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DETERMINATION OF SORPTION MECHANISMS OF RADIONUCLIDES ONTO CLAY
MINERALS USING EXTENDED X-RAY ABSORPTION FINE STRUCTURE

(EXAFS) SPECTROSCOPY

R. Dahn, A. Scheidegger, B. Baeyens and M. H. Bradbury

Much of the experimental work in the Waste Management Laboratory at PSI concentrates on trying to
understand the processes and mechanisms which govern the release of safety-relevant radionuclides
from waste matrices, and their transport through engineered barrier systems and the surrounding geo-
sphere. For this reason, detailed sorption studies of radionuclides (Cs, Sr, Ni, Zn, Eu, Am, Th and Se) in
clay and cement systems are being conducted. The sorption and modelling studies are combined with
kinetic investigations and advanced spectroscopic and microscopic methods in order to understand the
sorption mechanism on an atomic level. This approach is part of a new multidisciplinary research field
called Molecular Environmental Science (MES). In this paper, a case study of Ni sorption on montmorillo-
nite is presented to illustrate how EXAFS can be used successfully to better understand sorption proc-
esses.

1 INTRODUCTION

The aims of the activities in the Waste Management
Laboratory are to develop and test models, and to
acquire selected data in support of the performance
assessments of Swiss nuclear waste repositories. The
movement of ground water through a repository can,
potentially, result in the release of radionuclides from
waste matrices. The released radionuclides can then
migrate through engineered barrier systems (near-
field) and the surrounding geosphere (far-field). The
release of radionuclides can be significantly retarded
through interactions with solid phases. Thus, a de-
tailed understanding of sorption mechanisms of ra-
dionuclides in cement and clay systems is of great
importance for safety assessment.

In the past, most studies on retention and migration of
radionuclides in cement and clay systems have been
performed using a macroscopic approach (batch stud-
ies). Batch studies provide an efficient tool to deter-
mine distribution coefficients of metal ions, and to
differentiate between different sorption modes such as
cation exchange and surface complexation at the
solid-water interface at trace element concentration.
The limitation of batch studies is that the differentia-
tion of sorption species is lacking. Macroscopic ap-
proaches cannot provide data on an atomic/molecular
level. An excellent way to glean mechanistic informa-
tion about metal interactions on solid surfaces is to
couple batch studies and sorption modelling with
spectroscopic and microscopic investigations. This
approach is part of a new multidisciplinary research
field called Molecular Environmental Science (MES).
MES aims to provide physical information on the
chemical and physical forms (speciation), spatial dis-
tribution, and reactivity of contaminants, in natural
materials and man-made waste forms, and to develop
a fundamental understanding of the molecular-scale
environmental processes, both chemical and biologi-
cal, which affect the stability, transformations, mobility
and toxicity, of contaminant species.

In this study, X-ray Absorption Fine Structure Spec-
troscopy (XAFS) was used to determine the coordina-
tion environment of radionuclides sorbed onto clay
minerals. XAFS is an element-specific, non-invasive,
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Fig. 1: Sorption modes on dioctahedral aluminous
clays (V=vacancy) [1].

synchrotron-based technique, which can provide in-
formation on metal sorption reactions on an
atomic/molecular level.

The information derived from XAFS is similar to that
obtained from crystallographic experiments (i.e., bond
length, coordination numbers and system disorder),
with the important exception that XAS studies do not
require long-range order (crystalline samples), and
can be performed on amorphous solids, surface ad-
sorbed complexes, or species in solution.

In the following, the sorption mechanisms of Ni on
montmorillonite will be discussed. Over the past few
years, the sorption of radionuclides on montmorillonite
has been studied in great detail in LES [2-5]. Mont-
morillonite is a major component in backfill for a high-
level waste repository, and an important mineral re-
sponsible for the retention of metals in the geosphere.
Montmorillonite is a 2:1 clay material with substantial
isomorphic substitution (Fig. 1).

XAFS studies in the literature have demonstrated that
divalent metal ions, such as Ni, Co and Zn, can sorb
onto clay mineral in various uptake modes: sorption
on edge sites, sorption on interlayer sites (Fig. 1), and
the formation of lamellar nucleation phases such as
neoformed layer silicates and mixed layered double
hydroxides [6-9]. The use of powder EXAFS to inves-
tigate the sorption mechanism of divalent metal ions
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onto clay minerals is hindered by the strong overlap of
scattering contributions from atoms in the octahedral
and tetrahedral sheets (Si and Al, Fig. 1). The limita-
tion restricts, with a few exceptions, the data analysis
to the 2-3 nearest shells located below 3-4 A, and so
the interpretation of powder EXAFS data in these
sorption systems may be problematic.

The limitation can be overcome by performing polar-
ized EXAFS (P-EXAFS) experiments on highly ori-
ented, self-supporting, clay films [6, 10, 11]. In P-
EXAFS, the contribution of cations from the tetrahe-
dral sheets (Al, Si) is minimized by orienting the layer
ab plane to be parallel to the electric field vector 8 of
the incident X-ray beam (Fig. 2). Conversely, the con-
tribution of cations from the octahedral sheet (Al and
Mg in montmorillonite) is extinguished in the perpen-
dicular orientation of e.
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Fig. 2: Orientation of the clay film with respect to the
incoming beam.

In contrast to powder EXAFS, the coordination num-
ber in P-EXAFS is modified. In P-EXAFS, the appar-

iexafs\ent coordination number (CN ) is [6]:

1 - -
.-l)(3cos2or-2)

0)

a = the angle between the electric field vector e and
the layer plane;

(3 = the angle between the film normal and the vector
(Rjj) which connects the absorbing atom i to the back-
scattering atom j ;

CNcryst = the number of atoms in the j shell;

Equation (1) can be simplified for two "magic angles":
CNexafs = CNcryst fQ|. a = g g ^ i n d e p e n d e n t o f p_ a n d

for (3 = 53.7°, independent of a.

In the following, we illustrate how a combination of
powder EXAFS and P-EXAFS has been used to study
Ni sorption mechanisms on montmorillonite. Powder
EXAFS measurements were performed to investigate
changes in the coordination environment of Ni sorbed
on montmorillonite as a function of reaction time (1-

206 days). P-EXAFS on self-supporting montmorillo-
nite films was then conducted to identify the Ni sorp-
tion mechanisms in detail.

2 RESEARCH METHODS

The STx-1 montmorillonite used in this
study—Si4Ah 67(Fe2+,Mg)0.33O10(OH)2 (MeO33,H2O),
where Me refers to a metal cation in the interlayer
space between sheets—was purchased from the
Source Clay Minerals Repository of the Clay Minerals
Society.

Powder EXAFS samples were prepared by adding 60
ml of a buffered Ni solution (pH 8.0, high ionic
strength, 0.2 M Ca(NO3)2 to block cation exchange
processes) to 40 ml of a conditioned and purified Ca-
montmorillonite, this suspension resulting in a solid to
liquid ratio of 5.3 g/L, and an initial Ni concentration of
0.66 mM. After 1, 14, 90 and 206-day reaction times,
the suspensions were centrifuged and the wet pastes
were filled into Plexiglas holders.

The P-EXAFS sample was prepared by adding 200 ml
of a buffered Ni solution (pH 8.0, high ionic strength,
0.3 M NaCIO4) to 40 ml of a conditioned and purified
Na-montmorillonite suspension [5], resulting in a solid
to liquid ratio of 2.14 g/L, and an initial Ni concentra-
tion of 0.66 mM. After a 14-day reaction time, the sus-
pension was filtrated, and a highly oriented, self-
supporting film was prepared. The disorientation of
particles off the film plane, as measured by quantita-
tive texture analysis, was typically between 10° and
20° Half Width of Half Maximum (HWHM) [6, 10, 11].
Manceau et al. [12] have shown that no significant
deviation from single-crystal dichroism occurs if the
mosaic spread is less than 20-25° HWHM for parallel
measurement, and between 15-20° HWHM for normal
measurement.

The dried clay film was cut into 8 slices and stacked
on a sample holder in order to obtain a sufficiently
thick sample for fluorescence measurements. The
preparations were performed in a glove box under N2

atmosphere (CO2 and O2 < 5 ppm). The reaction con-
ditions were undersaturated with respect to Ni(OH)2

[13]. The supernatant solutions were analysed by ICP-
MES in order to determine the amount of Ni sorbed
onto the clay mineral.

Ni K-edge XAFS spectra were recorded at the X-11 A
beamline at the National Synchrotron Light Source,
Brookhaven National Laboratory, Upton, NY, using a
Si (111) crystal monochromator. P-EXAFS spectra
were recorded with the electric field vector at 10, 35,
55 and 80 degrees with respect to the film plane, and
powder EXAFS spectra were recorded at 35 degrees.
All spectra were recorded at room temperature (RT)
with a 13-element Ge solid-state detector (Canberra).

XAFS data reduction was carried out by using the
WinXAS 97 1.3 software package [14]. Radial struc-
ture functions (RSFs) were obtained by Fourier trans-
forming k3-weighted x(k) functions between 3.2 to 10
A"1 using a Bessel window function with a smoothing
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parameter of 4. Amplitude and phase shift functions
were calculated with FEFF 8.0 [15], using the struc-
tures of (3-Ni(OH)2 and Ni-Talc [16] as references. The
amplitude reduction factor (S0

2) was determined to be
0.85 from the experimental (3-Ni(OH)2 EXAFS spec-
trum.

3 RESULTS AND DISCUSSION

The k3-weighted EXAFS spectra for Ni sorbed onto
montmorillonite at pH 8, for 1, 14, 90 and 206 days,
are shown in Fig. 3 (Ni loading varied between 20-110
|amol/g). With increasing reaction time, a shoulder of
k3%(k) at 5.1 A"1 appears, and its intensity increases.
In addition, the wave frequency range between ~7
and ~9 A"1 splits with increasing reaction time. These
two features indicate that the coordination chemistry
of Ni is changing with time.

226 days

90 days

14 days

1 day

10

Fig. 3: k3-weighted Ni K-edge EXAFS spectra for Ni
sorbed onto montmorillonite at pH=8 (Ni
sorbed for 1 day: 20 |imol/g; 14 days: 47
jxmol/g; 90 days: 96 |j,mol/g; and 206 days:

The corresponding experimental and simulated RSFs
are shown in Fig. 4. The amplitude of the first (Ni-0
contribution) peak is unchanged with reaction time,
while the second (Ni-cation contribution) peak in-
creases with increasing reaction time, and the position
of the second peak is not shifted. The dotted line
represents the position of a Ni-Ni shell in an alpha-
Ni(OH)2 [17]. We fitted the data of the second peak by
assuming either only Ni-Ni, or Ni-Ni and Ni-Si, back-
scattering. Two fits were possible, and could not be
differentiated using powder EXAFS: (i) the formation
of an a-Ni(OH)2 precipitate with time, and (ii) the for-
mation of a Ni-phyllosilicate with time. In order to
overcome the strong overlap of scattering contribu-
tions from atoms in the octahedral and tetrahedral
sheets, and to differentiate between the two fitted
solutions, polarized EXAFS (P-EXAFS) experiments
on highly oriented, self-supporting clay films were
performed.

226 days

0 2 4 6 8

R + AR(A)

Fig. 4: Ni K-edge RSFs for 20-110 |imol/g Ni sorbed
onto montmorillonite at pH 8. The solid line
represents the experimental data, and the
dashed line the fit. The dotted line represents
the position of a Ni-Ni shell in an alpha-NiOH2

[17].

Integrated radial distribution densities of the c* axes of
montmorillonite crystals with respect to the normal of
the self-supporting clay film (p=0°, p = tilt angle of the
film plane) are shown in Fig. 5. The data demon-
strates that the P-EXAFS sample is highly textured
with a HWHM of 16.4°. This shows that most mont-
morillonite platelets have their c* axes normal to the
film plane.

-80-60-40-20 0 20 40 60 80

Fig. 5: Integrated radial distribution densities of the c*
axes of montmorillonite crystals with respect
to the normal of the self-supporting clay film
(p=0°).

Figure 6 shows a comparison between the k3-
weighted Ni-EXAFS spectra of a wet paste (96 |afnol/g
Ni) with a self-supporting film (111 |afnol/g Ni) meas-
ured at the "magic angle" (oc=35°). The k3%(k) powder
spectrum is very similar to the 35° P-EXAFS spec-
trum, demonstrating that the drying of the self-
supporting clay film did not modify the overall coordi-
nation chemistry of Ni.
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Fig. 6: Comparison of k -weighted Ni K-edge P-
EXAFS spectra at oc=35° and powder EXAFS
spectra (wet paste) for sorption samples.

The angular dependence of 111 u.mol/g Ni sorbed
onto montmorillonite at pH 8 is illustrated in Fig. 7.
With increasing a angle, the shoulder of k3x(k)at 5.3
A"1 increases and the wave frequencies at 5.3 A"1 and
7.5 A"1 shift. The change in frequency, and the wave
feature at 5.3 A"1, indicate that the coordination chem-
istry of Ni is anisotropic, and that its coordination
spheres are oriented with respect to the clay layers.
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Fig. 7: k -weighted Ni K-edge EXAFS spectra at a
angles of 10, 35, 55 and 80 degrees for Ni
sorbed onto montmorillonite (111 jimol/g,
pH=8).

Figure 8 shows experimental and simulated RSFs.
The amplitude of the first (Ni-O contribution, at 2.6 A)
and second (Ni-cation contribution) peaks decreases
with increasing a angle. The position of the second
peak is shifted from 2.75 A at a=10°, a typical peak
position for a Ni-Ni pair in sheet silicates [8, 18], to 2.8
A at a=80° (distances are uncorrected for phase shift).
Lastly, the imaginary part of the Fourier transform
shifts to higher distance values with increasing a an-
gle. Similar angular dependences were reported in
ferric smectite films, and were shown to correspond to
the selection of the Fe-Fe octahedral sheet contribu-
tion in the parallel orientation, and to the Fe-Si contri-
bution in the perpendicular orientation [19, 20].
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Fig. 8:
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Polarisation dependence of Ni K-edge RSFs
at a angles of 10, 35, 55 and 80 degrees for
111 u.mol/g Ni sorbed onto montmorillonite at
pH 8. The solid line represents the experimen-
tal data, and the dashed line the fit.

In Table 1, the structural parameters derived from the
fit are summarized. At a=80°, the CNexafs of the second
RSF peak is 6.0 ± 1.2 Si atoms at a distance of 3.26 A.
In this out-of-plane direction, no Ni-Ni interactions are
detected. At a=10°, the second RSF peak is com-
posed of CNexafs = 3.9 ± 0.8 Ni atoms at 3.08 A, and

exafs ^

Ni-Si distances are characteristic of Ni clays [18],
which indicates that the sorption of Ni resulted in the
neoformation of a nickeloan clay. Since the Ni-Ni and
Ni-Si pairs have the same orientations as the AI-AI and
Al-Si pairs in montmorillonite particles of the film, this
neoformed clay is crystallographically oriented with
respect to montmorillonite layers. Clay neoformation
on mineral surfaces has been recently demonstrated in
the case of cobalt on quartz [21], and for zinc on hec-
torite smectite [22], and this mechanism could account
for the immobilisation of trace elements in natural sys-
tems, such as zinc in contaminated soils [23].

Table 1: Structural information derived from EXAFS
analysis.

a

10°

35°

55°

80°

CNexaf

5.7

5.5

5.0

4.6

Ni-0

R

[A]

2.04f

2.04

2.04f

2.04f

a2

[A2]

0.006f

0.006

0.006f

0.006f

CNexaf

3.9

2.5

1.4

Ni-Ni

RNi-Ni

[A]

3.08f

3.08

3.08f

a2

[A2]

0.008f

0.008

0.008f

CNexafs

3.2

4.2

5.2

6.0

Ni-Si

RNI-SI

[A]

3.26a

3.26a

3.26a

3.26

o2

[A2]

0.008a

0.008a

0.008a

0.008

AE0

[eV]

1.4f

1.4

1.4f

1.4f

%Res

2.0

3.2

3.3

6.3

CNexafs, R, a2, AE0 are the apparent coordination numbers, intera-
tomic distances, Debye-Waller factors, and inner potential correc-
tions, respectively.
a: fixed to the value determined at 80°.
f: fixed to the value determined at 35°.
The deviation between the fitted and the experimental spectra is
given by the relative residual in percent: %Res.
The absolute precision of R is estimated to be ± 0.02 A, and on
CNexafs to be 20%. The relative precision of CNexafs for different
angles is about 10%.
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4 CONCLUDING REMARKS AND OUTLOOK

The presented case study with Ni illustrates how
XAFS can successfully be used to unequivocally de-
termine sorption processes of radionuclides in nuclear
waste repository systems. The study revealed that the
neoformation of layer silicates (Ni phyllosilicate) by
treating clay mineral surfaces with radionuclides is a
possible uptake mode for radionuclides in the geologi-
cal far-field, at elevated pH and radionuclide concen-
trations. This information is important for nuclear
waste management research insofar as the layer sili-
cates are very stable, and can strongly hinder the
release of radionuclides from waste matrices.

Batch experiments in our laboratory, performed at Ni
concentrations relevant for EXAFS experiments down
to trace element concentration, have shown that Ni is
strongly bound to the clay matrix, and can only be
released if the pH of the Ni-montmorillonite suspen-
sion is strongly lowered to a pH at which the clay min-
eral is dissolved. Thus, one can conclude that the
neoformation of phyllosilicates can immobilize ra-
dionuclides in waste depository systems, and hinder
the release of Ni nuclides into the geosphere.

In the paper, we have presented a case study of Ni
sorption onto montmorillonite at high Ni concentra-
tions (Ni sorbed 110 (xmol/g). However, we are also
performing EXAFS studies on sorbed Ni concentra-
tions, which are 100 times less than for this study, in
order to understand the initial step of adsorbing Ni
onto montmorillonite.

It should be mentioned that we have also used (or are
in the process of using) XAFS to investigate the inter-
action of a series of radionuclides (Ni, Sr, Eu, Th, U,
Se, I, Sb) with a variety of minerals common in nu-
clear waste repositories. We anticipate that the
EXAFS studies will yield supporting information con-
firming or improving existing surface complexation
models used in our laboratory.

Furthermore, it is foreseen that the EXAFS studies will
also address the inherent heterogeneity common to
waste repositories. Up to now, EXAFS studies have
yielded an averaged signal. In many cases, this ap-
proach is entirely sufficient, but the approach breaks
down when mechanisms operative on the micro-scale
have larger consequences. For instance, studies of
chemical species transfer in waste repositories classi-
cally rely on the assumption that the fate of radionu-
clides is primarily determined by sorption reaction on
the most predominant mineral phases. Recent
|j,SXRF/XAFS experiments carried out at the Ad-
vanced Light Source (ALS) [23] have demonstrated
that the sorption of zinc in sandy contaminated soils is
not primarily because of the overwhelming quartz
grains, but is due to the minor iron and manganese
oxide phases. Another example of the importance of
minor mineral phases which can be overlooked by
bulk measurements is the fate of plutonium in the tuff
of the Yucca Mountain in Nevada [24]. The tuff con-
sists of more that 95% zeolite minerals, and less than
1% oxides, with only a small fraction of the latter being

Mn oxides. However, by using an X-ray microprobe
facility at the Advanced Photon Source (APS), Pu5+

was found not only to be associated specifically with
the Mn oxides, but also to have been oxidized to Pu6+

by Mn3+/Mn4+. Neglect of these natural processes
would result in significant errors in calculations of spe-
cies transport, species sequestration, and total reac-
tive or redox potential. The development of techniques
aimed at restoring an environmentally toxic site, or
strategies to control the Pu distribution in the event of
a leakage, would, in such cases, be based on false
assumptions, and thus might not be effective, and
could even exacerbate the situation a worst case.

In view of the importance of small-scale mechanisms,
and precise characterization of the physical and
chemical attributes of natural systems, there has been
a considerable effort to develop high-resolution, ana-
lytical X-ray probes. In the US, coupled X-ray micro-
probes, spectroscopy and diffraction beamlines are
being developed at APS and ALS. At PSI, a
I^SXRF/XAS/Diffraction beamline is under construc-
tion at the Swiss Light Source (SLS). The Waste
Management Laboratory will be responsible for the
design, construction and operational phases of this
new (micro-XAS) beamline.
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