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Abstract: A deposit of raw kaolin, located in West Andalusia (Spain), was studied in this work
using a representative sample. The methods of characterization were X-ray diffraction (XRD), X-ray
fluorescence (XRF), particle size analysis by sieving and sedimentation, and thermal analysis. The
ceramic properties were determined. A sample of commercial kaolin from Burela (Lugo, Spain), with
applications in the ceramic industry, was used in some determinations for comparison purposes. The
kaolin deposit has been produced by alteration of feldspar-rich rocks. This raw kaolin was applied as
an additive in local manufactures of ceramics and refractories. However, there is not previous studies
concerning its characteristics and firing properties. Thus, the meaning of this investigation was to
conduct a scientific study on this subject and to evaluate the possibilities of application. The raw
kaolin was washed for the beneficiation of the rock using water to increase the kaolinite content of
the resultant material. The results indicated that the kaolinite content of the raw material was 20 wt %
as determined by XRD, showing ~23 wt % of particles lower than 63 µm. The kaolinite content of
the fraction lower than 63 µm was 50 wt %. Thus, an improvement of the kaolinite content of this
raw kaolin was produced by wet separation. However, the kaolin was considered as a waste kaolin,
with microcline, muscovite and quartz identified by XRD. Thermal analyses by Thermo-Dilatometry
(TD), Differential Thermal Analysis (DTA) and Thermo-Gravimetry (TG) allowed observe kaolinite
thermal decomposition, quartz phase transition and sintering effects. Pressed samples of this raw
kaolin, the fraction lower than 63 µm obtained by water washing and the raw kaolin ground using
a hammer mill were fired at several temperatures in the range 1000–1500 ◦C for 2 h. The ceramic
properties of all these samples were determined and compared. The results showed the progressive
linear firing shrinkage by sintering in these samples, with a maximum value of ~9% in the fraction
lower than 63 µm. In general, water absorption capacity of the fired samples showed a decrease
from ~18–20% at 1050 ◦C up to almost zero after firing at 1300 ◦C, followed by an increase of the
experimental values. The open porosity was almost zero after firing at 1350 ◦C for 2 h and the bulk
density reached a maximum value of 2.40 g/cm3 as observed in the ground raw kaolin sample.
The XRD examination of fired samples indicated that they are composed by mullite, from kaolinite
thermal decomposition, and quartz, present in the raw sample, as main crystalline phases besides a
vitreous phase. Fully-densified or vitrified materials were obtained by firing at 1300–1350 ◦C for 2 h.
In a second step of this research, it was examined the promising application of the previous study to
increase the amount of mullite by incorporation of alumina (α-alumina) to this kaolin sample. Firing
of mixtures, prepared using this kaolin and α-alumina under wet processing conditions, produced
the increase of mullite in relative proportion by reaction sintering at temperatures higher than 1500 ◦C
for 2 h. Consequently, a mullite refractory can be prepared using this kaolin. This processing of
high-alumina refractories is favoured by a previous size separation, which increases the kaolinite
content, or better a grinding treatment of the raw kaolin.
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1. Introduction

Kaolinite is a dioctahedral phyllosilicate with a theoretical formula Al2O3·2SiO2·2H2O
or Al2Si2O5(OH)4 with a 1:1 layered structure of [(Si2O5)]2− and [Al2(OH)4]2+ molecular
sheets and composition of 39.5 wt % Al2O3, 46.5 wt % SiO2 and 14 wt % H2O [1–4].
According to Murray [5], kaolinite can be formed by hydrothermal alteration or weathering
reactions or by a combination of both processes. However, Galán and Ferrell [6] indicated
that kaolinite can be found also by diagenetic processes. Clay minerals, as kaolinite, are
formed by decomposition of feldspathic rock via geological processes [3]. On the other
hand, feldspars are the most widespread mineral group in the world forming around 60%
of the earth’s crust [7,8]. Murray and Keller [9] suggested a typical reaction sequence, using
potassium feldspar (KAlSi3O8), as follows:

2KAlSi3O8 + 3H2O→ Al2Si2O5(OH)4 + 4SiO2 + 2KOH (Reaction 1)

It has been mentioned that if potassium ions are not properly removed (following
the weathering process), illitic clays (2:1 layered structure silicates) are formed instead of
kaolinite [3]. Kaolin ores, with a relative high proportion of kaolinite, are a very interesting
raw materials, with important and wide applications due to the properties of kaolinite
layer silicate: low surface area (compared to other clay minerals, such as smectites), layered
appearance, white or almost white colour, chemically inert in a wide range of pH (4–9),
with low heat and electricity conductivity, refractoriness (high-temperature resistance of
~1550 ◦C) and non-abrasive [1,3,9–14]. Consequently, powdered and processed raw kaolin
materials with a relatively high-proportion of kaolinite can be technologically applied in
several industries, such as porcelain manufacture, ceramics, refractories, paper, paints,
composite materials, polymers, and many more [1,3,9–14].

On the other hand, thermal decomposition of kaolinite 2SiO2·Al2O3·H2O produces
the aluminosilicate named “mullite” with composition 3Al2O3·2SiO2 in high relative pro-
portion, with a segregation of amorphous silica which crystallizes as cristobalite by heat-
ing [1–3,15–19]. The summary reaction is as follows:

3(Al2O3·2SiO2·2H2O)→ 3Al2O3·2SiO2 + 4SiO2 + 6H2O (Reaction 2)

It is emphasized that mullite is a rare mineral in nature, found only as a very scarce
crystallized mineral at Mull island (Scotland, United Kingdom) [15]. It is the origin of
the mineral name of “mullite”. The nominal composition of mullite is 3Al2O3·2SiO2 with
72 wt % Al2O3 and 28 wt % SiO2 and it must be obtained by synthesis because mullite
ores are not available. Mullite is one of the most common crystalline phases present in
ceramics, for instance porcelains and refractories [1–3,10–19]. According to the Al2O3-SiO2
binary equilibrium phase diagram, mullite is the only stable crystalline phase at normal
pressure with high melting point (1830 ◦C) [1,15,20,21]. Consequently, a complete chemical
reaction to produce mullite (or mullitization reaction) from 39.8 wt % Al2O3 (kaolinite)
to reach 72 wt % Al2O3 (mullite) will require an addition of alumina (or precursors of
alumina). This alumina will react with segregated silica from heated kaolinite (or Al-Si
precursor) yielding mullite. Thus, it can be achieved the stoichiometric 3:2 mullite molar
ratio with high melting point at normal pressure (1830 ◦C) [1,20,21]. It has been extensively
reported in the scientific literature the preparation of mullite materials by this procedure
of synthesis using inorganic precursors (kaolinite combined with alumina) with enough
purity at relatively low cost [1,12,15,22–32].

The materials containing high proportion of mullite show excellent properties, such as
good chemical and thermal stability, high melting point (1830 ◦C), stability in oxidative



Materials 2022, 15, 583 3 of 22

atmospheres, high-temperature strength, creep resistance, high-resistance to thermal shock,
good fracture strength (~200 MPa), appropriate toughness (~2.5 MPa·m1/2), low thermal
conductivity (~6 kcal·m−1·h−1·◦C−1 at 20 ◦C), low density (3.17 g/cm3), low expansion
coefficient (~4.5× 10−6 K−1), low dielectric constant, very high-transmittance in the mid-IR
range and retention of mechanical properties to elevated temperatures [1,12–15,22–32]. Due
to these properties, mullite is applied as structural advanced materials for high-temperature
engineering applications. Traditional and advanced materials based on high-content of
mullite are very important as refractory ceramics with relevant electronical, catalytical (as
substrate) and optical applications [15,23,24,27–30]. For instance, high-technical mullite-
based refractories are valuable to use as kiln furniture and lining of high-temperature
furnaces. Several important industries use this kind of refractories, for instance iron and
steel, cement, catalysts, petrochemicals, glass and many other advanced functional appli-
cations [20–32]. Thus, it is very important and a real problem the valorization of mining
residues by the production of mullite-based ceramic materials [32–41]. This investigation is
a contribution for this purpose.

On the other hand, it is important to remark that the ceramic industry has an old tradi-
tion in the Spanish region of Andalusia [42,43]. There are important deposits of common
clays, but it is a problem that some kaolin deposits located in this region have not been
studied systematically in relation to mineralogy, chemistry and technological properties.
First attempts were performed a few years ago as a contribution to the knowledge of
Spanish kaolin deposits and their possible applications in the ceramic industry [42–44].
A kaolin deposit located in West Andalusia is studied in the present investigation. This
kaolin derived from volcanic rocks, according to earlier studies [44–46], within the volcano-
sedimentary complex of the Iberian Pyrite Belt [45]. The first scientific studies on samples of
this kaolin deposit proposed that it belongs to the alteration products of volcanic intrusive
rocks (volcanic-sedimentary system) constituted by kaolinite, (meta)halloysite and alunite
with illite, being in contact with carboniferous shales [44]. This kaolin has been produced by
alteration of feldspar-rich rocks and originated a mixture of kaolinite and (meta)halloysite
with illite, as pointed out above. Quartz and feldspars are the main mineral impurities. The
proportion of (meta)halloysite and the crystallinity of kaolinite increases with depth in the
deposit [44]. It is known from years that this raw kaolin was applied in local manufactures
of ceramics and refractories as an additive, but without studies concerning its beneficiation,
potential and properties as raw ceramic material. It is a true problem to be solved with
investigations, such as the presented here.

In the present work, this kaolin ore has been considered as a matter of investiga-
tion and new results are reported on this subject. The main objective was to conduct a
scientific study on the characterization of the raw kaolin and its beneficiation and the
possibility of preparation of a product with mullite in larger relative proportion using the
raw kaolin material.

2. Materials, Experimental Procedures and Techniques
2.1. Materials and Experimental Procedures

A selected raw sample, representative of the kaolin deposit, was considered after an in
situ examination (photographs 1 and 2 included in Supplementary Materials). The sample
was air-dried for 24 h. Then, it was wet sieved in a single batch of 5 kg to pass several
stainless steel sieves, starting from 10,000 µm and being the last one 63 µm. A polyethylene
tank of 60 L was used. First of all, the sample was treated using 10 L of deionized water
and the particles disaggregated using intensive stirring (Selecta equipment). Next, more
water was slowly added up to 50 L and a new operation of stirring. After 3 h of intensive
stirring, the slurry was pumped towards a tower arranged with several stainless-steel
sieves starting from 10,000 µm (Figure 1). The resultant wet powders retained in each
sieve were washed using deionized water. The washed kaolin, considered the fraction
under 63 µm, was decanted in a second polyethylene tank of 60 L and the wet powder
(fine fraction or fraction under 63 µm) was collected. All the fractioned samples of the raw
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kaolin were air-dried overnight and dried at 110 ◦C/24 h. After that, they were weighed to
record the sized results (Figure 1) and stored in plastic bags.

Figure 1. Variation of particle sizes of the raw kaolin sample: (A) histogram of wet-sieving separation
and (B) curve of particle size distribution obtained from the above results.

An amount of the raw kaolin sample investigated in this work was dried during 24 h
and dry milled using a hammer mill (Verdés, Barcelona, Spain) with a sieve of 1000 µm
outside the mill.

A sample of commercial kaolin from Burela (Lugo, Spain) has been used in some
determinations for comparison purposes. The sample is a washed kaolin, with 85 wt %
kaolinite, purchased to ECERSA and applied in the ceramic industry.

It was used as raw material for the present study a powdered commercial corundum
(α-Al2O3) sample, with purity 98.9 wt % of Al2O3, being a raw material applied in the
fabrication of high-alumina refractories. It was supplied by a Company (Alfran Refractories,
Alcalá de Guadaira, Sevilla, Spain). This sample contains 0.55 wt % Na2O, 0.08 wt % Fe2O3,
0.25 wt % TiO2 and shows 0.16 wt % of LOI (“loss on ignition”). After ball-milling this
powder, the resultant material shows 90 wt % of particle size under 63 µm. This sample
was used to the preparation of high-mullite ceramic bodies using the kaolin sample studied
in this investigation as raw material.

The preparation of high-mullite materials involved the powdered α-Al2O3 prepared
as described above and the milled kaolin (using the hammer mill). Both raw materials were
mixed in order to achieve the required mixture to yield the stoichiometry composition of
mullite (3Al2O3·2SiO2) or Al2O3/SiO2 = 1.5 molar ratio. For this purpose, separate aqueous
suspensions, using deionized water, of α-Al2O3 and the milled kaolin were obtained. The
pH was adjusted by addition of HCl (35 vol. %). Both suspensions were mixed and after
vigorous stirring during 3 h, the wet solid product was dried at 110 ◦C. Finally, the powder
was subjected to an additional ball milling treatment for 1 h to destroy agglomerates and
finally sieved under 63 µm. The resultant product showed a residue lower than 1 wt %
using this sieve.

2.2. Techniques

Chemical analysis of selected samples was performed by X-ray Fluorescence Analysis
(XRF). Ground powders were prepared and after that, pressed pellets were obtained. Boric
acid was added to prepare these pressed pellets. A Siemens SRS-3000 sequential XRF
spectrometer, Siemens, Aktiengesellschaft, Karlsruhe, Germany, with standard Rh X-ray
tube, was the equipment used in the measurements. Quality control of these XRF analysis
was carried out by calibration curves with standard certified material samples (International
Association of Geologists). The errors for the major elements were found below 10%.
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Particle size analysis was performed by sedimentation, based on the Stokes’ law
following the method and set up proposed by the Spanish Group of Kaolins [45]. As a
chemical dispersant, it was used an aqueous solution of sodium hexametaphosphate.

Mineralogical phase analysis of samples was carried out using X-ray powder diffrac-
tion (XRD). Ground samples were prepared in an agate mortar and pestle. Random
preparations were scanned using an X-ray diffractometer Siemens, D-501 model, Siemens,
Aktiengesellschaft, Karlsruhe, Germany, at 40 kV and 20 mA, graphite monochromator
and Ni-filtered CuKα radiation. The semiquantitative phase analysis of the samples based
on the XRD results was performed by the methods previously described in the literature
and applied in clay mineralogy studies [45,47–50]. Selected X-ray diagnostic peaks, in
general of maximum intensity, of previous identified crystalline phases were used in these
determinations. The peak areas were measured taking into account several sources of error
which influence the shape of XRD peaks, in particular X-ray background, possible grinding
effects in the mineral phases and orientation of layer silicates [45,49]. These peak areas are
divided by particular and corresponding coefficients previously determined or using data
for silicates and clay minerals published by several authors [45,47,48,51]. Then, the relative
percentages (in wt %) between the minerals can be obtained and compared.

Thermal behaviour and characterization of selected samples was investigated using
Differential Thermal Analysis (DTA), Termogravimetric (TG) analysis and Dilatometric
analysis or Thermo-dilatometry (TD). DTA-TG diagrams were obtained simultaneously
using a Rigaku Thermal Analyzer, Rigaku Co., Tokyo, Japan, PTC-10A model, with Pt/Pt-
Rh 13% thermocouples, and using a data processor DPS-1. For these runs, samples of 40 mg
were used. They were packed in a platinum crucible and α-Al2O3 calcined at 1200 ◦C as a
reference material for DTA in other platinum crucible. The experimental conditions were:
heating rate 12 ◦C/min, flowing air and heating from 20 to 1200 ◦C as maximum.

Dilatometric analysis was carried out in air using a Malkin BCRA dilatometer, British
Ceramic Research Association, Stoke-on-Trent, United Kingdom, which was adapted with
an automatic programmer and recording. To perform this analysis, as a first step, it was
necessary to prepare test bars using plaster of Paris moulds and wet samples with enough
plasticity. The test bars were dried at 110 ◦C in an oven and controlled the size by a calliper.
The first step was a dilatometric run performed using green samples, heated at 6 ◦C/min
and fired up to 1000 ◦C for 1 min inside the furnace of the dilatometric equipment. The
fired bars were cooled inside the furnace up to room temperature. They were studied by a
second dilatometric analysis under the same experimental conditions. Both curves (green
and fired) were obtained and compared.

The determination of ceramic properties was performed using cylindrical pellets
prepared by uniaxial dry pressing of the powders at 40 MPa. An amount of ~5 wt % of
deionized water was mixed to these powders before pressing. The obtained pellets were air-
dried for 4 h. After that, they were treated at 60 ◦C for 4 h using an oven. These dried pellets
were heated, in air, using a high-temperature furnace to several temperatures at a heating
rate of 6 ◦C/min. After achieving the selected firing temperatures, 2 h of soaking time was
fixed for each batch of samples. Then, the furnace was cut off and the fired pellets were
cooled inside the furnace up to room temperature. The weight loss of the pellets after firing
(wt %) was determined as the mass loss between drying (at 110 ◦C) and firing temperatures.
Linear firing shrinkage (in percentage) was determined by measuring the length of the
samples before and after the firing treatments. A calliper was used with a precision of
±0.01 mm. Water absorption capacity (in wt %), bulk density (g/cm3) and apparent or
open porosity (in wt %) of the fired pellets were measured by the immersion technique,
using distilled water, saturation for 24 h and boiling in distilled water for 2 h. All the
measurements were performed in triplicate following the Spanish standard procedures [52].
The fired samples were studied by XRD using a portion of the pellets after grinding.

Microstructural features of selected fired samples were studied by scanning electron
microscopy (SEM). The samples were coated with a thin layer of gold by sputtering using a
Balzer sputtering device. The equipment used for SEM examination was a JEOL microscope,
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model JSM-5400, JEOL Ltd., Tokyo, Japan. To reveal the microstructure of the fired samples
eliminating the glassy phase, they were examined in fresh fractures after a previous etching
using a 20% HF aqueous solution for 10 min.

3. Results and Discussion
3.1. Particle Size Separation and Analysis

Figure 1 shows the variation of particle sizes of the raw sample (using 5 kg) after
washing. These results, presented as histograms, indicated variable percentages of fractions
lower than 10,000 µm (Figure 1A), with variations of 32 wt % in the fraction between
10,000–2000 µm and ~9–10 wt % in the fractions between 2000–1000 µm and 1000–200 µm,
with lower percentages (~5.5 wt %) in the fractions between 200–63 µm. The percentage of
particles lower than 63 µm was 23.06 wt %. Kaolinite, as a clay mineral, is concentrated in
the finer size fractions taking into account its physical characteristics [3,5–9]. According to
this result, the amount of washed sample is low, being associated to the presence of larger
amounts of unaltered mother rock in the kaolin deposit, which contains the kaolinite clay of
interest to be beneficiated. Then, the kaolin ore must be considered as a waste kaolin. The
accumulative curve (Figure 1B) summarizes the variation of these percentages, indicating
that the raw sample presents progressive variations of particle sizes as determined by wet
sieving. In fact, there is a linear trend in the curve from 1000 to 63 µm (Figure 1B).

An analysis by sedimentation of the fraction lower than 63 µm (Figure 2) indicated
percentages of ~16 wt % of fraction lower than 2 µm (or “clay fraction” [5,9]) and ~41 wt %
of fraction between 6.3–2 µm (Figure 2A). These fine fractions can be considered because
kaolinite would be present in relative high proportion. The accumulative curve (Figure 2B)
has been compared with a washed kaolin sample from Burela (Spain) included in this
research and examined under the same conditions. Precedent studies have been performed
on this deposit of kaolin (the Burela kaolin deposit) [52]. It can be noted in these plots the
differences in particle sizes between both samples. As expected, the percentage of particles
lower than 2 µm is higher in the sample considered as a commercial washed kaolin applied
in ceramics.

Figure 2. Particle size analysis of the fraction lower than 63 µm separated by wet sieving from the
raw kaolin sample: (A) histogram of the obtained fractions and (B) curve of particle size distribution
(labelled as SAMPLE) obtained from the above results. A washed sample of kaolin of Burela was
analysed under the same experimental conditions (see the text) and the experimental curve is included
(labelled as KAOLIN).
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The particle size analysis by wet sieving was also performed using the sample obtained
by milling using the hammer mill. The results are presented in Figure 3. These results,
as histograms (Figure 3A), indicated that ~60 wt % of sample is lower than 63 µm, with
~34 wt % between 200–63 µm and minor percentages of higher fractions. Practically, all
the raw kaolin sample as a resultant powder after milling was under 1000 µm. Thus, with
the milling treatment the sample increased the amount of particles lower than 63 µm. A
significative variation to decrease the higher sizes was produced. The plot of Figure 3B
shows this variation as compared to the original sample (Figure 1B).

Figure 3. Particle size analysis of the kaolin sample studied in this work after grinding using a
hammer mill: (A) histograms of wet-sieving analysis and (B) curve of particle size distribution
obtained from the above results (sample labelled as GROUND). For comparison, plotted the obtained
results have been plotted for the raw (unground) original kaolin sample as presented in Figure 1
(labelled as ORIGINAL).

3.2. Mineralogical Analysis by XRD of the Kaolin Samples

Figure 4 shows the XRD mineralogical phase analysis of the raw kaolin sample and its
fraction under 63 µm. Kaolinite and quartz are the main crystalline phases present in both
samples, with potassium feldspar (microcline) and muscovite mica as secondary minerals.
It can be seen that kaolinite X-ray patterns increases in the fraction under 63 µm. In contrast,
quartz and microcline X-ray patterns decrease in that fraction and muscovite mica does not
present any variation.

Table 1 includes the semiquantitative estimation of the mineral content from the XRD
diagrams. It can be confirmed by these results that the washing using water of the raw
sample produced a relative increase of kaolinite content from 20 to 50 wt %. However, the
washed sample with this percentage of kaolinite is accompanied by quartz (20 wt %) and
microcline (10 wt %) in medium proportions besides muscovite mica (20 wt %). Further-
more, muscovite mica increases slightly in the fraction under 63 µm, although this increase
is between the experimental errors in the mineralogy semiquantitative estimation. Anyway,
it has been verified by XRD (Figure 4) that if the kaolinite content increases by the washing
treatment, as a result of the beneficiation process, the content of quartz and microcline
decreases. However, the yield of finer fractions is not an income subject. In this sense, in
contrast, the raw materials of the same kaolin deposit with lower kaolinite content could
be considered as a waste constituted by feldspar sands because quartz and microcline are
predominant mineral phases [8].
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Figure 4. Mineralogical composition by XRD of the raw kaolin sample and fraction < 63 µm obtained
by wet sieving. M = muscovite; Q = quartz; F = feldspar (microcline); K = kaolinite.

Table 1. Results of the mineralogical analysis of the samples: semiquantitative estimation of the
minerals identified by XRD (in wt %).

Sample Kaolinite Quartz Feldspar Muscovite

Raw kaolin sample 20 30 35 15

Fraction under 63 µm 50 20 10 20

Kaolin of Burela 85 5 <5 10
Note: Feldspar is identified as potassium feldspar (microcline).

3.3. Chemical Analysis by XRF

Table 2 shows the chemical analysis of the raw and wet-sieved kaolin sample under
63 µm. The chemical analysis of the kaolin sample of Burela is included for comparison. All
these samples present a high content of SiO2 (>50 wt %), associated to the kaolinite present,
quartz, microcline and muscovite mica, in the range of 51.15–73.61 wt %. The percentage of
SiO2 is higher in the raw sample, according to the presence of quartz identified by XRD
(Figure 4). The Al2O3 content is medium-low, being in the range 13.40–33.51 wt % and
associated to combined silicates. The content of K2O must correspond to microcline and
muscovite present in the samples, with variable content in the range 1.78–8.55 wt %. Iron
content as Fe2O3 in all the samples is lower than 2 wt %, with a minimum value of 0.63 wt %
in the kaolin of Burela and maximum (1.96 wt %) in the wet sieved kaolin sample under
63 µm. Possibly, the washing of the raw kaolin concentrated the iron (as iron gel oxides) in
the finer sample. The contents of the rest of elements (CaO, MgO, Na2O) are not relevant.

On the other hand, the values of weight loss after heating at 1000 ◦C (“loss on igni-
tion” = LOI) are in the range 2.69–11.90 wt % (Table 2). It is an indication of mineralogical
components present in the samples which can be dehydroxylated by thermal treatment:
kaolinite and muscovite. However, quartz and microcline do not present any weight loss
after thermal treatment [53]. For pure kaolinite, 13.9 wt % of structural water is lost after
thermal treatment at 1000 ◦C [1–4]. From the results of Table 2, it can be observed that the
sample with higher kaolinite content (Burela with 85 wt %), the LOI is 11.90 wt %. The
sample with lower kaolinite content (20 wt %, see Table 1) is the raw kaolin, as expected,
and it shows the lower LOI value (2.69 wt %, see Table 2). In fact, as observed in Table 2,
the washed kaolin sample under 63 µm studied in this work shows higher percentage of
LOI, being this result associated to the increase of the amount of kaolinite (Table 1).
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Table 2. Chemical analysis by XRF of the raw kaolin sample and its fraction under 63 µm obtained
by washing. It is included the chemical analysis of a sample of ceramic kaolin (washed sample) of
Burela (Lugo, Spain). LOI = ”Loss on ignition” or loss of weight after heating at 1000 ◦C for 1 h. An
estimation of the kaolinite content in the samples is calculated on the basis of the LOI results. The
molar ratio [SiO2/Al2O3] is given for the samples.

Component (wt. %) Raw Kaolin Fraction under
63 µm Kaolin of Burela Kaolinite

(Theoretical)

SiO2 73.61 62.17 51.15 46.5

Al2O3 13.40 23.39 33.51 39.5

Fe2O3 1.07 1.96 0.63

TiO2 0.22 0.18 0.12

CaO 0.15 0.17 0.31

MgO 0.26 0.55 0.23

Na2O 0.25 0.14 0.29

K2O 8.55 4.15 1.78

LOI 2.69 6.58 11.90 14.0

Total 100.20 99.29 99.92 100.0

Kaolinite content ~19 ~47 ~86 100

(SiO2/Al2O3) 9.33 4.52 2.59 2.00

Assuming that all the LOI is a consequence of the kaolinite content as single clay min-
eral, being dehydroxylated by thermal treatment, it is possible to estimate the percentage of
kaolinite in the samples. Taking into account that pure kaolinite lost 13.9 wt % (i.e., the LOI
of a pure kaolinite is this value) as structural water [1–4], the contents of kaolinite for the
raw kaolin sample and its fraction under 63 µm are calculated as ~19 wt % and ~47 wt %,
respectively (Table 2). Thus, the washing process of the raw kaolin produced an increase
of the kaolinite percentage in the sample, although it was assumed in this estimation that
kaolinite is the only clay mineral present. Furthermore, the same estimation applied to the
washed kaolin of Burela indicates a kaolinite content of ~86 wt %. These all estimations
of kaolinite content in the studied samples are in well agreement, taking into account the
errors in the XRD semiquantitative estimation, with the mineralogical study performed by
XRD (Table 1). In particular, the sample of kaolin under 63 µm presents a kaolinite content
by XRD of 50 wt % (Table 1), being obtained ~47 wt % using the above LOI approximation
(Table 2).

Furthermore, the results of Table 2 show that the molar ratio SiO2/Al2O3 in the raw
kaolin is relatively high (9.33) but diminishes in the fraction under 63 µm (4.52), being
in agreement with the kaolinite content estimated by XRD (Table 1). However, this ratio
is lower (2.59) in the kaolin sample of Burela which contains ~85 wt % of kaolinite after
industrial washing (Table 1).

Two parameters are of interest for an in-depth study of the kaolin samples taking into
account both mineralogical and chemical characteristics [52,54,55]. It can be described as
follows. For this study, it can be considered a mineralogical index alteration (MIA) and
a chemical index of alteration (CIA). The first one was proposed by Nesbitt [54], being a
dimensionless number between 0 and 100 calculated according to Equation (1):

MIA = [Qz/(Qz + KF + Pl)] × 100 (1)

being Qz = % Quartz in the sample, KF = % potassium feldspar and Pl = % Plagioclase in
the kaolin samples determined by mineralogical analysis (in wt %) by XRD.
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The CIA index [52,55] is calculated using the molecular proportions as follows:

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)]/100 (2)

being CaO* the amount of CaO combined in the silicate fraction of rock. This parameter
is useful to evaluate the degree of chemical weathering focusing on feldspars. It is also a
dimensionless number between 0 and 100.

Table 3 presents the results of mineralogical and chemical characteristics (MIA and CIA
parameters as described above), being calculated from mineralogical (XRD) and chemical
(XRF) analyses of the raw kaolin and its fraction under 63 µm (Tables 1 and 2) and using
Equations (1) and (2). The same parameters for the kaolin of Burela have been calculated
and included for the sake of comparison purposes. The kaolinite content, determined by
XRD (Table 1), is included in the same Table 3. The fraction under 63 µm of the raw kaolin
(with 50 wt % of kaolinite) shows a MIA value of 66.66, being higher that the value of this
parameter for the raw kaolin sample, with lower content of kaolinite (20 wt. %). Then,
it can be deduced that this sample is a partially altered sample although it is not as the
sample of kaolin of Burela, which shows a MIA value of 100.

Table 3. Results of mineralogical and chemical characteristics (MIA and CIA parameters) deduced
from mineralogical (XRD) and chemical (XRF) analyses of the samples.

Sample MIA CIA Kaolinite Content (wt %) by XRD

Raw kaolin sample 46.15 59.95 20

Fraction under 63 µm 66.66 83.98 50

Kaolin of Burela 100 93.36 85

On the other hand, the CIA values are ~60 and ~84 for the raw kaolin and its fraction
under 63 µm, being higher for the sample of kaolin of Burela (~93). It is an indicator that
the alteration or kaolinization is higher in this sequence, suggesting a significant removal of
labile basic cations (for instance Mg, Na and K) relative to stable residual elements (Si, Al,
Fe), as pointed out by Galán et al. [52]. Therefore, the loss of alkaline (and alkaline-earth)
elements can be attributed to the kaolinitization of alkali-feldspars and mica, considered the
minerals most prone to weathering in the kaolin deposit [5–9]. For a deep study, however, it
would be necessary an examination of representative sampling of occurrences and associate
rocks in the kaolin deposit. For instance, CIA values obtained for bulk kaolin samples
of Burela range from 77.48 to 96.7 and MIA values for representative sample rocks of the
Burela deposit range from 29 to 100 [52].

3.4. Thermal Analysis by DTA-TG and Thermal-Dilatometry

The thermal behaviour (DTA-TG) of the kaolin sample after wet washing and sieving
under 63 µm is included in Figure 5. This sample contains the higher percentage of kaolinite
as compared with the raw kaolin sample (Figure 4 and Tables 1 and 2), with an estimation
of 47 wt %. It contains kaolinite, muscovite mica, microcline and quartz. It should be noted
that pure microcline and quartz do not show any weight loss by TG [53]. Following the
progressive heating of this sample, first of all, it is observed a small endothermic DTA
effect before 200 ◦C, with maximum peak at 85 ◦C. This DTA effect is associated with a
low weight loss by TG. Both thermal events can be attributed to the loss by heating of
mechanically-retained water molecules. Further heating produces a very small DTA effect
with maximum peak at ~320 ◦C, being accompanied by a slight weight loss by TG in the
range 250–380 ◦C. This effect can be explained due to the presence of iron oxide gels, which
lost water by thermal treatment [56,57]. The content of Fe2O3 in this sample is 1.96 wt %
(Table 2) and may be associated with iron oxide gels. The small thermal effects detected by
thermal analysis have been showed and discussed above. Next, the main thermal effects
will be shown and discussed in this section.
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Figure 5. DTA-TG diagrams of the fraction under 63 µm obtained by wet sieving (heating rate
12 ◦C/min).

In general, the DTA-TG profiles of this sample are characteristic of pure kaolinite, with
a broad endothermic DTA effect with maximum peak at 540 ◦C, and the main weight loss
observed by TG in the temperature range 300–900 ◦C. This effect is associated to kaolinite
dehydroxylation, with loss of structural OH groups and formation of an amorphous phase
(to X-rays) named as “metakaolinite” [1–3,11,15–19]. A characteristic exothermic DTA
effect is observed at ~995 ◦C (Figure 5) without weight loss by TG, being associated to
the decomposition of metakaolinite previously formed by heating [1–3,11,15–19]. This
exothermal DTA effect in pure kaolinite samples has been studied along years by many
investigators with controversies [1,2]. It has been attributed to the formation of either a
transient alumina-type spinel (γ-Al2O3 solid solution) or mullite nuclei or both, because
at DTA heating rates (in the present case 12 ◦C/min) both spinel and mullite have the
possibility of forming concurrently [1].

The results obtained by DTA-TG are in relation to the observed thermo-dilatometric
behaviour (Figure 6). The original raw kaolin and the wet sieved fraction under 63 µm
have been studied by thermo-dilatometry (TD), both in green and fired (1000 ◦C) states. It
can be observed that the thermal profiles of all these samples are similar with some light
variations. There is a continuous and rapid expansion in the TD curve associated to clay
dehydroxylation in green state up to ~600 ◦C, when the α→ β phase transformation of
quartz takes place [53]. This effect was not observed by DTA (Figure 5). The expansion
is slower up to a maximum of 900 ◦C and after this temperature, the TD curve starts to
decrease by the initial process of sintering which produces shrinkage. This behaviour is
accelerated in the green curve of the fraction under 63 µm, with a maximum expansion
at ~850 ◦C. Afterwards, the sintering process is more evident because a rapid shrinkage is
observed. It is clear that the mineral phases present in these samples, mainly clay minerals
(muscovite and kaolinite), have been dehydroxylated by thermal heating. This process
produced expansion in the TD curve up to a limit (complete dehydroxylation of silicates),
when sintering effect starts.



Materials 2022, 15, 583 12 of 22

Figure 6. Thermal analysis results by dilatometry (thermal-dilatometry) in green and fired (1000 ◦C)
conditions (heating rate 6 ◦C/min) of the raw kaolin (labelled as ORIGINAL) and fraction under
63 µm obtained by wet sieving.

The TD curves for these samples fired at 1000 ◦C shows the quartz phase transition
as the more relevant feature, with a remarkable change in the slope of the straight lines of
expansion in the temperature range ~550–650 ◦C. This effect is more intense in the original
kaolin sample, being of lower intensity in the fraction under 63 µm because the quartz
content is lower (Table 1).

3.5. Ceramic Properties

The ceramic properties have been investigated for these kaolin samples with a compar-
ative study of the kaolin of Burela under the same experimental conditions. The evolution
of linear firing shrinkage (LFS, in %) and water absorption capacity (WAC, %) as a function
of firing temperature is included in Figure 7. The results obtained for the raw kaolin sample
and the wet-sieved sample under 63 µm, thereafter fine fraction, are presented. It can be
seen the progressive shrinkage of the raw sample and the fine fraction up to maximum
values of 7.5% and 8.8%, respectively, after firing at 1300 ◦C. Above this temperature, LFS
values decrease although it is very fast for the raw sample. WAC values follows a similar
trend, with a decrease of values from ~18–20% at 1050 ◦C up to almost zero after firing at
1300 ◦C, followed by an increase of WAC values. However, the fine fraction held WAC
values almost zero in a firing temperature range (estimated in 100 ◦C), being broader than
the raw sample. This evolution is similar when the milled sample, using the hammer
mill, is studied. Figure 8 shows this evolution, with maximum LFS of ~8% at 1350 ◦C and
minimum values of CAA (~3.5–4%) in the firing range 1300–1400 ◦C. However, LFS results
indicate that deformation in the test samples started from 1350 ◦C.
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Figure 7. Thermal behaviour of the raw kaolin sample (labelled as ORIGINAL) and fraction under
63 µm: plot of the variation of linear firing shrinkage (LFS) and water absorption capacity (WAC) as
a function of firing temperature.

Figure 8. Thermal behaviour of the kaolin sample after grinding treatment using a hammer mill: plot
of the variation of linear firing shrinkage (LFS) and water absorption capacity (WAC) as a function of
firing temperature.
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The ceramic properties bulk density (BD, in g/cm3) and apparent porosity (AP, %)
have been also determined for these kaolin samples. Figure 9 shows a plot of the variation
of BD and AP for the raw kaolin sample and the fine fraction as a function of firing
temperature, with a soaking time of 2 h. The profiles of the curves obtained under the same
experimental conditions are similar to that presented in Figure 8, with maxima values of
BD and AP for these samples at different firing temperatures.

Figure 9. Thermal behaviour of the raw kaolin sample (labelled as ORIGINAL) and the fraction
under 63 µm: plot of the variation of bulk density (BD) and open porosity (OP) as a function of firing
temperature.

As an interesting approach to evaluate the ceramic properties, it is possible to deter-
mine the vitrification temperature (Tv), or temperature at which the AP becomes almost
zero, and the temperature of the maximum of BD (Td). These parameters are of interest
concerning densification and sintering of ceramics taking into account the vitrification or
range curves, as proposed by Norris et al. [58]. It can be estimated that Tv is 1300 ◦C for
both samples, with variation in Td, being Td = 1300 ◦C for the raw kaolin (original) sample
and Td = 1350 ◦C for the fine fraction.

Table 4 summarizes the experimental results of estimated Tv and Td and the values of
maximum BD for the raw kaolin sample, the fine fraction, the milled kaolin sample (using a
hammer mill) and the kaolin sample of Burela. It can be observed that the higher values of
Tv and Td and BD are found in the kaolin sample of Burela (Tv = 1500 ◦C, Td = 1450 ◦C and
BD = 2.49 g/cm3), as expected, followed by the milled kaolin sample (Tv = Td = 1350 ◦C
and BD = 2.40 g/cm3). The fine fraction is the next sample in this sequence of decreasing
values (with Tv = 1300 ◦C, Td = 1350 ◦C and BD = 2.35 g/cm3) and, finally, the raw kaolin
sample (Tv = Td = 1300 ◦C, with BD = 2.21 g/cm3). According to this evolution, the milled
kaolin sample reached the higher values of Tv and Td and BD of all the samples studied in
this work in comparison to the kaolin of Burela.
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Table 4. Experimental results of estimated vitrification temperature Tv (◦C), temperature of the
maximum apparent density Td (◦C) and values of maximum bulk density, BD (g cm−3), of raw kaolin
and fraction < 63 µm studied in this work, compared to Kaolin of Burela, determined from range
curves (see the text) under the same conditions.

Sample Tv/(◦C) Td/(◦C) BD/(g·cm−3)

Raw Kaolin 1300 1300 2.21

Fraction < 63 µm 1300 1350 2.35

Milled kaolin sample
using a hammer mill 1350 1350 2.40

Kaolin of Burela 1500 1450 2.49

It should be noted that there are some variations in these parameters considering
raw clays. For instance, in chlorite-muscovite (illite) clays containing quartz, it has been
reported Tv = 1200 ◦C and Td = 1150 ◦C with BD = 2.30 g/cm3 because these clays contain
a large amount of fluxes as compared to kaolinitic clays [59]. In raw sericite clays (sericite-
kaolinite and sericite-pyrophyllite-kaolinite clays), as precursors or mullite materials by
heating, values of Tv ~ 1250 ◦C and BD maximum values in the range 2.41–2.52 g/cm3

have been reported [60]. In other raw clays (quartzitic clays), the values of Tv and Td
are in the range 1200–1250 ◦C with BD in the range 2.25–2.43 g/cm3 [61]. In general,
these features are in accordance with the thermal behaviour of kaolinitic and muscovite
(illite/sericite)-kaolinitic clays containing quartz [10,14].

3.6. Development and Evolution of Crystalline Phases by Thermal Treatment

Figure 10 shows the XRD diagrams of the fraction under 63 µm of the kaolin (or washed
kaolin sample, see Section 3.1) after firing in the temperature range 1000–1300 ◦C for 2 h.
It can be detected at 1000 ◦C and, at 1100 ◦C, quartz, dehydroxylated mica and feldspar
(microcline), as crystalline phases, and an amorphous phase according to the background
of the XRD diagram. Amorphous silica was produced during metakaolinite decomposition
(Figure 5 DTA-TG), being larger in this sample (kaolinite content ~47 wt %, see Table 2).
It can give rise to a vitreous phase formation. Important changes in the evolution of
the crystalline phases were observed: (1) from 1000 ◦C to 1100 ◦C, the dehydroxylated
muscovite mica disappeared by thermal decomposition, and (2) from 1200 ◦C to 1300 ◦C
took place the disappearance of all the feldspar (microcline) X-ray peaks. It was associated
to the melting of this phase. At the same time, an increase of the X-ray background
(increased hump of the X-ray diagram), associated to an amorphous or vitreous phase,
was detected.

The observation of mullite (3Al2O3·2SiO2) X-ray patterns was detected at 1150 ◦C,
being formed above 1100 ◦C when dehydroxylated mica and metakaolinite are decom-
posed. There is an increase in intensity of these mullite X-ray patterns as increasing firing
temperature (1200 and 1300 ◦C). At 1300 ◦C, quartz and mullite are the only crystalline
phases present in the fired sample with detection of a vitreous or glassy phase. This result is
in connection with the ceramic properties of the sample presented in Figures 7–9 concerning
the firing behaviour with the vitrification features (see Section 3.5). Then, ceramic bodies
with high relative proportion of crystalline mullite and minor of quartz, besides vitreous
phase, can be obtained by firing at 1300–1350 ◦C. In general, these thermal features are in
agreement with previous results reported in studies on kaolinitic clays [19,34,39,56,60].

It should be noted that the equilibrium phase diagram K2O-SiO2-Al2O3 [62] indicates
that the formation of liquid starts at 980 ◦C and a peritectic liquid at temperatures above
1140 ◦C. The relative proportion of liquid, forming the vitreous phase after cooling the
samples, increases with increasing temperature. The melting of potassium feldspar was
reported in the temperature range 1118–1160 ◦C [52], being in accordance with the present
results (Figure 10). Martin-Marquez et al. [63] reported a complete melting of feldspars
(microcline and albite) used in the preparation of a porcelain stoneware at 1200 ◦C. It is
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important to remark that Dondi [8] suggested that the primary function of feldspathic
fluxes is to melt during firing. Therefore, a liquid phase from feldspar and muscovite was
provided in the present study that is responsible for viscous flow sintering and partial
vitrification. The presence of a potassium-rich phase (Table 2) in the fired kaolin sample
accelerates the vitrification process due to this fluxing effect.

Figure 10. XRD diagrams of the kaolin sample (fraction under 63 µm) fired up to 1300 ◦C. M = mus-
covite (dehydroxylated); Q = quartz; F = feldspar (microcline); Mu = mullite.

3.7. Incorporation of α-Alumina to the Kaolin Sample to Yield a Mullite Refractory Material

According to the above results, it was considered that this kaolin sample could be
useful to obtain high-mullite refractory materials by addition of alumina to react with
excess of silica, segregated by kaolinite thermal decomposition forming metakaolinite,
according to the reaction (Reaction 3):

3(Al2O3·2SiO2·2H2O)→ 3Al2O3·2SiO2 + 4SiO2 (amorphous) + 6H2O (Reaction 3)

The formation of primary mullite from kaolinite thermal decomposition can be de-
tected by XRD from 1150 ◦C (Figure 10). Further heating can produce additional mullite,
considered secondary mullite, by reaction between segregated silica from kaolinite and
alumina previously mixed with kaolinite:

3Al2O3 + 2SiO2 → 3Al2O3·2SiO2 (Reaction 4)
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For this purpose, powdered α-Al2O3 was added to the milled kaolin (using the ham-
mer mill) in order to achieve the required mixture to yield the stoichiometry composition of
mullite (3Al2O3·2SiO2) or Al2O3/SiO2 = 1.5 molar ratio, following the procedure described
in experimental. The application of the milled kaolin is based in the utilization of the whole
sample without size separation by washing because the yield of fraction lower than 63 µm
(which contains 50 wt % of kaolinite) is relatively low (~23 wt %).

Figure 11 shows the XRD diagrams of these mixtures after firing in the temperature
range 1200–1600 ◦C for 2 h. The XRD study showed the disappearance of feldspar (mi-
crocline) above 1200 ◦C and quartz above 1400 ◦C. Primary mullite, from metakaolinite
thermal decomposition, is detected by XRD at 1200 ◦C although the previous result de-
picted in Figure 10 demonstrated that it was at 1150 ◦C. It can be observed in the XRD
diagrams of Figure 11 the disappearance of α-Al2O3 by Reaction 4 above 1500 ◦C, with
some relicts of quartz as residual mineral phase, and the development of mullite phase.
The samples sintered at 1550–1600 ◦C consisted of mullite, as the main crystalline phase,
and the presence of unreacted α-Al2O3. However, complete mullitization (i.e., mullite
as a single phase) was not achieved under the present experimental conditions. It must
be examined, for a complete study, the degree of mixing, differences in particle size and
firing conditions at 1600 ◦C for 2 h. Thus, under the present experimental conditions, a
high-mullite-(α)-alumina refractory can be obtained.

Figure 11. XRD diagrams of the mixture of kaolin sample (ground using a hammer mill) an α-alumina
fired up to 1600 ◦C for 2h. F = feldspar (microcline); Q = quartz; Mu = mullite; A = α-alumina.
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The particles of α-Al2O3 are relatively larger than kaolinite in the prepared mixture.
They can be considered as an inert phase in the ground mixture up to 1350–1400 ◦C,
when the Reaction 4 starts. It should be noted that in a previous work, Liu et al. [29,30]
reported that the reaction of α-Al2O3 with kaolinite (washed kaolin sample from Caobar,
Guadalajara, Spain) is initiated at about 1250 ◦C, being quite extensive above 1380 ◦C. This
reaction is extremely fast at 1600 ◦C and above. It is indicating a strong effect of the eutectic
liquid formation at ~1587 ◦C which is produced in the binary system SiO2-Al2O3 [20]
although with a lower temperature if fluxes are present. In fact, the K2O-Al2O3-SiO2
system must be considered, in which the formation of a peritectic liquid at temperatures
above 1140 ◦C is achieved [62].

In the present case it can be observed a decrease in intensity of α-alumina peaks
(Figure 11) associated to the effect and the presence of fluxes (Table 2), in particular
K2O. According to the literature, there is evidence of liquid phase sintering in the sys-
tem kaolinite-alumina taking into account the characteristics of the glassy phase and the
rapid kinetics of secondary mullite formation [29,30]. These previous results suggest a
mechanism of solution of α-Al2O3 and precipitation of secondary mullite via a transitory
liquid phase [12,26,37]. Therefore, the solution-precipitation mechanism is through the
glassy phase [29,30]. It should be emphasized that the effect of glassy or vitreous phase on
mullite and mullite-based ceramic composites prepared from kaolinite, sericite clays and
kaolin wastes as by-products of mining has been studied by Sánchez-Soto et al. [39]. The
total content of oxides (see Table 2), distinct of Al2O3 and SiO2, is summed as K2O treating
this oxide as the only impurity (oxides as “K2O” in wt %, obtained from the chemical
analysis on a calcined basis). This estimation indicated a “K2O content” = 4.46 wt %. The
maximum “K2O content” in similar materials was reported as 5.74 wt % [39]. According to
Chen et al. [12], in a previous study on the preparation of mullite by reaction sintering of
kaolinite and alumina, the addition of Al2O3 can reduce the amount of glassy phase and,
therefore, increases the amount of mullite.

3.8. Microstructural Observations by SEM of Thermally Treated Kaolin Samples

The SEM observation of the sample of washed kaolin under 63 µm and fired at 1300 ◦C
(Figure 12) shows a compacted microstructure with mullite crystals. They are originated
from kaolinite decomposition by firing present in the sample (~50 wt % by XRD, see Table 1),
and ~47 wt % on the basis of the LOI result (Table 2).

Figure 12. Selected SEM image of the kaolin sample (fraction under 63 µm) fired at 1300 ◦C for 2 h
after chemical etching using 20 wt % HF aqueous solution.

It can be observed in detail needle shape of small sizes of mullite crystals, besides
some relicts of glassy phase and quartz crystals, as expected from previous XRD results
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(Figure 4), when microcline has disappeared (Figure 10). These features are similar to those
reported in previous papers [3,10,15,18,19,37,60].

4. Conclusions

The particle size separation of a representative sample of the kaolin deposit studied in
this investigation was performed by wet-sieving and after that, an analysis by sedimenta-
tion of the fraction under 63 µm. The results allow conclude: (a) the presence of variable
percentages of fractions lower than 2000 µm; (b) percentages of ~23 wt % of particles
under 63 µm, and (c) percentages of ~16 wt % of fraction lower than 2 µm. The kaolinite
content of the raw kaolin and the fraction under 63 µm were 20 and 50 wt %, respectively,
as determined by XRD. It is accompanied with quartz (20–30 wt %), potassium feldspar
or microcline (10–35 wt %) and muscovite (15–20 wt %) as mineral phases identified by
XRD. This result is in agreement with the relative high content of silica (62–74 wt %) and
alumina (13–23 wt %) determined by XRF. The content of K2O was 4.15–8.55 wt % in the
raw and fraction under 63 µm, respectively, being associated to the presence of microcline
and muscovite. According to these results, the amount of washed kaolin sample is low
because large amounts of unaltered kaolin mother rock (composed by potassium and
calcium feldspars, kaolinite, mica and quartz) are present. Consequently, it is considered
that the kaolin studied in this work is a waste kaolin.

The results of thermal analysis by TD of the raw kaolin and the fraction lower than
63 µm showed the thermal expansion by firing up to a maximum at ~850–900 ◦C and the
decrease of this expansion by shrinkage produced by sintering of the samples. Additional
thermal analysis by DTA-TG allowed observe the kaolinitic character of the fraction lower
than 63 µm (with 50 wt % of kaolinite).

The ceramic properties of uniaxially pressed and fired samples (1000–1500 ◦C with 2 h
of soaking) showed the progressive thermal shrinkage by sintering, with water absorption
and open porosity almost zero at ~1350 ◦C. At 1350 ◦C the bulk density reached maximum
values of 2.21, 2.35 and 2.40 g/cm3 for the raw kaolin, the fraction lower than 63 µm
and the milling sample, respectively. This sequence of values reflects an effect of particle
size reduction, with a maximum value of 2.49 g/cm3 for the kaolin of Burela used for
comparison. Additional parameters of interest, according to previous research [58], have
been deduced from the present results: Tv = 1300 ◦C and Td = 1350 ◦C as maximum, with
slight variations considering the raw kaolin (~20 wt % of kaolinite), the fraction lower than
63 µm (~50 wt % kaolinite) and the milled kaolin sample. The kaolin of Burela (~86 wt % of
kaolinite), under the same experimental conditions, showed values of Tv = 1500 ◦C and
Td = 1450 ◦C. From these results, it is concluded that the mineralogy, chemical composition
and particle size influenced this behaviour.

The main changes in phase evolution have been observed by XRD from 1200 to 1300 ◦C,
with disappearance of microcline by melting. It was in accordance with the qualitative
predictions of the equilibrium phase diagram K2O-Al2O3-SiO2. The development of mullite
crystals was evidenced by XRD. At 1200 ◦C, quartz and mullite have been identified in the
fired materials besides the presence of vitreous phase. Mullite is formed by decomposition
of kaolinite. The observation of mullite forming characteristic needle shape crystals was
revealed by SEM. According to the present results, the formation of fully-densified and
vitrified mullite materials by firing treatments was demonstrated.

As a next step of this investigation, it was examined the incorporation of α-alumina to
this kaolin sample and treatments of uniaxial pressing and firing. Firing of these samples
produced the increase of mullite relative proportion by reaction sintering at temperatures
higher than 1500 ◦C for 2 h, with disappearance of quartz as demonstrated by XRD
examination. Thus, a mullite refractory material can be prepared using this kaolin sample
as raw material, which is favoured by a previous size separation, or better a milling
treatment of the raw kaolinite.

Further studies will be considered using this kaolin as raw material, taking into
account the present results—for instance, the evaluation of mechanical strength properties.
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Author Contributions: P.J.S.-S., sampling at the kaolin deposit, design of the research, funding,
experimentation, performed some determinations and tests, analysis of data, writing—original draft
preparation; D.E.-Q., analysis of data, data curation, formal analysis, discussion of results; S.M.-M.,
formal analysis, revision of results, preparation and treatment of figures, discussion of results; L.P.-V.,
experimentation, analysis of data, discussion of results, data curation; E.G., supervision, discussion
of results, writing—original draft, review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by Junta de Andalucía (Regional Government) through
Research Group TEP 204 (Head of the group: P.J. Sánchez-Soto).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions privacy. The data pre-
sented in this study are available on request from the corresponding author. The data are not publicly
available due to the restrictions of the research group on this subject.

Acknowledgments: The authors want to dedicate this paper to G.N. Angelopoulos, at the University
of Patras (Grece), for his vast contribution to the study and valorization of waste materials. This
research was supported by Regional Government (Junta de Andalucía) through Research Group TEP
204 (Head of the group: P.J. Sánchez-Soto).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pask, J.A.; Tomsia, A.P. Formation of mullite from sol-gel mixtures and kaolinite. J. Am. Ceram. Soc. 1991, 74, 2367–2373.

[CrossRef]
2. Sanz, J.; Madani, A.; Serratosa, J.M.; Moya, J.S.; De Aza, S. Aluminum-27 and Silicon-29 MAS NMR study of the kaolinite-mullite

transformation. J. Am. Ceram. Soc. 1988, 70, 837–842.
3. Carty, W.M.; Senapati, U. Porcelain-Raw Materials, Processing, Phase Evolution and Mechanical Behavior. J. Am. Ceram. Soc.

1998, 81, 3–20. [CrossRef]
4. Hammas, A.; Lecomte-Nana, G.; Daou, I.; Tessier-Doyen, N.; Peyratout, C.; Zibouche, F. Kaolinite-Magnesite or Kaolinite-Talc-

Based Ceramics. Part II: Microstructure and the Final Properties Related Sintered Tapes. Minerals 2020, 10, 1080. [CrossRef]
5. Murray, H.H. Kaolin minerals: Their genesis and occurrences. In Hydrous Phyllosilicates; Reviews in Mineralogy, 19; Bailey, S.W.,

Ed.; Mineralogical Society of America: Washington, DC, USA, 1988; pp. 67–89.
6. Galán, E.; Ferrell, R.E. Genesis of Clays. In Handbook of Clay Science. Developments in Clay Science; Bergaya, F., Lagaly, G., Eds.;

Elsevier B.V.: Amsterdam, The Netherlands, 2013; Volume 5, pp. 83–126.
7. Deer, W.A.; Howie, R.A.; Zussman, J. An Introduction to the Rock-Forming Minerals; Longman: Hong Kong, China, 1992.
8. Dondi, M. Feldspathic fluxes for ceramics: Sources, production trends and technological value. Resour. Conserv. Recycl. 2018, 131,

191–205. [CrossRef]
9. Murray, H.H.; Keller, W.D. Kaolins, Kaolins and Kaolins. In Kaolin Genesis and Utilization; Murray, H., Bundy, W., Harvey, C., Eds.;

Clay Minerals Society: Boulder, CO, USA, 1993; pp. 1–24.
10. Chen, C.Y.; Lan, G.S.; Tuan, W.H. Microstructural evolution of mullite during the sintering of kaolin powder compacts. Ceram.

Int. 2000, 26, 715–720. [CrossRef]
11. Sánchez-Soto, P.J.; Jiménez de Haro, M.C.; Pérez-Maqueda, L.A.; Varona, I.; Pérez-Rodríguez, J.L. Effect of Dry Grinding on the

Structural Changes of Kaolinite Powders. J. Am. Ceram. Soc. 2000, 83, 1649–1657. [CrossRef]
12. Chen, C.Y.; Lan, G.S.; Tuan, W.H. Preparation of mullite by the reaction sintering of kaolinite and alumina. J. Eur. Ceram. Soc.

2000, 20, 2519–2525. [CrossRef]
13. Murray, H.H. Applied Clay Mineralogy. Occurrences, Processing and Applications of Kaolins, Bentonite, Palygorskite-Sepiolite, and

Common Clays; Elsevier: Amsterdam, The Netherlands, 2007.
14. Boussois, K.; Deniel, S.; Tessier-Doyen, N.; Chateigner, D.; Dublanche-Tixier, C.; Blanchart, P. Characterization of textured

ceramics containing mullite from phyllosilicates. Ceram. Int. 2013, 39, 5327–5333. [CrossRef]
15. Aksay, I.A.; Dabbs, D.M.; Sarikaya, M. Mullite for structural, electronic and optical applications. J. Am. Ceram. Soc. 1991, 74,

2343–2354. [CrossRef]
16. Gualteri, A.; Bertolani, M. Mullite and cristobalite formation in fired products starting from halloysite clay. Appl. Clay Sci. 1992, 7,

251–262. [CrossRef]

https://www.mdpi.com/article/10.3390/ma15020583/s1
https://www.mdpi.com/article/10.3390/ma15020583/s1
http://doi.org/10.1111/j.1151-2916.1991.tb06770.x
http://doi.org/10.1111/j.1151-2916.1998.tb02290.x
http://doi.org/10.3390/min10121080
http://doi.org/10.1016/j.resconrec.2018.02.027
http://doi.org/10.1016/S0272-8842(00)00009-2
http://doi.org/10.1111/j.1151-2916.2000.tb01444.x
http://doi.org/10.1016/S0955-2219(00)00125-4
http://doi.org/10.1016/j.ceramint.2012.12.038
http://doi.org/10.1111/j.1151-2916.1991.tb06768.x
http://doi.org/10.1016/0169-1317(92)90013-D


Materials 2022, 15, 583 21 of 22

17. Castelein, O.; Soulestin, B.; Bonnet, J.; Blanchart, P. The influence of heating rate on the thermal behavior and mullite formation
from a kaolin raw material. Ceram. Int. 2001, 27, 517–522. [CrossRef]

18. Yamuna, A.; Devanarayanan, S.; Latithambika, M. Phase-pure mullite from kaolinite. J. Am. Ceram. Soc. 2002, 85, 1409–1413.
[CrossRef]

19. Chen, Y.F.; Wang, M.C.; Hon, M.H. Phase transformation and growth of mullite in kaolin ceramics. J. Eur. Ceram. Soc. 2004, 24,
2389–2397. [CrossRef]

20. Davis, R.F.; Pask, J.A. Diffusion and Reaction Studies in the System Al2O3-SiO2. J. Am. Ceram. Soc. 1972, 55, 525–531. [CrossRef]
21. Aksay, I.A.; Pask, J.A. Stable and metastable equilibrium in the system SiO2-Al2O3. J. Am. Ceram. Soc. 1975, 58, 507–512.

[CrossRef]
22. Schneider, H.; Okada, K.; Pask, J.A. Mullite and Mullite Ceramics; Wiley: Chichester, UK, 1994.
23. Schneider, H.; Komarneni, S. Mullite. Wiley-VCH Verlag GmbH & Co.: Weinheim, Germany, 2005.
24. Schneider, H.; Schreuer, J.; Hildmann, B. Structure and properties of mullite—A review. J. Eur. Ceram. Soc. 2008, 28, 329–344.

[CrossRef]
25. Sacks, M.D.; Bozkurt, N.; Scheiffele, G.W. Fabrication of mullite and mullite-matrix composites by transient viscous sintering of

composite powders. J. Am. Ceram. Soc. 1991, 74, 2428–2437. [CrossRef]
26. Requena, J.; Bartolomé, J.F.; Moya, J.S.; De Aza, S.; Guitián, F.; Thomas, G. Mullite-aluminosilicate glassy matrix substrates

obtained by reactive coating. J. Eur. Ceram. Soc. 1996, 16, 249–254. [CrossRef]
27. Ebadzadeh, T. Formation of mullite from precursor powders: Sintering, microstructure and mechanical properties. Mater. Sci.

Eng. A 2003, 355, 56–61. [CrossRef]
28. Ganesh, I.; Ferreira, J.M.F. Influence of raw material type and of the overall chemical composition of phase formation and sintered

microstructure of mullite aggregates. Ceram. Int. 2009, 35, 2007–2015. [CrossRef]
29. Liu, K.C.; Thomas, G.; Caballero, A.; Moya, J.S.; De Aza, S. Mullite formation in kaolinite-Al2O3. Acta Metall. Mater. 1994, 42,

489–495. [CrossRef]
30. Liu, K.C.; Thomas, G.; Caballero, A.; Moya, J.S.; De Aza, S. Time-temperature-transformation curves for kaolinite-α-alumina.

J. Am. Ceram. Soc. 1994, 77, 1545–1552. [CrossRef]
31. Wang, K.; Sacks, M.D. Mullite formation by endothermic reaction of α-alumina/silica microcomposite particles. J. Am. Ceram.

Soc. 1996, 79, 12–16. [CrossRef]
32. Choo, T.F.; Salleh, M.A.M.; Kok, K.Y.; Matori, K.A. A Review on Synthesis of Mullite Ceramics from Industrial Wastes. Recycling

2019, 39, 39. [CrossRef]
33. Khalil, N.M.; Algamal, Y. Recycling of ceramic wastes for the production of high performance mullite refractories. Silicon 2020, 12,

1557–1565. [CrossRef]
34. Brasileiro, M.I.; Menezes, R.R.; Farias, M.O.; Lira, H.R.; Neves, G.A.; Santana, L.N.L. Use of kaolin processing waste for the

production of mullite bodies. Mater. Sci. Forum 2008, 591–593, 799–804. [CrossRef]
35. Menezes, R.R.; Farias, F.F.; Oliveira, M.F.; Santana, L.N.L.; Neves, G.A.; Lira, H.L.; Ferreira, H.C. Kaolin processing waste applied

in the manufacturing of ceramic tiles and mullite bodies. Waste Manag. Res. 2009, 27, 78–86. [CrossRef]
36. Cao, J.; Dong, X.; Li, L.; Dong, Y.; Hampshire, S. Recycling of waste fly ash for production of porous mullite ceramic membrane

supports with increasing porosity. J. Eur. Ceram. Soc. 2014, 34, 3181–3194. [CrossRef]
37. Alves, H.P.A.; Silva, J.B.; Campos, L.F.A.; Torres, S.M.; Dutra, R.P.S.; Macedo, D.A. Preparation of mullite based ceramics from

clay-kaolin waste mixtures. Ceram. Int. 2016, 42, 19086–19090. [CrossRef]
38. Choo, T.F.; Murshidi, J.A.; Saidin, U.N.; Paulus, W.; Abdullah, Y. Production of mullite ceramic bodies from kaolin processing

waste and aluminum hydroxide. Mater. Sci. Forum 2017, 888, 81–85. [CrossRef]
39. Sánchez-Soto, P.J.; Eliche-Quesada, D.; Martínez-Martínez, S.; Garzón, E.; Pérez-Villarejo, L.; Rincón, J.M. The effect of vitreous

phase on mullite and mullite-based ceramic composites from kaolin wastes as by-products of mining, sericite clays and kaolinite.
Mater. Lett. 2018, 223, 154–158. [CrossRef]

40. Choo, T.F.; Salleh, M.A.M.; Kok, K.Y.; Matori, K.A. Mineralogy and thermal expansion study of mullite-based ceramics synthesized
from coal fly ash and aluminum dross industrial wastes. Ceram. Int. 2019, 45, 884–890.

41. Romero, M.; Padilla, I.; Contreras, M.; López-Delgado, A. Mullite-Based Ceramics from Mining Waste: A Review. Minerals 2021,
11, 332. [CrossRef]

42. González-García, F.; García-Ramos, G. Arcillas cerámicas de Andalucía: 3. Yacimientos terciarios de la margen derecha del
Guadalquivir, en la provincia de Sevilla. Bol. Soc. Esp. Ceram. Vidr. 1966, 5, 229–245.

43. González-García, F.; Romero-Acosta, V.; García-Ramos, G.; González-Rodríguez, M. Firing transformations of mixtures of clays
containing illite, kaolinite and calcium carbonate used by ornamental tile industries. Appl. Clay Sci. 1990, 5, 361–375. [CrossRef]

44. Poyato, J.; Pérez-Rodríguez, J.L.; García-Ramos, G.; González-García, F. Contribution to the knowledge of kaolin deposits of West
Andalusia. In Proceedings of the 8th International Kaolin Symposium and Meeting on Alunite, Madrid, Spain; Rome, Italy, 7–16
September 1977; Galán, E., Ed.; Paper K-17. pp. 1–15.

45. Galán, E.; Espinosa de los Monteros, J. El Caolín en España. Características, Identificación y Ensayos Cerámicos; SECV: Madrid, Spain,
1975.

46. Poyato, J.; García, G.; Bernal, A.; Justo, A.; González, F. Yacimientos caoliníticos de Andalucía occidental. Estudio tecnológico de
los materiales de interés cerámico. Bol. Geol. Min. 1980, 91–93, 481–489.

http://doi.org/10.1016/S0272-8842(00)00110-3
http://doi.org/10.1111/j.1151-2916.2002.tb00289.x
http://doi.org/10.1016/S0955-2219(03)00631-9
http://doi.org/10.1111/j.1151-2916.1972.tb13421.x
http://doi.org/10.1111/j.1151-2916.1975.tb18770.x
http://doi.org/10.1016/j.jeurceramsoc.2007.03.017
http://doi.org/10.1111/j.1151-2916.1991.tb06780.x
http://doi.org/10.1016/0955-2219(95)00146-8
http://doi.org/10.1016/S0921-5093(03)00049-2
http://doi.org/10.1016/j.ceramint.2008.11.008
http://doi.org/10.1016/0956-7151(94)90503-7
http://doi.org/10.1111/j.1151-2916.1994.tb09755.x
http://doi.org/10.1111/j.1151-2916.1996.tb07874.x
http://doi.org/10.3390/recycling4030039
http://doi.org/10.1007/s12633-019-00248-9
http://doi.org/10.4028/www.scientific.net/MSF.591-593.799
http://doi.org/10.1177/0734242X07085338
http://doi.org/10.1016/j.jeurceramsoc.2014.04.011
http://doi.org/10.1016/j.ceramint.2016.09.068
http://doi.org/10.4028/www.scientific.net/MSF.888.81
http://doi.org/10.1016/j.matlet.2018.04.037
http://doi.org/10.3390/min11030332
http://doi.org/10.1016/0169-1317(90)90031-J


Materials 2022, 15, 583 22 of 22

47. Schultz, L.G. Quantitative Interpretation of Mineralogical Composition from X-ray and Chemical Data for the Pierre Shale; Profesional
Papers 391C; US Geological Survey: Reston, VA, USA, 1964; p. 31.

48. Biscaye, P.E. Mineralogy and sedimentation of recent deep-sea clay in the Atlantic ocean and adjacent sea and oceans. Geol. Soc.
Am. Bull. 1965, 76, 803–831. [CrossRef]

49. Jordán, M.M.; Boix, A.; Sanfeliú, T.; De la Fuente, C. Firing transformations of Cretaceous clays used in the manufacturing of
ceramic tiles. Appl. Clay Sci. 1999, 14, 225–234. [CrossRef]

50. Garzón, E.; Sánchez-Soto, P.J. An improved method for determining the external specific surface area and the plasticity of clayey
samples based on a simplified method for non-swelling fine-grained soils. Appl. Clay Sci. 2015, 115, 97–107. [CrossRef]

51. Galán, E.; Aparicio, P.; Fernández-Caliani, J.C.; Miras, A.; Márquez, M.G.; Fallick, A.E.; Clauer, N. New insights on mineralogy
and genesis of kaolin deposits: The Burela kaolin deposit (Northwestern Spain). Appl. Clay Sci. 2016, 131, 14–26. [CrossRef]

52. Pérez-Villarejo, L.; Martínez-Martínez, S.; Carrasco-Hurtado, B.; Eliche-Quesada, D.; Ureña-Prieto, C.; Sánchez-Soto, P.J. Valoriza-
tion and inertization of galvanic sludge waste in clay bricks. Appl. Clay Sci. 2015, 105, 89–99. [CrossRef]

53. Ryan, W. Properties of Ceramic Raw Materials, 2nd ed.Pergamon Press Ltd.: Oxford, UK, 1978.
54. Nesbitt, H.W. Mobility and fractionation of rare earth elements during weathering of a granodiorite. Nature 1979, 279, 206–210.

[CrossRef]
55. Fernández-Caliani, J.C.; Galán, E.; Aparicio, P.; Miras, A.; Márquez, M.G. Origin and geochemical evolution of the Nuevo

Montecastelo kaolin deposit (Galicia, NW Spain). Appl. Clay Sci. 2010, 49, 91–97. [CrossRef]
56. Raigón-Pichardo, M.; García-Ramos, G.; Sánchez-Soto, P.J. Characterization of a waste washing solid product of mining granitic

tin-bearing sands and its application as ceramic raw material. Resour. Conserv. Recycl. 1996, 17, 109–124. [CrossRef]
57. Romero-González, P.; González, J.C.; Bustamante, A.; Ruiz-Conde, A.; Sánchez-Soto, P.J. Study in situ of the thermal transforma-

tion of limonite used as pigment coming from Perú. Bol. Soc. Esp. Ceram. Vidr. 2013, 52, 127–131.
58. Norris, A.W.; Taylor, D.; Thorpe, I. Range curves: An experimental method for the study of vitreous pottery bodies. Br. Ceram.

Trans. J. 1979, 78, 102–108.
59. Sánchez-Soto, P.J.; Díaz-Hernández, J.L.; Raigón-Pichardo, M.; Ruiz-Conde, A.; García-Ramos, G. Ceramic properties of a Spanish

clay containing illite, chlorite, and quartz. Br. Ceram. Trans. J. 1994, 93, 196–201.
60. González-Miranda, F.M.; Garzón, E.; Reca, J.; Pérez-Villarejo, L.; Martínez-Martínez, S.; Sánchez-Soto, P.J. Thermal behaviour of

sericite clays as precursors of mullite materials. J. Therm. Anal. Calorim. 2018, 132, 967–977. [CrossRef]
61. Garzón, E.; Pérez-Villarejo, L.; Sánchez-Soto, P.J. Characterization, thermal and ceramic properties of phyllite clays from southeast

Spain. J. Therm. Anal. Calorim. 2020, 142, 1659–1670. [CrossRef]
62. Kim, D.-G.; Konar, B.; Jung, I.-H. Thermodynamic optimization of the K2O-Al2O3-SiO2 system. Ceram. Int. 2018, 44, 16712–16724.

[CrossRef]
63. Martin-Marquez, J.; De la Torre, A.G.; Aranda, M.A.G.; Rincón, J.M.; Romero, M. Evolution with temperature of crystalline and

amorphous phases in porcelain stoneware. J. Am. Ceram. Soc. 2009, 92, 229–234. [CrossRef]

http://doi.org/10.1130/0016-7606(1965)76[803:MASORD]2.0.CO;2
http://doi.org/10.1016/S0169-1317(98)00052-0
http://doi.org/10.1016/j.clay.2015.07.015
http://doi.org/10.1016/j.clay.2015.11.015
http://doi.org/10.1016/j.clay.2014.12.022
http://doi.org/10.1038/279206a0
http://doi.org/10.1016/j.clay.2010.06.006
http://doi.org/10.1016/0921-3449(96)01108-1
http://doi.org/10.1007/s10973-018-7046-9
http://doi.org/10.1007/s10973-020-10160-9
http://doi.org/10.1016/j.ceramint.2018.06.099
http://doi.org/10.1111/j.1551-2916.2008.02862.x

	Introduction 
	Materials, Experimental Procedures and Techniques 
	Materials and Experimental Procedures 
	Techniques 

	Results and Discussion 
	Particle Size Separation and Analysis 
	Mineralogical Analysis by XRD of the Kaolin Samples 
	Chemical Analysis by XRF 
	Thermal Analysis by DTA-TG and Thermal-Dilatometry 
	Ceramic Properties 
	Development and Evolution of Crystalline Phases by Thermal Treatment 
	Incorporation of -Alumina to the Kaolin Sample to Yield a Mullite Refractory Material 
	Microstructural Observations by SEM of Thermally Treated Kaolin Samples 

	Conclusions 
	References

