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The local structural environment of Co sorbed on hectorite (a
magnesian smectite) has been investigated by polarized EXAFS
(P-EXAFS) spectroscopy on a self-supporting film of Co-sorbed
hectorite. This sorption sample was prepared by contacting Co
and hectorite at pH 6.5 and at high ionic strength (0.3 M NaNOs)
to favor pH-dependent sorption reaction over cation exchange. A
self-supporting film was elaborated after 120 h of reacting time,
when apparent quasi-equilibrium conditions were attained. The
half-width at half maximum of the orientation distribution of c*
axis of individual clay platelets off the film normal was determined
by quantitative texture analysis, and found to be equal to 18.9°. Co
K-edge P-EXAFS spectra were recorded at angles between the
incident beam and the film normal equal to 0°, 35°, 50°, and 60°;
the 90° spectrum was obtained by extrapolation. Spectral analysis
led to the identification of the two nearest cationic subshells
containing 1.6 = 0.4 Mg at 3.03 A and 2.2 + 0.5 Si at 3.27 A. These
distances are respectively characteristic of edge-sharing linkages
between Mg and Co octahedra and of corner-sharing linkages
between Co octahedra and Si tetrahedra, as in clay structures. The
angular dependence of the Co—Mg and Co-Si contributions indi-
cates that Co—Mg pairs are oriented parallel to the film plane,
whereas Co-Si pairs are not. These results are interpreted by the
formation of Co inner-sphere mononuclear surface complexes lo-
cated at the edges of hectorite platelets, in the continuity of the
(Mg, Li) octahedral sheet. © 1999 Academic Press
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INTRODUCTION

These barrier systems are foreseen to limit leaching of hazar
ous chemicals or radionuclides (2). Industrial applications o
smectites encompass heterogeneous catalysis on modifi
clays (3) and pharmacological technologies. For all these re:
sons, a good understanding of the surface stability and sorptiy
reactivity of smectites is highly desirable.

The high surface reactivity of smectites is a direct conse
guence of their lamellar and defective structure. Smectites al
built of layers made by the condensation of one central octe
hedral sheet and two tetrahedral sheets (4). Heteroionic ce
ionic substitutions impart to smectites a permanent negativ
structural charge, which is compensated by the adsorption
cations on basal planes. Divalent cations sorbed on the:
planes form outer-sphere (OS) surface complexes (5-10) at
are easily exchanged with solute ions by varying the cationi
composition of the solution. Besides these cation exchang
properties, smectites also possess pH-dependent sorption prt
erties (11-17). The pH-dependent sorption was inferred to tak
place at layer edges, where truncation of the bulk structur
leads to the formation of oxygen dangling bonds. However, n
definite structural evidence for the adsorption of cations ol
edge sites has been reported yet. Extended X-ray absorpti
fine structure (EXAFS) studies rather suggested that the pt
dependent sorption of cations on phyllosilicates leads to th
precipitation of mixed (18, 19) or pure (9, 20) hydroxide
phases, without definite evidence for spatial association be
tween the precipitated and the sorbent phases. Furthermore
recent reevaluation of EXAFS data on a similar sorbate—sol
bent system (21) emphasized the relatively high uncertainty o

Smectites are widespread minerals of weathering formatiopiuctural parameters (interatomic distance, number of neigt

and sediments (1). They possess a large specific surface

ing atoms) obtained by powder-EXAFS, which could even

and a high structural charge (up to 1000 meq per kg). Thetually bring the reliability of several sorption structural models

fore, these clay minerals much influence the physico—chemié_%l
properties of geological formations where they are present.
retention properties of smectites are also of interest for t
setup of geochemical barriers for nuclear waste repositoriés
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guestion. One origin for these uncertainties is the relativel

ﬂligited reciprocal space explored by EXAFS (at b&kt= 14

1), which prevents the discrimination of atomic shells sep-
ted by less than 0.10—0.15 A (22). This is typically the cas
in phyllosilicates, where absorbing atoms of the octahedre
sheet are surrounded by neighboring cations from the octah
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It

dral and tetrahedral sheets Rt~ 3.05-3.10 A andR ~

3.20-3.25 Arespectively. Manceau and co-workers (23, 24)
showed that this limitation can be overcome by performing
polarized-EXAFS (P-EXAFS) experiments on phyllosilicate
single crystals. The contribution of cations from the tetrahedral
sheets can be minimized by orienting the phyllosilicate plane

»
parallel to the electric field vectarof the incident X-ray beam ?cudegt K Diffracted
(Fig. 1, left). Conversely, the contribution of cations from the "fay beam Beam
octahedral sheet is extinguished in the perpendicular orienta- Y

tion of e (Fig. 1, right). Recently, this P-EXAFS technique was

successfully applied for the first time to well-textured self- FIG. 2. X ray diffraction geometry used for texture analysis in the reflec-
supporting clay films (25, 26). These studies demonstrated tlee mode. A6y, pole figure can be measured by fixifg, and then rotating
unique ability of P-EXAFS to probe highly anisotropic envi® sample aroung andp (both rotations conservingy)-

ronments with an enhanced precision, as compared to powder

EXAFS. The discriminating capacity of P-EXAFS can be us&gle 4dsorption mechanism of Co on the layer edges of hectori
to differentiate cations precipitated in solution from cationg proposed.

adsorbed on the edges of smectite layers.

In the present study, the sorption mechanism of Co on BACKGROUND
hectorite, a magnesian smectite, was investigated by P-EXAFS
spectroscopy performed on a self-supporting film of Co-sorbed Quantitative Texture Analysis

hectorite. Adsorption of Co on the edge sites of hectorite was
favored by carefully controlling the chemical conditions of the

sorption process. In particular, sorption was carried out at high'". L - C Y
b P P b ich represents a statistical description of the individua

ionic strength [ = 0.3 M) to inhibit Co adsorption on cation . ; . - . o
exchange sites, and at moderate pH (pH 6.5) and Co Conc{%ﬁ/_stalllte orientations within this aggregate (27). This orien-

tration ([Co] = 10* M) to avoid as much as possible th ion can be evaluated by determining the pole distribution o

precipitation of either pure Co(Obi) or of Co hydrous phyl- e{hkl} diffracting planes (i.e. the orientation distribution of the

- . \ vectors(hkl)* perpendicular to these planes) with respect to
losilicates such as Co-rich kerolite (hereafter referred to 3 (hkly* perp b ) b

. . C : e sample referential. Figure 2 illustrates the principle of ¢
Qngr) (21). The orleqtathn distribution of hectpnte CryStaI'ole distribution measurement on an X-ray diffractometer
lites in the self-supporting film plane was determined by qual

o . . L hree rotation movements),,, (Bragg angle),y (azimuthal
titative texture analysis (QTA). Mg and Si cationic She"%\ngle), and (tilt angle) are available. In this geometry, only

surrounding sorbed Co were unqmbiggously identified by I?Flkl} planes whose poles are aligned with thelirection are
EXAF_S s'pect'roscopy, and the orientation of the C,O_Mg a']'ﬁi diffracting conditions, provided,, fulfills the Bragg con-
Co-Si pairs Wlth respect to the basal plane of hectorite particlg§ion. The diffracted intensity,a(y, p) is proportional to the
were determined. Based on these results, a structural modeldgpmper of crystallite planes that satisfy these orientation an

Bragg conditions. Rotation of the sample in every position
aroundy andp conserved,,, and allows for all crystallites of
Beam direction the sample to be brought successively in a diffracting positior
A pole densityP,(y, p) is then obtained by normalizing
7T measured diffracted intensities with respect to an average vall
|_O obtained by integrating all intensities ovgrand p This nor-
o T

The quantitative texture analysis of a polycrystalline aggre
te is based on the concept of orientation distribution (OD)

malization procedure enables the comparison of several sar
ples regardless of their porosity and purity, under the assumj
\ tion that the average diffracted intensity is constant whateve
'E _ o the true texture is. Finally, a pole figure is obtained by pro-
jecting the pole density on the film plane using an equal-are
projection for qualitative visual representation of the textural
® Absorber atom quality of the sample.
2 ggA'?l Fe In the case of smectite samples, only a felvk|} reflections
’ are experimentally accessible, because some are to®/|Qw
FIG. 1. Principle of polarized EXAFS measurements on phyllosilicateéngles to ens_ure a Con_Stant irradiation of the sample, and othe
(left) electric field vectore parallel to the layer plane; (right) perpendicular @€ Systematically extinct. Furthermore, the measurable pea
to the layer plane. consist of several overlapped reflections, as a result of th
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crystal symmetry (26), and the resulting multipole figures are
of complex visual interpretation. To derive a quantitative in-
formation on the sample texture, it is then necessary to calcu-
late the complete OD that would best fit the measured pole
density, using a refinement technique. The quality of the fit
between the experimental and the OD-recalculated pole density
can be evaluated by the reliability factor,

1 PR - PRI
RP=1 22 e .

hkl

FIG. 3. Definition of the angle®;, o, «, andB,; in polarized experi-
ments.

where P25(j) and P3(j) refer to the observed and recalcu-

lated pole densities, arjduns for ally andp values. A similar spectra obtained forx < 90° and extrapolation tac = 90°.

reliability factor Ry, in which observed and recalculated inin a perfectly disordered (isotropic) powdey; is averaged

tensities are weighed, can be definBg. enables the compar- over all space directions and reduces to @independent

ison of the refinement quality for samples with different texturgpectrum .

strengths. Once the OD has been refined, every desired singl€he EXAFS oscillations are interpreted microscopically as

pole figure can be recalculated for much simpler interpretatiasulting from the interference between photoelectronic wave

More details on QTA refinements can be found elsewheo@itgoing from the absorbing atori) @nd waves backscattered

(26, 28). by neighboring atomsj]; therefore it can be decomposed into
contributions of successive atomic shelig, For a powder,

Polarized EXAFS the amplitude o} is of course proportional to the number of
In an EXAF'S experiment, the absorption coefficignyf an 210Ms present in theshell; Nj** and ;i can be written

element present in the studied material is measured as a func-

tion of the energy of the incident X-ray beam. For a linearly ~ Xii° = SoN[Aj(k, A, Ry, 0)) - sin(2kR; + ¢;(k)), [5]

polarized X-ray beam and a layered compound having a three-

fold or higher symmetry axis perpendicular to the layer plan&herek is the norm of the photoelectron wavevecty,is the

this absorption coefficient can be written (23-26, 29) absorber—backscatterer distangg(k) is a phase shift func-
tion depending on the nature of tijepair, S is an amplitude
pwe = plcofa + p'sina, [2] reduction factor which is characteristic of the absorber, an

A;(k, A, Ry, g;) is a damping function which depends Bg,
on the mean free path of the photoelectran, @nd on the
structural and thermal disorder of theshell, expressed as a
Debye-Waller factoro;. At a given temperature, the more

whereq is the angle between the electric field veat@nd the

layer plane (Fig. 1). The notatiofisand L denote orientations
of e parallel @ = 0°) and perpendicular{= 90°) to the layer *| i
plane, respectively. The net EXAFS oscillations are derivélisordered the shell, the higher.

from X-ray absorption spectra by the normalization equation N contrast to powder EXAFS, in P-EXAFS the amplitude of
Xi; is not only dependent oN;*, but also on the orientation of

e with respect to the vectoiR,; that connects the absorbing
> u=pue(l—x), [3] atom to theu" atom of thej shell. At theK-edge and in the
Ko plane-wave approximation, this relationship can be written

M= Mo

X =

where u, is the absorption coefficient of an isolated atom. As N
o does not erend am, xy exhibits a dichroic angular depen- XP= 3X:jso > CoS0;, = 3(COS0,, )X, [6]
dence described by -1
x* = x'cosa + x*sifa = x* + (x' — x")cosa. [4] whered,, is the angle betweea andR;,,. The summation is
made over all the [ atoms of thej shell. For layered
Equation [4] is rigorously correct for the total macroscopicompounds;,, can be expressed as a functiorngif the 8,
EXAFS signal (i.e. for the sum of single and multiple scatteengle betweerR,,; andc*, and of thew, angle between the
ing contributions). From the knowledge gf andx*, Eq. [4] in-plane projections o¢ andR,,, (Fig. 3). The existence of a
allows the calculation ofy* for any value of« in dichroic threefold or higher symmetry axis normal to the layer plane
systems. Conversely, i is not accessible experimentally,indicates that thg" shell contains several, backscattering
then it can be calculated via linear regression of EXAF&oms with the samg, orientation (except fo3, = 0°).
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Thus, the(cos'6,,) term can be reduced to a function of onlyL.8), which makes easier the analysis of the enhanced contr
« andp; by averaging the in-plane,, angles (29). This results bution of the (Fe, Mg) shell N&&\, = 9). Manceau and

in co-workers (23) confirmed experimentally these theoretica
predictions and demonstrated that P-EXAFS measuremen
(3 cogB; — 1)(3 cofa — 2) allow the determination of structural parametefRy,(N;) for
3(cos’6;,) = 1 — > . [71 close atomic shells with an enhanced precision.

For an absorbing element whose structural environment |
not known, the inclination anglg; of a backscattering shell
with respect tac* can be ideally determined from the angular
dependence dfii™. For this purpose, Eq. [10] can be rewritten
as an affine function of céa:

Hence the angular dependencedf can be described by a
simple affine function of cds:

= X [1 (3 cosB; — 1)2(3 coSa — 2)} _

N&PP 3

@,z 5 (1= 3 cosB) - cose + 3 cosp;.  [11]
Equation [8] confirms that only the amplitude f is modified !

by varying«. It is then possible to define for eaehangle an
apparent number of neighboring backscatterdfs, which is

proportional toy{, so that

The slope B) of this function depends only of;, and thep,
value can be readily determined from a linear regression c
N{P/N{* with respect to cds.
NP b Egs. [2], [4], [7]-[11] hold true for dichroic single crystals.
i _ Xi 9] They can be applied to textured self-supporting clay films
NPe X provided a symmetry axis of order greater than two exist:
normal to the film plane. For example, @. axis can be
N[ can be calculated frorg; and N[** for any « value by obtained by perfectly orienting the basal planes of individua
combining Egs. [8] and [9]: platelets parallel to the film surface, and then dispersingathe
andb axis randomly in the film plane. In this case, ellaxes
(3 cogB; — 1)(3 coga — 2) point perpendicular to the film plane, ad are the same for
NjPP= Njea'- [1 - 5 ] . [10] " all crystallites. For real films, in which the basal planes of
platelets are disoriented off the film planeCa axis can still
be defined, ifa andb axes are distributed randomly around the
§ith normal. In this case, however, disorientation of the plate:
lets causes a dispersion of tBeangles and results in angular
| eucépendencies oN* that are weaker than in the case of a
ond, whenB; = 53.7, N** = N/*® regardless of, and the ‘

- . erfect orientation. As a corollaryg; determined experimen-
EXAFS contribution of thg shell has no angular dependence, ) .
« = 35.3° andB, = 54.7 are “magic angles.” Equation [10]@1Dally from Eq. [11] on these real films tends to be underesti

- . e , | > 54. i | < 54.7.
also indicates thal*" increases with increasing for g; < mated forf; > 54.7" and overestimated fof; < 54.7

54.7 and decreases with increasingor 3; > 54.7. Thus,
the orientation of thé pairs with respect t@® = 54.7° can be
determined from the angular dependence §F.N

How these theoretical considerations apply to phyllosilicates
will now be shown taking Fe in biotite as a example (23, 24). Hectorite Na,(MJ2.esLi 0.35)(Siz05Al 0,05 O010(OH), was pur-
Biotite is a trioctahedral phyllosilicate like hectorite (Fig. 1)chased from the Clay Mineral Repository (SHCa-1). In this
Fe is located in the octahedral sheet and is surrounded by 6 (Ragnesian smectite, the Mg and Li atoms are located in th
Mg) neighbors of the octahedral shept£ 90°) and 4 (Si, Al) octahedral sheet and Si atoms in the tetrahedral sheets. A
neighbors of the tetrahedral shegis~ 33°). These two shells proximately 25 g of the raw material were suspendetd L of
are located at close distances3.04—3.10 A vs 3.25-3.30 A), deionized Milli-Q water and shaken at 180 rpm for 48 h. The
and their EXAFS contributions cannot be discriminated by2 um fraction was then separated by sedimentation tect
conventional EXAFS analysis (22), thereby decreasing théques. This fraction was treated several times with & heol
accuracy of the spectral quantitative analysis (30). In contrakst," (M) HNO; solution to remove carbonate minerals, and
Eq. [10] shows that in P-EXAFS, the contribution from the (Fesubsequently washed 5 times with 0.5 M NaCl to exchang
Mg) shell extinguishes forx = 90° (N2, = 0), and the interlayer cations with sodium. No concentrated inorganic aci
analysis of the enhanced contribution of the single (Si, Afolutions were used, since hectorite appears to dissolve quick
shell is facilitated Ng% = 8.4). Likewise, fora = 0°, the in strong acidic media (31, 32). Afterwards the clay suspensio
apparent number of (Si, Al) neighbors is diminish&£¥, = was treatd 1 h with a 5x 10~° M dithionite, 0.2 M citrate, 0.1

Equation [10] resumes to a simple expression in two cas
First, whena = 35.3°, thenN™ = N** regardless of3;, and
the polarized and powder EXAFS spectra are identical. S

EXPERIMENTAL

Hectorite Purification and Characterization
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selected to avoid precipitation of pure Co(Qf)and CoKer.
Plots of the Co solubility with respect to CoKer and Co(QJ)
(Fig. 4) indicate that the upper pH limit for Co sorptioni$.7
for a Co concentration of 10@M. Sorption experiments were
thus conducted at pH 6.5.

lonic strength ) and equilibration time for Co sorption
were defined on the basis of kinetic results obtained at tw
different ionic strengths (Fig. 5). At low ionic strength (0.01 M
NaNGQ;), an important Co sorption occurred within the first 5
min of contact time between the cation and the clay surface. A
high ionic strength (0.3 M NaNg), this rapid cation sorption
was far less pronounced, which suggests that it corresponds

FIG. 4. Solubility of Co in solution with respect to Co hydroxides andCO adsorption on exchange sites (37). Following this initia

Co-rich kerolite (CoKer). Solubility constants are taken from Refs. (21, 743t€p, sorption went on at slower rates. The relaxation tim

Plots of solubility limits are given for (1) stoichiometric dissolution of CoKerassociated with this second sorption step is not compatible wit

(2) CoKer solubility controlled by amorphous silica, (3) CoKer solubilityg cation exchange process (37). Based on these results, Co v

controlled by quartz, (4) solubility of pink active Co hydroxide, and (5)5 rbed at high ionic strengtH (= 0.3 M) to inhibit cation

solubility of blue Co hydroxide. The cross refers to the maximal experimentaP . .

[Co] in the hectorite suspension. exchange, and. the.self-supportlng fllm'was elabprqtgd afte
120 h of reacting time, when Co sorption was significantly

slowed down.

M bicarbonate, 0.5 M NacCl solution at pH 6.5 to remove ] )
possibly remaining ferric oxides, dri h with a 3% HO,, 0.5 EXperimental Design
M NacCl solution at 50°C to remove organic matter (17, 33, 34). All chemicals were of ACS reagent grade. All solutions
Remaining HO, was destroyed by heating the suspension f@¥ere prepared with Milli-Q water. A constant Na concentration
more tha 1 h at70°C. Dialysis against Milli-Q water was thenof 0.3 M was maintained throughout the experiment by pre
performed until no Cl anions could be detected (AgN@st). paring the working solutions with the appropriate amounts o
The final 2 wt% stock suspension was stored at 4°C in the da(lkNO, salt (Fluka). pH measurements were made using .
prior to use. Measurements of aqueous SSiGncentrations at Metrohm combined electrode connected to a Metrohm pH
different preparation stages showed that the amorphous-SiQeter. This electrode was calibrated with buffers (Merck
solubility limit was never reached. titrisol) and recalibrated at least every 48 h. The pH of the
The purified clay suspension was characterized by X-rayispension was continuously adjusted to 6:8.05) by soft-
diffraction on a Siemens D-500 X-ray diffractometer. No trac@are-controlled additions of small volumes of acid (0.1 M
of crystallized carbonate mineral could be detected. The catigiNO,, 0.3 M NaNQ) or base (0.02 M NaOH, 0.28 M NaNp
exchange capacity (CEC), measured by Cs exchange (35)sdfutions.

840 rr?feq klgl. Specific surface area determined by BET equals The sorption experiment was conducted at2®.1°C in a
114 nf g%

Log([C0]aq) (Mol I'")

Co sorption and Film Preparation

‘G_Jh‘ 50 M | LI N | T I 1
General Considerations E I:Oé:ﬁ M O 0
Chemical reactions such as hectorite dissolution, formation E n i L v v
of pure or mixed Co hydroxide, or Co adsorption on exchange @ 30 [ ﬁ - v ]
sites may strongly interfere with Co adsorption on pH-depen- g I Y 1203M
dent sites. Therefore, the chemical conditions (pH, ionic 3 o0 | ’ ]
strength) for Co sorption were carefully determined to avoid g [ ]
these interferences. 2 10 L § ]
The lower limit of the possible pH value for Co sorptionwas @ I ¥ ]
imposed by the dissolution kinetics of hectorite. At pH 6.5, it 3 PR S S (R SN T LT LT
takes about 10 days for the working clay suspension to reach a 0 24 48 72 96 120

free Si concentration of 40AM. Since the dissolution rate of Time (h)

h rite is enhan lower pH (36), pH 6.0 was chosen as
ectorite is enhanced at lowe P ( ) P FIG. 5. Kinetics of Co sorption on hectorite at high € 0.3 M, V) and

a lower limit. Also, as a prerequisite, pH has to be hlgh 8”09%\/ (I = 0.01 M, O) ionic strengths. Chemical conditions are: pH 6.5, solid
to allow for a sufficient amount of Co to sorb on hectoritgoncentration [hectorite 1.95 g L™, total Co concentration [Cg] =

within a reasonable period of time. The upper pH limit wasoo um.
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polyethylene vessel immersed in a thermostated water batbmpositions at 75°C for 15 days, according to the procedur
Solid concentration in the suspension was 1.95 §y Vigorous described by Decarreau (45, 46). Their b unit cell parameter.
stirring of the suspension was achieved by a rotating magnedis calculated from the position of the (060) diffraction peak.
bar. An inert atmosphere was maintained by bubbling argequal 9.30 A and 9.24 A, respectively. In these precipitates, C
throughout the suspension. Prior to use, Ar was acid- aigdlocated within the phyllosilicate octahedral sheet, and i
base-washed by bubbling through 10%3@®, and 0.1 M surrounded by 6 Co and 4 Si (CoKer), or 6 Mg and 4 Si
NaOH solutions, and bubbled through a 0.3 M Na/¥0lution (CoMgKer), respectively. Co(OR), was obtained by titrating
to ensure a constant,R partial pressure. After a preequilibra-a 0.05 M Co(NQ), solution with 0.2 M NaOH under an argon
tion time of 48 h at pH 6.5, an aliquot of a 0.21 M Co(N©® atmosphere. The fresh pink precipitate was allowed to age ft
10"% M HNO,, 0.3 M NaNQ, solution was added to the clay1l5 days at room temperature in an anoxic glove box. Thes
suspension to obtain a final Co concentration of u80. The reference compounds were loaded in sample holders seal
pH of the suspension was then readjusted to 6.5 within 5 mirith Kapton windows for EXAFS measurements.

by gentle addition of the base solution and kept at this value

until the end of the experiment. At the end of the sorption Quantitative Texture Analysis

period (120 h), Co and Si concentrations in the supernatantQ.I_A was carried out by X-ray diffraction experiments on a

were measured by spectrophotometry (38), and Mg was aPlir-circle goniometer mounted on a rotating copper anod

lyzed by inductively coupled plasma-atomic emission spe ikagu RU 300-E). The X-ray incident beam was monochro.
trometry. The amount of Co sorbed on hectorite at the end : . . .
. 1 o matized using a flat graphite monochromator and collimatec
the experiment was equal to 3#mol g - of hectorite, i.e. a .. ! : . -
. . 3 . . giving a final beam cross section of 1*1 mniPole densities
weight concentration of 2.2% 10" g g = of hectorite. The . . o
were measured on a single portion of the hectorite film by

free Si concgntranon.m splutlon amountgd to 359 at the scanning the tilt angle between 0 and 85° and the azimuthal
time of Co introduction in the suspension, and reached’a

concentration of 394uM at the end of the sorption period.angley between 0 and 360° with angle incremefsand Ay

Dissolved Si was always undersaturated with respect to amof 5°. In order to minimize defocusing effects, relatively open

?A{'mm) detecting slits were used. Three pole figures wer
phous silica (solubility of~2000uM (39)), and supersaturated ) i i
with respect to quartz (solubility of 183M (40)). This super- measured: {004}, {020/110}, angl {200/130}. Data were cor

Tected for background defocusing. The pole densities wer

satgratlon can be neglected, owing fo the very slow CryStaIrrormalized and the OD was refined using the WIMV algorithm
zation rate of quartz at room temperature (41).

A 60-um thick self-supporting film of Co-sorbed hectorite(47) of BEARTEX (28). The reflection overlaps are not the
L . exact ones from a theoretical random powder, because def
was prepared by slowly filtering 60 mL of the suspension on a

0.05um Sartorius cellulose nitrate filter in a closed filtratio cusing limits the pole figure extent accessible to measuremer

) . . %{) only up to 85°). Thus all overlaps were considered as
vessel. In order to avoid atmospheric carbonate contaminatioh . )
. o o unknowns and were resolved during the OD refinement pro
a continuous flow of humidified argon was maintained overtréeé ure. The OD was iterativelv refined up to a velocity of
sample throughout the whole filtration stage. Excess of salt andﬂl ' y P y

0 . . i»
aqueous Co were washed with a few milliliters of M"”_Qconvergence of 0.3%. Multiple and single pole densities wer

o . then recalculated. Visual evaluation of the OD simulation wa:
water. When dry enough, the thin film was moved into a . .

. . . . . allowed by comparison of experimental and recalculated pol
desiccator. This last drying stage is not believed to ha¥ie

substantially modified the sorption mode of Co, as hectorite [Jures, whereas the quality of the OD refinement was quant
. fled by RP andR,, values (26).
known to retain at least two layers of water molecules, even

under low pressure of water vapor (42). Seven slices of the
same film were cut and stacked on a sample holder, in order to
get a thick sample for fluorescence-yield EXAFS measure-Polarized Co K-EXAFS spectra for the Co-sorbed hectorite
ments. Upon stacking, these slices were successively rotdfitd were recorded at the SRS synchrotron radiation facility ir
around an axis perpendicular to the film plane to ensureDaresbury, UK, on the EXAFS 8.1 station. The optic of the
completely random in-plane orientation of hectorite crystallitegpectrometer consists of a Si(111) double crystal monochrec
in the EXAFS sample. The concentration of Co in the sampheator and a focusing mirror (48). The second crystal of the
was low enough Au/p < 0.01 ata = 60°) to eliminate monochromator was detuned by 30% to increase the rejectic

EXAFS Data Collection and Reduction

self-absorption effects (43, 44). rate of harmonics. The clay film was mounted on a goniometel
and EXAFS spectra were recordechat 0°, 35°, 50°, and 60°
Synthesis of Reference Compounds in fluorescence detection mode using a 13-element array C

detector (Canberra).
CoKer of formula C@Si,0,,(OH),, and Co-doped Mg-rich EXAFS spectra for Co(OH), and CoKer were recorded
kerolite (CoMgKer) of formula CgyMQg,¢,Si,0,0(OH), were in transmission mode at the LURE synchrotron radiatior
synthesized by aging fresh precipitate of the desired chemitatility, France, on the D42 station, with the plane of the
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TABLE 1
Quantitative EXAFS Analysis for Reference Compounds
First peak Second peak
Co-0 shell Co—Co shell Co—Mg shell Co-Si shell

IFT rangé IFT rangé AE$
A RA N o R, A RA N oA RA N oA RA N oA R (eV)
Co(OH)  1.1-2.2 2.10 6.0 0.08 0.003 2.2-35 319 6.0 0.08 0.008 —-0.1
CoKer 0.9-2.2 2.09 60 0.09 0.012 2.3-3.5 3.12 6.0° 0.09 3.27 406 0.09 0.003 -0.8
CoMgKer 0.9-2.2 2.08 60 0.09 0.005 2.2-3.1 3.07 6.0 0.09 321 46 010 0.035 —-0.7

# Ranges for inverse Fourier transforms (IFT) in the real space.

® The threshold energlg, was taken at the half-height of the absorption edya/(2). AE, given here for FEFF7.02 theoretical functions.
¢Value held fixed during the fitting procedure.

¢ CrystallographidRgeco = 3.17 A (56).

¢ CrystallographicRc, ¢, = 3.10 A (calculated from the position of the (060) diffraction peak).

sample holder positioned at the magic angle to get rid of any S (2 xeadk) — K3+ xet(K))?

textural effect (24). Measurements were performed using a P S (K3 Xe(K))? : [12]
Si(331) channel-cut monochromator, and gaz ionization

chambers filled with an air—helium mixture dosed to atten-

uate the beam intensity by20% before and-50% after the The aipurlalgé:; ;Ehe |t|jteratom|c d'Stancj‘Z o?'i?me?hby usin
sample entry. The EXAFS spectrum for CoMgKer wa eoretica unctions was assessed by 1itting the expel

. tal contributions of the first and second atomic shells fo
recorded in fluorescence mode at ESRF, France, on & L
n o t3510(OH)2(5), CoKer and CoMgKer references. Examination of

BM32 CRG/IF station. Measurements were performed usi ble 1 shows that EXAFR., , values for the first oxygen
i . . . Co-O
: SN(;_Z?:rt::nioacrl;:ngem(ljré?é’ci)rs'\(ljig'hl,zhrzorllgﬁggf?ﬁéosgr?ﬁs%ell of the three references are very similar to crystallographi
ositioned at the ?/na ic anale ' P R&lues for divalent and oxygen-hexacoordinated Co (Bg.o
P gic angle. = 2.097 A for Co(OH), (56)). EXAFS-derivetRc, o, values

EXAFS data reduction was accomplished following f Co(OH), (3.19 A) and CoKer (3.12 A) are both larger
standard procedure (22), using a software package imp, = t "S i hic di 17' 10 A tivel
mented by D. Bonnin (ESPCI, Paris). As a preliminary steﬁfin crystallographic distances (3.17 and 3.10 A, respectivel

. . " "able 1). The same difference of 0.02 A was previously re
gbsorptmn spectra were given the shape of the Sfm"emQJB'rted (58) and likely originates from uncertainty in theoretical
ical model of Lengeler (49, SP)X(k) for @ = 90° was phase shift functions. The EXAFS-deriveR}., , value for
extrapolated from O°S_ a =60 mea_surements following CoMgKer (3.07 A) is similar to crystallographiRy, y, dis-
E3q. [4] (23, 26). Fourier transformation was performed Ofyces in talc (3.05-3.06 A (53)) and to the distance calculate
k®x(k) between 2 and 10 A using a Kaiser apodization fom the b unit cell parameter of CoMgKer0.24/3= 3.08
yvindow _(51), resulting in a radial structure function (RSFA)_ Finally, EXAFS-derivedRe, 5 for CoMgKer (3.21 A) is

in the distance space. RSF peaks are located at appajgijer by 0.03 A tharR,, s in talc (3.24 A (53)). This result is
distances R + AR), which differ from crystallographic surprising, as the Co octahedra have a larger size Ruge =
absorber-backscatterer distancBy by ~ —0.3 A, owingto 2 097 A in Co(OH)), compared to Mg octahedrd(, o ~

the existence of the phase shift teg(k) in the EXAFS 2 05-2.08 A in talc), which should cause Si tetrahedra to b
formula (Eqg. [5]) (22). RSF's structural peaks of interesigpelled at higher distances. This relatively large uncertaint
were selected in the distance space, and Fourier-back-tragi$ R ., cannot be attributed to the use of theoretical FEFF
formed ink space. Interatomic distanceR)(and number of functions (26), but rather results from the overlap of the Mg
atomic neighborsN) were determined by least-square fitand Si shells in powder-EXAFS spectra (21, 59). In conclu-
ting these Fourier-filtered contributions with theoreticadion, the uncertainty on EXAFS-derived distances resulting
phase and amplitude functions calculated with FEFF7.6@m the use of theoretical phase shift functions is about 0.0
(52), using talc, hectorite (Co-Mg and Co-Si pairs) andl for Co—O pairs, probably about 0.02 A for Co—Co and
Co(OH),) (Co—O and Co-Co pairs) as model structureSo—Mg pairs. The uncertainty in distance for Co-Si pairs
(53-56). The amplitude reduction factof ®as set to 0.85, cannot be estimated with accuracy on powder samples but h
in accordance with previous experimental studies (57). Theen shown to be as good as 0.03 A in former P-EXAFS
goodness of the fit was quantified by the reliability factoexperiments (26). The uncertainty on the number of neighbol
Rp, defined as ing atoms will be discussed later.
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{020/110} {004} {200/130}

Log scale
10m.r.d.

1 m.rd.

102 m.r.d.

FIG. 6. Normalized, experimental (above) and recalculated (below) pole figures for Co-sorbed hectorite (logarithmic density scale, equal aref proje
Note that experimental pole figures are satisfactorily reproduced by the computation.

RESULTS AND INTERPRETATION rite film (~60 wm) as compared to that of nontroniteZO wm).
The increase in thickness allowed us to increase the intensity

the fluorescence signal during EXAFS acquisition.
Normalized experimental and OD-recalculated pole figures

are presented in Fig. 6. Pole densities are expressed in multiple
of a random distribution (m.r.d.). Experimental and recalci® {001} reconstructed
lated patterns look similar to each other, with low (i.e., goot = T
reliability factors. Reliability factors for density values abovt
1 m.r.d. ofRP; = 2.3%, and for aldensities oRP, = 5%,
were obtained at the end of the refinement. The correspond
weighted factors ar&,; = 1.4% andR,,, = 6.1% (26).
Zones of iso-densities form nonconstant rings on the {020/11
pole figure and to some extent on the {200/130} pole figure i
well. One would see in such density variations an effect
preferential orientations af andb axes in the film plane. How-
ever, these irregularities affect only the peripheral part of ea
pole figure, where the beam may not hit regularly the sample, ¢
are located at the same azimuthal angle for all pole figures. T
observation is not consistent with a texture effect for differel
{hki} reflections; we therefore conclude to a geometrical effe
due to a nonregular irradiation of the sample duringptation. b !
Thus, it can be concluded thatand b axes of crystallites are
randomly distributed in the film plane. This observation, con _
bined with the high density at the center of the {004} pole figure S
indicates that the distribution of crystallites in the thin film i€ g -
axisymmetrical, or, in other words, thaCa symmetry axis exists g
perpendicular to the film plane. The presence of this axisymme 2
indicates that it is possible to apply Egs. [4] and [7]-11 8 41
Manceatet al.(26) drew the same conclusion on a self-supportir
film of nontronite. o . .
Figure 7a represents the {001} distribution recalculated fro .75 -50 -25
the OD. This reflection has a maximum orientation density 0(°)
I:I(-)::-/vr;rrtf?e(n\,\::uf:/ellsluaenc;?ggarﬂorn dOfr:pr(])Igre]g ;gr)(t;rr?gn];;lrlgr]{itzu;ésg‘-me 7. (a) Recalculated {001} pole figure for hectorite (linear density
e cale, equal area projection). (b) Integrgtestan of the {001} pole figure. The

supporting film (26). The difference of texture strength of the tWpm r.d. density is represented by an horizontal dashed line and the gaussian
films possibly originates from the greater thickness of the hecto-the p scan by a solid line.

Texture Analysis

Linear scale
11 m.r.d.

1 m.rd.
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FIG. 8. (a)k*-weighted Co K-edge EXAFS spectra atangles of 0°, 35°, 50°, 60°, and 90°. The 90° spectrum has been obtained by regression of
experimental data for & « = 60° and extrapolation ta = 90°. (b) Comparison of the experimental (solid line) and extrapolated-recalculated (dashed li
k*-weighted EXAFS spectra fax = 35°.

A p-transect of the {001} density distribution was obtaineg = 90°. Consequently\;** can be considered equaltg™ as
by averaging for each value the normalized densities of thea first approximation.
{001} pole figure over ally angles (Fig. 7b). The dispersion of
c* axes of individual platelets off the film normal can be EXAFS Spectra

quantified by the full width at half maximum (FWHM) of this  The EXAFS spectra recorded at differen@angles and the
p-transect. Here the FWHM is equal to 37.7°, as compareddgtrapolated spectrum at= 90° are displayed in Fig. 8a. The
19.8° for Garfield nontronite (26). This lower orientation i@ua”ty of the extrapolation procedure was estimated by com
expected to diminish slightly the angular dependence of Raring the experimental spectrum at= 35°, ng;(k) to that
EXAFS spectra. The difference betwellff obtained for an recalculated from the regression procedw&J(k) (Fig. 8b).
ideal texture (Eq. [10]) and the value obtained for real samplgge agreement between these two spectra is very good at Ic
(N was calculated by Manceaat al. (25) in the case of a k and decreases at hidgh as a result of the increase of the
step-shaped distribution a* axis symmetrically around the signal to noise ratio. Close examination of Fig. 8b shows tha
film normal. These calculations showed that for a distributiogs(k) is less noisy thaa:,(k), especially at high. One can
having a step-shaped width of 40Nf* — N®)/N*is equal see in this observation an effect of the calculatio (k) via

to 11% ata = 90° for B = 33°, and equals 4% at = 0° for linear regression of independent experimental points. This ir
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ference can be checked by comparing the uncertainty of the C N
measurements fogan(K) (ss(K)) and for x3o(k) (stdk)) a8 CC‘ OH -
with the assumption that;,(k) is independent o, i.e. that 4 - A B
Sex(K) is the same for all experimental spectsy,(k) and C ]
scad k) are then related by (60) 0 L‘i
Hiva v\j v u w :

3 1, (COSarqe — (COSaeyp)? |2 sk E
S = 30l [ 015, (oS, - (cosag?| Y i 5
8 E i CoKer ]

wherea,,, is the experimental anglex,, = 0°, 35°, 50°, and 4 A_‘
60°), n is the number of experimental spectra (hare= 4), 2 T /\ /\ ]
anda,. is the angle of the calculated spectrum. Application of X0 ;/« A ]
Eq. [13] results insh(k) = 0.52*s,,(k), which means that X f \/ \/ / \E
the recalculated spectrum is theoretically about half as noisy as -4 - -
the experimental one. This calculation compares favorably B ]
with the reduction of noise observed fao(k) (Fig. 8b). 8- . -

Furthermore, fora = 90°, sZ(k) = 1. 14*s.,4(K), which
suggests thay (k) has a similar signal to noise ratio as the
experimental spectra. This result allows us to place confidence
in the regression and calculation procedure. 0
P-EXAFS spectra (Fig. 8a) contain several distinct frequen-
cies having a large amplitude, even at highMultiple scat-
tering paths do not have a large amplitude at lkigHence, the
observed multifrequency indicates the presence of several
backscattering shells around Co. The position and amplitude of 4
several oscillation maxima vary as a functioncofFor exam- £
ple, the maximum centered near 6'Xa = 0°) shifts to higher -
k with increasingx, whereas the opposite trend is observed for g
the maximum near 4.2 A. These modifications cannot be 0
interpreted by the variation of a hypothetical self-absorption \Ar
effect with «, as this effect solely modifies the amplitude of
x“(K) (43, 61), and also because of the low concentration of Co -4
within the sample £/ < 0.01). Instead, these angular vari-
ations originate from a polarization dependence of the EXAFS 2 4 6,, s 8 10
contributions. It has been seen in the background section that k(A7)
the amplitude of the contribution of an atomjishell (xco) FIG. 9. k-weighted Co K-edge EXAFS spectra for Co(Q) Co-rich
depends on it@; angle. Therefore, the occurrence of multipleerolite (CoKer), Co-doped Mg-tich kerolite (CoMgKer), and Co-sorbed hec-
wave frequencies, together with the polarization dependencéafe. All spectra were recorded at the magic angle.
EXAFS spectra, indicate that Co atoms are surrounded by
several atomic shells oriented differently with respectto
The angular dependence of EXAFS spectra also suggests that
sorbed Co atoms are associated structurally to hectorite plateRSFs corresponding to the P-EXAFS spectra in Fig. 8a ar
lets. plotted in Fig. 10. Several intense peaks are observéd-at
EXAFS spectra recorded at the magic angle for Co-sorbad distances of 1.8 A and 2.7-2.8 A. These peaks point to th
hectorite and reference compounds are contrasted in Figpgesence of several atomic shells in the vicinity of sorbed Cc
Co-sorbed hectorite has a markedly different EXAFS spectrumhich is fully consistent with the occurrence of several wave
from CoKer and Co(OH),, which points to distinct crystallo- frequencies noted previously in P-EXAFS spectra. Figure 1.
chemical environments. This simple comparison indicates trsitows that the RSFs of Co(OJl) CoKer, and Co-sorbed
sorbed Co did not precipitate as pure Co(QHipr CoKer, as hectorite ate = 35° differ by the position and amplitude of
expected from the careful choice of sorption chemical condheir second structural peaks, which confirms that Co has
tions. Instead, EXAFS spectra of Co-sorbed hectorite adiferent structural environment in Co-sorbed hectorite and ir
CoMgKer bear strong similarities, which suggests that sorb#tkese references. A significant difference of amplitude can als
Co is located, at least partially, in a Mg clay-like environmenbe observed between Co-sorbed hectorite and CoMgKe

CoMgKer

'S
L 1 T I

L=~

==
=
=]

Ccr‘hectorite

1 1 I 1 1 1

Radial Structure Functions (RSFs)
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sibly because oxygens coordinated to Co belong to distinc
chemical entities, such as,8 molecules, OH groups, and
oxygens of the sorbent surface. This structural disorder caus
a damping of the EXAFS signal, which is not fully compen-
sated by an increase of, so that the number of oxygens
detected by EXAFS is lower than the actual number coordi
nated to Co. Since this difference between the detected and t
actual number of oxygens is structural in origin, it was not
taken into account in the previous estimate of the experiment:
uncertainty. Therefore, the real uncertaintyNg which sums
up the experimental uncertainty and the effects of structure
disorder, is probably higher than 20%.

The amplitude of first RSF peaks decreases with increasir
a (Fig. 10), and this lowering is reflected in Table 2 by a
reduction of N&* from 5.6 ata = 0° to 4.3 ata = 90°. As
R+ AR (A) exposed in the background section, the sense of this variatic

o indicates thap3, > 54.7°, i.e. that the coordination octahedron
FIG. 10. Polarization dependence of the Co K-edge RSF for Co-sorbT

RSF amplitude

hectorite ai angles of 0°, 35°, 50°, 60° (experimental), and 90° (extrapolated.g ﬂattened (26). To qL,‘a”t'fy j[hIS ﬂattemng,}o has b,een
estimated as follows. First, a linear regressionNg" with
respect to cos was performed for 0= « = 60° (Fig. 12).

real __ . . .
which suggests that either the number or the nature of neigﬁfﬁoarlomg m;Siélsa\:V?; czalgtgagfd_;;]ci)rrg IZIS rliec%art?c?rsllz? Equa
boring cations are different in these two compounds. g 9 T » app 4

First RSF Peak

The first RSF peak & + AR = 1.8 A corresponds to the
contribution of oxygen atoms coordinated to Co. TRg o
distance was determined by least-squares fitting the partial
EXAFS contribution obtained by Fourier back-transforming
this RSF peak. Good fitdRz = 0.006 for 0°= « = 60°, and
R, = 0.010 fora = 90°) were obtained by assuming 5& €
0°) to 4.3 @ = 90°) oxygen atoms &, o = 2.08 A (¢ = 0.10
A) (Table 2). The uncertainty oRc, , andN, resulting from
experimental measurements and spectral analysis were esti-
mated atae = 35° by successively varying and fixing these
structural parameters during the least-squares fit. A 0.02 A shift
of Reo from its best-fit value, or an increase Nf from 5.1
to 6 (20%), led to a two-time increase Bf. However, this
estimation procedure does not take into account the possible
offset of R¢,_o resulting from the use of theoretical phase shift
functions. ThisRc, o offset was previously inferred to 0.01 A
from the analysis of references. Therefore, the experimental
uncertainty orRc, o andN, are typically+0.03 A and+20%,
respectively.

The value ofR.,_o confirms that sorbed Co is divalent and
hexacoordinated to oxygen (62), as fourfold coordinated Co or
sixfold coordinated Co(lll) would have resulted in shorter
Co-O distances of 1.9-2.0 A. It can therefore be concluded
that no redox reaction occurred during the sample preparation.
The relatively high value otr (¢ = 0.10 A), and the low ——
number of detected oxygens (43N, = 5.6), in comparison
to CoKer and Co(OH),, point to an increase in the dispersion R+AR (A)
of Co—0O bond lengths in the sorption sample. The larger spreadc. 11. co Kk-edge RSF for Co(OH), Co-rich kerolite (CoKer), Co-
of Reoo likely results from difference of bond strengths, posdoped Mg-rich kerolite (CoMgKer), and Co-sorbed hectorite.

RSF amplitude

Co/hectorite
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TABLE 2
Quantitative EXAFS Analysis for Co-Sorbed Hectorite

First peak Second peak
Co-0 shell Co—Mg shell Co-Si shell

IFT rangé IFT rangé& AE§

o A RA) g oA Ry A RA N o REA ¥ oA Re (eV)
0° 0.9-2.2 208 56 0.10 0.004 2.3-33 3.03 2.3 040 3.27 0.5 0.1f 0.022 -0.1
35° 0.9-2.2 2.08 51 0.10 0.002 2.3-3.3 3.03 1.6 0.10 3.27 2.2 0.1% 0.015 -0.1
50° 0.9-2.2 2.08 49 0.10 0.005 2.2-3.3 3.03 11 0.10 3.27 3.6 0.1% 0.031 -0.1
60° 0.9-2.2 2.08 4.7 0.10 0.006 2.2-3.4 3.03 0.6 0.10 3.27 4.4 0.1f 0.029 -01
90° 0.9-2.2 2.08 4.35 0.10 0.010 2.2-34 3.27 5.8 0.11 0.029 -0.1

® The threshold energl, was taken at the half-height of the absorption edyye/(2). AE, given here for FEFF7.02 theoretical functions.
® Ranges for inverse Fourier transforms (IFT) in the real space.
Value held fixed during the fitting procedure.

[11] with N§* = 5.18 yieldedB5® = 57.9°. The statistical peak arised from @ingle atomic shell contribution, then its

uncertainty or3g® was obtained from the dispersion§* off  position would be invariant withv (Eq. [8]). Therefore, the

the regression line (60) and was equal#td° at the 95.5% shift in position witha indicates that this peak is made of the
confidence level. As discussed in the background section, ttantributions of at least two atomic subshells, consisting eithe
real B, value (35 is probably slightly higher than the exper-of chemically identical atoms located at different distances
imental 85 value, because of the disorientation of individuairom Co, or of chemically different atoms. Furthermore, this
platelets off the film plane. Nevertheleg3® compares well angular effect can only be observed if the contribution of one

with B, for edge-sharing octahedra in Co-substituted synthesabshell predominates at= 0° and the other at = 90°, i.e.,

mica (~58.2° (63)). if these two subshells have differeft angles.
Back-Fourier transforms of second RSF peaksdor 0°,
Second RSF Peak 35°, and 90° are contrasted in Fig. 13a. Of significance is th

The high amplitude of the RSF peak near+ AR = Presence of isosbestic points, for whighis independent of.
2.7-2.8 A fora = 0° and 90° suggests that it originates fron] N€se points are much sensitive to defaults in spectral norme
the contribution of nearest cationic shells, which may consig@tion, and their observation over the entrspan attests for

of either Co, Si, or Mg. This peak displays a complex angmg?e reliability of the data analysis. This reliability can be
dependence, decreasing fram= 0° to « = 35°, and then further assessed by comparing the experimegial...contri-

increasing fromx = 35° toa = 90°. Meantime, its maximum Pution to that recalculated frOMng pea AN Xznapea DY the
shifts fromR + AR = 2.7 A to 2.8 A as« increases. If this theoretical expression derived from Eg. [4],

and 90°. That the second shell contains at least two subshell

65 Xgr?:i peak: %' X(Z);d peak+ %' Xgr?:j peak [14]
» N T T 17T LI T '| T 1T T T LI B | I_
~ — Figure 13b shows that experimental and recalcula(tﬁﬁipeak
- B ] i are hardly distinguishable. This very good quantitative agree
2 ]/ B ment R- = 8 X 10 °) deserves to be emphasized and denote
g ET ] the fair precision of measurements in thes3k = 10 A™
a0 5 —
= 3/B/Ii 1] interval.
a_:j/E E Chemical nature of the predominant contributionsvat 0°

i =098 whose contributions alternatively predominatenat 0° and
T I N Iy a = 90° has been shown in the previous section. The simple:
0 025 05 0.75 1 hypothesis consists of assuming that this second shell cor
cosa prisesonly two subshells, denoted M1 and M2. According to

_Eq. [5], the EXAFS contribution of M1 and M2 can be written
FIG. 12. Angular dependence of the apparent number of oxygen neigh- d d si id with a f that d d i
bors (N&™) for Co-sorbed hectorite. Squares: experimental data. Linear regr@ss— a damped sinusol WI a frequency that depends on
sion of experimental data (solid line) for & o = 60° yielded N¥» = ~ absorber-backscatterer distanc&Rg term), and on the chem-

1.17*coda + 4.39. ical nature of the backscatterep;( term). Therefore, the phase
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4 ) 10 FIG. 14. FEFF7.02 calculated phase shift functions for Co—-Co, Co-Si,
k (A and Co-Mg pairs and interatomic distances of 3.10 A. (a) Plot of the phas

o shift functions. (b) Plot of the difference of phaskg) for various combina-
FIG. 13. Fourier-filtered EXAFS spectra of the second shgl{«.(K))  tions of atomic pairs.

for Co-sorbed hectorite. (a) Comparisom@f, shei(K) for « = 0°, 35°, and 90°.
(b) Comparison of the experlmentﬁﬁndpeakcontribution (solid line) and the

o peacCONtribution recalculated fromong peac@Nd X0 peac(dashed line). .
e aapen ST A ek Let us then assume that the two subshells are chemical

different and thaR¢,v, # Rcomi- Equation [15] can then be

difference between thec, vi(k) and xc, k) waves is given rewritten
by
Ap — oK) — deom(k
Rz — Rus = ¢ — (bc Mz(k) Dol )) [16]
Ap(K) = opma(K) — opa(K) 2
= 2k(Reo-wz ~ Reo-w) Ryv. — R, values calculated for the different combinations of

atomic pairs are listed in Table 3 far= 4 and 9.5 A*. There
is no atomic pair for whichr,, — Ry, is completely indepen-

+ (Peomz(K) = deoml(k)); [15]

Ag can be estimated experimentally by supposing f3at,..c
contains only the contribution of M1 angy se.cONtains only TABLE 3
the contribution of M2, so thak¢ is simply the phase differ- Calculated Differences of Distance between M1 and M2 Sub-

ence betweews peax@Nd Xaupea This phase difference can begelis at k = 4 and 9.5 A~ and for Different Combinations of M1
read out on Fig. 13a and equatsatk = 4 A™*, and 2ratk = and M2 Subshells
9.5 A% In the following, M1 and M2 will be identified by

their ability to verify Eq. [15] atk = 4 and 9.5 A™. (Rwz — RMQ1 (Rwz — Rm)i1 A(Ryz — Rw)®
Let us first assume th@q, ;, = Reouy and that the two M1 M2 fork=4A fork = 9.5 A A

subshells are chemically different. Equatic_)n [15] then_reduce§ Mg 085 056 —0.29

t0 Ap(k) = dconAK) — dcom(k). Theoreticalde functions  ¢o s 0.70 051 ~0.19

corresponding to the various combinations of possible M1 asd  Co 0.08 0.15 0.07

M2 subshells were obtained frombc, cdK), ¢com(k) and Si Mg 0.54 0.38 —-0.16

deos(k) phase shift functions (Fig. 14a) computed WItHv'g Co —0.07 0.09 0.16
Mg Si 0.24 0.28 0.04

FEFF7.02. Examination of Fig. 14b shows that none ofAbke
functions verifyAe = watk = 4 A"* andA¢ = 27 atk = 2 Calculated as followsA(Ru, — Ruz) = (Rus — Run)icosat — (Rus —
9.5 A'. Therefore, this hypothesis should be ruled out.  Ry)i et
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dent ofk. This suggests that at least one of 38 peaOr X3nd peak DL ™
functions does not originate from a single subshell. The small- | | Co(OH), /\ /\ A
est variation ofRy, — Ry, fromk = 4 tok = 9.5 A B

0
corresponds to ME Mg and M2 = Si (Table 3). All other \/ \J \/ \/ \/ \,/

combinations of atomic pairs (including pairs of chemically

identical atoms) result in variations &,, — Ry, at least 1.5 T
times larger. Therefore, this preliminary analysis suggests that 4 C°Ker 5
predominant backscatterers are Mg at 0° and Si at 90°. The
sign of R, — Ry, indicates that the Si subshell is more distant 0
from Co than the Mg one. The exact nature of the atomic \/ \/ \/ \
contributions contained iR, peax@Nd x50 peaxWill be identified 4 coMgKer
below. 1 i

Quantitative analysis. At first, xz.apeakK) functions were ," ‘\ /\ A /\
tentatively fitted by assuming only Mg backscatterers at 0° 0 —r— :
and Si backscatterers at= 90°. Only three parameterbl( R, /I \/ \/ \/ \
and o) were allowed to vary for each shell. This single shell ERAV \," 9
analysis yielded a good fit at = 90° (R, = 0.029),with N&" o = 0% ;
= 5.8 andR¢, s = 3.27 A (05, = 0.11 A). The agreement was 0.5 \ /\ A /\ /\ A\l
not as good att = 0° (R, = 0.059), and d@wo-shell fit was o ; :

therefore performed with Mg and Si neighbors, by fixing
andRc,_s; to their value atx = 90°. A good agreemenR =
0.022) wasobtained withNg* = 0.5, Ngy = 2.3, and
Rco_,\,Ig 3.03 A (o, = 0.10 A) (Fig. 15 and Table 2). Finally,
XanapeakK) fOr 35° < o = 60° were fitted by varying onl\Wgy
andNg” and fixingo andR identical to their value att = 0°

and 90° (Fig. 15). The experimental uncertainty on the struc-
tural parameters was estimated cat= 35° by varying and
fixing successivelRc¢, s; Reomg Niwg, @aNdNg;. This procedure
showed that the figure of meriR;, increased from 0.015 to
0.022 and that the spectral fit was visually substantially de-
graded asN,, was varied from 1.6 to 2, or from 1.6 to 1.3.
Thus, the estimated uncertainty bl resulting from exper-

<]
<
<

Fourier-filtered 2™ peak contribution
S
w

S8
S
>

imental data collection and analysis#i®.4 (i.e., 25% oN ). ®=60° ;

Application of the same procedure to the other adjusted pa- 1 '/" A /\ A S
rameters yielded an estimated experimental uncertainty&h 0 —
of +0.5 and on Ry,, Rs) of =0.02 A. A small x¢,_c, cOM- 1 \/ \/ v \/I \/ |
ponent was also introduced during the fit to detect the possible o0 .\
presence of Co polynuclear complexes. The quality of the fit ol 103=90°ﬁ 5 i
was significantly altered upon the introduction of a Co content 1A L

as low as 0.1« = 0.11 A), leading to an increase Bf from 0 ;A /\ /\ /\ NCA
0.015 to 0.020, and a shift to highof the maximum of the /o \/’ N
x(K) envelope (data not shown). This shift can be accounted 3 ' g

for by observing that the amplitude ofc,c{k) (Fig. 15, " T N SN
Co(OH),, reference) peaks at 7-8 A whereas the amplitude 4 6 8 10
of X5napealK) peaks at 6 A* for Co-sorbed hectorite. Therefore, k (A7)

N¢, = 0.1 can be taken as an upper limit, which indicates that,:IG 15. Comparison between experimental and modeggh.e(k) con-
less than 10% of sorbed Co is present as dimers, or less th@tions for Co(OH), Co-rich kerolite (CoKer), Co-doped Mg-rich kerolite
1.8% as a Co precipitate. (CoMgKer), and Co-sorbed hectorite fram= 0° to « = 90°.

Relatively higho values ¢ = 0.10—0.11 A) were required
to fit x2napeakK) fOr Co-sorbed hectorite, as compared to refemay not be sensitive to their full distribution, yielding a lower
ence compoundsr(= 0.09-0.10 A). As previously discussechumber of detected backscatterers than actually present. Sin
for the oxygen shell, these highvalues are symptomatic of athis loss of atomic neighbors is of structural origin, it should be
significant dispersion of interatomic distances, and EXAF&lded to the uncertainty coming from data collection anc
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R T o B B B B ENLL A sorption mechanism(s) of Co among the several ones that a
consistent with the structural association between the sorba
and the sorbent: (a) outer-sphere surface adsorption, (b) inne
sphere surface adsorption, (c) surface precipitation o
Co(OH), or of phyllosilicate-like compounds, and (d) diffu-
_ sion within octahedral vacancies of hectorite (64).
. In an outer-sphere adsorption mechanism, the sorbate is he
- in the vicinity of the sorbent surface without loosing its hy-
dration shell. Neighboring cations from the sorbent are thel
relegated at distances higher thad A (65, 66). In the present
study, the occurrence of cationic shells at 3.0-3.3 A is no
; compatible with the exclusive formation of outer-sphere Cc
T complexes.

The formation of inner-sphere surface complexes involve:
i the creation of chemical bonds between the sorbate and tt
] surface oxygens of the sorbent. Surface cations of the sorbe
- thus enter the second coordination sphere of the sorbate. If th
] next-nearest coordination sphere contains only cations from tf
sorbent, then adsorbed species are isolated on the sorb
- surface and form mononuclear surface complexes (67). Her
. only Mg and Si shells were detected at 3.03 and 3.27 A

b suggesting that Co form mononuclear inner-sphere surfac

oy S A P B i complexes.
0 0.25 0.5 0.75 1 Polymerization of the sorbate in the vicinity of an inner-
cos’oL sphere surface complex may lead to the precipitation of a pur

hydroxide phase, or a mixed one if dissolved species from th

FIG. 16. Angular dependence of the apparent number of nearestN§ ( . . L
(a) and Si NP (b) atoms for Co-sorbed hectorite. Squares: experimental da?aqrbent phase are mcorporatEd in the precipitate (21)' In th

Linear regression of experimental data for0a < 60° (solid lines) yielded Present study, this surface precipitate WO.l'Jld be eithe
NP = 2.21*coda + 0.11 andNZ® = —5.22*coga + 5.72. Co(OH), or a neoformed (Co, Mg) hydrous silicate. Results

from the quantitative spectral analysis, and the dissimilarity o

EXAFS spectra for Co-sorbed hectorite, Co(Qkiaind CoKer

analysis. The total uncertainty o’ andNZ* are thus prob- (Fig. 9) suggest that no CoKer or Co(Od)did precipitate.
ably higher than 25%. The neoformation of a CoMgKer-like phase seems more po:s
Nir» and N&® are plotted in Fig. 16 as a function of es sible, as EXAFS spectra for the sorption sample and CoMgKe
Good linear correlations betwe&*™ and coa are found for are similar. However, these two compounds clearly have dif
the two subshells, with regression coefficierts> 0.99.85¢  ferenty.qpea(K) functions (Fig. 15), which indicates that Co do
and B&® were calculated in the same way 8§®°, and the not have the same structural environments. Furthermore, if C
uncertainty orgy? and 8&® were estimated from the dispersiorsorption resulted in the neoformation of a CoMgKer-like
of N’ and N¥” off the regression lines. This calculationphase, then the amount of dissolved Mg would be expected |
yielded Bi¥ = 80.1 + 10.2°, andBg® = 22.2° = 1.4°. Con- decrease, or its release rate by hectorite would be at lea
sequently, Co—Mg pairs are, to the precision of the methagignificantly slowed down shortly after Co introduction in the
parallel to the film plane, whereas Co-Si pairs are inclined Isyspension. Instead, chemical experiments (68) showed th

~20° off the normal to this plane. the release rate of Mg dramatically increases. Compellin
neoformation of a (Co, Mg) hydrous silicate can thus be
DISCUSSION rejected.

Following its adsorption, the sorbed cation may also diffuse
to vacant sites of the sorbent. For example, in dioctahedr:
smectites, where one third of octahedral sites are vacant, Ni(l

P-EXAFS showed that the structural environment of Cwas shown to diffuse within empty sites upon heating at 150°C
atoms sorbed on hectorite is highly anisotropic. This structur@). The proportion of vacant sites is not known in hectorite,
anisotropy concerns the coordination octahedron of Co, whibht it can be taken to 1% as in trioctahedral magnesian steve
is flattened, and the second shell, made of in-plane Mg asities (69) which are isostructural to hectorite. For 1% of vacar
out-of-plane Si atoms located Bt, v, = 3.03 A andR., s = sites, the amount of vacancies equai80 umol g *, which is
3.27 A. This structural information will serve to determine thelearly higher than the amount of sorbed Co (3ol g ). Co

Mechanism of Co Sorption
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diffused into vacant octahedra would be surrounded by 6 (Mg,

Li) octahedral neighborsN,.) and 4 Si tetrahedral neighbors

(N, leading to aN /N, ratio of 1.5. In the sorption sample,

Nt = Ngi = 2.2 = 0.5, butN, is probably higher thal,,, New surface :
because structural Li atoms are too light to contribute to the ,truncation planes
EXAFS signal. Assuming a random distribution of Li in the ‘ :
octahedral sheely, can be calculated from the stoichiometric
composition of hectorite and is equal kt,,(3/2.65)= 1.8 =

0.45 for the sorption samplbl,./N. is thus equal to 0.8 0.3,
which is significantly different from the 1.5 expected if Co &
were in octahedral vacancies. Thik./N,, value is also not VO
consistent with a mixing of Co outer-sphere complexes and Co

in vacancy sites. This discussion on the different possible*
sorption mechanisms of Co allows us to conclude that Co form
inner-sphere mononuclear complexes at the surface of hecto-

rite.

B5

Location of Inner-Sphere Surface Complexes Y{AA;?AA\V?AA\V? V
Angular P-EXAFS measurements indicated that Co—M PA“'PA“’PA‘E*
VA BVa BVa I

pairs are parallel to the plane of the hectorite film, wherea
Co-Si pairs are inclined by 70° from this plane. Since texture
analysis showed that (Mg, Li) octahedral sheets are parallel t¢iG. 17. Modeled formation of possible (010) layer edges from the bulk
the film plane, then the only possible location for Co surfaaucture of hectorite. B1-B2 morphologies are obtained by truncation of th
complexes is at the edges of hectorite platelets, in the proldﬁlk structure, and B2-B5 are obtained by a progressive leaching of Mg.
gation of the octahedral sheet.

This conclusion is further supported by structural parameters
derived from the quantitative analysis of EXAFS spectra. THg!rface and then by completing the broken coordination poly
Rco_wg aNdRg, s distances of 3.03 and 3.27 A are very close tbedra with oxygens. For energetic reasons, truncation plan
the structural distanceygy-mewy = 3-03 A andd yg.)-s = having the minimum number of broken Me—O-Me bonds
3.23 A for hectorite (54, 55). In additiogy ~ 80° andgg® (Me = Si or Mg) are likely favored. Two different surface
~ 22° compare well with crystallographi@ values for configurations are obtained (Fig. 17): B1, in which surface
Mg-Mg (Bu, = 90°) and Mg-Si Bs; ~ 30°) pairs in hectorite. oxygens of the octahedral sheet are uniquely coordinated
These similarities in distance and angle between surface [dg, and B2, which is depleted in surficial Mg in comparison to
and structural Mg indicate that these two atoms have similgd, so that half of surface oxygens coordinated to Mg are als
(but not identical) structural environments. Based on theseordinated to Si.
results, it is concluded that Co octahedra are located on thélhese pristine surfaces can be altered by noncongruent di
edges of hectorite platelets and share one or several edges witlition, as dissolution takes place at layer edges. For examp!
structural (Mg, Li) octahedra (E-type linkage) and one arhemical and microscopic studies on the dissolution of biotite
several corners with Si tetrahedra (C-type linkage), like inia acidic conditions pointed to a rapid depletion of octahedra

clay structure. cations, leading eventually to the formation of amorphou:s
silica fringes at layer edges (71). Preferential leaching of Mc
Structure of Co Surface Complexes on Hectorite was also observed for hectorite under slightly acidic condi

tions, but no silica fringes were identified (72). This preferen-
tial leaching can be modeled by deleting successive Mg row

Electron microphotography indicated that hectorite crysteit layer edges while leaving the tetrahedral sheets unaffect
lites have a lath-type morphology and are elongated along tfég. 17). Obviously, most protruding Mg will be more easily
a direction (54, 70). The large (001) basal planes are boundenoved, so that the B1 configuration is not expected to exis
predominantly by (010) planes (90%), and, to a lesser exteat, pH ~6.5. But the absence of detected silica fringes or
by (110), (120), and (100) planes. How the atomic structure béctorite precludes an extensive depletion of surface Mg a
these boundary planes can be modeled from the crystal strams. Finally, it can be assumed that layer edges have ideally
ture of hectorite will be developed for the (010) layer edge.B2 surface structure in some places, and a more Mg-deplete

Idealized pristine surfaces can be obtained by truncating tsteucture elsewhere (B3 to B5). Figure 18 represents such ¢
hectorite bulk structure along planes perpendicular to the (OGdgalized surface structure for the (010) edge, which will be

Surface Structure of Platelet Edges
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used in the following for modeling the structure of Co surface
complexes.

Structure of Surface Complexes on a (010) Edge

Several types of surface complexes may exist for each
surface configuration. These complexes differ from each other
by the number of E and C linkages, i.e., by the number of
next-nearest cations from the octahedral and the tetrahedral
sheets. For example, in the B2 configuration, adsorbed Co can
form 3E and 2C linkages, or 1E and no C linkages (Fig. 19).
These surface complexes will be deno®f’&? and S{T2¢2,
respectively, where (010) is the plane index, B2 is the config-
uration index, and the subscript refers to the number of E and
C linkages. For these two surface complexes, the number of E
linkages exceeds that of C linkages by one, and therefore these
complexes cannot account alone for experimeNtgl= 1.8 +
0.45 andN,, = 2.2 = 0.5 values.

In the B3 surface configuration, sorbed Co can be bridged to
either 3 (Mg, Li) and 4 Si (§%&), or to 1 (Mg, Li) and 2 Si
(S (Fig. 18). Assuming the formation of these two sur-
face complexes only, with relative fractiomsandy, respec-
tively, the following set of equations is obtained:

FIG. 19.

(010), B2
3E+2C

(010), B2
1E+0C

(010), B3
3E+4C

S(o10), B3
1E+2C

Smmxm
3E+4C

‘-ES(010),B4
0E+2C

(010), B4
1E+4C

(010), B5
3E+4C

(010), B5
OE+4C

(010), B5
1E+4C

r S (010), B5
0E+2C

Possible structure of mononuclear Co surface complexes on th
(010) surface of hectorite. Co atoms are located in the plane of the (Mg, Li
octahedral sheet.

x+y=1 [17]
3X +y = Nyy* 0.45 [18]
4x + 2y = N+ 0.5. [19]

Expressingy as a function ok in Eq. [17] and substituting
for xin Egs. [18] and [19] yields = 0.4 = 0.2 (Eq. [18]) and

FIG. 18. Idealized (010) surface structure for hectorite projected along the = 0.1 = 0.25(Eq. [19]). Thusx is comprised between 0.2
c* direction. and 0.35, which means that, in this surface configuration
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SEASandSEe® surface complexes would represent 20—35%xperiments, Co form inner-sphere mononuclear surface cor
and 65—80% of sorbed Co, respectively. plexes and are surrounded by two next-nearest cationic she
Three and four surface complexes may exist in B4 and Béhich are oriented differently with respect to the clay basa
configurations, respectivel\8T & SiEas! SEoe! SY&  plane. The first subshell is parallel to the (001) plane an
oS, SiENES and SiERES. None of these surface complexegonsists of~1.6 = 0.4 Mg atoms at 3.03 Ag,, = 80 = 10°).
can account alone fod,, andN, values. Indeed, several typesThe second is inclined by-22.2° + 1.4° to thec* direction
of surface complexes, possibly from different surface confignd consists of 2.2= 0.5 Si atoms at 3.27 A. No Co neigh-
urations (e.9.S2& SEAe’ and S8 are needed simul- boring cations were detected, allowing us to disregard th
taneously to reproduce EXAFS results. presence of significant amounts of pure Co(Q§#r Co-rich
That EXAFS analysis yielded higherand lowerN, values neoformed phyllosilicate. This whole set of structural results is
for the sorption sample than for the references can now bensistent with the formation of Co mononuclear surface com
explained by the coexistence of several types of surface copfexes located at the edges of hectorite platelets, in the cont
plexes. Each type of surface complex differs from the others hyity of the (Mg, Li) octahedral sheets.
Noew Niew @nd by the number of sorbent oxygens of the surface
coordinated to Co. Therefore, Co—O bond strengths are ex-
pected to be scattered, which would eventually result in a slight
dispersion of interatomic distances by some thousandths of 'B\N P. Gates is warmly thanked for fruitful discussions on clay mineral

This dispersion provides a plausible explanation to the Ofperties and sample preparations. The SRS, LURE, and ESRF staffs ¢
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EXAFS results for Co sorbed on hectorite at moderate pH
(pH 6.5) and surface coveragE & 0.32 umol g %) suggest
that the percentage of Co—Co pairs is at most 10%, or that I€$S mcBride, M. B., “Environmental Chemistry of Soils.” Oxford Univ. Press,
than 2% of Co can be embedded in large polynuclear Co Oxford, 1994.
complexes. Mononuclear Co complexes were also observed 8nBruno, G., Decarreau, A., Proust, D., and Lajudie, 4ppl. Clay Sci.7,
rutile for moderate chemical conditions (pH 5B,= 0.62 169 (1992).

1 . 3. Konta, J.,in “Euroclay Meeting” (J. Konta, Eds.), p. 11. Univerzita
wmol g ). At higher pH (pH>6.7) and surface coveragg & Karlova Praha, Prague, 1985.

i .

0.63 umol g ) the formation of po'VrFU.dear Co complexes 4. Bailey, S. W.,in “Crystal structures of clay minerals and their X-ray

was reported for quartz (20, 73), kaolinite (66), alumina (65), identification” (G. W. Brindley and G. Brown, Eds.). Mineralogical So-

and montmorillonite (9). In some studies these polynuclear ciety, London, 1980. '

complexes corresponded to mixed precipitates, having incor- &C'zgd(el'g';"é)B" Pinnavaia, T. J., and Mortland, M. Mimer. Mineral.

porated chemical species from the sorbent _pha_se. For exampgeMcBride’ M. B.,Clays Clay Min.27,91 (1979).

Towle et al. (65) suggested that Co sorption in an aluming, wmcgride, M. B.,Clays Clay Min.30, 200 (1982).

suspension resulted in the formation of a Co—Al mixed hydroxs. Muller, F., Besson, G., Manceau, A., and Drits, V. Rhys. Chem.

ide. Similarly, sorption of Co on quartz was shown to result in Minerals 24,159 (1997). _ '

the neoformation of a Co-rich hydrous phyllosilicate (21). Thaf: Papelis, C., and Hayes, K. EEpll. and Surf. A: Physicochem. Engineer.
h precipitation did occur in the present study can Aspectsl07,89 (1996).

no S,uc p p . p . y lf@ Chisholm-Brause, C. J., Conradson, S. D., Buscher, C. T., Eller, P. G., ar

ascribed to the careful choice and control of chemical condi- morris, D. E., Geochim. Cosmochim. Ac&8, 3625 (1994).

tions throughout the whole sorption experiment. 11. Peigneur, P., Maes, A., and Cremers, @lays Clay Min.23, 71 (1975).
12. Inskeep, W. P., and Baham, Sqil Sci. Soc. Am. 37, 660 (1983).

13. Charlet, L., Schindler, P. W., Spadini, L., Furrer, G., and Zysset, M.,
CONCLUDING REMARKS Aquatic Sci55, 291 (1993).

14. McKinley, J. P., Zachara, J. M., Smith, S. C., and Turner, G (ays
This study has demonstrated the potential of P-EXAFS for Clay Min. 43, 586 (1995). .
elucidating the geometrical arrangement of cations sorbed bn Zachara, J. M., Smith, S. C., Resh, C. T., and Cowan, Gddl. Sci. Soc.

: , - Am. J.57,1491 (1993).
clay minerals. Carefully controlled chemical conditions, angl 7, a3 M., and McKinley, J. Aquatic Sci55, 250 (1993)

the elaboration of well-textured self-supporting films, are pre7. zachara, J. M., and Smith, S. Goil Sci. Soc. Am. E8, 762 (1994).
requisites to the successful application of this new method. 18. Scheidegger, A. M., Lamble, G. M., and Sparks, D. Enyiron. Sci.
the present study, high ionic strength= 0.3 M) was chosen  Technol.30, 548 (1996). _
to favor pH-dependent sorption over cation-exchange adsotp- Scheidegger, A. M., Lamble, G. M., and Sparks, DJLColloid Interface
tion, and a moderate pH of 6.5 allowed hindering the formati Sci. 186, 118 (1997).

’ P : . 9 . % O’Day, P. A., Brown, G. E. r., and Parks, G. &egol. Soc. Amer. Abstr.
of polynuclear Co complexes as reported in previous studies. prog. (1990).

P-EXAFS results indicate that, in the conditions of ouzl. Manceau, A., Schlegel, M. L., Nagy, K. L., and Charlet, L., submitted.
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