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Abstract—The nature of surface complexes formed on Ni uptake onto montmorillonite (a dioctahedral
smectite) has been investigated over an extended time period by polarized extended X-ray absorption fine
structure (P-EXAFS) spectroscopy. Self-supporting films of Ni-sorbed montmorillonite were prepared by
contacting Ni and montmorillonite at pH 7.2, high ionic strength (0.3 M Nagl@nd low Ni concentration

(INi] initiar = 19.9uM) for 14- and 360-d reaction time. The resulting Ni concentration on the clay varied from

4 to 7 umol/g. Quantitative texture analysis indicates that the montmorillonite particles were well orientated
with respect to the plane of the film. The full width at half maximum of the orientation distribution of the c*
axes of individual clay platelets about the normal to the film plane was 44.3° (14-d reaction time) and 47.1°
(360-d reaction time). These values were used to correct the coordination numbers determined by P-EXAFS
for texture effects. Ni K-edge P-EXAFS spectra were recorded at angles between the incident beam and the
film normal equal to 10, 35, 55, and 80°. Spectral analysis led to the identification of three nearest cationic
subshells containing 2.& 0.5 Al at 3.0 A and 2.0+ 0.5 Si at 3.12 A and 4. 0.5 Si at 3.26 A. These
distances are characteristic of edge-sharing linkages between Al and Ni octahedra and of corner-sharing
linkages between Ni octahedra and Si tetrahedra, as in clay structures. The angular dependence of the Ni-Al
and Ni-Si contributions indicates that Ni-Al pairs are oriented parallel to the film plane, whereas Ni-Si pairs
are not. The study reveals the formation of Ni inner-sphere mononuclear surface complexes located at the
edges of montmorillonite platelets and thus that heavy metals binding to edge sites is a possible sorption
mechanism for dioctahedral smectites. Data analysis further suggests that either the number of neighboring Al
atoms slightly increases from 1.6 to 2 or that the structural order of the observed surface complexes increases
from 0.01 & to 0.005 & with increasing reaction time. On the basis of the low Ni-Al coordination numbers,

it appears that over an extended reaction time period of 1 yr the diffusion of Ni atoms in the octahedral layer
is not the major uptake mechanism of Ni onto montmorillonit€opyright © 2003 Elsevier Science Ltd

1. INTRODUCTION trioctahedral, when all three sites are populatedtvgsi) 1988).

In trioctahedral and dioctahedral structures, octahedral cations
are surrounded by 6 and 3 octahedral cations, respectively. The
ctahedral sheet has two different sites, denoted M1 and M2,
hich have a different hydroxyl configuration (Fig. 1). M1 is
the trans octahedron, with OH groups located at opposing corners,
and M2 is the cis octahedron, with the OH groups located on the
ame edge. Only two of the three octahedral positions per half unit

ell (2 M2 + M1) are occupied, which can be either the two M2
sites (denoted herein as trans vacant, or tv) or the M1 and one of
the two symmetrically independent M2 sites (denoted herein as cis
vacant, or cv). Montmorillonite has cv 2:1 layers, and beidellites
and nontronites possess tv 2:1 layers (Tsipursky and Drits, 1984).

Sorption, diffusion, and precipitation reactions at the clay
minerals—water interface can significantly retard the release of
metal ions into the geosphere. For this reason, smectites are use
as geochemical barriers in nuclear waste repositories and landfills
for hazardous chemicals. To predict the mobility and long-term
behavior of heavy metals and radionuclides in smectitic sys-
tems, a mechanistic understanding of the chemical processes ai
the smectite—water interface is of fundamental importance.

The term “smectite” is used to describe a family of expand-
ing 2:1 phyllosilicate minerals that have permanent layer
charge between 0.2 and 0.6 charges per half unit cell. The

smectite family encompass clay minerals such as montmoril-
) - . . . ~_The tv layers have a Q#/layer symmetry, whereas cv layers are
lonite, beidellite, nontronite, saponite, and hectorite. Smectites Y Yer sy Y Y

. . reduced to a C2 symmetry. The tetrahedral sheets of smectite are
are constructed of a single octahedral sheet sandwiched be- Y Y

. -~ composed of a sixfold hexagonal ring of silica tetrahedra. Trioc-
tween t.WO tetrahedral sheets, with the octahedral Sheet.Sha“ngtahedral structures have a flat basal plane, and dioctahedral struc-
the apical oxygens of the tetrahedral sheets. Smectites are

L ; . tures have a corrugated basal plane as a result of the presence of
divided into two subgroups: dioctahedral, when only two of the . -
th tahedral sit half unit cell ied d octahedral vacant sites. The Al-Al and Al-Si distances for M1,
ree octahedral sites per hall unit cell are occupied, an M2, and cv sites in montmorillonite are listed in Table 1.
Smectites possess a large specific area and a high structural
charge (up to 1000 meqg/kg), imparting them with important
* Author to whom correspondence should be addressed - - . Lo .
(Rainer.Daehn@psi.ch). sorptive properties. Layer charge arises from substitutions in
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Fig. 1. Structure of montmorillonite after Tsipursky and Drits (1984). The large M2 positions are vacant in montmo-

rillonite.

dioctahedral species) or the tetrahedral sheet (where AI®* or
occasionally Fe** substitutes for Si**), producing one negative
charge for each such substitution. The negative layer charge
resulting from isomorphic substitutions is balanced by the

sorption of exchangeable cations in interlayer sites (Sposito,
1984). The uptake mechanism of metal ions onto smectites de-
pends on ionic strength, pH, and the type of ion adsorbing. At low
pH and low ionic strength, cation exchange is the dominant

Table 1. Al-Al and Al-Si distances in montmorillonite (Tsipursky and Drits, 1984).

Al-Al

Al-Si1 Al-Si2
Number of Distance Number of Distance Number of Distance
Site neighbors A) neighbors A) neighbors A
M1 3 2931 4 3.16-3.18
M2 3 2931 2 3.15 2 3.23
cv 6 2931 4 3.23
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process in the interlayer space. In addition to cation exchange,
there is a pH-dependent uptake of metals on smectites (Sposito,
1984). In this sorption process, sorbate ions bond to the smectite
surface by sharing one or severd ligands (generally oxygens) with
sorbent cations. At low sorbate cation concentration, specific sorp-
tion to surface hydroxyl site (Al-OH, Si-OH) can occur (Schlegel
et d., 1999). Metal ions can then directly bond to surface oxygen
or hydroxyl groups of the sorbent. With increasing pH or sorbate
cation concentration, metal precipitation can occur. When the
precipitate contains chemical species derived from both the
aqueous solution and dissolution of the sorbent minerd, it is
referred to as a coprecipitate (Stumm and Morgan, 1981).

Most uptake studies of metals in clay systems have been
performed via a macroscopic approach (batch studies). The
focus of many of these studies has been on the determination of
distribution coefficients, the use of adsorption isotherms, em-
pirical and semiempirical equations (e.g., Freundlich, Lang-
muir), and surface complexation models (e.g., constant capac-
itance, triple layer) to describe the sorption reactions of heavy
metals. For example, the uptake of Ni on montmorillonite, a
backfill material used in nuclear waste repositories, has been
extensively investigated in our laboratory (Baeyens and Brad-
bury, 1997), and a “mechanistic” surface complexation model
was developed to predict the fate of radionuclides (Bradbury
and Baeyens, 1997). However, surface complexation models
employ an array of adjustable parameters to fit experimental
data, and it has been shown that often, sorption data will fit a
number of the models equally well (e.g., Westall and Hohl,
1980). Another major disadvantage of most surface complex-
ation models (and equilibrium-based models in general) is that
processes such as precipitation and diffusion are not accounted
for. One must realize that equilibrium-based models simply
describe macroscopic data and do not definitively prove a
reaction mechanism. For these reasons, the uptake of heavy
metal on clay minerals has been directly studied at the molec-
ular level by means of extended X-ray absorption fine structure
(EXAFS) (O'Day e d., 1994; Scheidegger et al., 1998; Thomp-
son et al., 1999; Dahn et d., 2001, 2002b; Morton et d., 2001;
Schlegd et d., 2001a). Uptake mechanisms so far identified on
dioctahedral phyllosilicates include the formation of a layered
double hydroxide phase and the neoformation of a phyllosilicate
phase (Scheidegger et d., 1998; Dahn et d., 2002b).

In a powder EXAFS study, Scheidegger et al. (1998) ob-
served the formation of Ni-Al layered double hydroxide phase
on uptake of Ni on pyrophyllite (a dioctahedral 2:1 phyllosili-
cate that lacks isomorphic substitution). By the use of a com-
bination of powder and polarized EXAFS, Dahn et al. (2002b)
observed the neoformation of a Ni-phyllosilicate phase on Ni
uptake on montmorillonite (STx-1). In the latter study, polar-
ized EXAFS (P-EXAFS) has been employed because the ap-
plication of powder EXAFS to determine the uptake mecha-
nism of metal ions on clay mineralsis limited by the extension
of the explored reciprocal space (at best Ak = 14 A~1), which
precludes the discrimination of atomic shells separated by less
than 0.10 to 0.15 A (Teo, 1986). This is typicaly the case in
phyllosilicates. In montmorillonite, for example, X-ray—ab-
sorbing atoms in the octahedral sheet are surrounded by neigh-
boring cations at R ~ 3.00 A in the octahedral sheet and
R ~ 3.15to 3.23 A in tetrahedral sheets (Fig. 1). This local
structure results in a strong overlap of scattering contributions

from the octahedral and tetrahedral cations. Manceau and co-
workers showed that this limitation can be overcome by P-
EXAFS spectroscopy (Manceau et al., 1988, 1998; Manceau,
1990).

2. P-EXAFS BACKGROUND

In P-EXAFS, neighboring atoms along the polarization di-
rection of the X-ray beam are preferentially probed, and atoms
located in a plane perpendicular to this direction are attenuated
(Fig. 2). Applying P-EXAFS to montmorillonite self-support-
ing films has the advantage of minimizing the contributions
from the out-of-plane Si atoms from the tetrahedral sheet when
the X-ray polarization vector is in the ab plane of the mont-
morillonite self-supporting film. Conversely, when the polar-
ization vector is aligned normal to the film plane, the contri-
bution from octahedral layer cation vanishes.

Originally, P-EXAFS was applied to single-crystal phyllo-
silicate crystals (Manceau et al., 1988, 1990). More recently,
Manceau et al. (1998, 1999) demonstrated that this technique
can be extended to fine-grained layered clay minerals. Self-
supporting clay films can be prepared by filtration and the
angular dependence between the electric field vector € and the
surface of a self-supporting clay film can be recorded. The
angular variations of P-EXAFS spectra depend strongly on how
perfectly the ab crystallographic planes of individual montmo-
rillonite platelets are aligned parallel to the film surface (Fig.
3). Therefore, quantitative determination of the orientation dis-
tribution of individual crystallites in the film is necessary to
accurately determine coordination numbers and to localize
scattering atoms relative to the polarization direction. The
orientation distribution of a film is obtained by X-ray diffrac-
tion (see section 4.3).

In P-EXAFS, one detects an apparent coordination number
(CNj"fffs), which is the effective number of atoms seen at the
angle « and which is modified by the spread of clay particlesin
the film plane (Manceau and Schlegel, 2001):

CNpe (3co® B¥ — 1) - (3coSa — 2)
CNs — =7 2 o, @
]

where « is the angle between the € vector and the layer plane
and B is the angle between the film normal and the vector
(R;;) connecting the X-ray absorbing atom i to the backscatter-
ing atom j, and CN{™* is the crystallographic number of atoms
in the j shell.

lorq 1S the function that accounts for the particle disorder; its
value is unity for perfectly ordered films and zero for an
isotropic sample (Dittmer and Dau, 1998; Manceau and Schie-
gel, 2001).

lorg 1S defined as

2
f (3cos? a — 1)exp(— o?In(2)/Q?sin o da
0

Iord = 2 1 (2)
2[ exp(— o2 In(2)/Q? sin a da
0

with (), the half width at half maximum of the mosaic spread



Beam direction

R. Dahn et al.

o l . ° ° ¢ ° ° ° T
. ¢ . ele slo|e|je| O
o * L4 ° :, ° ° ° ° T
. (N n {
+, s B;) > C* *'\B‘e/‘" ® Absorber atom
. + * IBoc £ © Al, Vacancies
[ ] L hd Si
[ ] ‘ [ ]
€
a=0°%¢.Lc* o=90°¢| c*

Fig. 2. Orientation of the montmorillonite film with respect to the incoming X-ray beam. (a) Electric field vector € parallel
to the layer plane. (b) & perpendicular to the layer plane. After Manceau et al. (1988).

of clay particles of the film plane, obtained from the orientation
distribution.
Egn. 1 can be written as a function of cos’a:

CNJEXSTS Iord
oo = o (3 9008° B%) - 00 @ + 3l COS” B
i
+1- Iord (3)
CNﬁ(fS
W=a-co§a+b. 4
i

where a and b are regression coefficients. a can be obtained
from a linear regression of CNZZCNS™S with respect to
cos?a, and the Bj”ys‘ value is obtained from

3 — 2a/lyq

- (5)

B™* = arccos ‘

Eqn. 1 can be simplified for two “magic angles’: CNJF‘?;,arfS =
CN;™= for a = 35.3°, regardless of the value of g and I, and
for B = 54.7°, regardless of the value of « and |4

3. OBJECTIVES

The objective of this study isto gain direct structural datafor
adsorbed metal ions on the layer edges of a dioctahedral smec-
tite. The first work of this nature was reported by Schlegel et al.
(1999, 2001b) for trioctahedral smectites investigating the up-
take of Co and Zn on hectorite. For dioctahedral smectites,
however, spectroscopic studies at high surface loadings have so
far only demonstrated the presence of layered double hydroxide
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Fig. 3. (a) X-ray diffraction geometry used for texture analysis and
(b) a side view of (&) showing how individua crystallographic planes
within the film are brought into a diffraction position by a rotation of
p. After Manceau et al. (1998).
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and neoformed Ni-phyllosilicate phases on the uptake of diva
lent metal ions (Scheidegger et a., 1998; Dahn et a., 2002b).

In this study, the uptake mechanism of Ni on montmorillon-
ite as a function of time at pH 7.2 and low Ni concentrations
was investigated with P-EXAFS on dry self-supporting mont-
morillonite films. The loca structure around Ni atoms on
montmorillonite was determined, and the possible evolution of
the coordination environment of Ni was recorded over a period
of upto 1 yr.

4, MATERIALS AND METHODS
4.1. Montmorillonite Purification and Characterization

The montmorillonite STx-1 used in this study was purchased from
the Source Clay Mineras Repository of the Clay Minerals Society.
X-ray diffraction of the “as-received” montmorillonite indicated the
presence of minor quantities of calcite, quartz, and kaolinite amounting
to less than ~1 wt%. This natural clay has a total iron content of
~09 wit% (expressed as Fe,Oj). Its structura formula is
N8y, 05Ca0,15M o, 03(Al 1 sFe(l11)0. 1Mo 4) (Si5) O10(OH),-n H0.

The <0.5 wm montmorillonite fraction used in this study was
obtained in a purification and conditioning processes. Briefly, the clay
was thoroughly washed three times with 1 mol/L NaClO, to convert the
clay into the homoionic Na form. The <0.5 um size fraction was
selected by successive washing with deionized water combined with
centrifugation, and soluble hydroxyaluminium compounds and traces
of amorphous iron were removed. Details are given elsewhere (Dahn et
al., 2002b). The cation exchange capacity of the conditioned montmo-
rillonite measured by the Ca* isotopic dilution method (Baeyens and
Bradbury, 19953) is 1010 + 10 meq kg~ *. The external surface area of
the conditioned STx-1 Ca-montmorillonite was measured by the N-
BET technique to be 89 m? g~ 2. This value is in agreement with that
determined by Van Olphen and Fripiat (1979) (84 m? g~ %).

4.2. Sample Preparation for P-EXAFS

The P-EXAFS samples were prepared by adding 200 mL of a
buffered Ni solution (pH 7.2, [Ni] = 23.8 uM, 0.3 mal/L NaClO,) to
40 mL of a conditioned and purified Na-montmorillonite suspension
(pH 7.0, 0.3 mol/L NaClO,; Baeyens and Bradbury, 1997). The result-
ing solid-to-liquid ratio was 2.2 g/L, and the initial Ni concentration
([Ni]initia) Was 19.9 uM. It has been shown previously that the use of
the buffer (8.3 mM (3-(N-Morpholino) propanesulfonic acid) to main-
tain constant pH did not influence Ni uptake on montmorillonite
(Baeyens and Bradbury, 1995b). Experiments were carried out with
high-ionic-strength Na background electrolyte to block cation ex-
change sites. The Ni uptake experiments were conducted at room
temperature in a glove box under N, atmosphere (CO, and O, <5
ppm).

After 14 and 360 d of reaction time, 40 mL of the suspensions were
slowly filtrated through 47-mm-diameter filters (Millipore, 0.4 wm pore
size), and two highly oriented self-supporting films were prepared. The
filtration was performed in a closed vessel under a continuous flow of
argon. Excess of solution in the wet films was removed by washing
with a few milliliters of deionized water before air drying at room
temperature. The filtered solution was analyzed for Ni, Si, and Al by
optical emission spectroscopy (ICP-OES). The Ni weight concentration
in the clay films was low enough (<0.05 wt%) to neglect self-absorp-
tion effects (Troger et al., 1992; Castafier and Prieto, 1997). The dried
clay filmswere cut into slices and were then stacked on a sample holder
to obtain a sufficient thickness for fluorescence measurements. In a
previous study, we verified that the drying of the film did not modify
the overall coordination chemistry of Ni (Dahn et al., 2002b).

Because the goal of this study was to investigate the sorption of Ni
on montmorillonite, we selected reaction conditions ([Niliiia =
19.9 uM, pH = 7.2) under which the formation of Ni-Ni nucleation
products such as NiOH,, should not occur but which would nevertheless
allow assessable EXAFS data to be obtained (see section 5.3). To our
knowledge, the solubility products of Ni-silicate phases (e.g., Ni phyl-
losilicates) are not known. The log K§i©™2 values reported in the

literature vary over a wide range (—10.52 to —18.06; Britton, 1925;
Mattigod et a., 1997; Plyasunova et al., 1998). To estimate the degree
of saturation with respect to the solubility of Ni(OH),, the saturation
index (Sl) was calculated. Sl is defined as the ratio of the ion activity
product, IAP, to the solubility constant Kg,. This yields SI = (Ni**)/
[(H*)2 K], where (Ni**) and (H") are the activities of Niz* and H*
in solution. The calculation indicated that [Ni]; ;i Was clearly below
the solubility limit of Ni(OH), (SI < 0.06, with log K§i©™2 =
—10.52, Plyasunova et al., 1998; SI < 2 x 10~°, with log K'\“(OH’2
= —18.06, Britton, 1925). Thus onecan a$umethat Ni removal from
solution is not due to Ni(OH), formation in solution at any time during
the experiments.

Ni speciation calculated with the thermodynamic data in Baes and
Mesmer (1976) showed that under the reaction conditions employed
([Nl]mma, 19.9 uM, pH = 7.2), Ni(Il) was amost completely present
as Ni*" (ag). The concentrations of hydrolyzed species such as
Ni(OH)™, Ni(OH)3, N|(OH)3, N|(OH)4 , Ni,(OH)®**, and Ni(OH)4"
were, altogether, < 2 X 1078

4.3. Quantitative Texture Analysis

X-ray diffraction texture analysis measurements were conducted
with Ni-treated self-supporting montmorillonite films with a Huber
texture goniometer in reflection mode, with monochromatized Cu K,
radiation collimated to a 0.5 X 0.5-mm parallel beam. The complete
film texture can be obtained by measuring the inclination of {001}
crystallographic planes off the sample surface (Manceau et a., 1998).
Figure 3a illustrates the principle of obtaining the film texture on a
diffractometer. Three rotation movements Bragg angle (6,,), azimuthal
(¢), and tilt angle (p) are available. For a fixed 6, al platelets are
brought into a diffracting position by rotating the sample around ¢ and
p. However, in such films, textures are axially symmetric around the
normal to the film plane (Manceau et al., 1998), and thus only a p scan
is necessary to obtain the full orientation information. The diffracted
intensity is proportional to the number of montmorillonite planes
satisfying the Bragg condition at these orientations. Figure 3b illus-
trates how individua particles are brought into diffracting position
(black planes are diffracting).

We have measured (004) pole figures of a single slice of the mont-
morillonite film by scanning p between 0 and 85° with angle incre-
ments of 5° and an integration time of 2 h for each tilt angle position.
The densities of the orientation distribution were calculated from the
diffracted intensities integrated over al p angles by means of direct
normalization and taking a density of zero for p > 80° (for details, see
Manceau et al., 1998). Distribution densities are expressed as multiple
of a random distribution, or mrd (Bunge and Esling, 1982), and are
equal to 1 for a randomly orientated sample.

4.4. EXAFS Data Collection and Reduction

Ni K-edge XAFS spectra were recorded on the ID26 beamline at the
European Synchrotron Radiation Facility, Grenoble, France (Gauthier
et a., 1999). All spectra were recorded at room temperature using a
Si(220) monochromator and a fast, highly linear, and low-noise silicon
photodiode with a6 wm thick Co filter (Gauthier et a., 1996). Higher-
order harmonics were rejected with two mirrors (Si and fused silica,
Signorato and Solé, 1999). The monochromator angle was calibrated
by assigning thefirst inflection point of the K-absorption edge spectrum
of Ni metal to 8333 eV. P-EXAFS spectra were recorded with the
electric field vector € at o = 10, 35, 55, and 80° with respect to the film
plane. Several scans were averaged to improve the signal-to-noise ratio.

Data reduction was carried out with the WinXAS 97 2.1 software
package (Ressler, 1998). The energy was converted to photoelectron
wave vector units (A1) by assigning the origin E, to thefirst inflection
point of the absorption edge. Radial structure functions (RSFs) were
obtained by Fourier transforming k3-weighted x(k) functions between
3.2 and 10 A~ with a Bessal window function with a smoothing
parameter of 4. Amplitude and phase shift functions were calculated
with FEFF 8.0 (Rehr et al., 1991); we used the structures of B-Ni(OH),
and Ni-Talc (Perdikatsis and Burzlaff, 1981) as references. Fits were
performed in R space in the 0.6 to 3.5 A interval. The amplitude
reduction factor (S,?) was determined to be 0.85 from the experimental
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B-Ni(OH), EXAFS spectrum. The deviation between the fitted and the
experimental spectra (%6Res) is given by

N
D lYeo) = Vil
%Res= .~ .100, ©)

> Veuli)

where N is the number of pointsin the fit window, and Ye, and Yine, are
the experimental and theoreticall RSF values. The precision on the
P-EXAFS distances (R) was previously estimated to be = +0.02 A for
Rui.or = £0.03 A for Ry;_s; and Ry, and 0.5 for the coordination
numbers (CN®&) (Dzhn et al., 2002b; Schlegel et al., 2001b). The

experimental uncertainty on « in the P-EXAFS measurements is
= +1°

5. RESULTS
5.1. Ni Uptake Experiments

ICP-OES measurements showed that the proportion of Ni
taken up amounted to 46% of the initial Ni concentration (4
pwmol/g, [Nile, = 10.8 uM) after 14 d and 83% (7 wmol/g,
[Ni]eq = 3.3 uM) after 360 d of reaction time. The Si concen-
tration in solution increased from 110 to 320 wM, correspond-
ing to an average Si release rate of 4.4 X 107 mol m™ 257
(pH = 7.2; time range, 14 to 360 d). The measured Si release
rate agrees with dissolution rates of montmorillonite in the
presence (3.5 X 107 mol m~2 s7%, pH = 8.0; time 14 to
206 d, Dahn et al., 2002b; 3.2 X 10" ¥ mol m~2s %, pH = 7.5,
Scheidegger et al., 1997) and absence of Ni (5.4 X 10~ ** mol
m~2 s pH = 5, Furrer et al., 1993; and 1 X 10~ mol
m~2 s~ pH = 6, Heydemann, 1966). The Al and Mg con-
centration in solution was too low (<4 wM) to produce reliable
|CP-OES measurements.

5.2. Texture Analysis

Intensities of p scans were obtained by averaging for each p
value the normalized densities of (004) pole figures. The vari-
ations of the diffracted intensity of the (004) reflection are
shown in Figures 4 ab for 14- and 360-d reaction times,
respectively.

At p = 0, we observe a strong maximum with adensity value
of approximately 10 mrd (14-d reaction time) and 8.4 mrd
(360-d reaction time), which indicates that most of the mont-
morillonite platelets have their (a,b) planes aligned parallel to
the film plane. The experimental p-scan curves were best-fitted
with gaussian distributions (solid linein Fig. 4). Thefit resulted
in a full width at half maximum (FWHM) of 44.3° for the
sample that was in contact with Ni for 14 d, and a FWHM of
47.1° for 360 d. These texture values will be used later to
correct the coordination numbers and the experimentally deter-
mined B angles for the imperfect orientation by Eqgns. 1 and 5
(see section 5.3).

5.3. P-EXAFS

Figures 5 ab show k 3y(k) P-EXAFS spectra of Ni-treated
self-supporting montmorillonite films recorded at various an-
gles for reaction times of 14 and 360 d, respectively. The

104 a)

Density (mrd)

80 -60 -40 20 O 20 40 60 80

101

Density (mrd) .

80 60 -40 20 0 20 40 60 80
p(°)
Fig. 4. Integrated radia distribution densities of the c* axes of

montmorillonite crystals with respect to the normal of the film plane (p
= 0°) for (a) 14-d and (b) 360-d reaction time.

figures exhibit a pronounced angular dependence, consistent
with a successful film preparation (see section 5.2). The two
spectra recorded at o« = 80° have a clear beat pattern at
k = 53 A~ With increasing o angle, the intensity of the
shoulder at 5.3 A~ increases, and the wave frequency at
5.3 A~ shifts slightly. The spectra contain several isosbestic
points, for which k3x(k) is independent of «. Isosbestic points
are very sensitive to normalization errors during the reduction
of raw X-ray absorption spectra. The fact that all the individual
k3x(k,«) spectra precisely cross at the same value in these
points provides a stringent proof of the reliability of P-EXAFS
spectra even at high k values, where the noise is the highest.
The changes in spectral shape and frequency indicate that the
coordination chemistry of Ni is anisotropic—that is, its coor-
dination environment is oriented with respect to clay layers.
Furthermore, the anisotropy in the spectra is increasing with
increasing reaction time (Fig. 5a, 14-d data, and Fig. 5b, 360-d
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k(A"

Fig. 5. k®-weighted Ni K-edge P-EXAFS spectra of a Ni-treated
montmorillonite film (pH 7.2) at « angles of 10, 35, 55, and 80°. The
arrowsindicate the most important anisotropic spectral feature. (a) 14-d
reaction time (4 wmol/g) and (b) 360-d reaction time (7 wmol/g).

data), suggesting that the average coordination environment of
Ni is modified with time.

In the corresponding experimental RSFs for 14- and 360-d
reaction times (Figs. 6a,b, respectively), there is a RSF peak
(Ni-O contribution) at 1.54 A in both samples (Iabeled A). With
increasing « angle, the amplitude of peak A decreases whilethe
peak position remains constant. Beyond the first shell, there are
two further RSF peaks (labeled B1 and B2). Furthermore,
Figure 6 shows that most of the anisotropy observed in the
a-k3x(K) spectra s transferred to the RSF peaks B1 and B2 in
the rea space. Peak B2 is present at al angles and for both
reaction times, whereas peak B1 (R + AR = 2.35 A, a = 10°)
is only clearly resolved after a reaction time of 360 d. With
increasing «, the intensity of peak B2 is increasing and the
position shiftsfrom R + AR = 298 A (o = 10°) toR + AR
=284 A (a = 80°).

Peak B1 can either correspond to a side-lobe peak, originat-
ing from the limited reciprocal space integrated in the Fourier
transform (FT) (i.e.,, a truncation effect), or it may have a
structural origin. The first hypothesis can be disregarded for the
following reasons. First, a parameterized Bessel function was
used, which minimizes the intensity of a side lobe (see section

0.10 5)

0.08 1

FT(K*x(k)
o o
o o
£ . ©

o

o

N
L

0.00+

R + AR(A)

FT(K*(K)

0.00

R + AR(A)

Fig. 6. Polarization dependence of the RSFs obtained from the
EXAFS spectra presented in Figure 5. (a) 14-d reaction time (4 wmol/
0); (b) 360-d reaction time (7 wmol/g). The arrows indicate peak B1.

4.4). Second, for a given Fourier-integration range, the ratio of
intensities of the main and side-lobe peaks is constant. Thus,
when the intensity of peak A remains constant, the intensity of
peak B1 should remain constant also. Examination of Figure 6
shows that the intensities of peak A remained unchanged for o
= 10° (solid line, Fig. 6), whereas the intensity of peak B1
increased with time (14 vs. 360 d). Finally, the peak B2 is
asymmetric on its left side, suggesting that a further backscat-
tering contribution is present at a shorter distance. The fact that
peak Bl is most pronounced at « = 10° demonstrates the
ability of P-EXAFS to probe especialy the local order beyond
the first coordination shell, which is precisely the scale needed
to determine surface complexes formed on Ni uptake on mont-
morillonite.

Structural parameters derived from amultishell fit in R-space
arereported in Table 2 (14-d data) and Table 3 (360-d data). As
an example the fitted FTs for the 360-d data are shown in
Figure 7, together with the experimental data of the Ni-treated
montmorillonite film. The figure indicates that the fits match
the experimental data well for both the real and the imaginary
parts. Furthermore, Figure 7 shows that the imaginary part is
strongly depending on the « angle. The angular evolution of the
modulus and the imaginary part indicates that the sorbed Ni has
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Table 2. Structural information derived from P-EXAFS analysis for the 14-day sample.®

Ni-O shell Ni-Al shell Ni-Si1 shell Ni-Si2 shell
Rui-o o? Rui-ai o Rui-si1 o Rui-siz o AE,

@ CONFS A (A) O A A oS A A CONFEE A (A% (eV) %Res
10° 55 203>  0.005° 2 3.00° 0.006° 13 310  0.006° 35 327" 0.006° —0.1° 9.8
35° 53 203  0.005 16 3.00°  0.006° 19 310  0.006° 4.4 327  0.006° —0.1 10.1
55° 5.0 203>  0.005° 0.9 3.00° 0.006° 2.6 310  0.006° 5.6 327" 0.006° —0.1° 8.0
80° 4.8 2.03*  0.005° 3.0 3.10 0.006° 6.3 3.27 0.006° —0.1° 8.3

aCN®s R, o2 AE, are the apparent coordination numbers, interatomic distances, Debye-Waller factors, and inner potential corrections,

respectively.
b Fixed to the value determined at « = 35°.

¢ Fixed to the value obtained from the P-EXAFS analysis for the 360-day sample (Table 3).

9 Fixed to the value determined at « = 80°.

a different local structure parallel and perpendicular to the
montmorillonite film plane.

Data analysis indicated that the first coordination shell is
described best by O atoms at abond distance (Ry;_o) of 2.05 A,
whichistypical of sixfold coordinated Ni (Pandyaet al., 1990).
To reduce the number of fit parameters Ry;_o, 03.c ad the
inner potential correction parameter, AE,, were determined at «
= 35° and then held fixed at « # 35°. It was not possible to
fit any of the experimental data using a Ni-Ni pair or a com-
bination of Ni-Ni and Ni-Si/Al pairs. This finding suggests that
no Ni nucleation phase (e.g., NiOH,, Ni phyllosilicates) formed
in our sorption system under the employed reaction conditions.
Furthermore, any attempts to fit the second FT peak with a
single Ni-Si pair failed, and a good fit with two Ni-Si pairs
(Ni-Si1/Ni-Si2) was obtained only at « = 80°. To reduce the
number of fit parameters further, the following EXAFS param-
eters were constrained at « angles different from 80°: Ryi_gi1
0%i.si1» Ruisiz and 02> were fixed to their values at o =
80°.

Following the constrains described above, the second FT
peak at « # 80° could be fitted well with one Ni-Al and two
Ni-Si pairs for both samples (Table 2, 14-d data, and Table 3,
360-d data). In contrast to the Ni-Si pairs, which were detected
at all angles, the Ni-Al pair was completely extinguished in the
perpendicular orientation in both samples. With increasing
angle, CNs, at 3.00 A decreased (e.g., from CNS&S (360 d)
=28+ 05a a=10°to CNSHS (360d) =1+ 05a a =
55°) whereas CNS@®, at 3.10t0 3.12 A and CNSES, at 3.26 to

3.27 A increased (e.g., from CNS@, (360 d) = 0.7 = 0.5 and
CNZs (360 d) = 3.4 + 05 a a = 10° to CNSES, (360 d)
=25+ 05and CNS&s, (360 d) = 55 + 0.5 at o = 80°) in
both samples.

The sum of experimentally determined CNZPE, + CNSs,
can be compared with the sum of nearest Si neighbors of
cations (Al, Mg, Fe) in the octahedral sheet of montmorillonite.
Thecrystallographicvaluefor CNSYS , + CNSYS,,inmontmoril-
lonite is 4 (Table 1). By using Egn. 1 and assuming crystallo-
graphic B8 values of phyllosilicates (8°Y = 33-35°) and @ =
80° one expects the sum of CN{Y &1 g0 T CNRYS 2 a—s0- 1O
become ~8 (Table 1). This crystallographic value corresponds
well with the coordination number of Sil and Si2 determined
experimentally at & = 80° (CNSS, \_go- + CNSE, oo
~8, 360-d data). With decreasing «, the correspondence be-
tween crystallographic and experimental values for the sum of
Si neighbors decreases. For example, for « = 35°, the coordi-
nation number of Si1 and Si2 (CNSPS, | _ e + CNSES, e
~5.5, 360-d data) is dlightly higher than those expected in
phyllosilicates (CNSYS, + CNSYS, = 4). We suspect that the
reason for the increasing disagreement for angles o < 80° is
caused by the Ni-Al pair at Ry;_», = 3.0 A, which contributes
to the overall spectrum. A FEFF simulation supports this hy-
pothesis and indicatesthat Ni-Al pairsat 3.0 A are destructively
interfering with the two Ni-Si pairs (at 3.1 to 3.12 A and 3.26
to 3.27 A).

On the basis of the variation of CN as function of «, it is
possible to experimentally determine the angle B between the

Table 3. Structural information derived from P-EXAFS analysis for the 360-day sample.

Ni-O shell Ni-Al shell Ni-Si1 shell Ni-Si2 shell
RNi-O 02 RNi-AI 02 RNi-Sil 02 RNi-Si2 02 AEO
a  CNJs  (A) (A% CONJ A) (A% CNF%, A) (A% CNY%, A) (A% (&V) %Res
10° 5.2 2.04°  0.005° 2.8 3.00 0.006° 0.7 3.122  0.006% 34 326> 0.006® 0.2° 9.7
35° 5.1 204  0.005 2 3.00¢  0.006° 15 3.12*  0.006% 4 326 0.006% 0.2 6.9
55° 5 2.04°  0.005° 1 3.00¢  0.006° 2 3.122  0.006% 4.8 326> 0.006® 0.2° 8.0
80° 49 2.04°  0.005° 25 3.12 0.006 55 3.26 0006 02° 75

2 Fixed to the value determined at « = 80°.
b Fixed to the value determined at o = 35°.
¢ Fixed to the value obtained for the Sil shell.
9 Fixed to the value determined at « = 10°.
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FT(K%(k))

R + AR(A)

Fig. 7. Polarization dependence of the FTs (modulus and imaginary
parts) and the corresponding least-squares fit for the 360-d sample.
Solid line = experimental data; dotted line = least-squares fit.

film normal and the vector connecting the X-ray—absorbing
atom (Ni) to the backscattering atoms (Si and Al) (see section
2and Fig. 2). CNSS, CNSPE, and CNS, for the Al and Si
shellsfor the 14- and 360-d samples are plotted as a function of
cos’a in Figure 8 and Figure 9, respectively. Good linear
correlations were obtained with regression coefficients r> > 0.99.
The gradual decrease of CNSES and increase of CNSs, and
CNE&s with increasing o implies that By ., > 54.7°, and
Bni-siz and Byisiz < 54.7° (see section 2, Eqgn. 1).

In a next step, the B angles for Ni-Al, Ni-Si1, and Ni-Si2
pairs were then calculated by Eqgn. 5. Assuming a perfectly
ordered film (1,4 = 1), this approach yields for example for the
360-d datar Byia = 84° PBrisiz = 39°, and Byisz = 47°
(Table 4). In redlity, some of the montmorillonite platelets in
our sorption system are oriented off the film plane (Fig. 4). The
values of the mosaic spread of the self-supporting films deter-
mined with quantitative texture analysis allow the experimen-
tally determined B angles to be corrected for the imperfect
orientation by Eqgn. 5. Eqn. 2 was solved numerically because
the integral in the numerator has no analytical solution
(Manceau and Schlegel, 2001). This resulted in I,y = 0.73
(14-d data, FWHM 44.3°) and 0.70 (360-d data, FWHM 47.1°).
The corrected B values (8") are shown in Table 4. The results
indicate that Ni-Al pairs are oriented essentialy parallel to the
film plane and Ni-Si pairs are inclined out of the plane. The
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Fig. 8. Angular dependence of CNEES (a), CNSES, (b), and CNSEs,
(c) for 14-d reaction time. Open squares = experimental data; solid line
= linear regression. CNS&s = 2.2, .cos?a; CNSES, = —1.8,-co5%a +
3.1,; and CN&&s, = —3.0,-cos?a + 6.4, (solid lines). The uncertainty
on CN is estimated to be +0.5.

experimental B angles roughly match with crystallographic
values in montmorillonite (33° [trans sites] and 35° [cis sites];
Tsipursky and Drits, 1984).

Because at « = 10° three contributions (Ni-Al, Ni-Si1, and
Ni-Si2) are overlapping at a distance between 3.0 to 3.27 A, it
is desirable to obtain further proof for the presence and the
intensity of the Ni-Al pair in the continuity of the octahedral
sheet. The Al contributions at « = 10° can be calculated from

real real

the knowledge of the B angles (BNrsi: and Brrsiz), and the
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Fig. 9. Angular dependence of CNSES (a), CNSES, (b), and CNSEs,
(c) for 360-d reaction time. Open squares = experimental data; solid
line = linear regresson. CNSAS = 29,cos’a; CNZAs, =
—1.85c05%x + 2.6,; and CNSAs, = —2.2..cosa + 5.5 (solid lines).
The uncertainty on CN is estimated to be +0.5.

coordination numbers (CNSPE, and CNZEE,) of the Ni-Si
pairs a « = 80° by Egn. 1.

In afirst approach, we have used theoretical crystallographic
values (BSYS, = 33° and BaYS, = 35°) for the subtraction of
the Si1 and Si2 contribution a « = 10°. The Si1 and Si2
contributions were attenuated by 24 and 27% of its amplitude
a « = 80°. For both samples, this approach yielded
CNR@s —10- = 0.6 10 0.7 and CNSES,  _ 10 = 1510 1.7.

Table 4. Reduced slope of linear regressions and inclination of

cationic shell from the second FT peak.?

Atomic
Samples shell S P AB>P g
14 days Al 1.38 81 9 90°
Si1 —-0.97 42 6 38
Si2 —0.69 46 6 42
360 days Al 1.46 84 8 90°
Si1 —1.24 39 7 32
Si2 —-0.56 47 7 44

a3 = dope of the regression line normalized by CN®@s.; goP =
inclination angle of the backscattering shell uncorrected for the film
texture; AB™P = precision on B, estimated from the dispersion of
CNPfs ot the 95% confidence level; g = inclination angle of the
backscattering shell corrected for the film texture.

b The correction for texture effects yielded 8™ values >90°. These
B values were bounded to maximum (90°) redlistic values.

We noted that the subtraction of the Si contributions in this
approach was not sufficient to completely remove the Si con-
tributions from the spectra at « = 10°. Therefore, we have
disregarded the approach by use of crystallographic g values
and used instead " angles determined experimentally (Table
4). Accordingly, the amplitude of the Ni-Si1 and Ni-Si2 shells
at o = 10° was attenuated by 33 and 43% of itsvaue at a =
80° for the 14-d data, and 23 and 50% for 360-d data, respec-
tively. These reduction factors were then used to calculate
CNRiZS 1.a—10- ad CNRZE, o~ 100 (CNRS 1 a—10- = 1.0 and
CNZPs, —10- = 2.7 for 14-d data; CNS, 10 = 0.6 and
CNE&s, —10- = 2.8 for 360-d data) and to subtract the
contribution of Si atoms in the parallel orientation from the
origina spectrum at « = 10°. The RSFs obtained by this
subtraction procedure are shown in Figure 10, together with
the original spectrum. The figure shows that the features
observed inthe 2.2 to 3.5 A R-rangein the original spectrum
are caused by an interference of the Ni-Al and Ni-Si pairs.
Figure 11 shows the experimental FT after the removal of
the Si contribution together with the corresponding fit. The
fit shows a good match for the Ni-Al pair (also in the
imaginary part). The corresponding fit results are presented
in Table 5. The table shows that CN% .—10- Varies be-
tween 1.5 and 2.3. When o3, o, was fixed to the value
obtained for the 360-d sample (035, = 0.005) CN& o—10-
for the 14-d sample was 1.5. When o%;_4, of the 14-d sample
was alowed to vary, o2, , increased from 0.005 A2 to 0.01 A2
and CNS&S | _ 1o (14-d sample) increased from 1.5 to 2.2.
Thus, the fit results can be interpreted by either o2, ,, decreas-
ing or CNS@S 10+ increasing with increasing reaction time.
To determine CNSYS, for the following discussion we have
applied Egn. 1 to the CNgS 10~ obtained by the subtraction
procedure (with B = 90°, I,q = 0.79 [14-d data] and 0.77
[360-d data]). This result for the 14-d datain: CNSYS, (14 d) =
1.5 (02;.4 = 0.01 A?), and CNYS, = 1 (03,5, = 0.005 A?)
and for the 360-d data: CNSYS, = 1.6 (02, 5, = 0.005A2). The
obtained CNSYS, compare well with the values of the multi-
shell fit with two Si shells (e.g., for 360 d CNRY%, = 1.6 vs.
CNZAs | _sse = 2; Table 3). The above data analysis approach
demonstrates how P-EXAFS allow the discrimination between
contributions of overlapping atomic shells to be improved and
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Fig. 10. RSF of the original 10° spectrum (solid line) and the 10°
spectrum after subtraction (dashed line) of the contribution of Si1
(dotted line) and Si2 (dash dotted line). (a) 14-d and (b) 360-d reaction
times.

the EXAFS sensitivity to be increased. Furthermore it proves
the consistency of the overall spectral fit strategy.

6. DISCUSSION
6.1. Ni Environment

In this study the uptake of Ni on montmorillonite was in-
vestigated by P-EXAFS measurements with highly oriented
self-supporting Ni-trested montmorillonite films. The P-EXAFS

11

FT(K’x(K))

4
R + AR(A)

8

Fig. 11. FTs (modulus and imaginary parts) and the corresponding
least-squares it for (a) the 14-d and (b) 360-d samples after subtraction
of the Si contribution as described in the text. Solid line = experimental
data; dotted line = least-squares fit.

data show a pronounced angular dependence that allows in-
plane and out-of-plane contributions in the P-EXAFS spectrato
be distinguished. In a previous P-EXAFS and powder EXAFS
study on Ni uptake onto the same montmorillonite material at
higher pH and Ni concentration (pH 8, [Ni];isia = 660 uM, 0.3
mol/L NaClO,), the formation of aneoformed Ni-phyllosilicate
phase was observed (Dahn et a., 2002b). This earlier study
indicated that the neoformed Ni-phyllosilicate phase was al-
ready present after a short reaction time (1 d), suggesting that
Ni nucleation in clay systems can occur quickly. Although the
study allowed the identification of a neoformed Ni phase, the
binding of Ni to surface sites of montmorillonite could not be
investigated. The observation of the latter was prevented be-
cause of the strong backscattering contribution of Ni-Ni pairs
compared with Ni-Al pairs at distances from 3.0 to 3.1 A.
Therefore, in the present study, Ni uptake on montmorillonite
was investigated at a lower pH (7.2) and a lower Ni concen-
tration ([Nil;nisia = 19.9 uM; see section 4.2). Even though the
Ni loadings were as low as 4 umol/g (250 ppm sorbed Ni),
good-quality P-EXAFS data could be obtained (Fig. 4). Data
analysis confirmed the absence of Ni-Ni pairs in al of the
P-EXAFS spectra, even after the longest reaction time of 360 d.
This finding enabled the binding of Ni atomsto surface sites of
montmorillonite to be investigated.

The P-EXAFS study indicates the presence of one Ni-Al and
two Ni-Si pairs. The angular variations of CNS&s  CNSEs |
and CNZs, observed in structural data of the Ni-treated

Table 5. Structural information derived from P-EXAFS analysis for Al at « = 10°.

Ni-O Ni-Al
A o? R . 02 AE
ofs Ni-O 2 exafs Ni-Al > [0}
Days CNRES A (A9 CNRi%al A) (A% (ev) %Res
360 51 2.03 0.005 23 2.99 0.005 -0.8 5.0
14 53 2.03 0.005 15 3.01 0.005% -0.8 49
14 53 2.03 0.005 22 3.01 0.01 -0.2 4.8

2Fixed to the value determined for the 360-day sample.



12 R. Déhn et a.

montmorillonite films (Tables 2 and 3) indicate that the Ni-Al

and the two Ni-Si pairs have the same orientations as Al-Al and

Al-Si pairsin the montmorillonite platelets The experimentally

determlned B angles (B, = 90°, Bi&a,, = 32° to 38°, and
real ., = 42° t0 44°, Table 4) are similar to the 8 anglesin the

montmorillonite structure (BSYS, = 90°, BaYS, ~ 33° and
/anll-;z ~ 35°).

The results presented in Tables 2 and 3 suggest that the
Ni-Al and Ni-Si bond distances determined from data analysis
(Ruiar = 29910 3.01 A, Ryi.g1 = 31010 3.12 A, Ryig» =
3.26 t0 3.27 A) are close to the Al-Al and Al-Si bond distances
in montmorillonite (Table 1; Tsipursky and Drits, 1984). Fur-
thermore, the EXAFS study revealed the presence of a Ni-Si2
pair at a distance of 3.26 A, which is characteristic for tetra-
hedral Ni-Si linkages in Ni-bearing clays (Manceau and Calas,
1986; Charlet and Manceau, 1994; Dahn et al., 2002b).

The above findings support the hypothesis that Ni is struc-
turally linked to the montmorillonite lattice, and we propose
that Ni is either bonded to the clay material as a surface
complex or is incorporated into the montmorillonite structure.
These two possibilities will be discussed in the following
sections in more detail.

6.2. Structural Relationship between Ni and
Montmorillonite

6.2.1. Diffusion of Ni into the Montmorillonite Structure

The diffusion of Ni into montmorillonite was investigated by
Muller et a. (1997) by saturating montmorillonite with Ni
cations and heating the clay materia up to 350°C (Hoffman and
Klemen, 1950) before EXAFS and X-ray diffraction measure-
ments. Data analysis indicated ~2 Ni-Fe and ~4 Ni-Al/Mg
pairsat ~3.02 A and ~4 Ni-Si pairsat ~3.25 A. The structural
data were interpreted as spectroscopic evidence for the diffu-
sion of Ni into the cv sites of montmorillonite. One might now
speculate that although we worked at room temperature, a
similar process occurred in our sorption system over the time-
scale of 1 yr.

To evaluate whether the diffusion of Ni into montmorillonite
is a possible uptake mode, we have simulated the diffusion of
Ni into a cv position (Nil in Fig. 12a). Diffusion into tv sites
can be excluded on the basis of the arguments given in section
1. Assuming Ni diffuses into cv sites one would expect
CNRES . to increase with time and the X-ray absorber would
be surrounded by 6 Al at ~3.0 A and 4 Si2 at ~3.23 A (Table
1). Indeed, the data shown in Tables 2 and 3 suggest that the
number of neighboring Al atoms slightly increases (from 1.6 to
2.0 at 3.0 A) with reaction time. The data analysis further
suggests that Ni is surrounded ~4 Si at 3.26 to 3.27 A (Tables
2 and 3). Although the Ni-Si2 structural parameters agree well,
there is a serious discrepancy in the CNES e value (=2
instead of 6). Thus, it appears that the diffusion of Ni into cv
sites occurs, if at all, only to a small amount (<10%). Further-
more, the data can be fitted equally well when the system
disorder was alowed to vary (see section 5.3 and Table 5). In
that case, the Ni-Al coordination numbers remained unchanged
with increasing reaction time (see section 5.3 and Table 5).

One might argue that NS . _ s is lowered as a result of
destructive interferences with substituting atoms in the octahe-

dral sheet (Mg, Fe). Although Al and Mg have a similar
backscattering amplitude and phase shift at the Ni K-edge, the
Ni-Al pairs are indeed out of phase with Ni-Fe pairs. Because
the Fe content in the STx-1 montmorillonite material islow (17
wt% Al + Mg, <1 wt% Fe; corresponding to an atomic ratio
of 1 (Al + Mg): 0.03 (Fe); see section 4.1), it is unlikely that
the CNSS s value is significantly modified because of
Ni-Fe pairs.

Thus, on the basis of the argumentsin this section, it appears
unlikely that diffusion of Ni atom into the montmorillonite
structure is the major process responsible for the data measured
in this study.

6.2.2. Sorption of Ni to Montmorillonite Edge Sites

EXAFS data analysis indicates CNgY%, ~2 + 0.5, CNSYS,
~2 * 05 and CNZYE, ~4 = 0.5 (see Tables 2 and 3). In the
following, we discuss the extent to which Ni surface complexes
located at the edges of montmorillonite can explain the EXAFS
results presented in this study. Figure 12 illustrates exampl es of
possible Ni surface complexes at the edges of montmorillonite.
For the purpose of visualization, the surface complexes are
shown separately for sorption onto cv and tv edge sites (Figs.
12a b, respectively). The figure illustrates two possible surface
complexes formed at cv edge sites (Fig. 12a, Ni2: bonded to
two Al atoms at Ry;_», ~3.0 A and two Si2 atoms at Ry, -
~3.23 A; Ni3: bonded to three Al atoms and four Si2) and at
tv edge sites (Fig. 12b, Ni4: bonded to two Al atoms at Ry;_a,
~3.0 A and four Si1 a Ry;.g, = 3.16 to 3.18 A; Ni5: bonded
to three Al atoms and two Sil).

Although CNSYS, ~2 is in accordance with the sorption of
Ni onto cv- and to tv-like edge sites, it does not alow to
speculate whether sorption onto cv- or tv-like edge sitesis the
dominant uptake mode. A similar conclusion can be made for
the neighboring Si atoms. It is clear from the proposed surface
complexes above that neither sorption to tv- or cv-like edge
sites alone can account for the coordination numbers (CNSYS
< 2and CNSYE, ~ 4). Thus, we propose that Ni is sorbed onto
montmorillonite as a mixture of surface complexes bond to cv-
and tv-like edge sites.

Schlegel et al. (1999) observed the presence of inner-sphere
surface complexes in an investigation on the uptake of Co on
hectorite (a magnesian trioctahedral clay) at pH 6.5 (0.3
NaNO,, solid/liquid 1.95 gL~ %, [CO];piwa = 100 uM, Co
sorbed 37 wmol/g). Data analysis revealed the presence of two
nearest cationic subshells containing 1.6 = 0.5 Mg at 3.03 A
and 2.2 = 05 Si at 3.27 A. The angular dependence indicated
that Co-Mg pairs are oriented parallel to the film plane, whereas
the Co-Si pairs are not. The results were interpreted in terms of
the formation of Co inner-sphere mononuclear surface com-
plexes located at the edges of hectorite platelets in the conti-
nuity of the octahedral sheet. The findings of this study are
comparable to those of Schlegel et a. (1999) and demonstrate
that heavy metals binding to edge sites is not only a sorption
mechanism for trioctahedral smectites but also for dioctahedral
smectites. It should be noted that our study indicates the pres-
ence of two Si distances, whereas Schlegel et al. (1999) ob-
served only one characteristic Ni-Si pair. Thisfact is consistent
with the structural differences between di- and trioctahedral
clays (see section 1).
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Fig. 12. Simulations of possible positions of Ni incorporated in the octahedral sheet and sorbed to the ab plane of

montmorillonite for (a) cv and (b) tv sites.

6.3. Effect of Surface Loading and Reaction Conditions
on Ni Surface Complexes on Montmorillonite

The number of edge sites can be estimated from morphologic
information. In a previous study we calculated relative surface
areas for montmorillonite (2% for edge surfaces [(100), (110),
and (010)] and 98% for the (001) surface; Dahn et a., 20024).

Because sorption to planar sites is blocked as a result of the
high ionic strength of the solution (0.3 mol/L NaClQ,), only
lateral surfaces are considered. On the basis of the density of
oxygen atoms at the montmorillonite lateral surfaces, it isthen
possible to estimate the number of edge sites (Tsipursky and
Drits, 1984). This approach yields 0.5 sites/nm? for the lateral
surfaces (excluding the (001) surface). This number isthe same
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order as the number of amphoteric edge sites for montmoril-
lonite deduced by potentiometric titration (1.4 sites'nm?; Bagy-
ens and Bradbury, 1995a). Estimated site densities obtained
from different methods typically differ by factors of at least 2
to 3 (Keren and Sparks, 1995). Finally, we assumed that Ni is
bonded to two Al atoms from the montmorillonite structure
(Tables 2, 3, and 5), thus reducing the number of lateral sites
from 0.5 to 0.25 sitess’nm?. Accordingly, the Ni-treated mont-
morillonite samples (4 and 7 umol/g) are clearly below a
monolayer coverage (surface coverage: 11 and 19%). This
finding can explain the absence of Ni-Ni pairsin the P-EXAFS
data. Furthermore, it is justifiable to propose that although the
Ni loading increased over time, the increase in Ni surface
coverage had no major effect on the uptake mode and that as
suggested by the P-EXAFS data, the predominant uptake mode
is determined by the same complexes formed in both samples.

7. CONCLUDING REMARKS

The present study showed that the amount of Ni sorbed onto
the montmorillonite slowly increased over the course of 1 yr.
Similar slow sorption phenomena have been reported in the
literature (e.g., Nelson and Melsted, 1955; Gadde and L aitinen,
1974; Kuo and Mikkelsen, 1980; McKenzie, 1980; Brimmer et
a., 1988; Barrow, 1989; McBride, 1994). It has been specu-
lated that slow metal uptake processes are caused by slow
sorption or diffusion processes, by the formation of new phases
with time, or both. Spectroscopic evidence for the latter mech-
anism was found in several recent studies at elevated metal
concentration (Scheidegger et al., 1998; Thompson et al ., 1999;
Schlegel et al., 2001a; Dahn et al., 2002b). This study shows
that the diffusion of Ni atomsinto the montmorillonite structure
is not the dominant uptake mode and that the formation of new
Ni nucleation products with time can be excluded. We have
found spectroscopic evidence for the formation of surface com-
plexes on the edge sites of montmorillonite. Data analysis
revealed that these surface complexes either become more
ordered with time or that the Ni-Al coordination numbers are
slightly increasing with increasing reaction time.

We can speculate that these findings can explain some ob-
servations made in desorption experiments carried out in our
laboratory. Experiments at trace element concentration indi-
cated that the release of Ni sorbed onto montmorillonite be-
came increasingly hindered with prolonged sorption times.
Similar “hysteresis phenomena’ have been observed for exam-
ple investigating the desorption behavior of Ca, Cr, Co, Ni, Cu,
and Zn sorbed onto ferrihydrite (Schultz et al ., 1987; Ainsworth
et al., 1994) and Co and Cd sorbed onto Fe and Mn oxides
(Backes et al., 1995). Like most of the research on the uptake
of heavy metals on clay minerals, the above studies were based
on a macroscopic approach. The present study combined mac-
roscopic and P-EXAFS investigations and thus highlights the
necessity of following uptake mechanisms of heavy metals on
clay mineral surfaces over extended reaction times (months to
years) with spectroscopic methods.

The findings presented in this study are of significant envi-
ronmental relevance because montmorillonite is overwhelm-
ingly abundant in the environment. On the basis of the simi-
larities between this study and the study of Schlegel et al.
(1999) (sorption of Co onto edge sites of hectorite), we spec-

ulate that the findings determined by P-EXAFS can also be
extrapolated to other di- and trioctahedral clays.

Finally, because the attachment of meta ions specifically
bond to clay mineral surfaces can severely reduce their bio-
availability and mobility in soil and water environments, mo-
lecular-level information is crucial for improving mechanistic
models on the long-term fate of heavy metal in the geosphere.
The findings presented in this study are an important step
toward a molecular-level description of metal uptake onto clay
minerals and will help to improve our understanding of metal
sorption processes at the water—mineral interface.
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