b shows that experimental and recalculatedx2nd peak
35°

re hardly distinguishable. This very good quantitative ag
ent (RP 5 8 3 1023) deserves to be emphasized and den

he fair precision of measurements in the 3# k # 10 Å21

nterval.

Chemical nature of the predominant contributions ata 5 0°
nd 90°. That the second shell contains at least two subs
hose contributions alternatively predominate ata 5 0° and
5 90° has been shown in the previous section. The sim

ypothesis consists of assuming that this second shell
risesonly two subshells, denoted M1 and M2. According
q. [5], the EXAFS contribution of M1 and M2 can be writt
s a damped sinusoid with a frequency that depends o
bsorber-backscatterer distance (2kRij term), and on the chem

cal nature of the backscatterer (f term). Therefore, the pha

2
s for Co-Sorbed Hectorite

Second peak

DE0
a

(eV)

Co–Mg shell Co–Si shell

RPR (Å) NMg
app s (Å) R (Å) NSi

app s (Å)

3.03 2.3 0.10c 3.27c 0.5 0.11c 0.022 20.1
3.03c 1.6 0.10c 3.27c 2.2 0.11c 0.015 20.1

3.03c 1.1 0.10c 3.27c 3.6 0.11c 0.031 20.1
3.03c 0.6 0.10c 3.27c 4.4 0.11c 0.029 20.1

3.27 5.8 0.11 0.029 20.1

dge (Dm/ 2). DE0 given here for FEFF7.02 theoretical functions.
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152 SCHLEGEL ET AL.
ifference between thexCo–M1(k) andxCo–M2(k) waves is given
y

Dw~k! 5 wM2~k! 2 wM1~k!

5 2k~RCo–M2 2 RCo–M1!

1 ~f Co2M2(k) 2 fCo–M1~k!!; [15]

w can be estimated experimentally by supposing thatx2nd peak
0°

ontains only the contribution of M1 andx2nd peak
90° contains only

he contribution of M2, so thatDw is simply the phase diffe
nce betweenx2nd peak

0° andx2nd peak
90° . This phase difference can

ead out on Fig. 13a and equalsp at k 5 4 Å21, and 2p at k 5
.5 Å21. In the following, M1 and M2 will be identified b

heir ability to verify Eq. [15] atk 5 4 and 9.5 Å21.
Let us first assume thatRCo–M2 5 RCo–M1 and that the tw

ubshells are chemically different. Equation [15] then red
o Dw(k) 5 fCo–M2(k) 2 fCo–M1(k). TheoreticalDw functions
orresponding to the various combinations of possible M1
2 subshells were obtained fromfCo–Co(k), fCo–Mg(k) and
Co–Si(k) phase shift functions (Fig. 14a) computed w
EFF7.02. Examination of Fig. 14b shows that none of theDw

unctions verifyDw 5 p at k 5 4 Å21 andDw 5 2p at k 5
.5 Å21. Therefore, this hypothesis should be ruled out.

FIG. 13. Fourier-filtered EXAFS spectra of the second shell (x 2nd shell(k))
or Co-sorbed hectorite. (a) Comparison ofx2nd shell(k) for a 5 0°, 35°, and 90°
b) Comparison of the experimentalx2nd peak

35° contribution (solid line) and th

2nd peak
35° contribution recalculated fromx2nd peak

0° andx2nd peak
90° (dashed line).
s

d

Let us then assume that the two subshells are chem
ifferent and thatRCo–M2 Þ RCo–M1. Equation [15] can then b
ewritten

RM2 2 RM1 5
Dw 2 ~fCo–M2~k! 2 fCo–M1~k!!

2k
. [16]

M2 2 RM1 values calculated for the different combinations
tomic pairs are listed in Table 3 fork 5 4 and 9.5 Å21. There

s no atomic pair for whichRM2 2 RM1 is completely indepen

FIG. 14. FEFF7.02 calculated phase shift functions for Co–Co, Co
nd Co–Mg pairs and interatomic distances of 3.10 Å. (a) Plot of the p
hift functions. (b) Plot of the difference of phase (Dw) for various combina
ions of atomic pairs.

TABLE 3
Calculated Differences of Distance between M1 and M2 Sub-

hells at k 5 4 and 9.5 Å21 and for Different Combinations of M1
nd M2 Subshells

M1 M2
(RM2 2 RM1)

for k 5 4 Å21

(RM2 2 RM1)
for k 5 9.5 Å21

D(RM2 2 RM1)
a

(Å)

Co Mg 0.85 0.56 20.29
Co Si 0.70 0.51 20.19
Si Co 0.08 0.15 0.07
Si Mg 0.54 0.38 20.16
Mg Co 20.07 0.09 0.16
Mg Si 0.24 0.28 0.04

a Calculated as follows:D(RM2 2 RM1) 5 (RM2 2 RM1) k59.5Å21 2 (RM2 2
) 21.
M1 k54Å
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153SORPTION OF METAL IONS ON CLAY MINERALS
ent ofk. This suggests that at least one of thex2nd peak
0° or x2nd peak

90°

unctions does not originate from a single subshell. The sm
st variation ofRM2 2 RM1 from k 5 4 to k 5 9.5 Å21

orresponds to M15 Mg and M2 5 Si (Table 3). All othe
ombinations of atomic pairs (including pairs of chemic
dentical atoms) result in variations ofRM2 2 RM1 at least 1.5
imes larger. Therefore, this preliminary analysis suggests
redominant backscatterers are Mg at 0° and Si at 90°.
ign ofRSi 2 RMg indicates that the Si subshell is more dis
rom Co than the Mg one. The exact nature of the ato
ontributions contained inx2nd peak

0° andx2nd peak
90° will be identified

elow.

Quantitative analysis. At first, x2nd peak
a (k) functions were

entatively fitted by assuming only Mg backscatterers ata 5 0°
nd Si backscatterers ata 5 90°. Only three parameters (N, R,
nds) were allowed to vary for each shell. This single s
nalysis yielded a good fit ata 5 90° (RP 5 0.029),with NSi

app

5.8 andRCo–Si 5 3.27 Å (sSi 5 0.11 Å). The agreement w
ot as good ata 5 0° (RP 5 0.059), and atwo-shell fit was

herefore performed with Mg and Si neighbors, by fixingsSi

ndRCo–Si to their value ata 5 90°. A good agreement (RP 5
.022) wasobtained with NSi

app 5 0.5, NMg
app 5 2.3, and

Co–Mg 5 3.03 Å (sMg 5 0.10 Å) (Fig. 15 and Table 2). Finall
2nd peak
a (k) for 35° # a # 60° were fitted by varying onlyNMg

app

ndNSi
app and fixings andR identical to their value ata 5 0°

nd 90° (Fig. 15). The experimental uncertainty on the s
ural parameters was estimated ata 5 35° by varying and
xing successivelyRCo–Si, RCo–Mg, NMg, andNSi. This procedur
howed that the figure of merit,RP, increased from 0.015
.022 and that the spectral fit was visually substantially
raded asNMg was varied from 1.6 to 2, or from 1.6 to 1
hus, the estimated uncertainty onNMg

app resulting from exper
mental data collection and analysis is60.4 (i.e., 25% ofNMg

app).
pplication of the same procedure to the other adjusted

ameters yielded an estimated experimental uncertainty onNSi
app

f 60.5 and on (RMg, RSi) of 60.02 Å. A smallxCo–Co com-
onent was also introduced during the fit to detect the pos
resence of Co polynuclear complexes. The quality of th
as significantly altered upon the introduction of a Co con
s low as 0.1 (s 5 0.11 Å), leading to an increase ofRP from
.015 to 0.020, and a shift to highk of the maximum of th
(k) envelope (data not shown). This shift can be accou

or by observing that the amplitude ofxCo–Co(k) (Fig. 15,
o(OH)2(s) reference) peaks at 7–8 Å21, whereas the amplitud
f x2nd peak

a (k) peaks at 6 Å21 for Co-sorbed hectorite. Therefo
Co 5 0.1 can be taken as an upper limit, which indicates

ess than 10% of sorbed Co is present as dimers, or less
.8% as a Co precipitate.
Relatively highs values (s 5 0.10–0.11 Å) were require

o fit x2nd peak
a (k) for Co-sorbed hectorite, as compared to re

nce compounds (s 5 0.09–0.10 Å). As previously discuss
or the oxygen shell, these highs values are symptomatic of
ignificant dispersion of interatomic distances, and EXA
ll-

at
he
t
ic

l

c-

-

a-

le
fit
t

d

t
an

-

S

ay not be sensitive to their full distribution, yielding a low
umber of detected backscatterers than actually present.

his loss of atomic neighbors is of structural origin, it should
dded to the uncertainty coming from data collection

FIG. 15. Comparison between experimental and modeledx2nd shell(k) con-
ributions for Co(OH)2(s), Co-rich kerolite (CoKer), Co-doped Mg-rich kerol
CoMgKer), and Co-sorbed hectorite froma 5 0° to a 5 90°.
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154 SCHLEGEL ET AL.
nalysis. The total uncertainty onNMg
app andNSi

app are thus prob
bly higher than 25%.
NMg

app andNSi
app are plotted in Fig. 16 as a function of cos2a.

ood linear correlations betweenNapp and cos2a are found fo
he two subshells, with regression coefficientsr 2 . 0.99.bMg

exp

nd bSi
exp were calculated in the same way asbO

exp, and the
ncertainty onbMg

exp andbSi
exp were estimated from the dispers

f NMg
app and NSi

app off the regression lines. This calculati
ieldedbMg

exp 5 80.1 6 10.2°, andbSi
exp 5 22.2° 6 1.4°. Con-

equently, Co–Mg pairs are, to the precision of the met
arallel to the film plane, whereas Co–Si pairs are incline
20° off the normal to this plane.

DISCUSSION

Mechanism of Co Sorption

P-EXAFS showed that the structural environment of
toms sorbed on hectorite is highly anisotropic. This struc
nisotropy concerns the coordination octahedron of Co, w

s flattened, and the second shell, made of in-plane Mg
ut-of-plane Si atoms located atRCo–Mg 5 3.03 Å andRCo–Si 5
.27 Å. This structural information will serve to determine

FIG. 16. Angular dependence of the apparent number of nearest MgNMg
app)

a) and Si (NSi
app) (b) atoms for Co-sorbed hectorite. Squares: experimental

inear regression of experimental data for 0# a # 60° (solid lines) yielded

Mg
app 5 2.21*cos2a 1 0.11 andNSi

app 5 25.22*cos2a 1 5.72.
d,
y

o
al
h
d

orption mechanism(s) of Co among the several ones th
onsistent with the structural association between the so
nd the sorbent: (a) outer-sphere surface adsorption, (b)
phere surface adsorption, (c) surface precipitation
o(OH)2(s) or of phyllosilicate-like compounds, and (d) diff
ion within octahedral vacancies of hectorite (64).
In an outer-sphere adsorption mechanism, the sorbate i

n the vicinity of the sorbent surface without loosing its
ration shell. Neighboring cations from the sorbent are
elegated at distances higher than;4 Å (65, 66). In the prese
tudy, the occurrence of cationic shells at 3.0–3.3 Å is
ompatible with the exclusive formation of outer-sphere
omplexes.
The formation of inner-sphere surface complexes invo

he creation of chemical bonds between the sorbate an
urface oxygens of the sorbent. Surface cations of the so
hus enter the second coordination sphere of the sorbate.
ext-nearest coordination sphere contains only cations fro
orbent, then adsorbed species are isolated on the s
urface and form mononuclear surface complexes (67).
nly Mg and Si shells were detected at 3.03 and 3.27
uggesting that Co form mononuclear inner-sphere su
omplexes.
Polymerization of the sorbate in the vicinity of an inn

phere surface complex may lead to the precipitation of a
ydroxide phase, or a mixed one if dissolved species from
orbent phase are incorporated in the precipitate (21). I
resent study, this surface precipitate would be e
o(OH)2(s) or a neoformed (Co, Mg) hydrous silicate. Res

rom the quantitative spectral analysis, and the dissimilari
XAFS spectra for Co-sorbed hectorite, Co(OH)2(s) and CoKe

Fig. 9) suggest that no CoKer or Co(OH)2(s) did precipitate
he neoformation of a CoMgKer-like phase seems more
ible, as EXAFS spectra for the sorption sample and CoM
re similar. However, these two compounds clearly have

erentx2nd peak(k) functions (Fig. 15), which indicates that Co
ot have the same structural environments. Furthermore,
orption resulted in the neoformation of a CoMgKer-
hase, then the amount of dissolved Mg would be expect
ecrease, or its release rate by hectorite would be at
ignificantly slowed down shortly after Co introduction in
uspension. Instead, chemical experiments (68) showed
he release rate of Mg dramatically increases. Compe
eoformation of a (Co, Mg) hydrous silicate can thus
ejected.

Following its adsorption, the sorbed cation may also dif
o vacant sites of the sorbent. For example, in dioctah
mectites, where one third of octahedral sites are vacant,
as shown to diffuse within empty sites upon heating at 15

8). The proportion of vacant sites is not known in hecto
ut it can be taken to 1% as in trioctahedral magnesian st
ites (69) which are isostructural to hectorite. For 1% of va
ites, the amount of vacancies equals;80 mmol g21, which is
learly higher than the amount of sorbed Co (37mmol g21). Co

a.
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155SORPTION OF METAL IONS ON CLAY MINERALS
iffused into vacant octahedra would be surrounded by 6
i) octahedral neighbors (Noct) and 4 Si tetrahedral neighbo
Ntet), leading to aNoct/Ntet ratio of 1.5. In the sorption samp

tet 5 NSi 5 2.2 6 0.5, butNoct is probably higher thanNMg,
ecause structural Li atoms are too light to contribute to
XAFS signal. Assuming a random distribution of Li in t
ctahedral sheet,Noct can be calculated from the stoichiome
omposition of hectorite and is equal toN*Mg(3/2.65)5 1.8 6
.45 for the sorption sample.Noct/Ntet is thus equal to 0.86 0.3,
hich is significantly different from the 1.5 expected if
ere in octahedral vacancies. ThisNoct/Ntet value is also no
onsistent with a mixing of Co outer-sphere complexes an
n vacancy sites. This discussion on the different pos
orption mechanisms of Co allows us to conclude that Co
nner-sphere mononuclear complexes at the surface of h
ite.

Location of Inner-Sphere Surface Complexes

Angular P-EXAFS measurements indicated that Co–
airs are parallel to the plane of the hectorite film, whe
o–Si pairs are inclined by;70° from this plane. Since textu
nalysis showed that (Mg, Li) octahedral sheets are paral

he film plane, then the only possible location for Co sur
omplexes is at the edges of hectorite platelets, in the pr
ation of the octahedral sheet.
This conclusion is further supported by structural param

erived from the quantitative analysis of EXAFS spectra.
Co–Mg andRCo–Si distances of 3.03 and 3.27 Å are very clos

he structural distancesd(Mg,Li)–(Mg,Li) 5 3.03 Å andd(Mg,Li)–Si 5
.23 Å for hectorite (54, 55). In addition,bMg

exp ; 80° andbSi
exp

22° compare well with crystallographicb values for
g–Mg (bMg 5 90°) and Mg–Si (bSi ; 30°) pairs in hectorite
hese similarities in distance and angle between surfac
nd structural Mg indicate that these two atoms have sim
but not identical) structural environments. Based on t
esults, it is concluded that Co octahedra are located o
dges of hectorite platelets and share one or several edge
tructural (Mg, Li) octahedra (E-type linkage) and one
everal corners with Si tetrahedra (C-type linkage), like
lay structure.

Structure of Co Surface Complexes on Hectorite

urface Structure of Platelet Edges

Electron microphotography indicated that hectorite cry
ites have a lath-type morphology and are elongated alon

direction (54, 70). The large (001) basal planes are bou
redominantly by (010) planes (90%), and, to a lesser ex
y (110), (120), and (100) planes. How the atomic structu

hese boundary planes can be modeled from the crystal
ure of hectorite will be developed for the (010) layer edg

Idealized pristine surfaces can be obtained by truncatin
ectorite bulk structure along planes perpendicular to the (
g,

e

o
le
m
to-

g
s

to
e
n-

rs
e

o
ar
e

he
ith

r
a

l-
he
ed
nt,
of
c-

he
1)

urface and then by completing the broken coordination p
edra with oxygens. For energetic reasons, truncation p
aving the minimum number of broken Me–O–Me bo
Me 5 Si or Mg) are likely favored. Two different surfa
onfigurations are obtained (Fig. 17): B1, in which surf
xygens of the octahedral sheet are uniquely coordinat
g, and B2, which is depleted in surficial Mg in compariso
1, so that half of surface oxygens coordinated to Mg are
oordinated to Si.
These pristine surfaces can be altered by noncongruen

olution, as dissolution takes place at layer edges. For exa
hemical and microscopic studies on the dissolution of bi
n acidic conditions pointed to a rapid depletion of octahe
ations, leading eventually to the formation of amorph
ilica fringes at layer edges (71). Preferential leaching of
as also observed for hectorite under slightly acidic co

ions, but no silica fringes were identified (72). This prefe
ial leaching can be modeled by deleting successive Mg
t layer edges while leaving the tetrahedral sheets unaff
Fig. 17). Obviously, most protruding Mg will be more eas
emoved, so that the B1 configuration is not expected to
t pH ;6.5. But the absence of detected silica fringes
ectorite precludes an extensive depletion of surface M
ms. Finally, it can be assumed that layer edges have ide
2 surface structure in some places, and a more Mg-dep
tructure elsewhere (B3 to B5). Figure 18 represents su
dealized surface structure for the (010) edge, which wil

FIG. 17. Modeled formation of possible (010) layer edges from the
tructure of hectorite. B1–B2 morphologies are obtained by truncation o
ulk structure, and B2–B5 are obtained by a progressive leaching of M
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156 SCHLEGEL ET AL.
sed in the following for modeling the structure of Co surf
omplexes.

tructure of Surface Complexes on a (010) Edge

Several types of surface complexes may exist for
urface configuration. These complexes differ from each o
y the number of E and C linkages, i.e., by the numbe
ext-nearest cations from the octahedral and the tetrah
heets. For example, in the B2 configuration, adsorbed C
orm 3E and 2C linkages, or 1E and no C linkages (Fig.
hese surface complexes will be denotedS3E12C

(010),B2 and S1E10C
(010),B2,

espectively, where (010) is the plane index, B2 is the co
ration index, and the subscript refers to the number of E
linkages. For these two surface complexes, the numbe

inkages exceeds that of C linkages by one, and therefore
omplexes cannot account alone for experimentalNoct 5 1.86
.45 andNtet 5 2.2 6 0.5 values.
In the B3 surface configuration, sorbed Co can be bridg

ither 3 (Mg, Li) and 4 Si (S3E14C
(010),B3), or to 1 (Mg, Li) and 2 S

S1E12C
(010),B3) (Fig. 18). Assuming the formation of these two s

ace complexes only, with relative fractionsx and y, respec
ively, the following set of equations is obtained:

FIG. 18. Idealized (010) surface structure for hectorite projected alon
* direction.
e

h
er
f
ral
an
).

-
d
E
se

to

x 1 y 5 1 [17]

3x 1 y 5 Noct 6 0.45 [18]

4x 1 2y 5 Ntet 6 0.5. [19]

xpressingy as a function ofx in Eq. [17] and substitutingy
or x in Eqs. [18] and [19] yieldsx 5 0.4 6 0.2 (Eq. [18]) and
5 0.1 6 0.25 (Eq. [19]). Thus,x is comprised between 0
nd 0.35, which means that, in this surface configura

e

FIG. 19. Possible structure of mononuclear Co surface complexes o
010) surface of hectorite. Co atoms are located in the plane of the (M
ctahedral sheet.
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3E14C
(010),B3 andS1E12C

(010),B3 surface complexes would represent 20–3
nd 65–80% of sorbed Co, respectively.
Three and four surface complexes may exist in B4 and

onfigurations, respectively:S3E14C
(010),B4, S0E12C

(010),B4, S1E14C
(010),B4, S3E14C

(010),B5,
0E14C
(010),B5, S1E14C

(010),B5, andS0E12C
(010),B5. None of these surface complex

an account alone forNoct andNtet values. Indeed, several typ
f surface complexes, possibly from different surface con
rations (e.g.,S3E12C

(010),B2, S0E12C
(010),B4, andS1E14C

(010),B5) are needed simu
aneously to reproduce EXAFS results.

That EXAFS analysis yielded highers and lowerNO values
or the sorption sample than for the references can no
xplained by the coexistence of several types of surface
lexes. Each type of surface complex differs from the othe
oct, Ntet, and by the number of sorbent oxygens of the sur
oordinated to Co. Therefore, Co–O bond strengths are
ected to be scattered, which would eventually result in a s
ispersion of interatomic distances by some thousandths
his dispersion provides a plausible explanation to the
erved structural disorder.

Comparison with Previous EXAFS Studies

EXAFS results for Co sorbed on hectorite at moderate
pH 6.5) and surface coverage (G 5 0.32 mmol g21) sugges
hat the percentage of Co–Co pairs is at most 10%, or tha
han 2% of Co can be embedded in large polynuclea
omplexes. Mononuclear Co complexes were also observ
utile for moderate chemical conditions (pH 5.9,G 5 0.62
mol g21). At higher pH (pH.6.7) and surface coverage (G .
.63 mmol g21) the formation of polynuclear Co complex
as reported for quartz (20, 73), kaolinite (66), alumina (
nd montmorillonite (9). In some studies these polynuc
omplexes corresponded to mixed precipitates, having in
orated chemical species from the sorbent phase. For exa
owle et al. (65) suggested that Co sorption in an alum
uspension resulted in the formation of a Co–Al mixed hyd
de. Similarly, sorption of Co on quartz was shown to resu
he neoformation of a Co-rich hydrous phyllosilicate (21). T
o such precipitation did occur in the present study ca
scribed to the careful choice and control of chemical co

ions throughout the whole sorption experiment.

CONCLUDING REMARKS

This study has demonstrated the potential of P-EXAFS
lucidating the geometrical arrangement of cations sorbe
lay minerals. Carefully controlled chemical conditions,
he elaboration of well-textured self-supporting films, are
equisites to the successful application of this new metho
he present study, high ionic strength (I 5 0.3 M) was chose
o favor pH-dependent sorption over cation-exchange ad
ion, and a moderate pH of 6.5 allowed hindering the forma
f polynuclear Co complexes as reported in previous stu
P-EXAFS results indicate that, in the conditions of
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xperiments, Co form inner-sphere mononuclear surface
lexes and are surrounded by two next-nearest cationic
hich are oriented differently with respect to the clay b
lane. The first subshell is parallel to the (001) plane
onsists of;1.66 0.4 Mg atoms at 3.03 Å (bMg 5 80 6 10°).
he second is inclined by;22.2° 6 1.4° to thec* direction
nd consists of 2.26 0.5 Si atoms at 3.27 Å. No Co neig
oring cations were detected, allowing us to disregard
resence of significant amounts of pure Co(OH)2(s) or Co-rich
eoformed phyllosilicate. This whole set of structural resul
onsistent with the formation of Co mononuclear surface c
lexes located at the edges of hectorite platelets, in the c
uity of the (Mg, Li) octahedral sheets.
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