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Abstract

Physical properties of clay minerals are essential in the evaluation for applications and new potential uses of geological materials.
This study presents results of optical, electrical, structural, compositional and morphological analysis of Hillite (0.967) / Chlorite
(0.013) / Hematite (0.02) clay mineral extracted from the Machado mountain region in the municipality of Taraird, department
of Vaupés, Colombia. The extracted clay was subjected to treatments to separate it from the others geological compounds before
the characterization process. The observed platy morphology allowed to perform a size grain analysis which confirmed the clay-
extraction. Particles with 0.8- 1.4 um diameter and two pseudo-modes distribution in the area histogram were found. The bimodal
distribution is assumed to be caused due to the differences between periodic ages of formation of the minerals in the extraction region.
Structurally, we found a monoclinic structure with residues of triclinic polymorphous and Hexagonal scalenohedral segregated
structures. The XRD analysis was based in the EDS measurements, given the stoichiometry of the sample. Also, a big absorption in
the optical UV-range with an effective band gap in the clay to 2.852 (8) eV was found. The electrical properties of the clay showed
a strong non-linear insulator behavior. Finally, the complete physical properties analysis allowed to introduce this material as an
inexpensive, time efficient insulator.

Keywords: Morphology, Clays, Electrical properties, Optical characterization.

Resumen

Las propiedades fisicas de los minerales arcillosos son esenciales en la evaluacién de aplicaciones y nuevos usos potenciales de
materiales geoldgicos. Este estudio presenta resultados de andlisis optico, eléctrico, estructural, composicional y morfoldgico de
mineral de arcilla Illita (0.967) / Clorita (0.013) / Hematita (0.02) extraido de la regién montafiosa de Machado en el municipio de
Taraird, departamento de Vaupés, Colombia. La arcilla extraida fue sometida a tratamientos para separarla de los demds compuestos
geoldgicos antes del proceso de caracterizacién. La morfologia laminar observada permitié realizar un andlisis de tamafio de
grano que confirmd la extraccidn de arcilla. Se encontraron particulas con un didmetro de 0,8 a 1,4 um y dos pseudo-modos de
distribucion en el histograma de dreas. Se supone que la distribucion bimodal se debe a las diferencias entre las edades periddicas de
formacién de los minerales en la regién de extraccion. Estructuralmente, encontramos una estructura monoclinica con residuos de
estructuras segregadas polimorfas triclinicas y escalenoédricas hexagonales. El andlisis XRD se bas6 en las medidas de EDS, dada la
estequiometria de la muestra. Ademads, se encontré una gran absorcién en el rango éptico UV con un intervalo de banda efectivo en
la arcilla a 2.852 (8) eV. Las propiedades eléctricas de la arcilla mostraron un fuerte comportamiento aislante no lineal. Finalmente,
el andlisis completo de las propiedades fisicas permitid introducir este material como un aislante econdémico y eficiente en el tiempo.
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1 Introduction

Clay minerals are usually defined for being part
of the phyllosilicates family, which are constituted
by two layers, one of tetrahedral Silica and an
octahedral coordinated sheet commonly composed
by Mg, Al, K, Fe or Ca and O or OH [1], both
of them are joined by apical oxygens or hydroxyls
to form 1:1 (1 tetrahedral and 1 octahedral sheets
a clay mineral layer) or 2:1 (2 tetrahedral and 1
octahedral between them forms a clay mineral layer)
clays [2]. These have been widely used trough
human history and represent an important field
of research for industries such as pharmaceutical
[3-5], construction [6-8], ceramics [9-11], etc.;
not to mention that clay minerals are a constant
subject of study for socio-cultural aspects of ancient
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civilizations [12-15] , emergence of life in earth [16-
18] and some actual topics in investigation like water
decontamination [19-21], chemical sensors [22-24],
molecular sieves [25-26] etc. These characteristics
make clay minerals research important beyond their
geological concern on this topic, and hence physical
properties of clay minerals such as crystalline
structure, surface morphology, optical response,
electrical measurements I(t), R(T) might be studied
to obtain information on the applicability of each
kind of clay [27-29]. It is important to note that
the classification of clay minerals strongly depends
on the subject area, here, tetrahedral-octahedral
phyllosilicates are considered as clays, but the
synthesis process ensures the common condition
over the particle diameter (i.e., D <5 um).

(b)

Figure 1. Geographic location of the provenance site of the studied clay.

In this work, the results of synthesis and physical
characterization of a clay mineral from the Machado
mountain region in the municipality of Taraird, de-
partment of Vaupés, Colombia are reported. For
this, X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Energy Dispersive X-Ray Spec-
troscopy (EDS), UV-Vis-NIR Spectroscopy, Current
- time, Current- Voltage and Resistance - Tempera-
ture curves are applied in order to characterize the
clay natural samples.

2 Experimental setup

In this section the experimental setups used to extract
the clay from the rock are explained same as the
synthesis of the clay samples and its characterization.
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2.1 Sample provenance

The sample were obtained in the location of *Cerro
Rojo’ in the Machado mountain range municipality
of Taraird, department of Vaupés, Colombia, showed
in the map of figure 1) The zone present hilly relief
and the rock was a part of an inactive gold mining
work land with two sub-levels of approximately 100
m each, iron oxides and quartz outcrops were naked
eye visible. Fragments of the rock were taken around
a depth of h = 100 m from the entry.

2.2 Materials

The geological samples usually are formed by a lot
of compounds with different grain sizes [31]. In
order to separate the clay from the other constituents,
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like sand, grave, silt, quartz, etc. The rock showed in
figure 2.1 was macerated for two hours in an agate
mortar (figure 2.2), after obtaining a homogeneous
powder, it was sifted in a 400 mesh (i.e., a mesh
size of 37 um, see figure 2.3). In this step of
the preparation process, it was expected to have a
mixture of only carbonates, organics, silt, and clay
(figure 2.4). The removal of carbonates is required in
the limestones, in this case, it is not necessarily due
to the geological origin of the rock [32-33]. The
treatment to remove the organic part consists in
a 3% solution bath of hydrogen peroxide (H,0,),
nevertheless, before submerging all the sample it is
advisable to do a test with a little powder fraction. If
the organics removal is necessary, when the immerse
into the solution is complete, one must observe
bubbles in the surface of liquid. For the considered
sample, the treatment is not necessary [34]. In

this point, the sample powder is now only clay and
slit. To separate these components is necessary to
use a distilled water-powder solution with a mono-
dispersant at 0.5% WW (figure 2.5)[35]. For this,
sodium hexametaphosphate were used (NaPOs3)g in
a highly diluted solution. After an 8-hour decanting
process, the liquid and solid phases were separated
using a pipette. In the liquid phase, the clay is
suspended, and a different method is required for
its extraction. Among the most used methods are
decanting (2-3 weeks), evaporation in water bath and
the centrifugation process. To avoid oxidation of the
sample by the water bath or adding hydroxyls to the
structure, it was decided to centrifuge the sample at
5000 rpm, achieving the clay extraction (figure 2.6).
This new fine powder was left to dry in a desiccator
with silica at 10 KPa.

Figure 2. Schematic process of the most relevant steps for extract the clay to the rock. (1) Rock, (2) macerated rock, (3)
sifted residue, (4) sifted powder, (5) distilled water-powder solution and (6) clay extracted. The insets in sub-figures 1, 3, 4

and 6 show zoom pictures to the corresponding materials.

2.3 Synthesis

Smear slides sample mounts were prepared to
structural characterization [36] Heat treatments
at various temperatures were applied in order to
identify the clay minerals. The principal idea was
to detect changes in the crystal structure spacings or
loss in the structure. Depending on the temperature
and mineral species, these treatments can collapse
some peaks by dehydration or destroy of the crystal
structures. However, it is necessary to remember
that some of the changes caused by the heat

treatments may be temporary, and that partial or
complete rehydration may occur during cooling [37].
Annealing, in atmospheric pressure, at 673(4) K and
823(4) K, with a slowly cooled were performed for
a posterior XRD analysis. Another characteristic of
the families of clays is their behavior under ethylene
glycol bath, which is used as an auxiliary treatment
to expand swelling clays [38]. Two hours before
the XRD measurement, a smear slide sample was
impregnated with C;HgO; and left drying. In order
to prepare the disks clay samples, the not-annealed
centrifuged powder was pelletized to form disks of

Ciencia en Desarrollo, vol. 13 no. 1, enero-junio de 2022 45



H.D. Herniandez Gonzalez et al.

9.00(2) mm diameter and 0,99(1) mm height in a
hydraulic press of 0,47(3) GPa. Subsequently the
discs were annealed at 873,15(4) K for 4 h, and
slowly cooled until room temperature. Samples
for electrical measurements were coated with silver
conductive paint at 60% on both sides of the discs.

2.4 Characterization

The samples were characterized through XRD
measurements by using X-ray diractometer X’ Pert
Pro polycrystal of PANalytical, equipped with a Cu-
K source: 1.540598 A, a difference of potential
of 40 kV, current of 40 mA and a X’Celerator
detector. The software used for comparison was
X’Pert HighScore Plus, using Rietveld refinement.
Morphological characterization of the samples was
performed by a scanning electron microscope (SEM)
Vega3 SB with tungsten source, a XFlash Detector
410M and an accelerating voltage of 10 kV under
high vacuum conditions (~ 10-% mbar) , also
equipped with a SDD for EDXS measurements.
Ten monolayers of AuPd were sputtered on the
disc’s surface to avoid the accumulation of charges
in the surface. Optical properties of the samples
were obtained using a monochromatic beam in
an integrating sphere with a spectrophotometer
reference Cary 5000 UV-VIS-NIR from Agilent at
atmospheric pressure and room temperature. In
the reflectance measurement was used a diffuse
reflectance configuration with correction of baseline

SEM HV: 15.0 kV . WD: 14.99 mm

SEM MAG: 6.22 kx
View field: 33.4 ym

Det: SE, BSE
Date(m/dly): 02/13/19

with BaSO4. The electrical measurements were
realized using a four points configuration in an
Electrometer 6517A of High Resistance Meter from
KEITHLEY. Gold-plated silver electrodes were
used, for measurements at room temperature those
were arranged in a brass cage or in a cryostat
for measurement with temperature variation. The
temperature control in these characterizations was
performed by a Cryogenic Temperature Controller
Lake Shoree 332 with a PT100 as temperature
Sensor.

3 Results and discussion
3.1 Morphology

Scanning electron micrography of the clay disk sam-
ple was obtained for SE and BSE at a magnification

of 6.27 kx, WD = 15 mm, and SEM HV = 15 kV.
The obtained result can be seen in figure 3. The
secondary electrons image (SE) of figure 3a show a
non-planar surface topography probably caused in
the pellet fabrication due to the observed platy mor-
phology, while backscattered electrons image (BSE)
of figure 3b did not show any relative difference
in composition but rearms the previous observation
of platy morphology in this sample. Meanwhile, a
strong charging effect of the most superficial grains
is observed due to the high potential difference ap-
plied to the electron gun of the microscope.

VEGA3 TESCAN|

SEM Fisica UNAL

Figure 3. SE (a) and BSE (b) micrographs of clay disk showing platy morphology.
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In order to obtain information on the mean
grain size (area) the SE image was analyzed
through particle area measurement analysis using
the threshold value method to binarize the image
after applying a FFT band-pass filter to enhance the
contrast between the particles. Once the image was 8-

bit threshold valued, an area measurement algorithm
was used with minimum circularity parameter of
0.05. The obtained surface area data then pass to
a histogram analysis that can be seen in figure 4,
in which the inset reveals the contours used in the
analysis.

Counts

Area(um?)

Figure 4. Histogram of area (red) and approximated distribution of grain size (blue).
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Figure 5. a) Identified peaks in the untreated sample and (b) series of XRD patterns to show Hillite and Chlorite presence in

the sample.
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Table 1. EDS analysis on the area represented in the
micrograph of figure 3b.

Element Atomic number Atomic percent (%) Deviation ¢

o 8 48.00 2.45
Al 13 22.44 0.48
Si 14 22.12 0.44
K 19 6.84 0.17
Fe 26 0.60 0.07

This analysis allows to think that the average
composition of the sample have significant oxygen
in its structure, all the clay minerals include apical
oxygens in the tetrahedral sheet, and central and
extreme oxygens in the octahedral one, so that it’s
natural to think on high oxygen concentrations in the
sample; The other elements present in the sample
are common in nature and have been reported in the
Mitd region plate near Taraird, usually in phases of
muscovite, chlorite, sericite, leucoxene and epidote
[40], in this case, different clay minerals are expected
based in the location of the sampling (an inactive
gold mine).

3.3 Structure

Samples previously prepared as told in the 2.3
subsection were characterized following the Clay
Mineral Identification Flow Diagram [41]. The four
samples (Untreated, C;HcO, impregnated, 673 K
and 823 K annealed) evidence the XRD patterns
showed in figure 5a. The first two peaks in 20 =
8.85° and 260 = 12.3° equivalent to d-spacings of
d =10 A and dr =17 A were followed in the flow
diagram. For d, the peak shows no changes over
the treatments, which directly leads to the hillite,
muscovite, glauconite, ceradonite and biotite family.

h-‘IgBSiQO{)

Peaks at d = 5 A and d = 1.53 A allows to differ
between the diverse clay minerals and choose the
Hillite phase directly. As showed in figure 5b,
for the second peak (d, =7 A), no changes were
observed after C;HgO, impregnation, and 134 K
anneal process, but total destruction is observed for
the 823 K annealing, lead to the kaolinite, chlorite,
dickite, nacrite families, as the observed morphology
in the subsection 3.1. is platy, nacrite and dickite
families are discarded, and then, by having a (060)
diffraction peak around d = 1.53 A, itis suggested
the occurrence of chlorite over dioctahedral chlorite.

As seen in subsection 3.2 a small percentage of
iron is present in the sample, usually magnetite [42-
43], goethite or hematite[44] associated phases are
present in clay minerals, Goethite-Hematite phases
have been observed in the Mitu region and seems
to be responsible of Oolitic iron presence in this
region [39]. Then, a search-match algorithm for the
present peaks in the untreated sample was used to
see if the pattern is in accordance with the proposed
crystallography, three phases from the COD 2013
database[45-49] were selected due to its accordance
score. Hillite (KA;4Si1,01,) with PDF 96-900-966
[50], Chlorite (Mg3Si,Og) with PDF 96-900-0159
[51] and Hematite (Fe,O3) with PDF 96-591-0083
[52]. The identified peaks are shown in figure
S5a. Finally, Rietveld analysis was performed to
determine the crystalline percentages in the present
sample, obtaining a 96.3 % of Hillite phase, 1.7 % of
Chlorite phase and a remaining 2.0 % of Hematite.
The resulting structures are shown in figure 6.

KAl (SiOg),

Figure 6. Rietveld solved structures for the three present phases in the sample. Primitive cell structures were solved with

Materials project interface [53]

48  Ciencia en Desarrollo, vol. 13 no. 1, enero-junio de 2022



H.D. Hernandez Gonzaélez et al.

The solved structures show tetrahedral or octahe-
dral coordinates cells. Observed Hematite (Fe,O3)
has a Corundum-like structure and belongs to trig-
onal R-3c space group [54]. Trivalent iron (Fe3t)
is attached to six divalent oxygens (O*~) forming
a trigonal structure of sharing octahedra. For Chlo-
rite (Mg3Si»Og) we obtain triclinic Py space group
with the expected three layers, one of Mg3SisOy»,
and other two of MgO, oriented in the hkl (001)
direction. Two layers of SiO4 tetrahedra shares api-
cal oxygens with a MgOg octahedral sheet between
them[51], forming a well-defined 2:1 clay mineral
structure. In the other hand, Hillite (KAI4Si»O12),
that constitute the major component, crystallizes in
monoclinic C2/c space group, analog to Chlorite.
Hillite is a 2:1 clay mineral, with two layers of tetra-
hedral Si04/Al0O4 sandwich a layer of KOg octahe-
dra, forming a non-uniform clay mineral layer due

1@

R%

1(b)

to the duality (Si, Al) in the tretrahedral layer [50].

3.4 Optical properties

The optical characterization was based on a diffuse
reflectance spectroscopy (DRS) study. The sample
was prepared in the form of a disk with a thickness
of 0.99(1) mm and a diameter of 9.00(2) mm. The
disk was placed in the center of a non-reflective
black support within the UV-VIS-NIR integration
sphere. Measurements were made in the range 200
nm < A < 1100 nm in steps of 1 nm. Even though
the disk is so thick, the relative intensity of the
reflected beam (figure 7a) is greater than 50% in
the NIR-VIS spectrum, up to A = 400 nm. The
absorption coefficient was calculated considering
a null-transmitted beam (7 = 0) in the optical
equations.

T T T T T
200 400 600 800 1000

A (nm)

T T T T T
200 400 600 800 1000
A (nm)

Figure 7. Optical properties as function of the wave longitude to the disk sample. (a) Diffuse reflectance in percentage, (b)

absorption coefficient with a (inset) Tauc analysis.

The optical density (also known as absorption) is

defined by
I(!
0.D= —logyg (5)) , M

where I(I) is the beam intensity at distance / and
Iy the initial intensity. Following the conservation
principle, absorbed, transmitted, and reflected beams
must comply

A+T+R=1. 2)

The absorption coefficient (¢¢), in an optical
medium is defined by [55]

dl (z) = —odz.I(z), 3)

where the propagation direction is z, integrating the
Beer-Lambert equation is deduced as

1(z) = Lexp(—az). ©)
Combining Eq. 1 and Eq. 4, the relation between
absorption and is found to be

al
In(10)

0.D= ~ 0.434al. )

The absorption coefficient was calculated from
diffuse reflectance measurements (figure 7b), and
a peak to absorption in UV range was found. This
result means, possibly, in a photon absorption inside
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the material in a particular wave longitude. Using
the band gap concept of the semiconductors, the idea
is to determine an effective band gap of the material
by the Tauc method (see Jan Tauc [56]). The Method
is mostly valid to semiconductors behaviors, and was
refined by Davis and Mott [57, 58], leading to the
following expression

1

(ahv)" = a(hv — Ey). ©)

where £ is the Plank constant [59], v is the photon
incident frequency, « is the absorption coefficient,
a represents a proportionality constant and E, the
band gap. The n factor depends on the nature of
the transitions that govern mostly in the material. In
general, n depends on if is a direct, indirect, allowed,
and forbidden transition (see table 2). Using the
Tauc analysis, the ahv as a function of iv plotted in
figure 7b allowed to a direct transition with E,=2.86
eV, which corresponds to an electronic transition
without phononic interactions that has place for a
A =434 nm.

Table 2. Possible values of n factor for Tauc analysis
(Eg. 6) and it depend on the nature transition.

n Nature Transition
2 Direct Allowed
3/2  Direct Allowed
2 Indirect  Forbidden
3 Indirect  Forbidden

3.5 Electrical response

The circular faces of the samples were painted with
silver dye for electrical characterization, so that
each disk can be seen as a parallel plate capacitor,
expecting an RC circuit behavior when subjected to a
potential difference. A potential of 50 V was applied
on the disk, and the behavior of the current over time
was analyzed, as represented in figure 8. Initially a
decreasing current is observed, but subsequently the
current increases, reaching a stable current average
value of 1.389(8) x 10" A.

’— Ajuste Exponencial\

1,4x107
1,2x107

1,0x107

8,0x10° 1

Current (A

6,0x10° -

4,0x10°

2,0x10°®

T
100

50

T
150

T T T 1
200 250 300 350

Time(s)

Figure 8. Current as function of time for a 50 Volt potential applied on the silver-painted sample.

The electrical response obtained follows a behav-
ior given by the function

I(t) = 1.390—1.183e—11*3]x10—7A, %
which does not correspond to RC type behav-
ior (which should not contain a temperature-

independent term), due to the eventual occurrence of
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microscopic percolative processes that take place due
to the random distribution of the three compounds
that make up the clay mixture.

An interesting dependence is the resistive behavior
as a function of temperature. Due to the ease
with which clay absorbs water from the atmosphere,
the electrical conductivity could increase due to
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the distribution of hydrogen bonds in the material.
Figure 9 depicts a heating up to 7 = 350 K,
evidencing a decrease in resistance with temperature

1,5x10" 4

1,0x10"

Resistance (Q)

5,0x10"

0,0

by an order of magnitude that clearly affects
electrical losses.

T T T
300 320 340

T T T
360 380 400

Temperature(K)

Figure 9. Current as function of time for a 50 Volt potential applied on the silver-painted sample.

The curve depicted in figure 9 shows a downward
characteristic that varies with each measurement
cycle due to the processes of absorption and
evaporation of moisture from the environment.
Meanwhile, in general, the order of magnitude of
resistivity is typical of insulating type materials.

4 Conclusion

The proposed and used synthesis method econom-
ically, rapidly and affordably separates clay miner-
als from silt and sand. The size analysis by SEM
shows that more than 99% of the observed sizes
are in the region of clay diameter D < 5 um. Mor-
phological analysis helped to differentiate the illite
phase from the muscovite, glauconite, cerandinite
and biotite families, it also shows the characteristic
lamellar structure of clay minerals due to the T-layer-
O-layer-T-layer crystal structure. Thermal analysis
and C,HgO», impregnation showed chlorite and illite
phases, thanks to EDXS measurements also iden-
tified Fe,O3 phase with trigonal space group R-3c;
both clay minerals in the structure showed tetragonal-
octahedral-tetragonal 2:1 coordination with triclinic
P1 and monoclinic C2/c space groups for chlorite
and illite respectively. Due to the high reflectance
in the infrared region, and its high absorption coeffi-
cient in the UV spectrum, the clay can be used as an

environmentally friendly component of a sunscreen.
Another particular optical property of this material
is its insulating band gap. The electrical behavior of
clay classifies this material in the insulating mate-
rials, and for the application of electrical shielding
it is a very good coating for high voltage situations.
The electrical properties have significant changes
when the clay is in the presence of a humid climate,
absorbing the surrounding water. This can be useful
for a moisture sensor, or a moisture absorber. Due to
the properties obtained, this material can be used to
replace the old gold mining revenues in the *Cerro
Rojo’ locality of the Machado mountainous region.
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