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Abstract

Kaolin is widespread as a result of the alteration in the San José Sn-Ag deposit located in Oruro, Bolivia. This study presents
a chemical, mineralogical and thermal characterization of the San José kaolinitic deposit, which is necessary to determine
their optimal applications. Mineral phases of these white silty kaolinitic materials were determined by X-ray diffraction
(XRD) and are quartz, kaolinite, K-feldspar, muscovite, illite and minor halloysite, dickite, plagioclase, jarosite, rutile,
alunite and gypsum. The fraction <63 um contains 20-27 mass% of kaolinite. Differential thermal analysis (DTA) shows
an endothermic peak at 520 °C associated with the dehydroxylation of kaolinite and an exothermic peak at~980 °C related
to the crystallization of mullite. TG curves show a total mass loss up to 1300 °C of about 8 mass%. The dilatometric curves
show a shrinkage at about 890 °C produced by the collapse of metakaolinite into a spinel-like structure, and another shrink-
age starts at 1010 °C, at the beginning of the sintering, when the spinel-like phase is transformed to mullite and amorphous

Si0,. Lightness L* is 80-92, but only the mined materials have b* <4, suitable for paper filling applications.
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Introduction

A significant source of primary kaolin comes from the
alteration of host rocks produced during the circulation of
hydrothermal fluids responsible to the formation of metal-
lic deposits [1, 2]. Bolivia is known by its abundant metal-
lic mineral resources. The abundant hydrothermal activity
that formed most of the ore deposits in the Central Andean
Tin Belt produced alteration of the host rocks that consti-
tute important clay resources. Other kaolinitic deposits
are related to degradation of materials of Devonian age in
Bolivia [3]. They are also abundant in the tropical regions of
the east part of the country, where they formed from super-
gene processes, such as the active exploitations of kaolin in
the departments of Santa Cruz [4] and Cochabamba [5, 6].
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The aim of this study is to present a mineralogical and
thermal characterization of kaolinitic rocks located in the
vicinity of the San José mine (Oruro, Bolivia) to determine
their possible industrial applications. This kaolinitic area
was formed as result of the alteration of volcanic rocks by
hydrothermal fluids during the formation of the San José ore
deposit. The mineralogical and thermal characterization of
these kaolinitic materials have not been previously reported.
A description of the area and mineralogy of the San José
mine was reported by Keutsch and Brodtkorb [7]. An eco-
nomic valuation of the exploitation of this deposit indicated
the occurrence of 318,892 tons of kaolinitic material in this
deposit [8].

The characterization of the kaolinitic materials is neces-
sary to select the most suitable application. Traditionally
kaolins have a wide number of uses, which depend on their
composition and properties, the morphology, particle size
distribution and colour are especially important for the final
application [9]. The most important uses are in paper mak-
ing, paints and ceramic uses, but also is used in the indus-
try of rubber, plastics, pharmaceuticals, ink, catalysis, fibre
glass and Portland cement [10]. The interest in kaolin has
increased with the possibility to be used in the production
of a cementitious material that can substitute the Portland
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cement and in this way contributing to reduce the emissions
of CO, [11].

Material and analytical methods
Samples

Ten samples were obtained along the deposit located close
to the San José-Itos mine. Two of them (SJ-1 and SJ-2) are
representative samples of a quarry area that is been mined;
the other samples belong to outcrops located in the sur-
roundings of the quarry and do not were exploited. This
area is located in the North part of the Oruro city, Bolivia,
Central Andean Tin Belt. The clays which are the main sub-
ject of this study are formed from the hydrothermally altered
magmatic-volcanic rock complex of the San José deposit,
Oruro. Advanced argillitic alteration is widespread in the
surroundings of this deposit with abundant kaolinitization.

Analytical methods

The particle size distribution of kaolins has been determined
by a LS 13 320 Beckman Coulter particle size analyser.
Samples were treated with sodium pyrophosphate and agi-
tated mechanically for 24 h to achieve a total disaggregation.
The samples were separated in different size fractions in
order to determine where is the main clay concentration. In
this process the 50 g of particles < 60 um were introduced
in 1L of a solution with deflocculant; particles between 2
and 20 um were removed by sedimentation and the parti-
cles <2 um were separated filtering the solution.

The chemical composition of major elements of the
kaolinitic materials was determined by X-ray fluorescence
(XRF) using a sequential X-Ray spectrophotometer Philips
PW 2400.

The mineralogy was determined by X-Ray Powder dif-
fraction (XRPD) using random and oriented aggregates
prepared following standard XRD procedures [12], which
include three spectra of samples without treatment, glyco-
lated with ethylene glycol and heated at 550 °C. The dif-
fractograms were obtained from powdered samples in a
Bragg—Brentano PANAnalyticalX’Pert Diffractometer sys-
tem (graphite monochromator, automatic gap, Ka-radiation
of Cuat A=1.54061 A, powered at 45 kV-40 mA, scanning
range 4—100 ° with a 0.017 ° 20 step scan and a 50 s measur-
ing time). Identification and semiquantitative evaluation of
phases was made on PANanalyticalX’Pert HighScore soft-
ware. The Inorganic Crystal Structure Database (ICSD) was
used for the mineral identification. Additionally, Fourier-
transform infrared (FTIR) spectra were obtained using a
PerkinElmer System 2000 FTIR spectrometer. Vibrational
spectra were obtained in the 400-4000 cm™' range.
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Electron scanning microscopy (SEM) equipped with an
energy dispersive X-ray spectrometer (EDS) was used to
observe the textures and morphology. The equipment used
was a Hitachi TM-1000 table-top.

Thermal properties were determined by simultaneous
differential thermal analysis and thermogravimetry (DTA-
TG) and dilatometry. DTA-TG analyses were carried out
using a STA 409C Netzsch equipment. Analyses were car-
ried in a dry air atmosphere with a flux of at 80mLmin~"
constant flow ratio. Samples of 83.5 mg were introduced
in an alumina crucible and heated from 25 to 1300 °C with
a linear rate of 10 °Cmin~!, followed by free cooling. Alu-
minium oxide PerkinElmer 0419-0197 is taken as reference.
Dilatometric analysis was measured by a Linseis horizontal
dilatometer L76/1550. Samples were heated up to 1300 °C
ata 10 °Cmin~! in a dry air atmosphere.

Colour was determined by the spectral diffuse reflectance
in the CIELAB colour space [13]. The parameters were
measured using a CM-700d Konica-Minolta spectropho-
tometer. The description of the colour was based on three
parameters: lightness (L*), saturation (C*) and intensity
(h,,) [14], which were established from three coordinates,
L*, a* and b*. L* indicates lightness, 100 being white colour
and 0 black; a* and b* are the chromatic coordinates: + a*
is the red axis, — a* is the green axis, + b* is the yellow axis
and —b* is the blue axis.

The whiteness index (WI) was calculated using the equa-
tion of Stensby (1) [15, 16]

WI=L"-3b* +3a* ey

where L*, b* and a* are the CIELAB parameters.

Results and discussion
Particle size distribution and morphology

Particle size is an important parameter in the properties of
kaolin and has to be taken into account in the fabrication of
ceramics [17]. The cumulative particle size distribution of
the kaolinitic materials from San José is shown in Fig. 1.
Fifty per cent (50%) of the materials (P5;) shows a particle
size smaller than 5 um and 80% of the particles (Pg,) are
smaller than 18 um. The fraction <2 pm represents 28% of
all the materials.

The morphology of kaolinite provides useful infor-
mation for the identification. All the kaolinite-group
minerals have similar structure and composition, which
makes difficult it to distinguish them [18] Kaolinite
occurs as isolated or stacked plates, whereas halloysite
although can be present in different morphologies it is
usually with tubular shape [19]. SEM observations show
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Fig. 1 Particle size distribution of the San José kaolinitic materials

that kaolin-group minerals from San José exhibit a platy
regular morphology with hexagonal crystals of kaolinite,
often grouped in stacks or in book-like shape (Fig. 2),
whereas halloysite although can be present in different
morphologies.

Chemical and mineralogical characterization

The main components of the kaolinitic materials from San
José are SiO, (64 to 69 mass%), Al,O5 (19 to 20 mass%)
and K,0 (4.03 to 5.51 mass%). In addition, there are minor
amounts of Fe,O; (0.61 to 1.11 mass%) and TiO, (up to
0.64 mass%) and Na,O, CaO, MgO and P,05 occur in lesser
amounts (Fig. 3).

Fig.2 Scanning electron
microscopy images of San José.
a Book aggregate of kaolinite,
b presence of halloysite with
tubular shape

Fig.3 Chemical composition of
the San José kaolinitic materials

The mineralogical composition of these materials is pre-
sented in Table 1. The mineral phases are mainly quartz,
K-feldspar, muscovite/illite plagioclase, kaolinite, halloysite
and minor alunite, jarosite and gypsum. XRD from oriented
aggregates (Fig. 4) confirm these clays identification. In
some cases, instead of kaolin the kaolinite-group mineral
dickite was identified. Dickite is especially formed during
hydrothermal alteration of volcanic host rocks [19, 20]. In
the San Pablo mine, located in the Central Andean Tin Belt,
also dickite was reported [21].

The mineralogical analysis in particle size fractions reveal
that most kaolinite is in the smaller fractions. The frac-
tion < 63 um contains from 20 to 27 mass% of kaolinite and
that between 2 and 20 um has from 10 to 17 mass% kaolinite
(Fig. 5). The same behaviour is followed by illite, whereas
quartz and feldspar show the opposite behaviour (Table 2).

The FTIR spectrum of the San José kaolin (Fig. 6) shows
the representative vibrations of kaolinite, associated to
structural bonds of Si-O, Al-O, Al-OH, SiO,-Al,0; and
Si—0-Al [22, 23]. In the region from 3800 to 3600 cm™!
the most characteristic absorption bands of kaolinite corre-
spond to structural water and Al-OH stretching vibrations.
These characteristic bands appear at 3698, 3673, 3650 and
3623 cm™. The theoretical doublet at 3694 and 3619 cm™,
which in San José appears at 3698 and 3623 cm™!, reveals a
well-ordered kaolinite structure [22]. Bands at 1113, 1030
and 994 cm™! correspond to Si—O stretching, a band at
920 cm™! is attributed to Al-OH bending vibrations and at
790 and 765 cm™! are attributed to OH deformation [22].

4.8%
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Table 1 Semiquantitative

X N o Quartz  Kfs Pl Kaolinite Dickite Illite/Ms Jarosite  Alunite Rutile Gypsum
mineralogical composition,
in mass%, of the San José SJ-1 59 6 _ 7 _ 2% _ 2 _ 2
kaolinitic materlals.. Kfs, S72 40 18 9 3 B 1 B 4 B _
K-feldspar; P, plagioclase; Ms,
muscovite. Hyphen: under the SI-18 56 7 5 8 - 24 - - - -
detection limit SJ-19 47 7 - 6 - 37 2 - - -
SJI-20 66 3 - - 8 21 2 - - -
SI-21 61 5 - 4 - 27 2 - - -
SI-22 56 8 4 10 - 20 - - 1 -
SI-24 55 11 - 11 22 1 - - -
SJ-62 52 17 - - 8 19 - 4 - -
SJ-63 68 6 -5 - 21 1 - - -
Qz Table 2 Semiquantitative mineralogical composition, in mass%, the
Iit San José kaolinitic materials distributed in size fractions (sample
Heated (550 °C) SJ-I)
Kin
Qz Fraction size (um) <2 2-20 20-60 > 60
3' n
g " Glycolated Quartz 8-19 25-34 51-53 56-63
% e K-feldspar 16-18 16-25 9-13 5-23
= Qz Oriented Kaolinite 20-28 10-17 10 8
Iit sheets Tllite/Ms 36-41 25-26 20-24 12-21
Alunite 5-9 4-12 4-5 3
L L L L L L L L L L L L L L L L L L L L L L L
5 7 9 11 13 15 17 19 21 23 25 27 29

20/°

Fig.4 Oriented aggregates XRD Patterns (sample Sj-2), treated with
ethylene glycol and heated 550 °C. Qz, quartz; Ilt, illite, Kln, kaolin-
ite

Qz

Intensity/a.u.

it KInay Kin

Qfs Alu l
> 60 um

20-60 pm
_u___,_pw\ﬂwm 2-20 um
MMM_M <2um
T T T T Tt T T
5 10 15 20 25 30 35 40 45
26/°

Fig.5 XRD Patterns of the size fractions of the kaolinitic material of
San José in a representative sample (Sj-2). Quartz Qz, Kfs, K-feld-
spar; Ilt, illite; Kln, kaolinite and Alu, alunite
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Thermal properties

Thermogravimetric analysis shows two steps of mass loss.
The first step produces a mass loss of about 0.4 mass% and
occurs in the range 25-200 °C and corresponds to adsorbed
and interlayer water removal ascribed to kaolinite and illite.
This change can be observed as an endothermic event shown
in the first derivate curve (Fig. 7). The main mass loss, of
about 6 mass%, occurs between 200 and 1200 °C and is
related to the main DTA event, which is attributed to kao-
linite dehydroxylation.

DTA shows an endothermic peak at 520 °C, caused by
the release of clay OH™ groups and exothermic peak at ~980
°C related to the formation of a spinel-like phase and mul-
lite from the destabilization of metakaolinite (Fig. 7). The
temperature of the endothermic peak is related to the degree
of order of kaolinite. According to Smykatz-Kloss [24] the
endothermic lower than 530 °C corresponds to extremely
disordered kaolinite. The halloysite content could also con-
tribute to lower this peak, thus halloysite endothermic occurs
at temperatures lower than 500 °C [25]. In the present study,
the illite content is higher than kaolinite, contributing also to
the endothermic event. However, the illite dehydroxylation
occurs at higher temperature than kaolinite [26, 27].
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The dilatometric analyses show the expansion—shrink-
age evolution of all the phases in the material during heat-
ing and cooling processes, being mainly significant the
effect of clays and quartz [27]. The dilatometric curves
of the kaolinitic materials from San José are shown in
Fig. 8. Firstly, with the increase of temperature up to 400
°C the expansion is slow. A more pronounced dilatation
occurs between 500 and 520 °C attributed to the endo-
thermic reaction of kaolinite, which is associated with
the loss of structural OH™ groups. It is followed by a
significant shrinkage at 500-600 °C due to the a-p poly-
morphic transformation of quartz at 573 °C. Another con-
traction is observed in the range 880-980 °C associated
with the collapse of metakaolinite into a spinel-like struc-
ture. Recrystallization starts at 950-980 °C and causes a

Fig.7 DTA-TG curves (sample

Wavenumber/cm—!

reduction in the shrinkage, which reaches approximately
up to 1010 °C, when the spinel-like phase is transformed
to mullite and amorphous SiO, [23]. At higher tempera-
tures there is a new shrinkage associated with the sinter-
ing. Finally, at 573 °C a polymorphic transformation of
p-a quartz is reflected in the cooling curve. The low-
est shrinkage occurs in the samples with lower quartz
contents (Fig. 8). These samples are the alunite-richest.
Alunite and jarosite have an influence in the shrinkage
attributed to the release of their water molecules and SO,
[28, 29].

XRD of the pieces used for the dilatometric tests,
which were heated at 1300 °C show that the mineralogi-
cal composition after firing is quartz, mullite and a minor
amount of rutile and occasionally hematite.
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Fig. 8 Dilatometric curves of ) o.— B quartz transformation into
the kaolinitic materials from 300 — dehydroxylation spinel-like structure
San José of kaolinite h
. mullite formation
0 and sintering
- 300 — \
— 600 —
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Colour The colour depends on the mineralogical and chemical com-

The San José kaolinitic material vary from white to creamy
(Fig. 9). The CIELAB parameters are shown in Table 3.
Lightness control the possible applications of kaolin. The
highest requirements are for the paper coating industry,
which requires 81.5 to 90.5 of lightness [30]. Lightness is
function of the particle size and particle size distribution
[31]. The San José materials have a high value of lightness.
However, the whiteness considerably varies; the lower
whiteness is from samples with small amounts of jarosite
(KFe3+3(SO4)2(OH)6), the iron content of this mineral is
responsible of colour.

The exploited kaolinitic materials display highest white-
ness in comparison with other samples collected in this area.

SJ-1 SJ-2 SJ-18

SJ-21 SJ-22 SJ-24

Fig.9 Image of the kaolinitic materials powders
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position of the kaolinitic material, being the chromophore
elements, mainly Fe** and Ti** [32, 33]. The redness (a*)
and yellowness (b*) are inversely correlated to the light-
ness and whiteness (Fig. 10), being only the materials of
the exploitation area with b* low enough for specific uses
as paper coatings, which requires a yellowness lower that
4.8 [30].

The chroma parameter (C*) shows a negative correlation
with L*, but in the fired materials both have a slightly posi-
tive correlation. The h,, parameter has a positive correlation
with L* in all the kaolinitic materials.

Fired pieces always show a decrease of lightness and
whiteness with respect to the original kaolinitic materials
(Table 3). The a* parameter is similar to the darkest raw

SJ-19 SJ-20

SJ-62 SJ-63
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Table 3 Colour parameters of

, ae . Samples Kaolinitic Fired materials (1300 °C)
the San José kaolinitic materials powder
L a* b* C* h,, WI L a* b* C* h,, WI

SJ-1 92 -0.31 484 485 94 77
SJ-2 92 0.09 427 427 89 80
SJ-18 85 201 1221 1237 81 54 66 284 705 760 68 53
SJ-19 83 354 16.14 1652 78 45
SJ-20 83 291 1301 1333 77 53 59 321 688 759 65 48
SI-21 82 389 1437 1489 75 51 61 357 667 756 62 52
SI-22 84 224 1270 1290 80 52 71 376 874 951 67 56
SJ-24 83 200 1231 1320 77 53 62 397 819 9.08 64 50
SJ-62 90 0.54 511 514 84 77 81 254 885 921 74 62
SJ-63 38 0.88 748 753 83 68 83 272 1033 10.68 75 60

kaolinitic materials and do not follow is not correlated Fe* — O — Ti* = Fe** — O — Ti?* )

with the lightness, whereas b* of the fired pieces is lower
than in hematite- rutile-bearing samples; a similar rela-
tionship occurs between lightness and the C* parameter
(Fig. 10d). The lack of correlation between lightness and
a*, b* and C* in the heated materials could be attributed
to the different mineral transformations. Part of Fe in the
natural kaolinitic material can be as Fe?* located in the
structure of rutile in substitution of Ti**. In this case, dur-
ing the heating Fe?* gives off one electron to Ti*" and
becomes Fe* [34], following the reaction (2) presented
by Hogg and Noble [35]:

As a consequence, the crystallization of hematite is
produced.

Conclusions

The mineralogy of the San José kaolinitic materials, with
high amount of quartz, suggests that the main application
for these clays should be in the field of ceramics. Kaolinite
is highly concentrated in the <2 um fraction it reach values
between 20 and 28 mass% of the total and clays represent
61-78 mass%. Then, with an enrichment process there could

100 -

Fig. 10 Plots showing the 100 -
relationships of the CIELAB
parameters. Blue dots, natural 90 - °°
e e . °
kaolinitic materials, red dots,
fired materials. Green area indi- 80 4
cates natural samples containing il
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be many other applications favoured by its low iron content,
usually lower than 1.1 mass% Fe,O5.

Usually, these kaolins exhibit relatively low shrinkage
(about 8 mass%), which makes them suitable for the ceramic
applications. The a-f transformations of the silica minerals
during the firing process produce expansions and shrinkages
in the ceramic pieces. Thus, the content of these minerals
must be controlled and also the rate of increase of tempera-
ture during firing.

Other areas located near the mined quarry of San José are
also rich in kaolinite or dickite, being locally richer, up to
11 mass% of kaolinite.
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