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Abstract: Mineralogical appraisal is an important tool for both mining and industrial processes.
X-ray powder diffraction analysis (XRPD) can deliver fast and reliable mineralogical quantification
results to aid industrial processes and improve ore recoveries. Furthermore, X-ray fluorescence
(XRF) chemical data, thermal analysis (TA), and Fourier-transformed infrared spectroscopy (FTIR)
can be used to validate and refine XRPD results. Mineralogical assessment of non-traditional ores,
such as mining wastes, is also an important step to consider them for near-future industries. In
the Brazilian Amazon, alumina-rich clays cover the largest and most important bauxitic deposits
of the region and have been considered as a possible raw material for the local cement and ceramic
industry. In this work, a mineralogical evaluation of these clays (Belterra Clays) is performed using
XRPD, XRF, TA, and FTIR. XRPD-Rietveld quantification confirmed that kaolinite is the main phase
of the clay overburden, followed by variable contents of gibbsite and goethite and minor quantities
of hematite, anatase, and quartz. The chemistry derived from Rietveld, based on stoichiometric
phase compositions, presents a good correlation with the XRF data and is also supported by the TA
and FTIR data. The initially assumed homogeneous composition of Belterra Clay is revealed to be

check for variable by the present mineralogical study.
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2021, 11, 677. https://doi.org/ 1. Introduction

10.3390/min11070677 Chemical and phase assemblage characterizations are essential steps during industrial

and mining processes to aid and improve ore processing. Traditional wet chemistry has
been a reference method used for both ore and industrial products. However, these analyses
are very expensive, known to consume large amounts of chemical reagents (including
strong acids), and relatively slow. X-ray fluorescence (XRF) is currently one of the most
used methods to determine the chemical composition of many ore types [1]. Nevertheless,
XRF is not always the best option to obtain a comprehensive evaluation, as mineralogical
information is necessary to understand the chemical distribution within the mineral phases
and thus to evaluate ore deportment.

Mineralogical characterization is usually performed by X-ray powder diffraction
(XRPD) analysis, which, when coupled with the Rietveld method, [2] enables the delivery
of fast and reliable mineral phase quantifications. Online XRPD and XRF analyses are
already standardized in the cement industry [3-5]. In the mining industry, the mineralogical
evaluation of a variety of ores is commonly carried out by XRPD analysis, including Fe-
» [6,7], Ni (Co)- [8,9], Au- [10], Cu- [11,12], and Al-ore (bauxites) [13-16]. Other techniques
are used to validate or even complement XRPD mineralogical analysis, such as XRF, Scan
Electron Microscopy (SEM), Thermal Analysis (TA), and Fourier-transformed infrared
spectroscopy (FTIR). Moreover, in many cases, assessment of ores and industrial products
conditions of the Creative Commons 18 performed alongside the characterization of mining residues, i.e., coal-related clays [17]
Attribution (CC BY) license (https://  and Al-refining tailings [18]. Some of these residues have been referred to as alternative
creativecommons.org/licenses /by / raw materials, and their characterization is one of the first steps to evaluate their usage in
40/). the industry.
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Bauxites, the main aluminum ore, have their largest reserves in Central and West
Africa, Australia, Vietnam, and Brazil [19]. Open-pit mining of bauxite implies the removal
of the bauxite overburden material, which might be shallow, as in Australia [20] and some
bauxite deposits of West Africa [21,22], or relatively thick (>2 m), as in Brazil [23-25]. The
bauxite overburden material in Brazil includes some topsoil and lateritic crusts, as well
as thick clays that cover most bauxite deposits of the Brazilian Amazon region. These
thick overburdens are usually considered a drawback during mining, as their removal
increases the cost-effectiveness of the whole mining process. The bauxite overburdens in
the Brazilian Amazon region are known as Belterra Clays (BTC, Figure 1) [23-26].
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Figure 1. (A) Samples location; (B) Bauxite mining trench in Rondon do Paré (Brazil) showing the thick Belterra Clay.

Belterra Clays are dominated by kaolinite and locally have high contents of gibbsite,
with minor hematite, goethite, and anatase. Their high alumina contents, associated with
broad availability and low exploitation costs, have turned attention to BTC as a possible
near-future raw material for the local industry. Industrial applications of these clays
for the production of red ceramics [27,28] and eco-friendly cements have recently been
gaining attention [29]. In this work, we performed a detailed mineralogical evaluation of
Belterra Clays from different locations within the bauxite deposits of Rondon do Pard in
the Brazilian Amazon region. XRPD analysis was used as the basis of the mineralogical
monitoring and is discussed in light of XRF, TA, and FTIR data. These data provide
an important database for the potential use of these overburdens for the production of
CO,-reduced cementitious materials.

2. Materials and Methods

For this study, we used eleven samples of Belterra Clay from three different pilot mines
performed to test the bauxite ore in Rondon do Para (Eastern Brazilian Amazon). The
samples were collected in selected representative parts of the exposed clayey overburdens,
with at least one sample from the top, one from the middle, and one from the base of the
sequences in each pilot mine.

The samples are named according to their location and depth (in meters) within the
BTC packet, and consist of three samples from the Branco bauxite pilot-mine (BRA0.5m,
BRA5.0m, and BRA10m), three from the Décio pilot-mine (DEC0.8m, DEC7.2m, and
DEC10m), and five samples from the Ciriaco pilot-mine (CIR1.0m, CIR5.0m, CIR7.5m,
CIR10m, and CIR12m). All samples were carefully grinded to powders with clay size
in an agate mortar until all grains were consistently fine for analysis. The analysis was
performed using the following techniques.

XRPD analysis was performed using a Panalytical X'Pert Pro MPD X-ray diffractome-
ter (Panalytical, Halle, Germany) equipped with a Cu anode, operated with 45 kV and
40 mA, set with a Ni Kp-filter, and linear X'Celerator RTMS detector in the 8-6 Bragg-
Brentano-Geometry. The samples were mounted by back-loading in 16 mm diameter
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sample holders and measured under 5-70° 26 angular range, with a 0.013° step size, and
at 38 s per step. Despite the use of a Cu source and the samples having relatively high iron
contents, XRPD diffractograms had a good resolution with low background intensity and,
therefore, were considered suitable for the Rietveld analysis. The data were evaluated with
the software Highscore 4.5 Plus (Panalytical, Halle, Germany) from Panalytical. Principal
component analysis (PCA) found large systematic variances (eigenvalues) in the set of
observed samples. The method used a correlation matrix to display the most important
eigenvalues (or Principal Component, PC) in a 3D plot. PCA was used to cluster similar
diffractograms by similar profiles and peaks, using a Euclidian average linkage and a
cut-off of 9.5. The closest sample of each sphere centroid (centroid method) was chosen as
the representative sample of each group. The PDF-4 mineralogical database was used for
the mineralogical characterization.

Rietveld refinement was used for the mineralogical quantification of the selected sam-
ples, which were spiked with 10% of highly crystalline fluorite to quantify the amorphous
content using the internal standard method. The crystal structures (Table 1) used in the
refinement were obtained from the ICSD (Inorganic Crystal Structure Database, from FIZ
Karlsruhe, Germany). The accuracy of the Rietveld refinements was verified according
to [30] by mixing the samples BRA13m with hematite and the sample BRA0.5m with
gibbsite at 99:1, 95:5, and 90:10 ratios.

Table 1. Phases and their respective ICSD codes used in the Rietveld refinements.

Phase Chemical Formula Space Group  ICSD Code Reference
Anatase TiO, 144 /amd 92363 [31]
Fluorite CaF, Fm-3m 60368 [32]
Gibbsite Al(OH)3 P2 6162 [33]
Goethite (Fe,A1)O(OH) Pnma 109411 [34]

Hematite Fe, O3 R-3¢ 82137 [35]
Kaolinite Al,Si,O5(0OH), P1 63192 [36]
Quartz SiO, P3121 16331 [37]

The refinements were performed with the software Highscore 4.5 Plus after preparing,
measuring, and refining each sample in triplicate. The scale factor, the zero shift, and the
unit cells were systematically refined. The Pseudo-Voigt profile function and W profile
parameters were used to better refine the peak shapes.

For comparison purposes, the sample CIR14m was also refined with the software
Profex BGMN [38], with a model for disordered kaolinite downloaded from the BGMN
database (Kaolinitedis.str, in http:/ /www.bgmn.de/download-structures.html, accessed
on 4 February 2021). The stacking faults in the structure of kaolinite (as b/3 shifts and
layers rotations within the structure) is refined with the sub-phase approach of the soft-
ware, where the disordered kaolinite is described by two sub-phases that share the same
lattice parameters but have individual broadening models to describe the hkl-dependent
broadening in a phenomenological way [39].

FTIR spectroscopy was also used for the mineral characterization. Approximately
1 mg of dried sample was ground with 160 mg of KBr and pressed into a disk shape. The
transmission IR spectra were recorded between 370 and 4000 cm~1 at room temperature,
with a 4 cm~! resolution, using a Bruker Tensor II TGA-IR spectrometer (Bruker, Billerica,
MA, USA).

XRF was used to measure the chemical composition of the selected BTC samples. Four
fused pearls were prepared by mixing 1 g of sample and 8 g of fondant (Li;B4Oy) and
measured in a Bruker SRS 3000 (Bruker, Billerica, MA, USA) sequential spectrometer. The
loss on ignition (LOI) of the samples was determined after calcination at 1000 °C for one
hour (Supplementary Materials, Table S1).

Thermal characterization of the selected samples was performed by thermogravimetric
(TGA) and differential scanning calorimetric (DSC) analysis, using a Netzsch STA 449 F3
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Jupiter® (Netzsch, Selb, Germany). Approximately 20 mg of sample was heated from 35 to
1000 °C in alumina crucibles under Ar-atmosphere, using a heating rate of 10 K/min.

3. Results

PCA analysis of the XRPD patterns enabled classifying them into three groups using
the centroid method (Figure 2). Group 1 (green sphere) includes all BTC samples from
Branco (BRA0.5m, BRA5.0m, and BRA13m) and all from Décio (DEC0.8m, DEC7.2m
and DEC10m). Group 2 (blue sphere) is formed by the samples CIR0.5m, CIR5.0m, and

CIR7.5m of Ciriaco, whereas group 3 (gray sphere) includes the samples CIR10m and
CIR14m from Ciriaco.
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Figure 2. Principal component analysis showing the grouping of the diffractograms. Group 1: green
sphere (BRA0.5m, BRA5.0m, BRA13m, DEC0.8m, DEC7.2m, and DEC10m); Group 2: blue sphere
(CIR0.5m, CIR5.0m, and CIR7.5m); Group 4: gray sphere (CIR10m and CIR14m).

The samples BRA0.5m and BRA13m were chosen as representative of group 1, whereas
CIR0.5m was chosen for group 2, and CIR14m was chosen for group 3. These samples
were quantified with the Rietveld method, and their mineralogical assemblage consists of
kaolinite, gibbsite, goethite, hematite, anatase, and quartz, which vary only in contents
(Figure 3). The only exceptions are quartz, which occasionally occurs in some samples, and

hematite, which is present only in the samples closest to the surface (BRA0.5m, DEC0.8m,
and CIR1.0m).
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Figure 3. X-ray diffractograms of selected BTC samples spiked with fluorite (Fl). KIn: kaolinite; Gbs: gibbsite; Gt: goethite;

Hem: hematite; Ant: anatase; and Qtz: quartz.

The Rietveld refinements confirm that kaolinite is the main mineral phase of the
material (Figure 4, Supplementary Materials, Table S2), reaching up to 76.5% (BRA0.5m)
and a minimum of 60.4% (CIR14m). Goethite varies slightly among the samples, from
14.8% to 15.9%. Gibbsite shows a stronger variation, from 3.2% to 19.2%, with higher
contents in the Ciriaco mine samples. Hematite is absent in the samples close to the surface
(0.5m) and represents close to 2% of the deepest samples. Anatase also shows only minor
fluctuations, from 2.1% to 2.3%. Up to 2.6% of quartz was quantified, but it occurs rather
occasionally as sparse quartz grains in BTC [25].

Even though the Rietveld results do not show a strong variation in the quantitative
mineralogy, the Rietveld-calculated patterns presented visible misfittings in the regions
19.6-26 20 (4.5-3.4 A) and 34.5-37 26 (2.6-2.4 A) (Figure 5). These are essentially related
to the refinement of kaolinite, which presents anomalous diffraction bands due to its low-
ordered configuration. The disorder in kaolinite structure is mainly caused by faults in
layer stacking [40]. In order to overcome this issue when refining bauxite samples rich in
low-ordered kaolinites, Paz et al. [13] successfully used a calibrated hkl phase to refine
this mineral in bauxites. Nevertheless, depending on the degree of disorder, an hkl phase
might not accurately fit the XRPD pattern of significantly disordered kaolinites.
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Figure 4. Mineralogical quantification of selected samples by XRPD-Rietveld. The results are the triplicate average shown
with the standard deviation bars.

counts

4000

2000

Observed  -=---------
Calculated

] 2

Diffraction angle [°28]

Figure 5. Refined X-ray pattern of sample CIR14m and its difference plot using Highscore Plus. Goodness of fit: 1.6 and

R—weighted profile: 5.5.

An improved Rietveld-calculated fitting was achieved when using a model for disor-
dered kaolinite (Figure 6). When compared to the previous results (Figure 5), the quantified
mineral contents using the model diverge little for most of the phases (differences are
close to 1%). However, kaolinite and the amorphous show a greater discrepancy. The
kaolinite content is 4.6% lower when using the model for disordered kaolinite, and the
amorphous is proportionally 3.7% higher. These differences are most likely related to
the amorphous quantified using the internal standard method, where the over-quantified
content of fluorite (internal standard) from its known added amount (10%) is recalculated
as amorphous. Referencing the content, for 10.46% of fluorite quantified by the Rietveld
method, the indirect calculated amorphous will be 4.6% (Figure 5), whereas it would be
0.9% (Figure 6) for a quantification of 10.09% of fluorite in the sample. Therefore, even
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minor differences in the first decimal case will strongly influence the amorphous quan-
tifications when using the internal standard method. Nevertheless, 62% of kaolinite was
stoichiometrically calculated after XRF (considering that all SiO; is in this phase), which is
similar to the amount obtained in the refinement without the model (60.4%, Figure 5) and
indicates that the amorphous composition in both cases (whether 0.9% or 4.6%) should

have a composition close to that of kaolinite.
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Figure 6. Refined X-ray pattern of sample CIR14m, refined in PROFEX-BGMN using a model of disordered kaolinite. Good
of fitness: 1.3 and R—weighted profile: 3.2.

Besides the improvement in the Rietveld fit using the model of disordered kaolinite,
the refinement was more unstable and time-consuming due to the increased interactions
among the Rietveld parameters. Another attempt to better understand the contribution of
defects in the structure of kaolinite was presented by Leonardi and Bish [41], who simulated
the XRPD patterns of kaolinites with different layer-stacking defects and used them to
analyze the patterns of natural samples. They observed that the 00! reflections are solely
affected by the quantity of layers in the crystals, whereas the hkl reflections are also related
to the amount and the nature of stacking defects, for which the stacking distance, the lateral
indentation, the structure misorientation, and the structure shift were accounted. However,
while the work helps to understand the nature of stacking faults in kaolinites and their
contributions to their XRPD profiles, such complex profile simulations still require the use

of supercomputers.

The hematite and gibbsite mixture additions proved the accuracy of the refinements
(Figure 7). For both mixtures, measured in triplicate, R? is higher than 0.99. The resulting
linear function permitted knowing the calibrated amounts of gibbsite and hematite in
the samples (when x = 0). These are 3.15% of gibbsite in the sample BRA0.5m and 1.99%
of hematite in the sample BRA13m, values very close to the 3.1% and 2.2% quantified
in the original samples, respectively. A wider standard deviation is observed for the
addition of 5% of gibbsite, as a result of the preferred orientation of (00/) planes of gibbsite
crystallites, which could not be completely solved using the March-Dollase function in the

Rietveld refinement.

7 of 14
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Figure 7. Mixture additions of gibbsite for the sample BRA0.5m and hematite for the sample BRA13m.

Fourier-transformed infrared spectra of the Belterra Clay samples BRA13m and
CIR14m are very similar (Figure 8), showing the same bands with different intensities. Mod-
eled and well-ordered kaolinites have well-defined OH stretching bands at 3697 (strong),
3669 (weak), 3652 (weak), and 3620 cm ™! [42,43]. Except for the weak band at 3669 cm ™!,
these other bands are present in the FTIR spectra of BTC and confirm the presence of kaoli-
nite. The disappearance of the 3669 cm~! band was observed in low-ordered kaolinites by
Brindley et al. [44]. These authors also reported a stronger 3652 cm ! band in low-ordered
kaolinites, which is a characteristically strong band in dickites and related to a disorder in
the structure of kaolinite caused by the displacement of the octahedral sites” vacancies.
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Figure 8. FT-IR spectra of BTC samples BRA13m and CIR14m: (A) OH-stretching region and
(B) middle IR range. The IR bands characterized for each mineral are marked by color for a quicker
interpretation. Overlapping colors means the bands are attributed to more than one mineral. Non-
marked bands are related to the displacement contribution of Si, Al, and H.
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The band at 3620 cm™~! is also an intense and characteristic band of gibbsite OH
stretching, which presents its further common bands at 3526, 3441 (wider), 3393, and
3373 cm ™! [45]. The bands attributed to gibbsite are much more intense for CIR14m due to
its higher gibbsite content. The wide band with a maximum of 3441 cm ! also coincides
with a non-stoichiometric OH stretching of goethite [46,47]. This mineral presents the less
obvious band at ~3062 cm !, attributed to stoichiometric OH.

In the mid-IR range (Figure 8B) of the spectra, the bands at 1112, 1103, 1032, and
1008 cm~! are characteristic of the Si-O stretching modes of kaolinite, whereas the band
at 798 is due to the OH bend of goethite. The further bands are mainly related to the
contribution of the displacement of Si, Al, and H.

The thermal analysis (Figure 9) shows four main mass-losses resulting from the heating
of the BTC samples. They are well-evidenced by both DTG and DSC peaks with maximums
at50°C,270°C, 375 °C, and 535 °C. The first is related to the loss of residual water absorbed
by the BTC grains, whereas the following ones represent gibbsite, goethite, and kaolinite.
Gibbsite dehydroxylates from 240 to approximately 380 °C, forming p-Al,O3 [48], with
a consequent mass-loss of 5.49% for the CIR14m sample and 1.8% for BRA13m. The
mass-loss from 340 to 410 °C corresponds to the dehydroxylation of goethite [46,47],
releasing approximately 1.85% of water. The last mass-loss, 59.5% in the CIR14m and
71.9% in BRA13m, is attributed to kaolinite’s decomposition to form metakaolinite [49],
which later goes to mullite at approximately 980 °C [50]. The thermal analyses not only
confirm the main mineralogy of the BTC samples, but are also consistent with their relative
mineralogical abundancy. Using the observed mass-losses to stoichiometrically calculate
mineral contents, 59.5% of kaolinite, 15.8% of gibbsite, and 16.2% of goethite are estimated
for CIR14m. For BRA13m, 71.9% of kaolinite, 3.8% of gibbsite, and 16.2% of goethite are
computed after the mass-losses. The calculated results are a good approximation to those
obtained by the Rietveld analysis. Minor differences might be due to low-ordered and non-
stoichiometric phases, such as goethite, known to be rich in Al [15]. For instance, an Al-free
goethite [FeO(OH)] has 10.14% of H,O, whereas an Al-rich goethite [(Feg ¢5Alg34)O(OH)]
has 11.73% of H,O to be stoichiometrically balanced. Furthermore, non-stoichiometric
hydroxyl units normally occur incorporated into the structure of goethites and were found
to increase proportionally to the Al/Fe ratio in this mineral [46,47].
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Figure 9. Thermal analysis of the BTC samples CIR14m and BRA13m. Heating rate 10 K/min. TG: termogravimetric curve;

DTG: first derivate of TG and; DSC: differential scanning calorimetry.
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4. Discussions

The influence of the different minerals on components of the PCA analysis is easily
seen in the mineralogical quantification of the representative samples of each PCA group
(Figure 4). The major difference concerns their kaolinite vs. gibbsite contents, which are
proportional to the intensity of the main XRPD peaks of these minerals. Minerals with
concentrations lower than 3% (quartz, hematite, and anatase, right portion of Figure 4) have
some contrasting values within the same group (i.e., BRA0.5m and BRA13m of group 1).
Nevertheless, these changes in minor contents (~1%) did not affect the PCA grouping,
whereas the changes for kaolinite and gibbsite contents (over 10%) controlled the PCA
sorting. If one wishes to consider the changes caused by minerals in minor proportions, the
defined cut-off of PCA must be reduced, and the clustering would result in PCA groups
composed of two or even only one scan, therefore not reducing the amount of data.

In XRPD, PCA can also be used to build calibration curves for specific minerals by
inserting XRPD patterns of pure mineral phases (for example, varying from 0% to 100%)
added to series of samples. However, a kaolinite standard with a XRPD pattern similar to
ours is necessary to build a calibration curve for our samples, which is challenging due to
the varying crystallinity of it.

The low-ordered character of kaolinite was confirmed by the different techniques used.
Poorly defined peaks, or even the absence of them, were noticed in the XRPD patterns,
which were better fitted in the Rietveld refinements using a special model of low-ordered
kaolinite. The OH bands of kaolinite observed in the FTIR spectra are also typical of
low-ordered ones. Nevertheless, a crystallinity estimation (i.e., crystallinity index) for
kaolinite from the XRPD patterns [51,52] was not possible in this work, as the (02) and
(111) reflexes of kaolinite in Belterra Clay are partially overlapped by the reflexes of gibbsite
and goethite.

The chemical composition and LOI of the samples, calculated after the Rietveld results
(Table S1), are plotted against the ones measured by XRF in Figure 10. The results show a
good correlation with R? > 0.9 for the most abundant components (Al,Os, SiO,, Fe;O3 and
LOI) when using the following stoichiometric compositions: for kaolinite, Al;SiO5(OH)4;
for gibbsite, AI(OH)s; and for goethite, (Feg ¢6Alp34)O(OH), which is close to the average
composition of BTC goethites in Rondon do Para [15,25]. Instead, if Al-free goethite is
considered, this correlation is much poorer for Fe;O3 (R? = 0.8334). The poorest correlation
is notably for TiO, (R? = 0.6297), which shows very low content and is solely influenced
by the anatase. Due to its small quantities, this phase is consequently more influenced by
expected errors of the Rietveld refinement [53].

Belterra Clay has indeed a similar chemical composition among the studied samples,
except for Al,O3, which shows a variation of 4.8% from the BTC at Ciriaco mine (CIR14m)
to the BTC at Branco mine (BRAQ.5m). Such variable alumina contents will further influence
BTC’s possible applicability. For ceramic purposes [27], an increase in alumina is usually
related to an increase in refractoriness [54]. When applied to the production of calcium
sulphoaluminate-based cements (CSAs), BTCs richer in alumina will favor the formation
of calcium sulphoaluminates, whereas those with lower alumina (and consequently higher
SiO,) will result in CSA cements richer in calcium silicates [29].

Finally, the variations in SiO; and Al,O3 are mostly controlled by kaolinite and gibbsite
in Belterra Clay, as the higher the gibbsite-to-kaolinite ratio is in BTC, the more enriched
in alumina it will be. Gibbsite is mostly found in bauxitic nodules that occur within the
clayey fraction of Belterra Clays [15,24,25,55].
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Figure 10. Comparison of the chemical composition measured by XRF and calculated after the
Rietveld analysis.

5. Conclusions

The mineralogical evaluation of the clay-rich overburden of bauxites from Brazil based
on XRPD analysis shows good agreement with the independently acquired results obtained
by XRF chemical analysis, FTIR, and TA. When compared to traditional wet chemistry
methods, the use of XRPD analysis is enhanced by the possibility of acquiring data faster,
using simpler and cheaper sample preparation. Applied to BTC, the Rietveld analysis was
able to deliver reliable mineralogical and chemical-derived results for the main oxides.

XREF, FTIR, and TA were complementary and crucial for an initial validation of the
XRPD results and for the verification of minor phases (close to 1%). After such validations,
XRPD can be applied to a variety of similar samples for rapid mineralogical control. For
reliability of the results, the chemistry composition calculation after Rietveld analysis must
consider the possibility of solid solutions and non-stoichiometric compositions, as was
seen for Al-rich goethites in BTC.

The studied BTC samples have a quasi-homogeneous composition for Fe;O3 and TiO,,
controlled, respectively, by goethite and anatase. On the other hand, SiO, and Al,Oj3 are
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more variable, influenced by the abundancies of kaolinite and gibbsite. The major differences
in an industrial application of BTC will be further related to its alumina contents. Whereas
the alumina content of Belterra Clay is too low for Al-ore (as bauxite), it is high enough to
consider it as a non-traditional raw material to be used in the cement or ceramic industries.

Supplementary Materials: The following materials are available online at https:/ /www.mdpi.com/
article/10.3390/min11070677/s1, Table S1. Chemistry (wt. %) of the studied representative Belterra
Clay samples, Table S2. Mineralogical composition of the studied representative Belterra Clay
samples after the Rietveld-XRPD quantifications. Rwp: R-weighted profile; GOF: goodness of fit.
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