Structural iron in smectites with different charge locations
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Abstract

The versatile structure of smectites can exhibit large variations in chemical compositions and cationic substitutions in dif-
ferent crystallographic sites, resulting in various locations of layer charge. Natural smectites can contain various amounts of
structural iron, the chemical form of which can influence the reactivity of these minerals. The variety of Fe crystal chemistry
in smectite was explored for eight natural smectites of distinct chemical compositions and charge locations, together with two
synthetic ferric saponites used as reference compounds for tetrahedral Fe(III). All samples were identified as dioctahedral or
trioctahedral smectite by X-ray diffraction and Fourier-transform infrared spectroscopy. The extent of *!Al for [Si substitu-
tion was determined by 2’Al and 2°Si magic angle spinning nuclear magnetic resonance spectroscopy. The Fe local chemical
environment was probed by polarized X-ray absorption spectroscopy. Only Fe(IIl) could be detected in all samples, with
no evidence of cluster formation. The O shell at 1.86 A in synthetic saponites suggests Fe insertion in tetrahedral sites, and
the absence of detected octahedral Fe implies quantitative substitution of 'Fe** for 41Si**. In natural smectites, Fe(III) is
bound to six O atoms at ~2.00 A, suggesting insertion in octahedral sites. This inference is also supported by the detection of
in-plane Mg/Al/Fe atoms at ~3.05 A and out-of-plane Si/Al atoms at ~3.25 A. In one Fe-rich nontronite, the detection of an
O subshell at ~1.88 A suggests a concomitant insertion of Fe(IIl) in tetrahedral sites. Low numbers of octahedral neighbors
were detected in natural saponite and hectorite, presumably because of the presence of vacancies and/or Li(I) in adjacent
octahedral sites balancing the local charge excess originating from the substitution of Fe(IIl) for Mg(II). The substitution of
HFe** for Y1Si** can be readily obtained under defined conditions in the laboratory, but seems more rare in natural samples,
or present in amounts below the detection limit of spectroscopic methods used in this study.
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Introduction whereas all octahedral sites are filled in trioctahedral ones
(Bailey 1980). In the simplest form of 2:1 layers, the tetra-

Smectites are part of the larger family of phyllosilicates  hedral sheet contains only Si, the octahedral sheet either
(Bailey 1980). Smectites are made of one octahedral sheet  only AI** [pyrophyllite, Al,Si,0,,(OH),] or only Mg** [talc,
bound between two tetrahedral sheets (Fig. 1) forming an ~ Mg;Si,O,,(OH),] and the 2:1 layer has no permanent layer
assemblage known as 2:1 layer. Only two-thirds of octahe-  charge. Substitution of trivalent cations (e.g., AI** or Fe*)
dral cationic sites are filled in dioctahedral phyllosilicates, ~ for Si*' in the tetrahedral sheet, divalent cations (e.g., Mg
for AI**, and vacancies or Li* for Mg?* in the octahedral

sheet results in a charge deficit in the 2:1 layer that is bal-
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(Meunier 2005) and differ from other phyllosilicates in being
hydrous, that is having water associated with surfaces and
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Trioctahedral structure

Fig.1 Top: structure of smectites. T: tetrahedral sheet, O: octahedral
sheet. Middle: projection down c* of dioctahedral structure. Bot-
tom: projection down c* of trioctahedral structure. Blue triangles
are (Si,Al,Fe)O, tetrahedra (one tetrahedral sheet is not shown). M1
denotes trans sites, M2 cis sites

distribution, and the extent of chemical substitution (Méring
and Glaeser 1953).

Iron is the most abundant transition metal on Earth and
a major component of many soil-forming parent minerals
(Munoz et al. 2013; Prietzel et al. 2007). Consequently, most
smectites formed in nature contain Fe from trace levels to

large amounts. Depending on the redox conditions of geo-
logical settings, smectites may contain either Fe(Il), Fe(IIl)
or both at the same time. Ferrous iron fits well within octa-
hedral sites (IFe(I1)=0.78 A), but because of its large
size compared to Si (“IFe(I)=0.63 A, ¥Si(IV)=0.26 A)
(Shannon 1976), it may only hardly substitute for tetrahedral
Si within smectites. In contrast, the smaller ferric iron can
occupy tetrahedral (*Fe(Il1) =0.49 A) as well as octahedral
sites (1*/Fe(II1) =0.65 A).

Structural Fe within smectites can have a significant
impact on redox properties in environments where these
minerals are present. Structural Fe(Il) in clay minerals is
able to reduce heavy metals, radionuclides, and organic
contaminants, thereby altering their mobility and (bio)avail-
ability (Bishop et al. 2011; Hofstetter et al. 2006; Jaisi et al.
2009; Joe-Wong et al. 2017). In contrast, structural Fe(II)
can act as a terminal electron acceptor for Fe-reducing bacte-
ria, and the electron transfer provides a mechanism of struc-
tural Fe(IT) (re)generation (Dong et al. 2009; Ernstsen et al.
1998). Likewise, changes in the oxidation state of Fe in clay
minerals play an important role in determining the chemical
and physical properties of soils and sediments in which these
minerals are present. As a consequence of Fe(IIl) reduc-
tion in smectites, the specific surface area decreases (Lear
and Stucki 1989), the cation exchange capacity increases
(Favre et al. 2002), swelling in water decreases (Stucki
et al. 1984b), and the reactivity with pollutants (Khaled and
Stucki 1991) and the potential for mineral dissolution and
transformation increase (Stucki et al. 1984a). For perfor-
mance assessment of disposal sites for pollutants, such as,
for example, radioactive waste, this kind of information is
of crucial importance. Consequently, the accuracy and reli-
ability of performance assessment depend on the precise
characterization of materials used to construct barriers (e.g.,
engineered barriers made of bentonite), with greater atten-
tion devoted to structural elements such as iron.

The extent and reversibility of Fe reduction/oxidation
depend on the Fe crystallochemical environment (Drits
and Manceau 2000). For example, in reduced Wyoming
montmorillonite SWy-2, only one reactive Fe(II) species,
octahedral AlFe?>*—OH, can be identified; a full reduction/
oxidation cycle restores the original structure (Neumann
et al. 2011). In contrast, reduction of the Fe-rich SWa-1 and
Olberg montmorillonites results in the formation of multiple
Fe(Il) entities and is accompanied by intense dehydroxyla-
tion and structural rearrangements (Stucki and Roth 1977)
which are only partially reversible by re-oxidation (Gates
et al. 1996; Fialips et al. 2002; Neumann et al. 2011). It has
also been suggested that the overall cationic composition
and the location of the layer charge affect the reactivity of
structural Fe(II) species (Neumann et al. 2011). Reported
redox profiles of dioctahedral smectites, representing the
fraction of reduced Fe as a function of applied potential,



seem to depend on the charge location in addition to the
layer charge and to the Fe content (Gorski et al. 2013). For
example, for increasing Fe content or for increasing layer
charge, more negative potentials are needed to reduce struc-
tural Fe(III). These above-mentioned studies highlight the
importance of Fe crystallochemistry on smectite reactiv-
ity. Detailed studies on the distribution of Fe in smectites
have been reported (Gates et al. 2002; Manceau et al. 2000;
Vantelon et al. 2003), including for reduced smectites (e.g.,
Manceau et al. 2000; Neumann et al. 2011); however, they
were restricted to dioctahedral smectites only.

In this study, a series of eight natural smectites and two
synthetic trioctahedral smectites having different structures,
layer charges, and charge locations was used to explore the
variety of Fe crystallochemistry by applying complemen-
tary analytical techniques. The goal was to determine the
distribution of Fe within structural sites of smectites and
to characterize the local chemical environment. All natural
smectites underwent similar purification and fractionation
procedures. Synthetic saponites containing '/Fe* partially
substituting for Si** were used as reference compounds.
All compounds were first discriminated as dioctahedral
or trioctahedral smectites by X-ray diffraction (XRD) and
Fourier-Transform Infrared (FTIR) spectroscopy, and the
distribution of Al between the tetrahedral and the octahedral
sheet was determined by >’ Al magic angle spinning nuclear
magnetic resonance (MAS-NMR) spectroscopy. Finally,
self-supporting films were prepared for all samples and the
Fe environment was probed by Fe K-edge polarized X-ray
Absorption Spectroscopy (XAS). This technique allows to
single out the Extended X-ray Absorption Fine Structure
(EXAFS) contributions of next nearest octahedral and tetra-
hedral cationic neighbors surrounding an octahedral cation,
and which strongly overlap in powder XAS (Manceau 1990;
Manceau et al. 1998, 2000; Schlegel et al. 1999).

Experimental
Materials

Eight smectites were purchased from the Source Clay
Repository of the Source Clay Mineral Project. These are
dioctahedral montmorillonites (SWy-2, SAz-1, STx-1) and
nontronites (yellowish-green NAu-1, dark-brown NAu-2,
greenish NG-1), and trioctahedral hectorite (SHCa-1) and
saponite (SapCa-2). Raw materials were first converted to
the Na form by repeatedly washing with 1 M NaCl. Except
for nontronites, materials were subsequently treated shortly
with HCI at pH 3-4 in 1 M NaCl (to remove accessory car-
bonate phases) and brought back to neutral conditions by
washing with 1 M NaCl. No chemical treatment such as that
using dithionite to remove admixed Fe phases (e.g., Moore
and Reynolds 1997) was applied, as it would alter structural
Fe speciation. Instead, the fraction <0.1 um was separated
by successive sedimentation and centrifugation steps to
remove most impurities. Chemical analyses of these samples
are given in Table 1. In addition, two synthetic trioctahedral
smectites were used in this study: a saponite containing tet-
rahedral ferric iron (Sapo-Fe) and a second saponite contain-
ing Fe(IIT) and Al(III) substituting for Si(IV) in the tetrahe-
dral sheet (Sapo-FeAl). Synthetic saponites were prepared
from gels of appropriate compositions. Gels were slowly
dried at ~200 °C and then calcined at 600 °C. The resulting
materials were crushed and placed in Morey-type pressure
vessels. Samples were taken out after 4 weeks heating at
400 °C and 1000 bar water pressure. Details about synthe-
sis can be found elsewhere (Michot et al. 2005). Synthetic
smectites were used without purification and fractionation.
Chemical compositions of natural samples were obtained
by X-ray fluorescence spectroscopy analyses, except NG-1
for which energy-dispersive X-ray spectroscopy (SEM-EDX,

Table 1 Chemical composition of studied natural smectites as determined by XRF on ignited samples, except for NG-1

Sample (%)

Si0,  ALO; Fe,0, MgO Cr,0; MnO
SWy-2 6535 2382 481 281 0001 001
SAz-1 67.68 2004 184 656 0003  0.02
STx-1 6898 2137 1.8 400 0001 001
SHCa-1* 6634 056 025 2932 0002 0.0
SapCa-2 5891 523 139 3148 0002  0.02
NAu-1 5129  9.07 3481 019 0020 0.0
NAu2 5673 325 3737 0.6 0004 0.0
NG-1 4876 270 3631 044 - -

NiO TiO, Na,0 K,0 CaO P,05y SO; Sum

0.000  0.111  3.05 0.03 005 0.02 0.00  100.06
0.001  0.260 4.10 002 006 0.01 0.00  100.60
0.000  0.290 3.28 0.02 005 0.03 0.03 99.24
0.002  0.031  2.70 0.07 006 0.01 0.00 99.35
0.000  0.020 2.97 0.02 009 0.01 0.05 100.19
0.005 0.020 3.68 0.01 004 0.01 0.03 99.18
0.010  0.030 2.66 0.01 004 0.02 0.00  100.28
- - 3.20 - - - - 91.41

Chemical composition of sample NG-1 was determined by SEM-EDX, and accounting for water content (~8.4 wt% by thermal analysis)

#Sample SHCa-1 contains ~3 wt% fluorine (Thomas et al. 1977) and 0.53 wt% Li determined by sample acidic digestion and quantification by

ICP-OES



FEI Quanta 650 FEG) analysis was applied. Structural for-
mulae were determined by combining all results from this
study.

Methods

For all samples, XRD patterns were recorded under ambient
conditions on a D8 Advance (Bruker) diffractometer (Cu Ka
radiation) equipped with an energy-dispersive detector (Sol-
X). Powder patterns were recorded from 2° to 70° 20, with
a step size of 0.04° and a counting time of 45 s per step. The
absolute precision of Bragg angles was estimated to 0.01°
260 over the whole angular range. Values of c¢* =4 X d(004),
b=6xd(060) and a=b/ \/3 (Brindley 1980) were deter-
mined from modeling of experimental patterns in the angu-
lar ranges 24°-33° 20 for d(004) and 57°—67° 20 for d(060).

The FTIR spectra were recorded for powdered sam-
ples under ambient conditions using an IFS 55 spectrom-
eter (Bruker) equipped with an attenuated total reflectance
(ATR) accessory and a solid-state DTGS detector. The spec-
tral resolution is 4 cm™!.

The MAS-NMR spectra were recorded at 300 K on a
Bruker Advance III 400 wide-bore spectrometer operating
at 400.18 MHz for 'H, 104.27 MHz for ’Al and 79.50 MHz
for 2°Si, respectively. The spectrometer was equipped with
a 4 mm Cross Polarization (CP) MAS probe. Disposable
Kel-F inserts (approx. 30 uL volume) were filled with pow-
dered samples and inserted into 4 mm ZrO, MAS rotors.
For %Al direct observation methods were used. The MAS
rotation frequency was 15 kHz and standard Bruker 1D
pulse sequences with 90° pulse angle were used. Spectra
were recorded with 16 k data points. Because samples con-
tain paramagnetic Fe, the relaxation delay was 250 ms.
4096 scans were recorded for each spectrum. For 2°Si, CP
was used whenever possible. The rotation frequency was
12.5 kHz, the n=1 sideband conditions were calculated,
and contact time and 'H pulse power were optimized before
acquisition. Optimal contact times were about 7 ms for most
samples. The acquisition time was approximately 100 ms
depending on the contact time, corresponding to approxi-
mately 1500 data points sampled in the Free Induction
Decay (FID). Typically, 2 k scans were averaged for each
spectrum. In the more paramagnetic samples, CP could not
be achieved due to the increased relaxation; therefore, direct
excitation spectra with high-power proton decoupling were
used. The acquisition time was set to 100 ms, corresponding
to 1588 data points in the FID, the SPINAL64 decoupling
sequence was used for proton decoupling. Typically, 1664 k
scans were averaged per sample. Delay times between indi-
vidual scans were 2.5 s in CP experiments and 5 s for direct
acquisition. For processing, exponential window functions
with a line-broadening factor of 5 Hz and zero-filling to 32 k
data points were used, and relative intensities of components

determined by integration. Because of the appreciable noise
level (low Al content and/or high Fe content), estimated
errors in chemical shifts and in relative signal intensities
amount to at least 1-2 ppm and 5-10%, respectively.

Fe K-edge XAS data were recorded at the INE-beamline
(Rothe et al. 2012) at the KIT Synchrotron Light Source
(Karlsruhe, Germany) with a storage ring energy of 2.5 GeV,
and at the BM30B beamline (Proux et al. 2006) at the Euro-
pean Synchrotron Radiation Facility (ESRF, Grenoble,
France) with a storage ring energy of 6.0 GeV. At the INE
beamline, the incident X-ray beam was monochromatized
using a pair of Si(111) crystals, and spectra were recorded
either in transmission or in fluorescence mode using a sili-
con drift detector (Vortex-60EX, SII Nano Technology). At
the BM30B beamline, a pair of Si(220) crystals was used
to monochromatize the incident X-ray beam, and spectra
were recorded either in transmission or in fluorescence mode
using a 30-element Ge detector (Canberra). At both stations,
the energy was calibrated by assigning the first inflection
point of the K-edge XANES recorded from an Fe foil to
7112 eV.

For polarized XAS measurements, smectites were pre-
pared as self-supporting films by slow vacuum filtration of
suspensions on mixed cellulose esters filters of 0.025 um
pore size (Millipore). This protocol readily provided highly
textured samples with a- and b-axes randomly oriented in
the film plane (Manceau et al. 1998). Two to three slices
of the same film (only one slice for nontronites) were cut
and stacked on a holder to prepare a sample for polarized
XAS measurements. Self-supporting films were mounted
on a goniometer and spectra were recorded at angles (@)
between the electric field of the X-ray beam and the clay
layer plane of 10°, 35°, 55°, and 80°, except for STx-1 for
which the spectrum at 10° was calculated by extrapolation
using experimental data at 35°, 55°, and 80° (Schlegel et al.
1999). The experimental uncertainty related to the selection
of a during XAS measurements is estimated to + 1°.

XAS data were analyzed following standard procedures
using Athena and Artemis interfaces to the Iffefit soft-
ware (Ravel and Newville 2005). EXAFS spectra were
extracted from the raw data and Fourier transforms (FT)
were obtained from the &> X y(k) functions. Data were fit in
R-space using phase and amplitude functions calculated with
feff8.4 (Ankudinov et al. 1998), and the amplitude reduc-
tion factor was set to 0.88. Theoretical paths were generated
using published structures of montmorillonite (Tsipursky
and Drits 1984), hectorite (Breu et al. 2003) and nontron-
ite (Manceau et al. 1998) with the absorber (Fe) located
at octahedral position, and tetraferriphlogopite (Semenova
et al. 1977) with Fe located at tetrahedral position. Since
differences in backscattering amplitudes between Mg, Al,
and Si are limited, XAS models were simplified. In mont-
morillonites, only Al and Si backscatterers were considered



to fit octahedral and tetrahedral contributions, respectively;
in hectorite and saponites, only Mg (octahedral) and Si (tet-
rahedral) atoms were considered; in nontronites, only tet-
rahedral Si atoms were used, as explained in greater detail
below. In all samples, the presence of neighboring Fe atoms
was assessed. Though hectorite contains —F substituting for
—OH groups (Thomas et al. 1977), the Fe first coordination
shell was considered to be made of only O atoms for fit-
ting purposes (O and F only differ by Z+ 1). For octahedral
Fe, additional O shells were considered beyond the closest
octahedral and tetrahedral shells: these are O atoms from
edge-sharing octahedra and next nearest O atoms from the
tetrahedral sheet. Considering their location within the struc-
ture, they are expected to exhibit significant angular depend-
ences. Since ab initio EXAFS modeling showed the limited
importance of multiple-scattering paths at distances larger
than ~3.70 A in nontronite (Manceau et al. 1998), only sin-
gle scattering paths were used in the fitting procedure of all
samples, in agreement with earlier studies (e.g., Manceau
et al. 1998, 2000; Finck et al. 2015). For a given film, data
were fit simultaneously at all angles using a single value
of shift in ionization energy (AE,), and for a given atomic
shell a common bond length and mean square displacement
(“Debye—Waller” term) (Finck et al. 2009; Schlegel and
Manceau 2013). For every sample the Fe/Al (montmoril-
lonites), Fe/Mg (hectorite, natural saponite) and Fe/Si (syn-
thetic saponites) ratios were kept equal at all angles.

Results
X-ray diffraction and infrared spectroscopy

Powder XRD patterns (Fig. 2) identified all samples as phyl-
losilicates. Patterns display only basal reflections (001, 002,
004, and 006) and two-dimensional 4k bands (02,11; 13,20;
15,24,31; and 06,33) as a consequence of the turbostratic
stacking of layers (Brindley 1980). Important differences can
be observed in the position of the 06,33 bands which provide
information on the structure in the ab plane (Brindley 1980;
Moore and Reynolds 1997), namely, the distinction between
dioctahedral and trioctahedral framework, because the b cell
dimension is sensitive to the size of the cations and to the
site occupancy in the octahedral sheet. All b cell dimen-
sions are comparable to reported values (Brindley 1980;
Manceau et al. 2000; Mering and Oberlin 1967). Montmoril-
lonites have the smallest » dimension (8.98-8.99 10%, Table 2)
which is due to only two-third of octahedral sites filling by
AIP*. The values of b (9.11-9.16 1&) are larger for nontron-
ites because of octahedral sites filled by the large [¢/Fe’*
(r=0.65 A) compared to " AP* (r=0.54 A) (Shannon
1976). Trioctahedral hectorite has octahedral sites mostly
filled with Mg>* (r=0.72 A), along with Li* (r=0.76 A),
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Fig.2 Powder X-ray diffractogram of the studied smectites recorded
under ambient conditions. Diffraction maxima are indexed. “op” indi-
cates opal impurity in STx-1 sample. Experimental and modeled dif-
fractograms in the angular ranges 24-33° 20 (d(004)) and 57-67 °20
(d(060)) are shown on the right side, results are presented in Table 2

Table2 Unit cell parameters derived from XRD analysis of pow-
dered samples (Fig. 2)

Sample c*=4xd004)  b=6xd(060)  a=b
[A] [A]
SWy-2 12.52 8.99 5.19
SAz-1 12.50 8.99 5.19
STx-1 12.48 8.98 5.19
SHCa-1 12.65 9.11 5.26
SapCa-2 12.54 9.20 531
NAu-1 12.50 9.14 5.28
NAu-2 12.64 9.11 5.26
NG-1 12.51 9.16 5.29
Sapo-Fe 12.10 9.27 5.35
Sapo-FeAl 12.29 9.23 5.33

and has a b value (b=9.11 A) comparable to that of the
nontronites. The largest b values (b=9.20-9.27 A) were
obtained for saponites which contain AP (r=0.39 10%)
or "IFe3* (r=0.49 A) substituting for “1Si** (r=0.26 A)
that increases the dimensions of the tetrahedral layer, and
the b value increases with the Fe content. ¢ values are typi-
cal of one hydration water layer in the interlayer (Meunier
2005). No accessory crystalline phase could be detected in
any sample except trace amounts of opal (cristobalite-like
phase) in STx-1.

The FTIR spectra (Fig. 3) of SWy-2, SAz-1 and STx-1
contain bands at 911 cm™", 879 cm™!, 842 cm™! and
795 cm~! corresponding to Al,>*—OH, Fe’**AI’**-OH,
AIP*Mg?*-OH and Fe**Mg>™—OH bending, respectively.
The differences in band intensities indicate variability in



Fig. 3 Fourier-transform v v T v
infrared (FTIR) spectra of the —
OH-bending region of smectites
investigated in this study
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the nature of cationic pairs filling octahedral sites, in agree-
ment with differences in chemical compositions (Gates
2008; Madejova and Komadel 2001). In the STx-1 spectrum,
the band near 790 cm™! is of slightly higher intensity than
in the spectrum of SWy-2 and SAz-1. In agreement with
results from XRD analysis, this band hints at the presence
of cristobalite-like phase impurities (Madejova and Komadel
2001). The spectra contain additional bands near 690 cm™!
and 625 cm™! that can be attributed to Si**—O and to cou-
pled Si—O and Al-O out-of-plane deformation, respectively
(Madejova and Komadel 2001).

Bands at 840 and 816 cm™' in the spectra of nontron-
ites are assigned to Fe’*,~OH bending (Baron et al. 2016;
Gates 2008) and that at 863 cm™! to Fe’>*AI**—OH bending
(Fig. 3). The weak band at 787 cm™! can be assigned to
Fe’*Mg**-OH bending and the band at 665 cm™" to Fe-O,,
out-of-plane deformation. The band near 585 cm™' assigned
to Fe’* ,—0,,-Si** lattice deformation is only visible for
nontronites, not for the other smectites. The presence of
trace amounts of admixed kaolinite in STx-1 and NAu-1 is
suggested from the hydroxyl-stretching region of the spectra
(data not shown), but its presence in these samples could
not be detected by XRD. Note that the higher Fe content of
nontronites compared to montmorillonites caused a shift in
position of the Fe>*AI**~OH and Fe**Mg?*—OH-bending
bands to slightly lower wavenumbers, in agreement with
earlier findings (Gates 2005).

The spectra of SHCa-1, SapCa-2, and both synthetic
saponites (Fig. 3) display a band near 650 cm™! attrib-
uted to Mg;>"*—OH deformation, which is diagnostic of a
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trioctahedral framework (Madejova and Komadel 2001).
The spectra of SapCa-2 and Sapo-FeAl also contain a band
near 803 cm™!, which is less intense in the spectrum of the
hectorite, indicating the presence of silica (Madejova and
Komadel 2001). The spectrum of the natural samples also
contains a Si**—O deformation band at 690 cm™'. Interest-
ingly, a band is present at 720 cm™! in the spectra of the
synthetic saponites but is absent in all other spectra, and can
tentatively be assigned to */Fe**—O vibration, compared to
values reported by Baron et al. (707 cm™!; Baron et al. 2016)
and Neumann et al. (714 cm™'; Neumann et al. 2011). The
slightly higher intensity of this band in Sapo-Fe compared to
Sapo-FeAl can tentatively be attributed to the higher “/Fe**
content (Baron et al. 2016).

In conclusion, XRD and FTIR data indicate that samples
are free from Fe-containing impurities, only low amounts
of SiO, or trace amounts of kaolinite could be detected in
some samples.

MAS-NMR spectroscopy

Octahedral and tetrahedral AI* can be distinguished by 2’Al
MAS-NMR spectroscopy and are characterized by chemi-
cal shifts of ~5 ppm and ~70 ppm, respectively (Sanz and
Serratosa 1984a, b). Spectra were recorded for all sam-
ples except for NAu-2, NG-1, and Sapo-Fe because of the
absence of, or low Al content, or because of high amounts of
paramagnetic Fe**. Low Al or high Fe contents also resulted
in very noisy spectra for Sapo-FeAl and NAu-1 (Fig. 4).
Spectra contain either one or two components and their
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Fig.4 Experimental >’Al and *Si MAS-NMR spectra of smectites,
values of chemical shifts and integrals are presented in Table 3. For
samples NAu-2 and NG-1 the Al content was too low and the Fe con-
tent too high for A1 MAS-NMR spectroscopy, sample Sapo-Fe does
not contain Al. The Fe content of the nontronites and SapoFe was too
high for °Si MAS-NMR spectroscopy

Table 3 ?’Al and 2°Si MAS-

; Sample BN

NMR parameters [chemical

shifts (ppm) and proportions ppm %

(%)] deduced from experimental

spectra presented in Fig. 4 SWy-2 70 5
SAz-1 - -
STx-1 70 1.5

57¢ 0.5

SHCa-1 68 77
SapCa-2 67 100
NAu-1 - -
Sapo-FeAl 61 100

“Denotes impurities

integrals provide information on the partition of Al between
octahedral and tetrahedral sites (Table 3). No [“/Al could be
detected in SAz-1, whereas SWy-2 and STx-1 contain low
amounts of AL In contrast, spectra show the absence of
[61A1 in SapCa-2 and Sapo-FeAl, and the presence of moder-
ate amounts of ®/Al in SHCa-1.

The spectrum of NAu-1 (Fig. 4) indicates the presence of
only Al although Al is expected to be distributed between
tetrahedral and octahedral sites in nontronite (Keeling et al.
2000). Actually, NAu-1 has a very high Fe content (~24
wt% Fe) in the octahedral sheet and the quick relaxation
of unpaired electrons of paramagnetic Fe** leads to strong
fluctuations in the magnetic field experienced by the nuclei
under observation (e.g., Labouriau et al. 1996; Sanz and
Serratosa 1984b). Through dipolar coupling of the strong
electrons spins to the quickly relaxing electronic spins, an
effective pathway for nucleus T, (spin-lattice or longitudi-
nal relaxation) and T, (spin—spin or transversal relaxation)
relaxation is formed and nuclear relaxation is enhanced. This
leads to broadening of the NMR signals, and when Fe®* is
present in significant amounts (as is the case for our sam-
ples), the signal is effectively bleached in the vicinity of
paramagnetic centers. Although the signal is lost only within
aradius of 6 A around Fe*™, there is hardly any structural Al
at larger distance within the structure of nontronites because
of nearly quantitative octahedral sites filling by Fe**. There-
fore, the only plausible explanation is the detection of (Al
from trace amounts of admixed kaolinite impurities detected
by FTIR spectroscopy. Similarly, the wider YAl signal in
Sapo-FeAl compared to SapCa-2 or SHCa-1 can be attrib-
uted to the higher Fe content.

In smectites, Si atoms are only located in tetrahedral sites
and each SiO, tetrahedron shares corners with three neigh-
boring tetrahedra, while the fourth corner (apical oxygen
atom) is shared with three octahedra. In smectites [*'Si can
also be substituted by /Al and sometimes by [“/Fe**, so that
Si atoms are connected to two Si and one tetrahedral Al/

6la] Si(3Si) Si(2SiAl)

ppm % ppm % ppm %
5 95 -96 100 - -
7 100 -95 100 - -
4 98 -95 100 - -
5 23 —-97 100 - -
- - -98 67 93 33
2 100 - - - -
- - —95® 100 - -

Only one broad band was observed for Sapo-FeAl, which may correspond to a convolution of Si(3Si) and
Si(2SiAl) contributions which could not be resolved



Fe, and such modifications in local chemical environment
can be detected by 2°Si MAS-NMR (e.g., Sanz and Ser-
ratosa 1984b). The NMR spectrum of all samples contains
a band located around —95 to — 98 ppm (Fig. 4; Table 3)
which corresponds to Si connected to three neighboring
Si atoms (Si(3Si)) (Cadars et al. 2012; Komarneni et al.
1986; Labouriau et al. 1996). Differences in chemical shifts
between the samples are a consequence of both structural
distortions in the tetrahedral sheet and compositional vari-
ation in the octahedral sheet (Labouriau et al. 1996). The
spectrum of SapCa-2 contains in addition a second band
at —93 ppm arising from Si connected to two Si and one
tetrahedral Al [Si(2SiAl)], which agrees with Al for Si sub-
stitution in saponite. In SHCa-1, Al is mainly located in the
tetrahedral sheet; however, the Al content is too low to give
rise to a second band in the 2Si MAS-NMR spectrum [i.e.,
Si(2SiAl) band]. Compared to the spectra of natural smec-
tites, the band in the spectrum of Sapo-FeAl is considerably
wider. The width of this band can hardly be explained by a
single contribution and, according to the chemical compo-
sition, may best be explained by the convolution of signals
from Si located in different local environments, such as,
e.g., Si connected to three Si and Si connected to two Si
and one tetrahedral Al/Fe. Note that in samples containing
significant amounts of Fe, lines are considerably broadened
by paramagnetic interactions (Sanz and Serratosa 1984b).
No additional band can be seen in the 2°Si MAS-NMR
spectrum of Sapo-FeAl implying that if silica is present (as
a byproduct of the clay synthesis), as suggested by FTIR;
then, its amount must be low. Similarly, data also exclude
the presence of significant amounts of admixed silica phase
in the natural smectites (e.g., the spectrum of STx-1 does not
contain any band around ~ — 107 ppm; Lippmaa et al. 1980).

According to MAS-NMR results, montmorillonites
have low A" for [41Si** substitution, whereas SapCa-2
has significant MAI** for [ISi** substitution and most of
Al contained in SHCa-1 is located in the tetrahedral sheet.
These findings are in agreement with earlier studies on
montmorillonites, saponite and hectorite (Cadars et al. 2012;
Komarneni et al. 1986; Morris et al. 1990; Woessner 1989).

X-ray absorption spectroscopy

Polarized XAS is a powerful method to single out in-plane
and out-of-plane EXAFS contributions of elements in sheet
silicates. However, its application critically depends on the
texture of the sample, i.e., on the orientation distribution of
the c* axis of platelets (Manceau and Schlegel 2001).

XANES spectroscopy

The pre-edges of montmorillonites, SHCa-1, SapCa-2, and
nontronites are of low intensity, whereas the pre-edges of

Sapo-Fe and Sapo-FeAl are of significantly higher intensity
(Fig. 5). Compared to the reported data of Fe and */Fe
reference compounds (e.g., Westre et al. 1997; Wilke et al.
2001), these features hint at prevalence of octahedral coordi-
nation in the natural samples and at prevalence of tetrahedral
coordination in the synthetic compounds.

The energy position of experimental Fe K-edge powder
XANES (i.e., at a=35°) of all smectites indicates the pres-
ence of prevailing Fe®* (Fig. 5; Waychunas et al. 1983). The
XANES of the montmorillonites, SHCa-1 and SapCa-2 look
very similar to one another, from the shape of the edge or
white line (WL) to the post-edge region, hinting at very
similar environments in terms of type and number of coor-
dinating atoms and interatomic distances. The XANES of
the nontronites differ slightly in shape of the first resonance
at ~7200 eV, hinting at distinct chemical environments in
terms of type of neighboring atoms. Both synthetic saponites
have similar XANES signatures, which clearly differ from
those of all other smectites. Their WL height is lower and the
shoulder at ~7148 eV is of much higher intensity compared
to the other smectites, reflecting photoelectric multiple-scat-
tering effects at medium-range distance around the absorber
(Munoz et al. 2013). The observed differences in XANES
between both synthetic saponites and the other smectites can
best be attributed to differences in coordination geometries
such as, e.g., T, in the former and O,, in the latter. This would
agree with the presence of the band at 720 cm™! attributed
to ['Fe—O in the FTIR spectra of the synthetic smectites
(Fig. 3). In the post-edge region of Sapo-Fe and Sapo-FeAl,
the first resonance located at ~7200 eV also significantly
differs from that of the other smectites, providing further
evidence for differences in the Fe first coordination sphere.

The XANES of all smectites exhibit significant angular
dependences (Figs. 7, 8, 9, 10). The amplitude of the WL
decreases with increasing a values, hinting at an in-plane
orientation, and the post-edge regions contain well-defined
isosbestic points, which attest to the high degree of parti-
cles orientation within the films. Variations in amplitude
and sometimes the position of the resonance centered at
~7200 eV evidence the presence of atomic shells with dis-
tinct orientations.

EXAFS spectroscopy

The powder EXAFS spectra of the montmorillonites look
very similar to one another in terms of position and ampli-
tude of the oscillation maxima (Fig. 5). The spectrum of
SHCa-1 slightly differs from that of the montmorillon-
ites, mainly in the position of the oscillation maximum at
k~54 A" compared to k~5.0 A~!in the montmorillonites.
The spectrum of SapCa-2 differs from that of SHCa-1 by
the feature at k~7.5 A~" and the lower amplitude of oscil-
lations at k>7 A~'. The spectra of the nontronites have



Fig.5 Experimental Fe K-edge
powder (a=35°) XANES

(left panel) and experimental
(solid black line) and modeled
(red symbols) powder EXAFS
spectra (right panel) of all
smectites. The corresponding
Fourier transforms are shown in
Fig. 6. Fit results are presented
in Tables 4, 5, 6, and 7
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Sapo-FeAl

b N Y W
¥ ¥ 7 Sapo-FeAl
1 1

7100 7200

E [eV]

higher amplitude oscillation, especially in the 6-10 A
range, than that of montmorillonites, SHCa-1 and SapCa-
2. Yet, features at k~7.5 and ~ 10 A1 are present in these
latter spectra but are of much lower intensity. These results
evidence clear differences in Fe local environment. Sapo-Fe
and Sapo-FeAl have similar spectra, but differ from these of
all other smectites. They have a lower oscillation frequency
with a lower decrease in oscillation amplitude at higher k
values, and the oscillation split at k~5 A~!'is not observed
in the other spectra. These results strongly suggest clear dif-
ferences in Fe local environments and are corroborated by

4 6 8 10 12 14

k [A]

the corresponding FT (Fig. 6). All FT display a first peak
at R+AR~1.6 A originating from the O1 shell and higher
distance FT peaks corresponding to contributions from near-
est octahedral and tetrahedral cationic neighbors and next
nearest O shells. Interestingly, the first FT peak in synthetic
saponites is slightly narrower than in the natural smectites,
and may originate from differences in the coordination
geometry (and thus site symmetry) of the absorber. The first
FT peak of NG-1 is of slightly lower amplitude compared
to NAu-1 and NAu-2, and may possibly be attributed to the
coexistence of ['Fe—O and ¥'Fe—O (Manceau et al. 2000). In



Fig.6 Experimental (solid
black line) and modeled (red
symbols) powder (¢ =35°)
Fourier transforms of all smec-
tites. Fit results are presented in
Tables 4, 5, 6, and 7

FT (Kxx(k))

o W OO VW O W o

1
W

[=}]

the 2.0-3.5 A range, the FT of nontronites display a contri-
bution with an amplitude comparable to that of the first FT
peak, whereas in all other natural and synthetic smectites,
the FT contribution in that range is of much lower amplitude.
Furthermore, FT suggest differences in Fe local environment
between the synthetic saponites and SapCa-2, and between
the trioctahedral smectites and the montmorillonites.

All polarized EXAFS spectra (Figs. 7, 8, 9, 10) exhibit
significant angular dependences and contain well-defined
isosbestic points attesting to the high degree of particles
orientation within the films. The variation in amplitude

2 3 4 5 6
R+ AR [A]

and position of the oscillation maxima, e.g., at k~5 and
~6.5 A™! for the natural smectites and at k~7 and ~9 A~
for the synthetic saponites, indicate the presence of atomic
shells with distinct orientations. In the polarized FT of all
samples (Figs. 7, 8, 9, 10), the amplitude of the peak near
1.6 A generally decreases with increasing a, hinting at an
in-plane orientation. The angular dependence of higher dis-
tance shells is more complex and depends on the sample:
changes in amplitude associated with shifts in position sug-
gest the presence of several shells overlapping in distance
from the absorber, yet having distinct orientation.
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Fig.7 Experimental Fe K-edge polarized XANES (left panel), EXAFS spectra (middle panel), and Fourier transform (right panel) of the mont-
morillonites. The spectrum of STx-1 at a=10° was calculated by extrapolation using data recorded at 35°, 55° and 80°

Fig. 8 Experimental Fe K-edge
polarized XANES (left panel),
EXAFS spectra (middle panel),
and Fourier transform (right
panel) of the nontronites
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In montmorillonites, the O1 shell was modeled by
~6.0+0.5 atoms located at d(Fe-O1) ~2.00 A (Figs. 6, 11;
Table 4), matching reported values for octahedral Fe(III)

in clay minerals (Finck et al. 2015; Manceau et al. 1998,
2000; Vantelon et al. 2003). The slight decrease in O1
coordination number (Ny,) with increasing a values hints



Fig. 9 Experimental Fe K-edge
polarized XANES (left panel),
EXAFS spectra (middle panel),
and Fourier transform (right
panel) of the hectorite SHCa-1
and the saponite SapCa-2

Fig. 10 Experimental Fe K-edge
polarized XANES (left panel),
EXAFS spectra (middle panel),
and Fourier transform (right
panel) of the synthetic saponites
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at an in-plane orientation of the Fe—O1 pair, as expected
for Fe located at octahedral position. The observed
decrease in apparent coordination number (N%) suggests
that the angle () between the Fe—O1 vector and the clay
layer normal is larger than 54.7°. Variations in N are
linked to a (angle between the electric field of the X-ray
beam and the clay layer plane) and # (angle between the
absorber—backscatterer pair and the clay layer normal) fol-
lowing (e.g., Manceau 1990; Manceau et al. 1998; Schlegel

et al. 1999): N« =prdf<1 - W) where

NPY" i the coordination number for a perfectly disordered
powder. Consequently, N*=NP*%" when a =35.3° regard-
less of 3, and for f=54.7° regardless of a. For octahedral
sites in clay minerals, Fe—O pairs are not aligned with the
layer plane, but are inclined by 54.7° with respect to the
clay normal for fully symmetric octahedra. However, octa-
hedral flattening leads to a slight increase of this angle,



Fig. 11 Experimental (solid
black line) and modeled (red
symbols) polarized FT at
a=10°, 55°, and 80° of the
montmorillonites and SHCa-
1. Fit results are indicated in
Tables 4, 5, and 6. The data of
STx-1 at a=10° were calcu-

lated by extrapolation using data
recorded at 35°, 55°, and 80°

FT (kxx(k))

resulting in a slight decrease in the apparent number of O
neighbors with increasing a. At higher distances, FT con-
tributions at R+ AR~2.4 A and ~3.0 A (Fig. 7) exhibit a
complex angular dependence. The amplitude of the contri-
bution centered at ~2.4 A decreases, whereas that centered
at 3.0 A increases, and is shifted to lower distances with
increasing a. These dependencies were adequately modeled
by assuming Al, Fe, and Si neighbors at d(Fe-
Al1)=3.03-3.06 A, d(Fe-Fel)=3.02-3.07 A, and

2 3 4 5 6
R+ AR [A]

R+ AR [A]

d(Fe-Sil)=3.22-3.24 A (Table 5). In all three samples,
Ny and N, decrease, whereas Ng;, increases with o val-
ues, indicating in-plane orientation of All and Fel shells
and out-of-plane orientation of the Sil shell. Variations of
Ny;; and of Ny;; with a are remarkably large. For example,
at 10°, the number of detected Sil neighbors for SWy-2 is
only half that of the crystal value, whereas at 80°, it is
double that value. Using the previous relationship between
the apparent and the real value, with f=32° for this shell,



Table 4 Quantitative EXAFS
analysis of the first coordination
sphere and parameters used for
the fits (the O1 shell in NG-1 is
split in two subshells, Ola and
Olb)

Sample

SWy-2

SAz-1

STx-1

SHCa-1

SapCa-2

NAu-1

NAu-2

NG-1

Sapo-Fe

Sapo-FeAl

krange [A™]

4.0-11.7

4.0-10.3

4.0-12.5

4.0-10.4

4.0-9.7

4.0-13.2

4.0-13.2

4.0-12.8

4.2-12.0

4.2-12.0

R range [1&]

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

1.3-3.8

10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80
10
35
55
80

O1 shell
N

6.0 (4)
5.6 (4)
55(3)
55(3)
6.0 (5)
5.7 (5)
5.6 (4)
57 (4)
5.5(4)
52(3)
4.8 4)
4.6 (4)
53(4)
5.5(3)
54(3)
52 4)
5.4 (4)
52(3)
4.8 4)
45 (3)
6.2 (4)
6.0 (4)
5.8 (4)
5.5(4)
5.7 4)
5.54)
53 4)
5.0 (4)
0.6 (2)
0.6 (2)
0.5(2)
0.5 (2)
5.4(5)
5.1 (4)
4.9 4)
4.6 (4)
3.54)
34(3)
3203)
3.03)
33(4)
3203)
3.1(4)
3.0 (4)

RI[A]

2.00 (2)

2.01 (2)

2.01(2)

2.00 (2)

201 (2)

2.00 (2)

2.00 (2)

1.88 (2)

2.00 (2)

1.86 (2)

1.86 (2)

AE,[eV]
A [AY
0.005 444
0.006 6.1(5)
0.006 4.4 (5)
0.004 53(7)
0.010 447
0.006 5.3 (5)
0.006 5.8 (4)
0.002 5.0 (6)
0.005
0.003  —09(7)
0.003  —0.5(6)

R; (x10%)

13.2

22.2

12.0

9.6

10.2

4.0

7.7

6.4

31.6

37.1

Data were modeled over the entire range considering data from this table and that from Tables 5, 6, and 7.
Uncertainties on coordination numbers and bond distances are indicated in parentheses, and the fit quality
is quantified by the R factor representing the absolute misfit between theory and data
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the apparent coordination numbers at these two angles can

2 _ <2 —
be written Nslio _ Ngiwdr<l _ (3cos’(32) 1)2(3cos (10) 2)> and

wdr q2 _ 2 _
NS? _ Né’i d (1 _ (3cos’(32) 1)2(3(:05 (80)—2)
Because octahedral cations in smectites are surrounded by
four tetrahedral cationic neighbors (i.e., Nspinr = 4), calcu-
lations yield Nsli0 =19and Ngio = 8.4. The calculated val-
ues match within uncertainties experimental values
(Table 5), providing thereby further strong evidence about
the successful preparation of highly oriented clay films. In
SWy-2 and SAz-1, the number of octahedral neighbors
(Al+Fe) at a=35° equals 3, in agreement with a diocta-
hedral framework, whereas it is slightly lower in STx-1.
The number of neighboring Si is close to 4 in all montmo-
rillonites, in agreement with the crystal structure. At higher
distances, fits were improved using O shells at distances
close to reported values and originating from adjacent octa-
hedra (O2 shell) and from the basal planes (O3 shell). For
SWy-2 and STx-1, Ng, and Ng; at a=35° are reasonably
close to reported crystallographic values (Ny, =6 and
Ng3=4; Tsipursky and Drits 1984), and shells are oriented
out-of-plane. For SAz-1, Ny, and Ng; are low and N,
seems not affected by a variations. SAz-1 has a higher
octahedral layer charge than SWy-2 and STx-1, which may
cause increased structural disorder and result in dampening
of EXAFS contributions and weakening of angular depend-
ences for distant shells. For all montmorillonites, the low
number of detected Fe—Fe pairs excludes extensive cluster-
ing. These results contrast with the Fe clustering reported
for SAz-1 and STx-1, yet they are in agreement with the Fe
exclusion rule for SWy-2 (Vantelon et al. 2003). Differ-
ences may reside in the better ability of polarized EXAFS
compared to powder EXAFS to filter out overlapping con-
tributions from shells with distinct orientations, thereby
reducing uncertainties on structural parameters.

The O1 shell in SHCa-1 and SapCa-2 consists of 5-6
atoms oriented in-plane and located at d(Fe-O1)~2.00 A
(Figs. 6, 11, 12; Table 4). The FT of both samples display
high amplitude contributions at higher distance, but with
contrasted angular behaviors. The amplitude of the FT
contribution at R+ AR~2.8 A increases with a and the
position hardly varies in SHCa-1, in agreement with ear-
lier findings (Finck et al. 2015). In SapCa-2, the ampli-
tude of the FT contribution at R+AR~2.4 A decreases,
whereas that at ~2.8 A increases with a. In both smec-
tites, these contributions were modeled considering
neighboring octahedral Mg [d(Fe-Mgl)=3.05-3.08 1&]
and Fe [d(Fe-Fel)=3.04-3.08 10%], and tetrahedral Si
[d(Fe-Sil)=3.25-3.28 /DX] atoms (Table 6). In both sam-
ples, Ng;; matches expectations for tetrahedral neighbors,
but the number of detected octahedral neighbors (Mg + Fe)
is low compared to the expected structural value of 6. Sev-
eral explanations can account for this discrepancy. First,

), respectively.

neighboring Fe may be substituted by a combination of Al
and Mg atoms, implying that the local environment would
not correspond to a pure trioctahedral framework but to
a mixed trioctahedral-dioctahedral one. Similarly, the
increased local charge resulting from Fe(III) substitution
for Mg(II) may be compensated by vacant adjacent octa-
hedral sites, and in SHCa-1 by preferential Li(I) insertion,
which would result in a low number of octahedral cations
(Finck et al. 2015). Another hypothesis would be destruc-
tive interferences between electronic waves backscattered by
octahedral Fe and Mg/Al neighbors (Manceau 1990) which
would lower the actual number of detected atoms. Finally, a
preferential location of Fe octahedra at platelet edges would
as well limit the number of neighboring octahedral cations.
Note that deprotonation of hydroxyl groups and substitution
of WAL for ISi are other possible charge balance mecha-
nisms. For both smectites, fits were improved by including
an O shell at d(Fe-0,)=3.34-3.44 A with a coordination
number close to reported crystallographic values (Ng,=2;
Breu et al. 2003). This shell corresponds to O atoms from
the basal planes and was not detected in montmorillonites
because of corrugation of the basal oxygen planes (Manceau
et al. 2000). Finally, additional in-plane (O;) and out-of-
plane (O,) O shells were detected at d(Fe—O5)~3.70 A and
d(Fe-0,)~4.00 A, and correspond to the same shells as in
montmorillonites.

The FT of the nontronites contain two high amplitude
contributions at R+ AR~1.6 A and ~2.8 A (Fig. 8). In
NAu-1 and NAu-2, the O1 shell contains 6 atoms oriented
in-plane (Figs. 6, 12; Table 4), whereas in NG-1, it is split
into two subshells containing 0.6(2) and 5.1(4) atoms at
d(Fe-O1la)=1.88(2) A and d(Fe-O1b)=2.00(2) A, respec-
tively. Based on reported data, the Ola shell corresponds to
[4IEe3+ . and coordination numbers indicate that 15% of Fe is
located in the tetrahedral sheet (Gates et al. 2002; Manceau
et al. 2000). The absence of “IFe3* in NAu-1 and NAu-2
also compares with earlier findings showing the presence of
~2% of total Fe** within the tetrahedral sheet of NAu-1 and
up to ~7.5% in NAu-2 (Gates et al. 2002). These reported
amounts are within the detection limit of EXAFS spectros-
copy, and thus including an additional Fe** shell would not
significantly improve the fit. For all nontronites, the ampli-
tude of the FT contribution at R+ AR~2.8 A decreases
and is shifted to higher distances for increasing a values,
indicating the presence of more than one shell. Neighbor-
ing in-plane Fe and out-of-plane Si shells were detected
at d(Fe-Fe1)=3.06-3.07 A and d(Fe-Sil)=3.25-3.26 A
(Table 5), respectively, with coordination numbers match-
ing expectations for octahedral and tetrahedral neighbors.
As for montmorillonites, two additional O shells were used
to improve FT modeling at higher distances. In NAu-1 and
NAu-2, these shells consist in six in-plane and four out-of-
plane O atoms, respectively. Similar shells were detected in



Fig. 12 Experimental (solid
black line) and modeled (red
symbols) polarized FT at
a=10°,55° and 80° of the
nontronites and SapCa-2. Fit
results are indicated in Tables 4,
5,and 6

FT (Kxy(k))
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N
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-

NG-1, but Ny, and Ny slightly differ certainly as a conse-
quence of Fe distribution in two distinct environments. Note
that the FT of all nontronites contains peaks exhibiting angu-
lar dependence up to R+ AR~5.5 A; however, no attempt
was made to model these long-distance contributions.

The FT of Sapo-Fe and Sapo-FeAl contain a first peak
at slightly shorter distance (R+ AR~ 1.5 A) than in the
other samples (Fig. 6), and the contribution centered
around R+ AR~2.8 A exhibits a complex angular

2 3 4
R + AR [A]

t 6 13 5 45 ¢
R + AR [A]

dependence (Fig. 10). The low distance side of the latter
contribution slightly decreases, whereas the high distance
side increases hinting at contributions of overlapping
shells of distinctively different orientations. In both sam-
ples, the first FT peak was modeled with ~3 O atoms at
d(Fe-01)=1.86(2) A (Figs. 6, 13; Table 4). This bond
length indicates a tetrahedral coordination, and the
increase in length from d(Si-0O)=1.62 A to d(Fe-01)
matches the increase in size from “ISi** (r=0.26 1&) to



Table 6 Quantitative EXAFS analysis of higher distance atomic shells for the hectorite SHCa-1 and the saponite SapCa-2

04 shell

O3 shell

02 shell

Sil shell

Fel shell

Mgl shell

al’]

2 [AY

RI[A]

N

& [AY

RIA]

N

A [AY

o

RIA]

N

2 [AY

RI[A]

N

A [AY

o

RIA]

N

2 [AY

RI[A]

N

SHCa-1

3.95() 0.007

2.6 (8)
3.2 (25)
4.1 (33)
4.4(15)

3.70 (4) 0.007

6.1 (13)
7.5(22)
5.6 (30)
4.1(8)

3.44 (4) 0.006

0.4 (4)
1.8 (4)
2.9 (3)
3.5 (4)

3.25(@2) 0.007

2.6(3)
42 (4)
4.7 (14)

7.1 (4)

3.08 (3) 0.008

0.3 (2)
0.2 (2)
0.0 (2)
0.0 (2)

25(@3) 3.08(2) 0.006

1.6 (4)

10
35
55

0.2 (12)
0.1 (3)

80
SapCa-2

4.13(5) 0.008

1.6 (15)
2.1(7)
27(8)
33 (17)

3.70(5) 0.005

27(8)
2.3 (6)
0.9 (7)
0.2 (6)

3.34(3) 0.005

0.7 (3)
1.4 (4)
1.7 (3)
2.1 (4)

3.28(2) 0.008

2.0 (4)
3.9(3)
54(8)
8.6 (7)

3.04 (4) 0.005

0.1(2)
0.1 (2)
0.1(2)
0.1(2)

3.05(2) 0.006

32(3)
273)
13(3)
0.8 (4)

10
35
55

80

Data were modeled over the entire range considering data from this table and from Table 4. Uncertainties on coordination numbers and bond distances are indicated in parentheses, and the fit

quality is quantified by the R, factor representing the absolute misfit between theory and data

[4IEe?* (r=0.49 A) (Shannon 1976). N, at a=35° is
slightly lower than the theoretical coordination number of
four and exhibits weak angular dependence. For Fe located
in the tetrahedral sheet, three O atoms are distributed in
one plane parallel to the ab axis [basal O atoms (Oy,,)]
and the fourth atom [apical O (O] is shared with the
octahedral sheet. Furthermore, the Fe-O,;., vector is per-
pendicular to the layer plane, whereas the Fe-O,,, vector
is inclined by 70° with respected to the plane normal.
Insight into the weak angular dependence of N, can be
obtained using the relationship between the apparent and
the real coordination number. Because the orientation of
the Fe-Oy,,, vector differs substantially from the
Fe—0,pica vector, the O1 shell can be split into two sub-
shells for calculations, O,y With f=180° and Oy,, with
p=70°. At a=10° and 80°, calculated apparent coordina-
tion numbers of these subshells are

N(l)(z)tpical = Ngvavsirca1<l - (SCOSZ(180)_12)(30052(10)_2)) =0.1 and
g(;pical _ g:v;rc al<1 _ (3cos2(180)—12)(3cos2(80)—2)) =29, and
NN = Ng‘g:sral<1 _ (30052(70)—1)2(30082(10)—2)) -39 and
(8)%21531 = (p)\g:srm(l - (30052(70)_1)2(30052(80)_2)) = 1.1, respec-

tively. Consequently, for the O1 shell, the apparent coor-
dination number at a=10° (3.9 + 0.1 =4.0) equals that at
a=280° (1.1 +2.9=4.0), which is also equal to the crystal-
lographic value. This finding implies that this shell should
not exhibit any angular dependence, and experimental data
corroborate these calculations. The observed weak angular
dependence can easily be accounted for by a shift of Fe
atoms from regular position of tetrahedral cations within
the structure as a consequence of structural strain induced
by accommodation of this large cation. Furthermore, the
[4'Fe for [*ISi substitution results in an increase of the
dimension of the tetrahedral sheet, thereby increasing the
size mismatch with the octahedral sheet, and a rotation of
adjacent tetrahedra around the layer normal compensates
this misfit. Note that this structural strain also leads to a
significant dispersion of the individual Fe-O1 distances
(Manceau et al. 2000), resulting in a number of detected
O1 atoms lower than the crystallographic value of 4. In-
plane Si (d(Fe-Sil)=3.18-3.20 A) and out-of-plane Mg
(d(Fe-Mgl)=3.33-3.34 A) atoms were detected (Table 7)
at distances larger than d(Si-Si)=3.03 A and
d(Si-Mg)=3.18 A in saponite, and is attributed to the
larger size of Fe** compared to [!Si. An Fe shell was
also detected at d(Fe—Fel)=3.24-3.25 A originating from
substitution for *ISi, but the low Ng,; (<0.3) excludes
clustering. In both samples, the number of detected tetra-
hedral neighbors (Ng;; + Ng,;) matches the number of
neighboring cations in a tetrahedral sheet. Additional O
shells originating from neighboring octahedra (O2 shell at
~3.56 A) and from neighboring tetrahedra (O3 shell at



Fig. 13 Experimental (solid
black line) and modeled (red
symbols) polarized FT at
a=10°, 55° and 80° of the syn-
thetic saponites. Fit results are
indicated in Tables 4 and 7

FT (Kxy(k))

R+ AR[A]

Table 7 Quantitative EXAFS analysis of higher distance atomic shells for the synthetic saponites Sapo-Fe and Sapo-FeAl

a[°] Sil shell Fel shell Mgl shell 02 shell O3 shell
N R[A] SF[AY N R[A] F[A N R[A] [AY N R[A] F[A N R[A] & [AY
Sapo-Fe
10 3.2(3) 3.18(2) 0.003 03(2) 3.24(3) 0.003 58(11) 3.33(3) 0.004 7.8(19) 3.57(4) 0.005 29(7) 4.04(6) 0.006
35 28(3) 02(2) 62(9) 7.1(15) 2.6(12)
55 22(4) 02(2) 6.5 (8) 5.7 (15) 3.0(7)
80 2.0(3) 02(3) 7.0 (7) 4.8(12) 29(8)
Sapo-FeAl
10 3.1(4) 320(2) 0003 04(2) 325(4) 0002 38(9) 3.34(3) 0003 6.3(8) 3.56(3) 0005 33(7) 4.09(6) 0.006
35 27(3) 03(2) 43(7) 6.2 (6) 3.0(5)
55 24(3) 03(2) 5.1(7) 5.6(14) 3.1(4)
80 2.1(3) 03(3) 6.1(8) 4.6(11) 2.8 (15)

Data were modeled over the entire range considering data from this table and from Table 4. Uncertainties on coordination numbers and bond
distances are indicated in parentheses, and the fit quality is quantified by the R, factor representing the absolute misfit between theory and data

~4.05 A), were used to improve fits at higher distances.
No octahedral Fe could be detected in these saponites.

Discussion

Structural formulae were calculated taking into account
clay chemical compositions and spectroscopic results
(Table 8). In a first step, Mg is placed in the octahedral
sheet and Si in the tetrahedral sheet; in a second step, Al

and Fe are distributed among octahedral and tetrahedral
sites taking into account MAS-NMR and XAS results,
respectively. Calculated formulae show that the investi-
gated smectites have various octahedral filling patterns and
different charge locations (Table 8). The distribution and
origin of the layer charge between the tetrahedral and octa-
hedral sheets vary from sample to sample, and is always
fully balanced by interlayer cations. The origin of layer
charge in montmorillonites is almost exclusively ['Mg?*
and increases in the order SWy-2 < STx-1 < SAz-1, and



Table 8 Unit cell formulae of

: . Sample Cation composition per O;(OH)," Net tetrahedral ~ Net
the smectites calcglated using charge octahedral
results from chgmmal analyses charge
and spectroscopic results from
this work* Swy-2* (Siz g7Alg 13)(Al A54Fe3+02 1Mgg.25)Nag 35 -0.13 —-025

SAz-1* (Si3 95Al0 gp)(Al A37Fe3+0A08Tio,o1Mgo.57)N 4047 -0.02 -0.47
STx-1* (Siz99Alg g )(Al A54Fe3+0A06Tio,o1Mgo.38)NaoA40 -0.01 -0.40
SHCa-1° (Siz 97Al903) (Alvo1Fe3+0A01Mg2,65L10,32)N a932Ko.01 -0.03 -0.32
SapCa-2° (Siz 63Al937) (Aloo1Fe“oosMgz,89)Nao,3scao.01 -0.37 -0.01
NAu-1¢ (Si3 40Alg5)(Alg 6F63+ 1.52M80.02)Nag 5 -0.51 -0.02
NAu-2 (Si3 goAlg20) (AlvosFepr 1.88M80.00)Nag 35 -0.20 -0.17
NG-1¢ (Si3 Al ggFeg 30) (Al | 6F53+1 73M80.05)Nag 65 —-0.38 -023
Sapo-Fe® (Si3 40Feq,60)(Mg3 00)Nag 69 -0.60 0

Sapo-FeAl” (Si3 40Alg 20Feq,40)(Mg;3 00)Nag 6 —0.60 0

*Sample SHCa-1 contains~3 wt% —F substituting for -OH groups (Thomas et al. 1977). NAu-1 and
NAu-2 do not contain tetrahedral Fe, as indicated by polarized EXAFS spectroscopy

*Montmorillonite
"Hectorite
“Saponite

9Nontronite

MAS-NMR data exclude extensive YA’ for *1Si substi-
tution. Calculated formulae for SWy-2 and SAz-1 are in
relatively good agreement with reported data of Mermut
and Cano (2001). In nontronites, the source of layer charge
is IAI3*, except in NG-1 which contains low amounts of
[4IFe3*. The calculated formulae of NAu-1 agrees well with
that of Gates et al. (2002) and Keeling et al. (2000). For
NAu-2, small discrepancies exist with reported composi-
tions: experimental results evidence the presence of low
amounts of octahedral AI**, whereas Keeling et al. (2000)
concluded on its absence and Gates et al. (2002) reported
larger amounts than in the present study. Manceau et al.
(2000) and Gates et al. (2002) reported relatively com-
parable structural formula for NG-1, with slightly lower
octahedral Fe and slightly higher octahedral Al content
than determined in the present study. For the trioctahedral
smectites, MAS-NMR data show preferential Al inser-
tion in the tetrahedral sheet, 77% of “JAl in SHCa-1 and
~100% YAl in SapCa-2. In SHCa-1, the origin of layer
charge is [®'Li*, there is only limited YAl for [!Si substi-
tution because of low Al content. In contrast, “JAI** and
vacancies result in layer charge in SapCa-2. The synthetic
saponites have a rather high layer charge originating from
[4IFe substituting for [*ISi (Sapo-Fe) or from “/Fe + YAl
substituting for *Si (Sapo-FeAl). Note that experimental
data hint at the presence of Fe(III) in all natural samples,
but concomitance of Fe(II) below the detection limit of
XAS cannot be excluded.

The actual distribution of cations in the octahedral and
tetrahedral sheets can be deduced by combining results from
IR and EXAFS spectroscopies. Infrared spectroscopy is
useful to probe the structural composition of the octahedral

sheet, because all OH-sharing cation pairs contribute to the
spectrum (Gates 2008). This technique also has no atomic
selectivity, meaning that all combinations of cations can
be detected. Specifically, the vibrational frequency of the
OH-bending band is dependent on the mass of the cations
bound to the hydroxyl group. In contrast, EXAFS is element-
specific and neighboring atoms such as Mg and Al or Al
and Si cannot be discriminated because of similar backscat-
tering phase shifts and amplitudes. Because the ab crystal-
lographic planes of individuals platelets are distributed at
random in the film plane, EXAFS spectroscopy also cannot
provide information on the individual contributions of the
Fe—Oct pairs for the in-plane crystallographic orientations.
The number of detected Fe, Al, Mg octahedral neighbors
corresponds to average values for Fe located at all possible
positions. However, comparing the number of detected cati-
onic neighbors with values expected from structural formula
can inform on either statistical or preferential (clustering
or exclusion) distribution. IR and EXAFS spectroscopies
are thus complementary and very useful techniques for
investigating the actual distribution of cations in clay min-
erals. In addition to these techniques, MAS-NMR was also
applied in this study to determine the extent of AI** for
[41Si substitution.

The layer charge in SWy-2, SAz-1, and STx-1 arises pre-
dominantly from substitution within the octahedral sheet.
The in-plane orientation of neighboring octahedral and out-
of-plane orientation of tetrahedral cationic shells hint at the
presence of octahedral Fe3*, which fill 3-10% of octahedral
sites, and no tetrahedral Fe3* could be detected. Iron clus-
tering is ruled out by the low numbers of neighboring Fe
detected by EXAFS spectroscopy (Ng.; =0.2-0.3, Table 5)



and by the absence of Fe’*,—~OH-bending band in the IR
spectra (Fig. 3). Additional information on distribution of
cations within structural sites can be obtained from the com-
parison of the intensity of the IR bands in the OH-bending
region. Sample SAz-1 has the highest Mg content, and an Fe
content comparable to that of STx-1 but lower than in SWy-
2. Furthermore, SAz-1 has the AI**Mg?*—~OH-bending band
of the highest intensity and a low intensity Fe’>*Mg?*—OH-
bending band, thereby suggesting a tendency of Mg to form
pairs with Al rather than with Fe. Because of the overlap
with opal the intensity of the Fe>*Mg?*—OH-bending band
cannot be estimated in STx-1, but it may very likely be
lower than in SWy-2 because of differences in the Fe con-
tent, implying that this latter has the Fe>*Mg>*—OH-bending
band of highest intensity among montmorillonites. SWy-2
also has an Fe*™Al>*~OH-bending band of low intensity,
suggesting that Fe>* has a tendency to form pairs with Mg
rather than with Al. The presence of cristobalite-like impu-
rities in STx-1 hinders the comparison of the intensity of
the Fe**Mg**—OH and AI**Mg**—OH-bending bands, and
thus any conclusion on possible tendency to form pairs in
the octahedral sheet.

In trioctahedral SHCa-1 and SapCa-2, the layer charge
originates almost exclusively from substitutions within the
octahedral or the tetrahedral sheets, respectively. Based on
structural formulae, hydroxyl groups in SapCa-2 are almost
exclusively bound to three Mg atoms, whereas they can also
be bound to Li in SHCa-1, because about 10% of octahedral
sites are filled with Li*. The FTIR spectra of SHCa-1 and
SapCa-2 (Fig. 3) contain an Fe’*Mg**—OH-bending band
but no Fe**AI**—OH contribution, in agreement with MAS-
NMR results, implying that Fe may only form pairs with Mg.
The intensity of the Fe**Mg**—OH-bending band correlates
with the Fe content and with the number of detected neigh-
boring Mg atoms by EXAFS spectroscopy (Table 8). Both
samples have a very low Fe content, and calculations for
SHCa-1 (0.01/3=0.003) and SapCa-2 (0.06/3 =0.02) indi-
cate that at maximum 2% of octahedral sites are filled with
Fe. In trioctahedral smectites, each octahedral cation has six
octahedral neighbors, and thus for fully random distribution
within the octahedral sheet <0.1 (0.003x6) or 0.1 (0.02 X 6)
neighboring Fe should be detected in SHCa-1 and SapCa-
2, respectively, which is below or at the detection limit.
Low number of Fe—Fe pairs were detected (Ng,; =0.1-0.2,
Table 6) in both compounds suggesting a slight tendency of
Fe pairs formation, in agreement with earlier findings (Finck
et al. 2015). Note that preferential location of Fe—Fe pairs
at platelet edges would also account for the low number of
detected octahedral neighbors, at least in SapCa-2 which
does not contain Li(I) and for which Ny; and N, are lower
(Table 6) than expected for random distribution within the
bulk structure.

In nontronites, the layer charge results predominantly
from substitution within the tetrahedral sheet. In the FTIR
spectrum of NG-1, the band at 840 cm™' is of higher
intensity than in the NAu-1 and NAu-2 spectra, and does
not contain the Fe>*Al**~OH-bending band at 860 cm™!
(Fig. 3). This result suggests that the band at 840 cm™!
possibly results from an overlap of the Fe3+2—OH and the
AI**Mg**—OH-bending bands, which would mean that Al
has a tendency to form pairs with Mg in NG-1 and seem to
agree with earlier P-EXAFS studies (Manceau et al. 2000).
NAu-1 and NAu-2 have similar Mg contents, but NAu-1
lacks the Fe**Mg**—OH-bending band at 787 cm™! in con-
trast to NAu-2, meaning that Mg has a tendency to form
pairs with Fe in NAu-2 but not in NAu-1. Analyses showed
that these nontronites have comparable chemical composi-
tion, but FTIR data indicate differences in distribution of
cations within the clay sheets. Polarized XAS data rule out
the presence of /Fe’* in NAu-1 and NAu-2 (up to the detec-
tion limit), but hint at the simultaneous presence of *Fe**
and [®/Fe** in NG-1.

Both synthetic saponites only contain Mg in the octahe-
dral sheet, and Fe (plus Al) substituting for Si in the tetrahe-
dral sheet. An unambiguous signature is the characteristic
[4IFe3*_0 vibration at 720 cm™! in the FTIR spectra (Fig. 3)
and the intensity of this band parallels the “/Fe content.
However, this band could not be detected in the NG-1 spec-
trum, the only nontronite containing tetrahedral Fe, possibly
because of the low [“IFe content. The spectra of synthetic
saponites markedly differ from that of synthetic nontronites
(Baron et al. 2016) because of differences in the octahedral
framework, synthetic saponites are thus free from synthetic
nontronite. In synthetic saponites, only tetrahedral Fe could
be detected by XAS, and the low number of ['Fe—*Fe pair
indicates a fully random distribution within the tetrahedral
sheet. The angular dependence of contributions from neigh-
boring cationic shells excludes the presence of octahedral
ferric iron in these samples. The synthesis of saponite con-
taining tetrahedral Fe(III) thus operates under defined condi-
tions in the laboratory.

Conclusion

Smectites of various chemical compositions and charge
locations were selected to explore the variety of Fe crystal-
lochemistry. Synthetic trioctahedral saponites contain only
Fe(III) substituting for Si in the tetrahedral sheet, with a
first coordinating O shell at 1.86 A. In natural dioctahedral
smectites, Fe is bound to six O atoms oriented in-plane at a
distance of ~2.00 A. The insertion in octahedral sites is cor-
roborated by the detection of three in-plane Mg/Al/Fe atoms
at ~3.05 A and four out-of-plane Si/Al at ~3.25 A. The low
number of detected Fe backscatterers in montmorillonite



suggests homogeneous distribution within the octahedral
sheet. For one nontronite particularly rich in Fe, EXAFS
data suggest a concomitant Fe insertion in the tetrahedral
sheet, in agreement with earlier studies. In natural trioctahe-
dral saponite and hectorite, only sixfold coordinated Fe(III)
could be observed but low number of octahedral neighbors
were detected. The substitution of Fe(III) for Mg(II) creates
an excess charge that may be balanced either by vacancies
in adjacent octahedral sites or by insertion of Li(I) substi-
tuting for Mg(I) in hectorite, in agreement with earlier
studies (Finck et al. 2015). No extensive clustering could
be detected in either mineral, indicating a close to random
distribution of Fe.

Smectites with defined Fe crystallochemical environ-
ments can be prepared in the laboratory, and are necessary
reference compounds in the analysis of natural samples. All
natural smectites contain octahedral Fe(III); however, the
structure seems also flexible enough to allow Fe(III) substi-
tution for tetrahedral Si despite the difference in ionic radii.
However, Fe(Ill) incorporation in tetrahedral sheets of natu-
ral smectites is rather limited, but may occur in amounts
below the detection limit of EXAFS spectroscopy, especially
in dioctahedral smectites (Kaufhold et al. 2017). Because
most of structural Fe is located at octahedral sites, it can
be reduced to Fe(Il), and thereby alter the physicochemi-
cal properties of smectites, and consequently, the retention
properties of bentonite used as engineered barriers in deep
disposal sites. Similar investigations on structural characteri-
zation with special attention to structural Fe in smectites, yet
performed under conditions more representative of disposal
sites (e.g., anoxic, reducing, elevated temperature) would
help improving the scientific basis for performance assess-
ment of such repositories.
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