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Abstract: This study provides a characterization of materials from wastes and outcrops of two
inactive bauxite mines located close to Sant Joan de Mediona and Peramola, Spain. Mineralogy was
determined via powder X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR).
Thermal properties were measured via differential thermal analysis—thermogravimetry (DTA-TG) and
gresification tests. The crystalline phases are medium-high crystalline kaolinite and variable amounts
of illite, quartz, calcite, boehmite, hematite and rutile/anatase. DTA show two endothermic peaks
produced by the dehydroxylation of minerals: the first peak, at 530-538 °C, belongs to boehmite; the
second peak, at 535-568 °C, corresponds to kaolinite. An exothermic peak at 950-978 °C is associated
with mullite crystallization. The optimal sintering temperatures obtained from the gresification curves
(firing shrinkage and water absorption) were 970 °C for carbonate-poor, illite-rich clays; 1100 °C for
illite- and carbonate-poor samples; and near 1190 °C for carbonate-rich materials. The carbonate-poor
samples fired at 1300 °C contain sillimanite and mullite, and the carbonate-rich materials are rich
in gehlenite, anorthite, and hedenbergite. The mineralogy of these materials is sufficient to obtain
ceramic materials with suitable properties, but not their low plasticity. They could be used in the
formulation of bricks or as part of mixtures to produce refractory ceramics.

Keywords: bauxite; kaolinite; mineralogy; firing; shrinkage; water absorption; gresification

1. Introduction

The applications of kaolin are increasing day by day. In addition to the traditional
uses [1], there are new applications; for example, as a raw material in the manufacture of
alternative materials to Portland cement in order to reduce the gas emissions produced
during its manufacture [2-4]. As a result, demand for kaolin is increasing significantly,
although its availability is decreasing [5]. Therefore, it is essential to find new sources
of kaolin supply. One such source is bauxite deposits, which usually contain significant
amounts of kaolin. Both bauxite mining tailings and waste from bauxite processing and
metallurgy are being explored as a source of kaolin [6,7]. Extensive research has already
been carried out for both the application of bauxite waste as a cementitious material [2]
and its use as a ceramic raw material [8-10].

In addition, the use of mining wastes has great environmental advantages. On the one
hand, these wastes are removed from the environment, where they can produce different
types of impacts; on the other hand, this reduces the volume of materials that must be
extracted from their natural position and thus reduces the energy required for extraction
and the formation of new wastes.

Spain ranked first in Europe for kaolin imports in 2020 [5]. Although there are some
important deposits of kaolin in Spain, they mainly occur in Galicia, with important deposits
produced via the kaolinization of Variscan granitic rocks [11], and in the Teruel and Valen-
cia regions, where they are secondary deposits located in the Utrillas Formation, Lower
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Cretaceous age [12]. The supply chain of ceramic raw materials in Spain is moderately
dependent on relatively distant countries, mainly Ukraine [13]. This carries a high risk
of supply risk, as evidenced by the war in Ukraine. In addition, from an environmental
point of view, the transport of raw materials that are needed in large quantities, as well as
making the product more expensive, entails energy costs that result in gas emissions into
the atmosphere.

In Catalonia, the need for kaolin is greater than its current availability. In the north-
east of Spain, multiple occurrences of bauxitic materials have been reported [14-18]. The
size of these deposits is generally small, although some of them were mined in the past,
leaving a large accumulation of wastes in their surroundings, as in the case of the la
Llacuna, Peramola, and Purisima mines. This last is located in the southernmost part of
Catalonia, and it is known as a bauxite mine, although detailed studies have demonstrated
that it is a kaolinitic clay deposit [19]. In no cases were these bauixitic materials used
for the manufacture of ceramics, nor are there any studies that show their suitability
for this application. This paper characterizes materials from two of the most important
bauxite deposits in Catalonia, northeast Spain, in order to determine their viability for use
as ceramic raw materials. The old bauxite mining wastes studied are localized near the
localities of Peramola and Sant Joan de Mediona. Both were exploited until the 20th century.

2. Materials and Methods
2.1. Study Area

The bauxitic materials studied here come from two areas in Catalonia, NE Spain,
which were mined in the past. One of them is the wastes and materials from the Esperanza
mine from Peramola, which is located in the Pre-Pyrenean range. The other materials are
close to Sant Joan de Mediona in the prelitoral range; both are located at the border of these
units with the Ebro depression (Figure 1).

The bauxites of Peramola are located in the south-central unit of the Pyrenees. This
unit is divided, from north to south, into the Boixols, Montsec, and Sierras Marginales
sub-units [20], these being bauxites in the Sierras Marginales sub-unit, which are composed
of Mesozoic rocks overlain by Tertiary detrital rocks. The materials in the area correspond
to Liassic limestone, followed by massive Dogger dolomites and Malm limestone and
marls. They are covered by Upper Cretaceous rocks, which are in tectonic contact with
Igualada marls of Bartonian age, middle Eocene, which are found in the core of the Oliana
anticline [21]. In the study area, these materials are covered by Upper Eocene detrital
ochre-colored sandstones and clays from the Priabonian, which grade towards the west to
coarser materials, with conglomerates coming to the surface.

The bauxite deposits are hosted in the Liassic limestones, close to the border with
the SW end of the Oliana anticline, of NNE-SSW orientation, and constituted by Eocene
materials. This specific boundary corresponds to the Segre thrust, which delimits the
south-central unit of the Pyrenees with the Ebro depression [21]. At this site, the thickness
of the bauxite layers is variable, i.e., from a few cm to 10 m.

The bauxites of Sant Joan de Mediona are located in the Prelitoral range. This is an
area with abundant evidence of bauxites, including those of La Llacuna, Santa Maria de
Miralles, and Sant Quinti de Mediona. The bauxites are found in karstic pockets within
Mesozoic carbonate materials, which, in some cases, correspond to the Lower Muschelkalk,
and in others, to the Upper Muschelkalk [14,22], and even in the Keuper units [23,24], such
as the Sant Joan de Mediona (Figure 1).

In the outcrops, the bauxitic materials present the typical reddish, pinkish, and even
almost-white pisolitic aspect, which are found mixed in the same outcrop.
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Figure 1. Geological map of Catalonia with the location of the two study areas (red dots 1 and 2), as
well as other previously reported bauxite deposits from Catalonia: 3-5 [18]; 6 [19]; 7 [22]; 8 [24].

2.2. Sampling

In both Peramola and Sant Joan de Mediona, representative samples were taken from
dumps, outcrops, and inside the ancient mine shafts. A total of 17 samples were taken in
Peramola (P), and 5 samples in Sant Joan de Mediona (JM). Some samples were cohesioned
rocks, while others consisted of earthy material. In the first case, they were crushed and
ground. All of them were then sieved and split to obtain the amount of sample required
to perform the chemical and mineralogical analyses. Once these results were obtained,
those samples that gave very similar results were mixed. Finally, the gresification tests
were carried out with three samples, which represent more than 80% of the materials from
each of the two areas.

2.3. Analytical Methods

The chemical composition of major elements was obtained via inductive coupled
analysis in the ALS Global laboratories. Additional chemical analyses have been carried out
using a portable X-ray Fluorescence (XRF) with Epsilon 1 equipment from the PANalytical
company/Malvern, United Kingdom. The major elements analyzed were Si, Al, Ti, Fe, Mn,
Mg, Ca, Na, K, and P.

Mineralogy of raw materials and fired ceramics was determined via powder X-ray
diffraction (XRD) using non-oriented and oriented aggregates. XRD measurements were
taken using an automatic X'Pert PANalytical diffractometer with graphite monochromator,
automatic gap, Ka-radiation of Cu at A = 1.54061 A, powered at 45 kV and 40 mA, with
a scanning range of 4-100° with a 0.017° 20 step scan, and a 50 s measuring time. In
addition, oriented aggregates of the samples were prepared following the standard XRD
procedures [25]. The XRD patterns were obtained for oriented samples after the following
pre-treatments: air drying at room temperature, saturation with ethylene glycol, and
after-heating at 550 °C for 1 h. Identification and semi-quantitative evaluation of phases
were made on PANanalytical X'Pert HighScore software, Version 2.0.1. (PANanalytical,
Almelo, The Netherlands). Calculation of the Hinckley crystallinity index of kaolinite
was obtained according to [26]. The crystallite size of kaolinite was determined using the
Scherrer equation.

Fourier transform infrared (FTIR) and scanning electron microscopy (SEM) com-
pleted the characterization. FTIR spectra were obtained in powder using a 2000 FTIR
Perkin-Elmer spectrometer, Waltham, MA, USA. Vibrational spectra were obtained in the
400-4000 cm ! range.
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Back-scattered electron images of the kaolinitic raw and treated materials were ob-
tained using a Hitachi TM-1000 table-top SEM (High-Technologies Corporation, Tokyo,
Japan) equipped with an energy dispersive X-ray spectrometer (EDS).

The Atterberg limits were calculated to determine the plasticity indices of these materi-
als: the liquid limit (LL) from the Spanish standard UNE 7-377-75 [27] versus the plasticity
index (PI) from the standard UNE 103-104-93 [28]. The PI is the difference between the LL
and the plastic limit (PL), which was obtained using the Casagrande apparatus following
the method described in the Spanish standard.

Thermal analyses of raw materials were obtained via simultaneous differential thermal
analysis and thermogravimetry (DTA-TG), using a TASCH 414/3 model (Netzsch, Selb,
Germany). Analyses were carried out in the range 25-1300 °C under air atmosphere
at a constant flow rate of 80 mL min~! in an alumina crucible and at a heating rate of
10 °C min~!. The amount of sample used was 85 mg.

2.4. Technological Tests

The viability of the bauxite materials studied for ceramic applications was determined
from the gresification curves. These consist of the representation of linear firing shrinkage
and water absorption versus temperature in the same plot and are extensively used [29,30].
The intersection of both curves indicates the optimum firing temperature of the raw material
to manufacture ceramics.

Nine tests pieces from each sample have been prepared to determine the water absorp-
tion and linear shrinkage. The test pieces were made by mixing 60-g samples with water
and placing them in 4 x 3 x 6 mm molds. After compaction, the sample excess was cut off
using a spatula and marked with a 3-cm-long mark to measure the linear shrinkage after
firing. The resulting pieces were air-dried and then oven-dried to 105 °C until a constant
weight. The pieces were sintered in an electric furnace at 900, 1000, 1050, 1100, 1150, 1175,
1200, 1250, and 1300 °C. The heating rate was 2 °C min~!, with a holding time of 120 min
at the end of the heating. After heating, the length of the previously made mark was
measured to determine the linear shrinkage of the tiles. To determine the water absorption,
the tiles were weighted. Then, they were placed in a vertical position inside a recipient,
covering up to one third of their height with water, and left for 30 min. Then, the recipient
was filled up to the total height of the tiles, closing the recipient and boiling the water for
2 h. Finally, the fire was turned off, and the tiles were left to cool for 4 h, after which the
tiles were removed, and the excess moisture was dried with a damp cloth and weighed,
obtaining the mass of water absorbed.

The color parameters were measured in the raw materials and in the fired samples
using a CM-700d Konica-Minolta spectrophotometer over the visible range [31]. Color can
be described through parameters L*, a*, and b*, where L* = 100 is white and L* = 0 is black;
a* > 0isred and a* < 0 is green; b* > 0 is yellow and b* < 0 is blue [32].

3. Results
3.1. Chemical Composition

The chemical compositions of kaolinitic raw materials from Peramola and Sant Joan
de Mediona are presented in Table 1. The content of the major elements is highly variable.
5i0O, content ranges from 7.91 to 48 wt%; Al,Oj3 is between 10.42 and 59.67 wt%,; Fe,O3
ranges from 8.44 to 27.70 wt%; CaO can reach up to 24.52% wt%; and TiO; is between 1.14
and 3.98 wt%. Alkali contents are low, with NayO ranging from 0.04 to 0.20 wt%; and K,O
is between 0.02 and 3.14 wt% (Table 1).
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Table 1. Chemical composition (wt%) of several samples from Peramola (P) and Sant Joan de Mediona
(JM) to show the high diversity of composition between both areas.

Sample 8102 A]z 03 T102 FEZ 03 MnO MgO CaO NaZO Kzo Pz 05 LOI 5102/A12 03 A]z O3/FEZ 03
P1 9.51 47.20 2.16 27.70 0.00 0.07 0.15 0.04 0.02 0.05 12.40 0.20 2.08
P2 48.0 27.10 1.14 8.44 0.00 0.64 0.32 0.20 1.99 0.06 11.85 1.77 3.21
P3 30.50 34.60 1.71 19.40 0.01 0.10 0.32 0.04 0.10 0.02 12.95 0.88 1.78

P10-B 18.58 42.97 291 1.35 0.00 0.00 0.29 - 0.04 0.36 - 0.43 31.8
P11-A 25.29 28.74 1.75 21.60 0.00 0.00 0.89 - 2.62 0.00 - 0.88 1.33
P11-B 47.03 12.66 0.82 5.85 0.02 0.73 8.69 - 2.88 0.42 20.93 2.16 0.67
P14-1 14.73 29.62 1.98 28.07 0.02 0.00 9.42 - 0.17 0.00 - 0.50 1.06
P14-3 35.39 29.21 1.53 12.81 0.02 0.01 0.32 - 294 - 0.87 228
P15-1 8.97 32.15 2.08 38.40 0.00 0.00 0.64 - 0.05 0.38 - 0.28 0.84
P15-4 16.75 41.64 2.65 24.80 0.00 0.00 4.76 - 0.23 0.42 - 1.68 521
M1 24.00 42.80 2.39 18.00 0.01 0.10 0.16 0.05 0.02 0.06 12.85 0.56 2.38
M2 23.43 16.69 0.95 8.21 0.01 0.43 24.52 0.06 0.60 0.08 25.02 1.40 2.03

-: not analyzed.

The Al,O3/Fe;O3 ratio is used to determine the applicability of clays. If this is
>5.5 alumina-rich clays, then they are useful for manufacturing refractory ceramics. If
Al,O3/FeyO3 < 5.5, iron-rich clays can be used in the manufacture of bricks, tiles, and
yellow-gray tableware [19]. In all samples, Al;O3/Fe;O5 is lower than 5.5, except for one
sample. The SiO,/Al,O3 ratio also shows low values, i.e., between 0.20 and 1.77. Their
reduced alkali contents suggest a high firing temperature when used in the formulation of
the composition of a ceramic paste [19].

According to the Fe;O3-Al,03 + TiO,-Si0; ternary diagram [33] the San Joan de
Mediona materials are clayey bauxites, whereas those from the Peramola plot also in the
bauxitic clay (Figure 2). The chemical composition of these materials is similar to other
bauxitic materials reported from Catalonia [18,19,23,24]. Part of the samples obtained in
the present study in Peramola correspond to more clayey zones, plotting into the field
of bauxitic clays, which is an aspect of interest from the point of view of their use in the
manufacture of ceramics.

SiO2

® Peramola

@ Sant Joan de Mediona

Bauxitic clay

© Other deposits from the Prelitoral range
© Other deposits from the Pyrenees

® @ QOther deposits from Peramola
® Purisima mine

@Iayeycag
Bauxite o © . Bauxitic Clayey
e Iron Ore
[ ] ° oe
(3 éo Ve o

§.§ *{8: O.Irom'ich .

O & / e Bauxite Iron Ore

% Bauxite

Al203+TiO2 Fe203

Figure 2. Classification of the Peramola and Sant Joan de Mediona materials on the
Fe;03-5i0,-Al,03 + TiO, ternary diagram [33], and comparison with other bauxitic materials from
Catalonia: Prelitoral range [18], Pyrenees [23], Peramola [24] and Purisima mine [19].

3.2. Mineralogical Composition

The mineralogy of the studied samples is summarized in Table 2. Kaolinite is the main
clay mineral, accounting for up to 68% by weight in Peramola and 60% in Sant Joan de
Mediona. Boehmite can reach up to 54 wt.%. The hematite content ranges from 1 wt% to
17 wt% by weight; rutile and anatase are also present around 1%-3% by weight. Calcite is
variable, from <1 wt% to 54 wt%. Only in two cases was illite found. These results show
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similar mineralogical compositions to other bauxite areas of NE Spain [18,34]. Therefore,
the results of the present research are applicable to other areas of Catalonia.

To confirm the clay mineral type, oriented aggregates were prepared and analyzed via
XRD (Figure 3). It was determined that in most cases, the clay mineral phase is kaolinite,
and illite can only locally occur.

Table 2. Mineralogical composition (wt%) and HI of samples representative of the diversity of
composition from Peramola (P) and Sant Joan de Mediona (JM).

Sample Kaolinite Quartz  Bohemite Hematite Goethite Rutile/Anatase Calcite Illite Zircon HI
P1 28 - 54 15 - 3 - - - 1.39
P2 43 28 - 3 - 2 - 24 - 0.51
P3 68 - 16 13 - 2 - - - 0.96

P 10-B 47 - 51 - 2 - - - 1.12
P11-A 60 - 13 15 4 4 4 - 4 0.95
P11-B 5 45 - 1 - 1 9 39 -
P 14-1 30 - 32 16 - 2 20 - - 1.06
P14-3 49 9 1 4 5 2 29 - 1.22
P 15-1 54 - 26 17 3 - - - 1.28
P154 32 6 37 12 - 2 11 - - 0.94
M1 61 - 25 12 - 2 - - - 1.02
M2 32 - 8 6 - - 54 - - 0.52
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Figure 3. Powder XRD patters of oriented aggregates: (a) sample P1, (b) sample P2, and (c) sample
JML. Kln: Kaolinite group; Ill: Illite; Qz: Quartz.

Kaolinite has been observed in SEM as regular hexagonal flakes, 1 to 10 um in size,
sometimes found in stacks. Besides its morphology, the crystallinity of kaolinite has a
great influence on its behavior. To assess this parameter, the development of different
crystallinity indices has been suggested [35,36]. In the present study, the crystallinity of
kaolinite was evaluated by means of the Hinckley crystallinity index, HI (Table 2) [37].

This index depends on the degree of ordering in the kaolinite structure, with values
ranging from less than 0.5 in disordered structures to 1.5 in ordered ones [36]. In the studied
samples, kaolinite has an HI ranging from 0.51 to 1.39, with lower values corresponding to
a lower degree of crystallization.

FTIR spectra confirm the XRD results, with kaolinite and boehmite being the most
abundant minerals (Figure 4, Table 3). The characteristic patterns of kaolinite resulted from
Si04—Al,O5 structural bonds (Si-O-Al), octahedral aluminum bonds (Al-O and Al-OH),
and tetrahedral silica bonds (Si-O).
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Table 3. Assignation of FTIR bands (in cm 1) of bauxitic samples from Peramola and Sant Joan
de Mediona.

Kaolinite [19] Boehmite [38,39] P1 P2-B P3 M1 Assignment
3670-3656 3693 3699 3695 3696 Al-OH stretching
3645 3654 3654 3655 3654 Al-OH stretching
3620 3622 3625 3623 3622 Al-OH stretching
3295 3295 3299 3300 Al-OH stretching
3090 3103 3104 3097 Al-OH stretching
1638 1638 1639 1638 1639 H-O-H stretching
1160 1150 1164 1172 H-O-H stretching
1117-1105 1108 1112 1112 1109 Si-O stretching
1067 1020 1020 1018 H-O-H stretching
945 950 947 948 Si-O
918-909 919 924 931 915 OH deformation
800-784 821 803 794 804 OH deformation
730 728 750 732 Si-O-Al stretching
700-686 709 698 730 700 Si-O
624 640 716 642 Si-O-Al stretching
535-524 556 530 520 523 Si-O-Al stretching
490 528 489 489 Si-O-Al stretching
475-468 460 479 462 464 Si-O-5i bending
430 426 431 440 431 5i-O Bending
S o S
13 §“§ s — Kaolinite Y
12 Q % --- Boehmite
1.1 —
1 —
@ ]
2 09—
= ]
£ 0.8
S i
a 07—
< .
0.6 —
0.5 —
0.4 —

03T 7T 1 T 1T " T 7"T1° // LI N N N R N S N B N B N B
3900 3600 3300 3000 2700 1600 1400 1200 1000 800 600 400
Wave number / cm™!

Figure 4. FTIR spectrum corresponding to a kaolinite- and boehmite-rich sample (JM1).

The absorption bands related to AlI-OH stretching are observed between 3670 and
3622 cm L. Si-O stretching bands occur at 1120 and 945 cm ™. The structure of boehmite
consists of a double layer of octahedral oxygen, partially filled with Al cations, detecting
Al-OH and H-O-H bonds [38—40]. The intensity of the main boehmite events can vary
according to the particle size [41].

3.3. Rheological Properties

The Atterberg limits of the studied materials are presented in the Supplementary
File. Most of the samples show a correlation between the liquid limit and the plastic limit,
except for two cases in which the liquid limit was close to zero. According to the Holtz and
Kovacs diagram [42], most of the studied bauxitic materials are low plastic, and locally,
they can be medium plastic (Figure 5, Table S1). Particle size distribution and mineralogical
composition has significant influence on plasticity, increasing with kaolinite and other clay
mineral contents and decreasing the hematite, boehmite, quartz, and calcite contents [43].
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The carbonate-rich sample from the Sant Joan de Mediona plot similar to the carbonate-
poor sample P3. There is no clear correlation between the clay content and the plasticity of
the samples; however, the three samples with medium-to-high plasticity (P14-3, P11-B, and
P2) are characterized by a significant illite content and an absence of boehmite (Table 2).

80
60
2

50 ‘%
N e g g
= @ % S o lllite absent samples,Peramola
a‘, 404 o = 5
5 @ 2 (] @ lllite-rich samples, Peramola
£ S § = £ Carbonate-rich le, Sant Joan de Medi
> 304 2 3 & @ Carbonate-rich sample, Sant Joan de Mediona
S S
g 20 5
o T

104 /

O T T T

0 20 40 60 80 100

Liquid limit /%

Figure 5. Holtz and Kovacs plasticity diagram [41] of Kaolinitic materials from Peramola and Sant
Joan de Mediona. Plastic limits established from [44].

Plasticity is one of the most important parameters in determining the feasibility of
manufacturing ceramic products. In the case of materials with low plasticity, they are
not suitable for pottery but are suitable for the manufacture of bricks [45]. Low plasticity
indices are common in bauxitic materials [46,47]. It was suggested that these materials
could act as plasticity reducers to make ceramic materials [48].

3.4. Thermal Evolution

DTA-TG results are summarized in Table 4. All samples show two endothermic
peaks in the range 300-1100 °C; the first is attributed to a partial dehydroxylation and
transformation of boehmite to y-Al,O3 [49-52]. The temperature of this endothermic peak
is correlated with the size of the crystal [49,52], being at 530 °C in the analyzed samples.
The other peak, found near 560 °C, is caused by the loss of structural OH™ groups of
kaolinite and is related to the maximum weight loss observed in the TG curves.

Table 4. Thermal events measured by DTA-TG during heating from 25 to 1100 °C.

Temperature/°C Weight Loss/%
Endothermic Exothermic
Sample Adsorbed Structural Structural
1 2 v-Al203 Mullite Water < Water Water Decarbonization
Boehmite Kaolinite Formation 200°C 400-550 °C >550 °C
0-A1,03
P1 538 568 - 978 0.55 5 6 -
P2 - 547 - 950 1.89 4 4 -
P3 530 568 952 972 1.49 6 5 -
P10-B 530 547 954 970 2.66 9 7 -
M1 536 564 - 966 0.37 6 5 -
M2 - 535 953 - 1.7 6 - 17

During heating, the y-Al,Os is transformed to 6-Al,O3, which changes to 6-Al;,O3, and

this to the more-stable-phase «-Al,O3. The boehmite-richest samples show a weak exother-
mic peak at 952-954 °C, which is probably associated with the transition from y-Al,O3
to 6-Al,O3 [52]. The transformation 6-Al,O3 to x-Al,O3 occurs at temperatures above
1000 °C [49,52] and was not observed in the DTA analyses of the studied samples, which
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were treated at more than 1100 °C. This transition usually occurs above 1100 °C [49-54];
however, it has been reported that in some cases, it starts earlier at 900 °C [53]. Therefore,
it cannot be ruled out that the small exotherm observed around 950 °C corresponds to
the transformation to x-Al,O3. In the samples studied, the temperature at which this
transformation occurs could be affected by the influence of the other components.

A sharp exothermic peak occurs between 950 and 978 °C due to the transformation
of metakaolinite and alumina into mullite [55] (Figure 6). The carbonate-rich samples
show an endothermic event related to the decarbonation reaction, in which calcite (CaCO3)
decomposes into CaO and CO,, which correlates to a significant weight loss (17 wt%).

530°C

[ exo
i

i s68C
! s840C
530°C\
- S 1
i 1 N
g ! v .P10B
' K et
oy - -
??_ . e N .
< O K 4 864 °C 970 °C
'_
[m]
- dm1
/
'
~ !
4 952 °C
966 y P3
\// 972°C
. I T T T T T T T T
// JM2 900 a20 940 960 980
o
953 °C
T T T T T 1

300 400 500 600 700 800 900 1000 1100
Temperature /°C

Figure 6. DTA curves of boehmite-rich samples (P10B and P3), carbonate and quartz-poor sample
(JM1), and a carbonate-rich sample (JM2).

The mass loss at temperatures below 200 corresponds to the adsorption water of the
sample, which requires the least energy to remove from the structure and is therefore
easily lost. The loss between 400 and below 540 °C is associated with structural hydroxyl
groups in boehmite. Tsukada et al. [53] suggested that boehmite contains two types of
hydroxy groups, one of which dehydrates during the conversion of boehmite to y-Al,O3,
corresponding to weight losses around 530 °C; and the other group remains linked to
v-Aly O3, which gradually being lost with heating. This results in weight losses of up to 7%.
The weight loss around 550 °C is related to structural changes in kaolinite.

3.5. Technological Properties

A comparison of the technological properties was made according to the most rele-
vant mineralogical characteristics of the studied materials. All samples contain kaolinite.
However, among them, a distinction was made between samples rich in quartz and illite
(P2, P11-B, P14-3), samples rich in carbonate (JM2, P14-1), and samples poor in quartz and
carbonates. The differentiation of samples with illite was based on their higher plasticity.
The specific contemplation of materials with carbonates was based on the fact that these
minerals contribute a large amount of calcium to the system, which causes a great difference
in the possible phases generated during firing [56]. Samples P2, JM2, and P3 were used for
the gresification tests.

3.5.1. Gresification Curves

Linear firing shrinkage and water absorption has an inverse correlation, as linear cook-
ing shrinkage occurs when both chemically and mechanically bound water is released [57].
Materials from Peramola and Sant Joan de Mediona show variable behavior with regard
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to shrinkage during their heating. In all cases, shrinkage occurs when subjected to high
temperature; the absorbance of water decreases (Figure 7).
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Figure 7. Gresification curves of fired representative samples: (a,b) Peramola (P 2 and P 3); and (c),
Sant Joan de Mediona (JM 2).

In quartz-rich materials, this increase reaches a maximum, around 1150-1200 °C, and
from this temperature, an expansion occurs. In this case, the water absorption is minimal
at the temperature of maximum shrinkage, even reaching zero (Figure 7a), implying that a
ceramic material fired to these temperatures will be waterproof. As the samples expand
again during heating, the water absorption also increases, i.e., a blind porosity has occurred.
(Figure 7a). The decrease in water absorption can also be predicted from the observation of
SEM images where intergranular porosity decreases at high temperatures (Figure 8).

900 °C 1100°C 1250 °C

Figure 8. SEM images of fired tiles showing intergranular porosity progression with temperature in
carbonate-rich materials (JM2): (a,d) sample fired at 900 °C; (b,e) sample fired at 900 °C; (c,f) sample
fired at 900 °C.

In other cases, the expansion continues up to temperatures above 1300 °C (Figure 7b).
In the case of carbonate-rich samples, the expansion shows two trends, up to about 1150 °C,
it increases smoothly, and, from this temperature, it undergoes an abrupt contraction.

In carbonate-rich materials (Figure 7c), lineal shrinkage increases and water absorp-
tion decreases slowly until around 1150 °C, and, from this temperature, linear shrinkage
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increases more rapidly during heating, and water absorption decreases more sharply. This
can be attributed to the reaction of the lime formed from the calcination of calcite and
metakaolinite formed by the dehydroxylation of kaolinite to form a liquid phase, which
rapidly decreases with increasing firing temperature forming crystalline phases [58]. Sim-
ilar effects of carbonates have been observed when coexisting with other types of clays,
such as illite [59].

Sintering temperatures can be determined from the intersection between the firing
shrinkage and the water absorption curves. In the analyzed materials, the optimal sintering
temperatures are near 970 °C for carbonate-poor, illite-rich clays; 1100 °C for quartz,
carbonate-poor materials; and near 1190 °C for carbonate-rich materials (Figure 7).

The shrinkage produced during firing is a consequence of the reduction in porosity
developed as a consequence of the loss of intergranular porosity caused by the formation
of a glassy phase from the destruction of metakaolinite and the later crystallization of new
phases [31,60,61]. In SEM observations, tiles fired at 1250 °C show textures indicative of
sinterization having been achieved.

3.5.2. Mineralogy of the Fired Materials

The mineralogy of the heated materials, once they have reached stability, can be
predicted from the stability diagrams. According to the CaO-5i0,-Al,0O3 diagram [62],
in most of the treated materials, the main component will be mullite. In the case of raw
materials with high carbonate content, gehlenite will be formed instead of mullite (Figure 9).

Sio,

Ca0 ALO,

Figure 9. CaO-5i0,-Al,O3 diagram [62] showing the stability field of the samples from Peramola
and Sant Joan de Mediona.

Transformations in mineralogy during heat treatment vary according to the initial
mineralogical composition (Figures 10 and 11). In cases of quartz-rich materials, where the
Ca content is very low, at 900 °C, metakaolinite occurs as an amorphous phase and quartz
is the major crystalline phase, coexisting with moderate amounts of hematite and small
amounts of anatase. Although the content of the amorphous phase has not been calculated,
its existence and magnitude can be appreciated from the results of the semi-quantitative
determination of the quartz content from XRD; for example, sample P2 contained 50%
quartz, whereas in the sample heated to 900 °C, the content of this crystalline phase is 87%,
indicating at least 43% of amorphous phase.
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Figure 10. XRD patterns for fired materials: (a) tiles from quartz-rich raw materials (sample JM2);
(b) tiles from carbonate-rich raw materials (sample P2). Mul: mullite; Qz: quartz; Hm: hematite;
Ant: anatase; Sil: sillimanite; An: anorthite; Gh: gehlenite; Hd: hedenbergite.
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Figure 11. Crystalline phases of the fired materials: (a) tiles from quartz-rich raw materials (sample
P2); (b) tiles from carbonate-rich raw materials (sample JM2).

At 1100 °C, the quartz content has decreased drastically, transforming into an amor-

phous phase and contributing to the formation of the sillimanite (Al;SiO5) and mullite
(AlgSip043) (Figure 12a—d). Sillimanite and mullite have similar morphological and struc-
tural characteristics, but mullite is stable at higher temperatures, with the mullitization
limit being established at 932 °C, i.e., when Al,O3; predominates over SiO, [63,64].
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SilEMul

Figure 12. SEM images of fired materials: (a-d) Tiles from quartz-rich raw materials; (e-g) tiles
from quartz, carbonate-poor materials (h,i); tiles from carbonate-rich raw materials. Sil: sillimanite;
Mul: mullite; Hm: hematite; Gh: gehlenite; An: anorthite; hd: hedenbergite.

In the fired materials analyzed in this study, the presence of cristobalite has not been
detected. The occurrence of cristobalite occurs from 1300 °C onwards [65].

During heating, there is a significant reduction in the hematite content. Part of the Fe3*
from the hematite could have been located in replacing the position of Al in the structure
of Mullite, and some of the Fe3* could have been in the amorphous phase [66]. When the
raw material contains very high amounts of hematite, the hematite remains in the treated
samples even at 1300 °C, e.g., in sample P3 (Figure 12e—g).

In the case of carbonate-rich sample JM2, as kaolinite and calcite decompose, in ad-
dition to SiO, and Al O3, calcium is available, which favors the formation, initially, of
gehlenite and anorthite (Figure 12h). Hematite occurs up to 1200 °C; then, it decomposes,
and liberated Fe®" is reduced. From this temperature onwards, the availability of Fe?" fa-
vors the formation of hedenbergite from gehlenite. High Ca contents prevent the formation
of mullite in favor of calcium-rich crystalline phases [67].

In the sintering process of carbonate-rich samples, the presence of crystals of CaO was
observed (Figure 12i). Their formation is due to the fact that some calcite grains that have
not been ground properly during grinding act as a degreaser, or non-plastic component,
in the ceramic paste. These grains are more resistant during the firing process of the body.
The free lime formed when the decarbonation of the carbonates begins at 900 °C interacts
on its surface with the silica and alumina from the decomposition of the clay, giving rise to
gehlenite and anorthite. When the calcite grain size is larger, not all the CaO is fully reacted
during firing, which occurs layer by layer. Its formation can become a problem later on for
the fired ceramic piece as, over time, it can react with water and form lime hydroxide; the
expansion due to this reaction can cause the ceramic piece to break at specific points.

CaCOs (s) — CaO (s) + CO; (g) — CaO nodule

CaO + HyO — Ca (OH); exothermic expansive reaction

3.5.3. Color of Fired Tiles

The color of raw materials can change significantly during heat treatment at elevated
temperatures. The color of the tiles principally depends on Fe,O3 and TiO; content, but the



Minerals 2023, 13, 1294

14 of 17

mineralogy also has an influence. Moreover, K, Na, and Mg affect the brick color. The Na
and Mg content is negligible in the studied material. K is significant in illite-rich samples.
In this case, during firing, K probably migrated to the amorphous phase [68]. The bauxitic
clays have a reddish color, and in an all cases, the tiles became darker with the firing. This
change was attributed to the change of their mineralogical composition [68].

In the initial stages, color is conditioned by the amount of hematite. In all cases after a
certain temperature, there is a reduction of a* and b* parameters (Figure 13). This reduction
is related to the amount of free hematite present in the sample [69]. In quartz-rich samples,
the increase in the a* chromatic coordinate after 1200 °C due to the destruction of illite
structure, where Fe®" is liberated, forms new phases or crystalize into hematite, increasing
the reddish color (Figure 13) [70,71]. The decrease in the a* coordinate can be associated
with the formation of mullite, which can absorb part of hematite, leading to whiter colors.
In both fired materials, Peramola and Sant Joan de Mediona, the C* coordinate decreases
with temperature increase due to formation of iron and/or titanium oxides. The carbonate-
rich materials initially show a reddish color due to the presence of hematite, but later,
when hematite is destroyed and Fe is reduced, the C* and b* coordinates increase, giving
a whiter color to the sample until near 1150 °C. After this temperature, these coordinates
decrease again.
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Figure 13. Color coordinates through different temperatures and their visible color: (a) quartz-rich

sample, P2; (b) carbonate-rich sample, JM2.

4. Conclusions

Bauxitic materials from Sant Joan de Mediona and Peramola contain a significant
amount of kaolinite, which is accompanied by boehmite, iron oxides, and minor rutile and
anatase. Non-homogeneously distributed, they may contain calcite and quartz and illite.

The bauxitic materials had low plasticity, except those rich in illite, which had medium-
to-high plasticity.

The curves obtained by plotting the evolution of liner shrinkage and water absorption
with temperature show an inverse correlation. From the intersection of these curves, the
optimum firing temperature for obtaining the ceramic product was determined. The
illite-rich samples showed the lowest firing temperature (970 °C), those poor in illite and
carbonate sintered at 1100 °C, and the carbonate-rich samples presented the highest firing
temperature (around 1190 °C).

The mineralogy of the fired products varies according to the carbonate content: mul-
lite and sillimanite are formed in poor-calcite materials; while gehlenite, anorthite, and
hedenbergite crystallize in carbonate-rich ones. Therefore, the presence of carbonate levels
intercalated in these materials at the time of stockpiling must be considered in future use,
since they will cause a change in the mineralogy. From all these minerals, resistant ceramic
products result. However, the plasticity of these materials is usually low.

Most of the bauxitic materials studied could be used in the formulation of ceramic
pastes for the manufacture of bricks or tiles due to their low plasticity. Additionally, their
high Al,O3 contents made them suitable for use as parts of blends contributing to the
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production of refractory ceramics. They could also be used in the formulation of the paste
as plasticity reducers. The illite-rich materials could be used for stoneware but are present
in reduced content. On the other hand, the color of all these materials is dark red, which
also limits their possible applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13101294/s1. ~ Table S1: rheological properties of the
studied materials.
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