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A structural characterization of a Patagonian bentonite and its corresponding heating product (800 °C) was
carried out. The nature of aluminum and silicon atoms was investigated using Al and Si K-XANES spectroscopy
and compared with other well-known Al and/or Si containing materials.
The studied material comes from Lago Pellegrini area-Rio Negro Province, Argentina. The main crystalline phase
was confirmed to be a Na-montmorillonite. The thermal behavior was studied by DTA-TG-DTG and XRD. A
Rietveld based quantification was performed as complementary study. About 90% Na-montmorillonite (clay
mineral of smectite Group) content was confirmed and different impurities (quartz, gypsum and feldspars)
were also quantified. The smectitic interlayer thermal displacement was determined between 15.49 and
9.81 Å. The XANES results allowed obtaining the AlIV/AlVI ratio and the local symmetry and distortions at Si
and Al-sites.
The tetra-coordination of silicon and the aluminum tetra and hexa-coordinatedwas found in bothmaterials. The
expected high AlIV/AlVI ratio was confirmed and pondered for the thermally treated bentonite.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Clay minerals are widely used in various industrial applications
owing to their physicochemical properties such as high surface area
and porosity, low specific gravity, adsorption and ionic exchange capac-
ities, crystal morphology, composition hydration and swelling abilities,
aswell as their catalytic and other properties. Theseminerals arewidely
used inmany industrial processes such as effective sources of protons in
paper and ceramic industry; as suspendingmedium in saltwater drilling
fluids, paints, and pharmaceuticals; as absorbents in pet litter, agricul-
tural chemicals, water, and oil sorption industries; as well as in the cos-
metic sector, among many more (Murray, 2000; Grim and Güven,
1978). The application of these materials in polymer industry is also
very important (Liu, 2007). Most of these features of clay minerals can
be improved and changed bymaking use of acid activation, soda activa-
tion, ion exchange, and thermal treatment processes (Barrer, 1989; Besq
et al., 2003; Christidis, 1998; Grim and Güven, 1978; Komadel, 2016;
Mahmoud, 1999; Reichle, 1985; Reis and Ardisson, 2003; Sarikaya et
al., 2000; Tan et al., 2004).
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Bentonite is a colloidal, alumino-silicate rock derived from weath-
ered volcanic ash,which is composed bymore than 70% smectite. Acces-
sory minerals quartz, opal, mica, feldspar, gypsum, calcite and zeolites
are frequents (Grim and Güven, 1978). Smectite group minerals (2:1
layer phyllosilicate clay minerals) have a structure composed by one
sheet of octahedral (O) Al placed between two sheets of tetrahedral
(T) Si, with substitutions of some tetrahedral Si atoms by Al atoms
and/or of octahedral atoms (Al3+ or Mg2+) substituted by atoms with
lower oxidation number (Grim and Güven, 1978). The net negative
charge of the 2:1 (TOT) layers is balanced by the exchangeable cations
such as Na+ and Ca2+ located between the layers and around the
edges (Komadel, 2016; Önal and Sarıkaya, 2007). Basal spacing,
d(001), for air dried smectites, changes from 12.6 to 15.4 Å depending
on type and valence of the exchangeable cations.

Bentonite rocks may be subjected to high temperatures in some ap-
plications including foundry, porous ceramic materials (Gunay and
Ozkan, 2001), catalysts (Pinnavaia, 1983; Reichle, 1985), treatment of
aqueous solution (Divakar et al., 2008), civil engineering, and others
(Abu-Zreig et al., 2001). Some physico-chemical properties of smectites
such as swelling, plasticity, cohesion, compressibility, strength, cation-
exchange capacity, particle size, adsorptive properties, pore structure,
surface area, acidic character, and catalytic activity aswell asmineralogy
are greatly affected by thermal treatment (Grim and Güven, 1978; Önal
and Sarıkaya, 2007; Wang et al., 1990; Gunay and Ozkan, 2001).
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Thus, the thermal treatment changes in the physical, chemical and
mechanical properties of these clays depend on their mineralogy and
crystal structures. Therefore, the utilization of these minerals as raw
materials in possible applications requires knowledge of the detailed re-
sponse of their variationswith temperature. This fact determines the re-
quirement of multiple characterization techniques to fundamentally
understand both the native system and its thermal evolution, and con-
sequent changes in the physicochemical properties.

X-ray Absorption Spectroscopy (XAS) is a powerful technique for
obtaining electronic and structural information. It consists in an ele-
ment-specific method capable of providing quantitative information
on the local coordination environment around absorbing atoms in crys-
talline or amorphous systems (Fendorf et al., 1994). The XANES (X-ray
Absorption Near Edge Structure) region of the spectrum is sensitive to
the valence state of the central atom and the geometry and types of sur-
rounding atoms (Henderson et al., 2014). XANES, unlike XRD though
complementary, is a technique of local-scale order.

These sets of techniques have optimum potential for the characteri-
zation of complex systems such as bentonite and its heated product pre-
pared by thermal processing of the same bentonite. We propose, in this
paper, to study the structural conformations in commercial industrial
grade material (rock) as local and long-range changes induced by ther-
mal effects. Particularly in this work, assess the structure of a fired Na
dioctahedral montmorillonite present in a Patagonian bentonite and
the resultant material treated at 800 °C (meta-montmorillonite) in air
using Differential Thermal Analysis (DTA), Thermogravimetric Analysis
(TG), conventional X-ray powder diffraction (XRD) and aluminum-sili-
con near edge K XANES.
2. Materials and methods

A commercial sodium Patagonian bentonite that comes from Lago
Pellegrini area -provincia de Río Negro, Argentina, was studied (Del
Lago bentonite (Castiglioni Pes y Cia.). Its mineralogy was described as
a dioctaedric smectite montmorillonite type (N94–99%) with traces of
quartz, lithoclasts, glass shards, zeolites, feldspar, micas, gypsum, and
sometimes calcite (Vallés and Impiccini, 1999).

It must be considered that the bentonite quality varies according
with the exploited working front. There are other bentonite localities
in Patagonia. The structural characterization refers exclusively to Na-
montmorillonite that is the major mineral phase at the Lago Pellegrini
bentonite.

Particularly the studied material presents a specific weight of
2.21 g/cm3 and an apparent specific weight of 0.95 g/cm3. It is commer-
cialized in standard mesh #200. A 6 wt.% water suspension presents an
8.5 pH; the Mohs hardness is between 1 and 1.5. The de-agglomerated
powder mean particle size is below the micron. The chemical composi-
tion of a dried sample (evaluated by Inductively Coupled PlasmaAtomic
Emission Spectroscopy - ICP-EAS) together with the mass loss after
heating at 1000 °C are shown in Table 1.
Table 1
Dried 110 °C bentonite chemical analysis.

Oxide wt.%

SiO2 57.27
Al2O3 21.24
Fe2O3 4.45
Na2O 2.76
MgO 2.71
SO3 2.40
CaO 1.10
TiO2 0.38
K2O 0.26
Lost on ignition
(1000 °C)

7.31
A fired Bentonite was also characterized, setting the heating pro-
gram in order to ensure complete dehydration and dehydroxilation.
The sample was fired in an electric furnace in air atmosphere up to
800 °C with 10 °C/min as heating rate and with 15 min of dwell. A por-
celain crucible was employed for treating 20 g. Making an analogy with
kaolinitic clays, the phase obtained by firing the montmorillonite clay
mineral can be designated as meta-montmorillonite (Zivica and Palou,
2015). The original and fired samples were labeled Bent-0 and Bent-
800 respectively.

As reference samples for absorption XANES technique, the following
standardswere used: (a) for Si K-edge XANES: synthetic amorphous sil-
icon dioxide (Am-SiO2), commercial float glass, commercial kaolinitic
clay (98%, Fischer, Georgia, USA), commercial pyrophyllite (95%) and
kyanite (95%); (b) for Al K-edge XANES: synthetic α-Al2O3 (ALCOA
99.5%), commercial gibbsite (ALCOA 99.5%), andmullite (95%, Synthetic
Mullite M72, VAW, Veremigte, Werke AG, Germany).

Identification and quantification of crystalline phases in the clays
and fired materials were carried out by X-ray diffraction (XRD) (Philips
3020 with Cu-Kα radiation, Ni filter, at 40 kV–35 mA); with 0.04° and
2 s steps in the 3–80° range. The employed quantification method was
fully described in two previous works (Conconi et al., 2014; Serra et
al., 2013). The XRD patterns were analyzed with the program FullProf
(Version 5.40, March 2014) which is a multipurpose profile-fitting pro-
gram (Rodríguez-Carvajal, 2001), including Rietveld refinement to per-
form phase quantification (Rietveld, 1969).

The effect of heat treatment was also evaluated by thermogravimet-
ric analysis and differential thermal analysis (DTA-TG) simultaneously
carried out on a Rigaku Evo2 equipment with 10 °C/min as heating
rate in Pt crucibles in air atmosphere. The derivative curve of the TG
(DTG) was also employed for this purpose.

XANES experimentswere performed in the Soft X-rays Spectroscopy
(SXS) beamline of the Brazilian Synchrotron Light Laboratory (LNLS,
Campinas, SP, Brazil). The beam focalization was performed using a Ni
mirror. For Al K-edge, the monochromator employed was YB66, with
a resolution of about 2 eV with a slit aperture of 2 mm. For Si K-edge,
the monochromator employed was InSb(111), with a resolution of
about 1 eV with a slit aperture of 1 mm. The I0 incident photon flux in-
tensitywasmeasured using ameshof Au located before themain cham-
ber. The photon energies were calibrated using an Al (Si) metallic foil
and setting the first inflection point to the energy of the K absorption
edge of Al0 at 1559 eV (Si0 at 1839 eV). The spectra were acquired at
room temperature and the pressure chamber was about 10−4 Torr.
The aluminosilicate minerals were ground into fine powder (standard
mesh # 200), and the powder samples were pressed uniformly on elec-
tric carbon tape supported on a stainless-steel sample holder for XANES
measurements. The angle between the sample holder and the detector
was 45°.

All spectra were processed by standard methods from If/I0 signal
analysis, where If is the detected fluorescence intensity. The pre-edge
and the normalization background were realized by Athena (Ravel and
Newville, 2005). To exclude self-absorption effects were compared the
spectra obtained by fluorescence mode with those obtained by Total
Eletron Yield (TEY) mode at Si K-edge. After background subtraction
and normalization, the characteristic resonance peaks in the XANES re-
gion was fitted using Gaussian functions and the continuum step was
fitted using arctan functions (Outka and Stöhr, 1988) using WinXAS3.1
(Ressler, 1998).

3. Results and discussion

3.1. Mineralogical analysis of the studied industrial Na-montmorillonite–
Patagonian bentonite and the heated (800 °C) material by XRD

Fig. 1 shows the XRD patterns of both materials studied, Bent-0 and
Bent-800 in the 3–80° 2θ range; principal reflections are labeled. The
corresponding identified crystalline phases are shown in Table 2,



Fig. 1. XRD patterns of the studiedmetabentonite (A) and bentonite (B). (Mt: Montmorillonite; Mt*: DehydratedMontmorillonite, Q: Quartz, Gy: Gypsum, Pg: Plagioclase, An: Anhydrite,
and A: Analcime).
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together with the ideal formula and the scored PDF card from the Inter-
national Centre for DiffractionData. For the as received bentonite (Bent-
0), the principal crystalline phase corresponds to a Smectite, more spe-
cifically to Na-montmorillonite. As expected for this kind of mineral
(Grim and Güven, 1978), it is accompanied by quartz, gypsum and feld-
spars (in this case, plagioclase). The results of the Rietveld based quan-
tification are shown in Table 3. The amount of montmorillonite (Mt)
quantifiedwas in accordancewith expected values. The Rwp parameter
resulting values were in all cases below 30, sustaining the goodness of
the refinements for this kind of materials.

The detected crystalline phases were in concordance with similar
studies (Volzone and Sanchez, 1993; Vallés and Impiccini, 1999). The
Gypsum dehydration into anhydrite occurs at intermediate tempera-
tures (150–300 °C), hence, anhydrite will be expected in the heated
bentonite.

The 001 smectitic reflection was analyzed. This evolved from 5.7° to
9.0° in samples Bent-0 and Bent-800. This can be explained by a de-
crease in the distance between the interlayers of the clay mineral, due
to thewater losses observed by the performed thermal analysis. The in-
terlayer distances, estimated from Bragg law, are 15.49 Å and 9.81 Å for
montmorillonite in Bent-0 and the dehydrated montmorillonite in
Bent-800, respectively. These values are in concordance with reported
values (Sarikaya et al., 2000; Sarı Yılmaz et al., 2013). The intensity
and shape of the dehydratedmontmorillonite (Mt*) principal reflection
in the Bent-800 diffraction pattern sustains the fact that themetamont-
morillonite structure remains with high enough crystalline grade. This
crystalline (lower) structure can be described by the local characteriza-
tions of the X-ray spectroscopy showed in the next section.
Table 2
Bent 0 and Bent 800 identified X-ray crystalline phases. Chemical formulas and respective Si–A

Mineral phases Phase Ideal formula

Smectite clay group Montmorillonite (Na,Ca)0.33(Al,Mg)
Dehydrated montmorillonite (Na,Ca)0.33(Al,Mg)

Other
mineral phases

Quartz SiO2

Gypsum CaSO4·2H2O
Feldspars (plagioclase) albite calcian (Na,Ca) ( Si, Al )4O
Anhydrite CaSO4·
Analcime Na(AlSi2O6) (H2O)
3.2. Thermal behavior analyses: DTA-TG-DTG.

These analyses revealed that the dehydration and the dehydroxyl-
ation stages proceed in two regions: 38–150 °C and 150–720 °C at
10 °C/min of heating rate (see Fig. 2). The corresponding mass losses
were 15.46% and 3.74% (total mass loss 17.70%). The mass loss of dehy-
droxylation reaction is in a good agreement with the previous study
(Önal and Sarıkaya, 2007; Wang et al., 1990) and with the evaluated
mass loss (Fig. 1). The dehydration of the studied bentonite was com-
plex with three overlapping stages, while its dehydroxylation was ob-
served in a single stage reaction, all of which were represented in the
DTG, the local minimums are indicated in the figure. The third step in
the dehydratation process could be associated to gypsumdehydratation
while the two initial stages correspond to smectite interlamellar water
loss.

The 2.40% content of SO3 (Table 1) implies a higher gypsum content
than that found with the Rietveld quantification. This methodology
might present significant uncertainties when quantifying minor
minerals.

The endothermic dehydration stages can be observed in the DTA
curve; temperatures shown in the figure correspond to simultaneous
analyses and to the one observed in similar materials (Önal and
Sarıkaya, 2007; Wang et al., 1990). The “s” shape signal observed in
the DTA between 920 and 1020 °C corresponds to the recrystallization
of the bentonite and recrystallization of new phases, respectively, no
mass losswould be associated to these processes. Considering this anal-
ysis, it can be ensure that a sample heated at 800 °Cwith thementioned
heating program would be dehydrated and dehydroxilated. These
l atoms coordination taken from the PDF cards-International Center for Diffraction Data.

Reference PDF card

Coordination

Al Si

2 (Si4O10)(OH)2·4H2O Mt 00-029-1498 4 and 6 4
2 (Si4O10)(OH)2 Mt* 4 and 6 4

Qz 00-046-1045 4
Gy 00-021-0816 – –

8 Pg 00-020-0548 4 4
An 00-037-1496 – –
A 00-041-1478 ? ?



Table 3
Rietveld quantification of the Bent-0 sample.

Mineral Weight content (%)

Montmorillonite 90
Feldspars (plagioclase 4
Quartz 3
Gypsum 2
Analcime 1
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processes would result in important changes from the structural point
of view; the interlayer distance between TOT would decrease because
of the loss of both hydroxyl groups and interlayer water. The TOT layers
structure of the clay mineral remains in the meta-montmorillonite
phase of the heated bentonite. This change was observed by performed
XRD analysis (see Fig. 1).
3.3. Si-K XANES analysis

Fig. 3 shows the normalized Si-K XANES spectra of references
(quartz, kianite, kaolinite and pyrophyllite), and Fig. 4 shows the
XANES spectra corresponding to samples Bent-0, Bent-800 and amor-
phous silica (Am). For Bent-0 and Bent-800, the obtained spectra are
similar to montmorillonite and bentonite spectra reported by Shaw et
al. (2009). The absorption edge is at 1845.4 eV, 0.3 eV shifted to higher
energy with respect to the corresponding one for amorphous silica.

The main features of the spectra are analyzed by least square fitting,
following similar analyses already reported in the literature (L. Andrini
et al., 2016a; Li et al., 1994). Fig. 4 shows the fits for the spectra of
amorphous silica (Am-SiO2), Bent-0 and Bent-800. In Table 4 the main
characteristics of each resonance for each of the three spectrums (Li et
al., 1996, 1994, 1993) are reported. Linear fits (not showed here)
between the quartz spectra and Bent-0 spectra cannot reproduce the
Fig. 2. Bent-0 DTA-TG-DTG analysis.
corresponding Bent-800 spectrum. From a visual inspection between
the spectra of quartz and Bent-800, it can be seen that they not share
common characteristics. As a second observation it is worth noting the
absence of the peak A in both Bent-0 and Bent-800 spectra. The occur-
rence of this peak is attributed to the presence of distortions in the sys-
tem or to an increase in the coordination number (Li et al., 1993). The
reason of this assignment is because this peak is attributed to the tran-
sition of Si 1 s electrons to the antibonding 3s-like state, Si 1s→ a1(Si 3s–
3p), forbidden by the dipole selection rules (ΔL = ±1, ΔS = 0,
ΔJ = ±1), making the peak A very weak. Thus, it can be concluded
that Si occupies tetrahedral sites undistorted in Bent-0, as it expected,
and LSO in Bent-800 sample. This result indicates that the thermal treat-
ment does not significantly modify the structure of the Si-local
environment.

From the information available in Table 4, it is observed a decrease in
all intensities of all resonances in the absorption spectrum for Bent-800
regarding to intensities of the corresponding Bent-0 spectra. The most
important diminution is for the Si 1s → t2 (Si 3p–3s) transition, which
provides information of the Si-3p unoccupied, states (Shaw et al.,
2009). This can be associatedwith the processes of dehydroxylation suf-
fered by heated the clay material: losing H atoms, the O atoms have a
greater availability of electrons that can fill this t2-orbital.

3.4. Al-K XANES analysis

Fig. 5 shows the normalized Al-K XANES spectra of reference com-
pounds α-Al2O3, gibbsite, kyanite, kaolinite, and mullite. Fig. 6 shows
the corresponding spectra and their fittings for Bent-0 and Bent-800
samples. The peak A is associated with the 1s → a1 (3 s) transition for
four coordinate aluminum and the 1s → a1g (3s) transition for
hexacoordinated aluminum. Both are forbidden dipolar transitions,
and their intensity is then very weak in general. Peak C is associated
with the 1s → t2 (3p) transition for four coordinate aluminum and oc-
curs between 1566.5 and 1567.3 eV, whereas for aluminum
hexacoordinated it is associated with the 1s → t1u (3p) transition and
it is located between 1568.2 and 1569.1 eV. The peak D is associated
with multiple dispersions for both coordinations, and it is more notice-
able in four coordinate aluminum centers. The peak E is associated with
the 1s → e (3d) transitions for four coordinated aluminum and it is be-
tween1572.7 and 1575.6 eV,whereas for aluminumhexacoordinated, it
is associated with the 1s→ t2g (3d) transition and it is located between
1572 and 1574.2 V. This information is summarized in Table 5.
From these assignments, it is inferable that gibbsite, kyanite and
kaolinite have only hexacoordinated aluminum, while the α-alumina
has only tetracoordinated aluminum. Finally, mullite contains both
tetracoordinated and hexacoordinated aluminum (L. Andrini et al.,
2016b).

For the corresponding Bent-0 XANES spectrum it is noted the A peak
presence. This peak is usually a small shoulder, because its origin is due
to quadrupole transitions. An interpretation of the origin of this transi-
tion is associated with the distortion of the tetrahedrons (Romano et
al., 2000). This allows interpreting that the Al-tetrahedrons are
distorted in the Bent-0. The absence of this peak in Al K XANES for
Bent-800 allows us to infer that no distorted Al-tetrahedrons are
present.

Following themethodology proposed by Ildefonse et al. (1998)) and
Kato et al. (2001) we can assign the peak C to the presence of tetrahe-
dral aluminum and peak D to the presence of octahedral aluminum.
Then the areas (see intensity in Table 5), obtained by corresponding
fitting to such peaks, are proportional to the number of atoms with
these coordinations. We can then calculate the relative proportion of
the tetrahedral aluminum. For Bent-0, the calculated AlIV/Altotal ratio is
31.13%, and for Bent-800 is 66.45%. To explain this difference, we should
note that the experimental spectrum obtained for Bent-800 is like the
reported one for montmorillonite and thermally treatedmontmorillon-
ite (Shaw et al., 2009), and smectites (Ildefonse et al., 1998). Thus, we



Fig. 3. Si-K XANES spectra of reference compounds: (a) quartz; (b) kianite; (c) kaolinite; and (d) pyrophyllite.

Fig. 4. Si-K XANES spectra of: (a) amorphous SiO2; (b) Bent-0; and (c) Bent-800. The open
circles correspond to the experimental data and full line corresponds to the different
fittings.
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can assume that the fitting for the peak C in the Al K XANES
spectra for Bent-800 contains two peaks overlapped: one related to
tetracoordinated aluminum, which in the literature is generally associ-
ated with glass phase or a minor order crystallographic arrangement,
and another associated with the four-coordinated aluminum in the
smectite phase. The way to confirm this assumption is even by simula-
tions, and/or by empirical way, obtaining the XANES spectra of glassy
phase and pure smectite one, performing linear overlays to achieve
the experimental spectrum.

As it wasmentioned in the section of Si-K XANES analysis, the tetra-
hedron silicon is highly stable to heat treatments. This tetrahedral
Table 4
General characteristics of the Si-K XANES spectra obtained by least square fitting.

Sample Resonancea Transitionb Position (eV)c
Intensity
(arb. units)

Am-SiO2 A Si 1s → a1(Si 3s–3p) 1844.3 0.78
C Si 1s → t2 (Si 3p–3s) 1847.0 5.47
D Multiple scattering 1853.5 08
E Si 1s → e (Si 3d–3p) 1863.6 5.7
F Multiple scattering x x
G Si 1s → t2 (Si 3d–3p) x x

Bent-0 A Si 1s → a1(Si 3s–3p) x x
C Si 1s → t2 (Si 3p–3s) 1846.4 3.40
D Multiple scattering 1850.0 0.19
E Si 1s → e (Si 3d–3p) 1857.0 0.89
F Multiple scattering 1861.4 0.54
G Si 1s → t2 (Si 3d–3p) 1866.3 1.60

Bent-800 A Si 1s → a1(Si 3s–3p) x x
C Si 1s → t2 (Si 3p–3s) 1846.4 2.98
D Multiple scattering 1850.1 0.04
E Si 1s → e (Si 3d–3p) x x
F Multiple scattering 1856.8 0.31
G Si 1s → t2 (Si 3d–3p) 1864.2 1.56

a Notation used by (Garvie and Buseck, 1999).
b Nomenclature used by (Li et al., 1994).
c With an error of 0.3 eV.



Fig. 5.Al-KXANES spectra of standards: (a) gibbsite; (b) kianite; (c) kaolinite; and (d)mullite. For thenomenclature of thepeakswe follow the convention usedby (Li et al., 1995). Thefirst
Gaussian (A) is located at 1566.8 eVwith low intensity. The secondGaussian (C) is located 1567.7 eVwith the highest intensity. The thirdGaussian (D) and fourth Gaussian (E) are located
at 1570.5 and 1573.1 eV respectively.
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silicon is maintained in all phases of the samples, which is consistent
with the stability of the position and shape of peak C. Additionally, the
variation of the ratio between four-coordinated aluminum atoms and
Fig. 6. Al-K XANES spectra of: (a)α-Al2O3; (b) Bent-0; and (c) Bent-800. The open circles
correspond to the experimental data and full line to fitted results.
the total aluminumatoms could be explained by the appearance of crys-
talline and amorphous phases. The lack of detection of these newphases
in the diffraction patterns, i.e. the presence of new phases with
tetracoordinated aluminum, could be explained by the appearance of
local arrangements, with dimensions of only few nanometers that do
not contribute to diffraction. This proposal is consistent with the results
previously obtained (Drits et al., 1995). In those experiments, the au-
thors argue that, after heating montmorillonite, the octahedral alumi-
num atoms become not regular five-fold prism, as the oxygen atoms
surrounding the aluminum are in a geometry that is not pyramidal
(square base) or bipyramidal (triangular base). This is consistent with
the lower reflection height of dehydrated smectite phase in the
Table 5
General characteristics of the Al K XANES spectra obtained by least square fitting.a

Sample Resonance Transition⁎ Position (eV)a
Intensity
(aa. uu.)

Al2O3 A Al 1s → a1 (Al 3s) 1566.8 1.92
C Al 1s → t2 (Al 3p) 1567.7 2.43
D Multiple scattering 1570.5 3.61
E Al 1s → te (Al 3d) 1573.1 0.93

Bent-0 A Al 1s → a1g (Al 3s) 1566.6 2.82
C Al 1s → t1u (Al 3p) 1567.9 2.13
D Multiple scattering 1571.1 4.72
E 1s → t2g (Al 3d) 1574.4 1.24

Bent-800 A X x x
C Al 1s → t1u (Al 3p) 1567.1 4.47
D Multiple scattering 1570.1 2.26
E 1s → t2g (Al 3d) 1575.0 0.96

Notation and nomenclature used by (Li et al., 1995).
a With an error of 0.2 eV.
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diffraction pattern of Bent-800 sample compared to the reflection of the
smectite phase observed in the diffraction patterns for Bent-0.
4. Conclusions

The layered structure of studied clay was deeply solved by the com-
bination of three techniques. Natural (industrial grade) Na-montmoril-
lonite–Patagonian bentonite and its corresponding heated product
(obtained after a simple 800 °C treatment) were studied. The extended
and local range order structure characterization was carried out by
means of two X-ray based techniques: XRD and XANES, respectively.
The Rietveld refinement permitted to confirm the smectite phase and
identify the complementary minerals of the commodity: quartz, gyp-
sum and feldspars. The refinement allowed to quantify these phases
and confirmed the high smectite (Montmorillonite type) content
(≈90%).

A thermal analysis (DTA-TG-DTG) was employed for determining
the bentonite thermal transformations ant to ensure the dehydration
and dehydroxylation of the clay mineral. Results were consistent with
the XRD-Rietveld and the chemical composition.

Both aluminum and silicon atoms in the different materials were lo-
cally described and compared by Al/Si XANES. Both coordination geom-
etries and first neighbor environmentwere established in eachmaterial
and consistently compared with further studies on aluminum and sili-
con materials and minerals. On the other hand, the smectitic interlayer
thermal displacement was also evaluated (from 9.81 to 15.49 Å) by
XRD. The silicon tetra coordination was confirmed in both materials;
the aluminum tetra and hexa-coordinationwas found in bothmaterials.
The expected higher AlIV/AlVI ratio was confirmed and pondered for the
thermally treated bentonite.

The features of the evaluated (Al/Si K-XANES) spectra could be
employed for characterization and evaluation of more mild differ-
ences between similar materials and/or minerals like in chemical
or physical modifications, usually performed for different techno-
logical applications, like in organo-clays, pillared clays, catalysts,
and adsorbents.
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