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ABSTRACT: Pyrophyllite is a 2:1 layered silicate with interest in ceramics, refractories, and several other 
important applications. In this work, an investigation into the thermal behaviour of several natural and 
purified pyrophyllite samples, including a pyrophyllite clay, has been conducted. A previous 
characterization of these samples has been carried out by AA, XRD, thermal analysis by thermo-dilatometry 
and DTA-TG, surface area, and SEM-EDX. Thus, relevant chemical, mineralogical, thermal, and textural 
data of these samples have been obtained. As a second step of this investigation, the thermal behaviour of 
these pyrophyllite samples has been investigated by XRD and SEM after several thermal treatments at 800, 
1100 and 1150 °C during 24 h. The formation of dehydroxylated pyrophyllite as a crystalline phase in the 
samples was established after 1050 °C by XRD, and its permanency above this temperature, with little 
changes in morphological features, as revealed by SEM. When thermal treatment was progressive at higher 
temperatures (1300 °C) the following was evidenced by XRD: (a) the formation and crystallization of 
mullite (3Al2O3ꞏ2SiO2), with a progressive destruction of dehydroxylated pyrophyllite, and (b) the 
formation of cristobalite (SiO2). This later phase was formed by crystallization of the amorphous silica, 
detected as a hump by XRD, which is segregated in the solid-state reaction of formation of mullite. This 
treatment produces a new microstructure with elongated and needle-like crystals of mullite according to 
SEM observations. All these results have been found of interest for the preparation of ceramic materials, 
mullite-based ceramics, and refractories using these pyrophyllite samples. 

Keywords: Pyrophyllite; Dehydroxylated pyrophyllite; Mullite; Cristobalite; Chemical analysis; Thermal 
treatment; Crystallization; Microstructure; Ceramics; Refractory materials 
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1. Introduction 

Pyrophyllite and talc are both 2:1 layered hydrous silicates, with structural differences from kaolinite, 
which is a 1:1 layered silicate [1–7]. The structure of pyrophyllite and talc is based on an octahedral sheet 
(O) with Al3+ (in pyrophyllite) or Mg2+ (in talc) between two opposite tegrahedral sheets (T) or T-O-T 
structure, with the ideal formulas Al2Si4O10(OH)2 [or Al2O3ꞏ4SiO2ꞏH2O] and Mg3Si4O10(OH)2 for 
pyrophyllite and talc, respectively [1–9]. Thus, in pyrophyllite, there are octahedrally coordinated Al3+ 
sheets between two sheets of SiO4 tetrahedra. Figure 1 shows the structure of the 2:1 layered silicate 
pyrophyllite compared to the 1:1 layered silicate kaolinite Al2Si2O5(OH)4. The theoretical composition of 
pyrophyllite is 66.7 wt. % of SiO2, 28.3 wt. % of Al2O3 and 5.0 wt. % of H2O (structural water). The 
structural water in pyrophyllite and talc, both 2:1 layered silicates, is lost by thermal treatments at 
temperatures lower than 1000 °C but higher than in kaolinite [10]. 

 

Figure 1. (a) Crystal structure of 2:1 layered silicate pyrophyllite and (b) 1:1 layered silicate kaolinite. 

Pyrophyllite resembles talc according to its physical properties, for instance, in softness and structural 
features, similar to talc [3,5–7], showing complete exfoliation along 001 and good thermal, insulating, and 
electrical properties, although the main difference is the content of Al or Mg. Pyrophyllite and talc show 
different chemical properties and thermal resistance [3,7–10]. Furthermore, pyrophyllite appears in nature 
associated with kaolinite and kaolinitic clays, muscovite mica/illite or sericite, feldspars and other silicates, 
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besides quartz and iron and titanium oxides [2,6–9]. Besides this, several researchers have studied the formation 
of pyrophyllite solid solutions and the identification of pyrophyllite polytypes and mixed layers [11–14]. 

Commercial deposits of pyrophyllite have been found mainly in Japan, the USA (North Carolina, 
California, and others), Australia, New Zealand (Coromandel), South Africa, China, Thailand, Korea, Saudi 
Arabia, India, Russia, Canada, Peru, and Brazil [15–38]. In Spain, pyrophyllite has been found associated 
with kaolinite and muscovite mica/illite or sericite [24–27,31–34]. 

In general, pyrophyllite and pyrophyllite clays have good and interesting technological properties. 
However, it should be noted that several studies focused on the effects of pyrophyllite powders on the cell 
[39], metabolic activity of some microorganisms [40], and pyrophyllite dust control [41]. Even more, the 
potential in biomedical applications, with studies in genotoxicity, has been investigated [42]. It is very 
interesting when pyrophyllite is used as a carrier for different types of medicaments. The pyrophyllite 
surface can be modified to be applied in composites with polymers, for instance styrene [43] and 
polyurethane [44], besides as a silica-alumina support of catalysts [45,46]. Adsorption properties of 
pyrophyllite have also been examined [44,47–50]. 

Pyrophyllite, with an average particle size of 4.80 μm, has been applied to prepare low-cost ceramic 
membranes for treating industrial and domestic wastewaters [51,52] and as a raw material for road surfacing 
aggregates with interesting properties [53]. The application of pyrophyllite as a solid pressure transmitting 
media for diamond synthesis at high pressures and temperatures has been recognized after several studies 
[54–58]. Thus, the mechanical properties under these conditions have been studied [58]. 

Several important applications of pyrophyllite are based on its thermal decomposition, yielding a 
material with a low expansion coefficient, low thermal and electrical conductivity, excellent reheating 
stability, and low reversible thermal expansion. Consequently, pyrophyllite has been applied as a ceramic 
raw material, for instance, in the preparation of stoneware bodies, china (porcelain) products, triaxial 
porcelains, ceramic tiles, insulating firebricks, foundry specialties, whiteware bodies, earthenware tiles, 
glass production, sealants, and refractory compositions [59–80]. For instance, Tauber and Pepplinkhouse 
replaced silica by pyrophyllite in vitreous china products [62,63]. Amritphale et al. [64] studied the energy-
efficient process for making pyrophyllite-based ceramic tiles. It has been mentioned that pyrophyllite can 
be used as a raw material to reduce energy consumption [65]. Furthermore, the effect of pyrophyllite on the 
mullitization in the triaxial porcelain system has been studied by Mukhopadhyay et al. [66–68]. However, 
some of these raw materials, considered as “pyrophyllite”, in fact, are pyrophyllite mixed with 
muscovite/illite or sericite or a sericitic/muscovitic pyrophyllite mineral [24–27,32,67,68]. These raw 
materials, sometimes considered as sericitic clays with pyrophyllite or aluminium shales with pyrophyllite 
[32], are very interesting as precursors of mullite [69–71], for instance, to prepare high-porosity mullite-
corundum ceramics with sericite induced textured structures [70]. 

An important application of pyrophyllite is its use as a raw material for high-temperature refractories 
[72–80]. As relevant examples, refractories based on unfired andalusite-pyrophyllite [73], with high-mullite 
content by a mixture of pyrophyllite-gibbsite [74], alumina substrates [75], refractory enamels [15], and 
refractory composites [80], have been prepared and studied. It is relevant to remark that refractory materials 
based on zircon (ZrSiO4) and pyrophyllite [77–79] are of great interest for high-temperature uses. Zircon-
based materials can be agglomerated using pyrophyllite, yielding materials inside the ZrO2–Al2O3–SiO2 
ternary equilibrium phase diagram, with special application in contact zones with melt glasses [79]. Besides 
this, it has been proposed that pyrophyllite, like other aluminosilicates and clays, can be used to prepare 
silicon nitride and sialon-based ceramic materials by carbothermal reduction and reactive nitridation [81–
85]. Sialon and Sialon matrix composites are high-temperature structural ceramic materials with excellent 
resistance to oxidation, corrosion, and mechanical properties [83–85]. 

Composites using carbon black and pyrophyllite clays have been prepared by Kanbara et al. [86]. These 
kinds of composites are chemically stable, porous, and electrically conductive with potential application as 
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electrodes in batteries and condensers. Other researchers have focused on the development of a modified 
pyrophyllite carbon paste electrode for the detection of highly toxic chemicals with endocrine-disrupting 
effects and pronounced carcinogenicity used in agricultural production as pesticides [87]. Cui et al. [88] 
reported the synthesis and characterization of a UV-resistant ZnO-pyrophyllite nanocomposite prepared by 
solid-state reaction method using a pyrophyllite raw material (Taining, Fujian Province, China). MacKenzie 
et al. [89] have prepared geopolymers using pyrophyllite (2:1 layered silicate), an innovation because a 
wide range of geopolymers has been prepared using kaolinite (1:1 layered silicate) thermally treated to 
produce metakaolinite [90]. 

Antimicrobial properties of pure and modified pyrophyllite with Ag have been studied by Jelić et al. [91]. 
Recently, novel clay/Ag system, such as the synthesis of pyrophyllite/AgNO3 composites, has been prepared 
and studied by Mijaković et al. [92]. This kind of composites expands potential applications of Ag-doped 
pyrophyllite (pyrophyllite/AgNO3 composites) as Ag-novel clays in important fields, such as electrochemistry, 
biomedicine, and environmental protection [91,92]. According to the above, the applications of this 2:1 layered 
silicate are being enlarged, and the economic value added could be further increased. 

Several researchers, using various experimental techniques such as X-ray diffraction (XRD), 
Transmission Electron Microscopy, and Solid-State Nuclear Magnetic Resonance, have studied the thermal 
transformations of pyrophyllite [2,4,93–109]. At the beginning of these studies, the crystalline phase formed 
by dehydroxylation of pyrophyllite was named as “pyrophyllite anhydride” or “anhydrous pyrophyllite”, 
having investigated the thermal behaviour of several pyrophyllite samples [2,4,93,94]. This phase is a 
crystalline phase, retaining a well-organized structure, after examination by XRD. It is in contrast with 
“metakaolinite”, which is amorphous to X-rays, being produced by dehydroxylation of kaolinite (1:1 layered 
silicate) by thermal treatments at temperatures lower than 900 °C [90,106]. First of all, the crystalline phase 
named as “pyrophyllite anhidride” [2] was considered a dehydroxylated phase by Wardle and Brindley [4] 
and posterior researchers [95–109]. Molina-Montes et al. [107,108] have proposed the presence of different 
possible intermediates during the dehydroxylation of pyrophyllite. Pérez-Rodríguez et al. [109] studied in 
deep the dehydroxylation-rehydroxylation of pyrophyllite. The rehydroxylation process was found to be 
influenced by pyrophyllite particle size and to depend on the dehydroxylation temperature. 

It should be noted that Wardle and Brindley [4] determined by XRD the crystal structure of pyrophyllite 
and its dehydroxylated phase and proposed a structural model. The model is based on a substitution of OH− 
groups by O2− in an intermediate position between adjacent Al3+, with a distorted trigonal bipyramidal 
configuration with AlO5 structural units and five-coordinated Al3+. An experimental result reported by these 
scholars to support the proposed structural model was the data of average distance Al–O (determined by 
XRF) equal to 0.180 nm, which is intermediate between 0.170 and 0.174 nm for Al in tetrahedral 
coordination and 0.190–0.194 nm for Al in octahedral coordination. However, the value of 0.180 nm could 
be the result of a 1:1 mixture of Al in octahedral and tetrahedral coordination [4]. It should be noted that 
the X-ray diffractometric technique is used to study the long-range order, and, as a complementary 
technique, solid-state Magic-Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) spectroscopy is 
used to study the short-range order. Then, all the Al3+ in octahedral coordination in pyrophyllite would be 
pentahedrally coordinated in the dehydroxylated phase, as demonstrated several years after Wardle and 
Brindley [4]. In fact, it was proposed that dehydroxylation of pyrophyllite above 800 °C produced solid-
state NMR spectra of 27-Al associated with a distorted trigonal bipyramidal configuration, being all Al3+ 
pentahedrally coordinated [95–97,99,100,103]. Thus, the dehydroxylation reaction concerning aluminum 
is according to the scheme: 

AlVIO4(OH)2 → AlVO5 + H2O (1)
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When pyrophyllite is subjected to thermal treatments at increasing temperatures, the dehydroxylated 
phase is decomposed at temperatures higher than 1200 °C, yielding mullite (3Al2O3ꞏ2SiO2) and cristobalite 
(SiO2) as high-temperature phases [93–100]. The stoichiometric reactions are as follows: 

Al2Si4O10(OH)2 → Al2Si4O11 + H2O (2)

3Al2Si4O11 → 3Al2O3ꞏ2SiO2 + 10SiO2 (3)

From these solid-state reactions, it is deduced that the relative proportion of mullite obtained from 
pyrophyllite thermal decomposition is lower than that obtained from kaolinite Al2Si2O5(OH)4 thermal 
decomposition [90,104,106]. 

In a pioneering study on the thermal transformation of pyrophyllite to mullite, it was reported by Heller 
[93] that this solid-state reaction is topotactic. This scholar suggested that Al3+ migrates into the mullite 
and liberates excess silica, which crystallizes as cristobalite with increasing temperatures. Many years later, 
after Heller’s study [93], it was possible to investigate the mechanism of mullite and cristobalite formation 
from dehydroxylated pyrophyllite by the development of the MAS-NMR spectroscopy technique [95–
97,99,100,103]. Thus, it was examined in deep the process of tetrahedral sheet breakdown by progressive 
thermal treatments and the subsequent Al and Si local rearrangement to originate mullite (3Al2O3ꞏ2SiO2) 
and cristobalite (SiO2). According to the MAS-NMR results reported by Sánchez-Soto et al. [100,104], 
when tetrahedral sheet breakdown takes place in dehydroxylated pyrophyllite, there is a segregation of 
amorphous silica, according to reaction (2), which permits rearrangements of Al3+ and favours the 
formation of mullite as disordered nuclei. The pentahedral Al coordination present in dehydroxylated 
pyrophyllite progressively changes as the temperature, with the formation of these disordered mullite nuclei 
and detection, by NMR, of tetrahedral and octahedral Al coordination associated to this high-temperature 
phase [100,104]. The thermal transformation of pyrophyllite to mullite is interesting, where mullite, as an 
advanced material, is necessary for structural, electronic, thermal, and optical applications [110–114]. 

The aim of this paper is to investigate the thermal behaviour of several pyrophyllite samples, natural 
and purified, and the formation of high-temperature phases (mullite and cristobalite), performing a 
comparative study, with the purpose of an evaluation of possible applications. A characterization by several 
techniques of the original samples and after thermal treatments was performed in order to know the main 
features of all these pyrophyllite samples. 

2. Materials and Methods 

2.1. Starting Materials 

A sample of pyrophyllite (Hillsboro, NC, USA) was used as starting material. The original sample was 
lightly ground and sieved under 100 µm. This sample was designed as PyH. A sample of pyrophyllite 
(Pambula, Australia) was used as received. This sample was ground by the supplier and sieved under 74 
µm, being designed as PyA. A sample of pyrophyllite clay (Zalamea de la Serena, Badajoz, Spain), 
designed ZS (with 90% fraction < 63 µm), was also considered in the present study. This sample was 
purified by chemical acid treatment, using a method previously described [115–117]. The method is based 
in a selective acid dissolution using a finely ground sample treated with a mixture of aqueous HNO3 (1+4), 
aqueous HClO4 (1+4), and HF (concentrated 40% w/w) and evaporated to dryness. The cooled residue was 
treated with aqueous HClO4 (1+4) and evaporated to dryness again. The residue was treated with diluted 
HCl, separated by centrifugation, washed several times with water (distilled), and finally dried (60 °C) 
using an oven. This pyrophyllite sample was designed as PyP. 
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2.2. Preparation of Thermally Treated Samples 

A laboratory furnace model RT-1600 from the Company CHESA (Madrid, Spain), with SiC heating 
elements, was used for thermal treatments of pyrophyllite samples in air. Alumina crucibles were used as 
containers for the powdered solids. A heating rate of 60 °C/min was selected up to several temperatures 
(800, 1100, and 1150 °C) during 24 h, as maximum, and then slowly cooled inside the furnace to room 
temperature. Fresh samples were used each time for these thermal treatments. Thermally treated samples 
were ground in an agata mortar and stored in a dried atmosphere before examination. 

2.3. Experimental Methods 

Chemical analysis of the samples was performed by Atomic Absorption (AA) using a Perkin Elmer 
equipment, model 703 (Waltham, MA, USA). The samples were ground using an agata mortar and pestle 
before chemical dissolution following a previous protocol [115]. 

X-ray diffraction powder diagrams (XRD) were obtained using a diffractometer Kristalloflex Siemens 
Aktiengesellschaft, Model D-500 (Karlsruhe, Germany), with Ni-filtered CuKα radiation, at 36 kV and 26 
mA, and a scanning rate of 1° 2θ/min. 

Specific surface areas were determined by adsorption of N2 at liquid Nitrogen temperature (77.35 K), 
based on the point b method [118], using a Micromeritics automated system, model 2200A, after preparing 
degassed samples by thermal treatment at 150 °C/2 h under N2 (99.99% purity) flow. Samples were weighed 
before treatments, and specific surface areas were calculated in m2/g with an accuracy of 99%, a 
reproducibility of 99.5%, and an estimated error of ±4%. 

Differential Thermal Analysis (DTA) and Thermogravimetric analysis (TG) were carried out 
simultaneously using a Thermal Analyzer Thermoflex Rigaku Company, Model PTC-10 A (Tokyo, Japan), 
with data processing system DPS-1, and Pt/Pt-Rh 13% thermocouple with a grafite furnace using Argon to 
avoid oxidation of this material at a heating rate of 12 °C/min in static air. Calcined alumina (1300 °C) was 
the reference material for DTA runs. Samples (~40 mg) were packed loosely into a platinum holder and 
weighed in the TG system. 

Thermo-dilatometric analysis was performed using a thermoanalytical high-temperature dilatometer 
Adamel-Lhomargy, Model D-24 (Roissy-en-Brie, France), at a heating rate of 6 °C/min, and SiC heating 
elements. Samples were prepared as pellets using powders pressed at 10 MPa. 

Scanning Electron Microscopy (SEM) was used to examine original and thermally treated samples. 
Samples were deposited as powders on sample holders. In the case of pressed samples, thermally treated, 
it was performed a previous chemical etching using an aqueous solution of 20 vol. % HF. Fresh fractured 
surfaces of thermally treated samples were etched for 5 min using the HF solution. After that, the etched 
samples were washed with distilled water and ultrasonically treated for 10 min, washed with water and 
etanol and dried at 40 °C using an oven for 24 h. The equipment was an ISI apparatus, model SS-40, fitted 
to a Kevex energy dispersive X-ray analyzer, model 8000. Samples were coated with a thin gold films using 
a Blazer sputtering device to make them conductive. 

3. Results and Discussion 

3.1. Chemical Analysis 

The results of chemical analysis of all the pyrophyllite samples are compared with the theoretical values 
for pyrophyllite (Table 1). These results are in well agreement with previous results published in the 
literature [17–23,28,30–38,84,88]. Samples PyH, PyA, and PyP have SiO2 percentages in the range 62–
69.5 wt. % and sample ZS is an outsider with a value lower (51.78 wt. %) than the theoretical pyrophyllite 
(66.65 wt. %). In contrast, sample PyH shows 66.42 wt. % of SiO2 a percentage closer to the theoretical 
(66.65 wt. %). However, sample PyA shows a SiO2 percentage of 69.45 wt. %, the highest of all the samples. 
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This result does not exclude the additional presence of free SiO2, associated to quartz and other silicates. 
The percentages of Al2O3 follow the same trend in samples PyH, PyA, and PyP, with the lower percentage 
in the case of sample PyA and a value closer to the theoretical (28.35 wt. %) in sample PyH. 

Table 1. Chemical analysis of pyrophyllite samples. 

Composition 
(wt. %) 

PyH PyA PyP ZS Theoretical Pyrophyllite 

SiO2 66.42 69.45 62.70 51.78 66.65 
Al2O3 27.31 24.24 26.89 34.69 28.35 
Fe2O3 0.20 0.24 0.08 0.61 - 
TiO2 0.10 0.10 5.76 1.46 - 
CaO 0.09 0.09 0.12 0.35 - 
MgO 0.01 0.03 0.06 0.22 - 
Na2O 0.10 0.15 0.08 0.45 - 
K2O 0.24 0.45 0.00 1.86 - 

L.O.I. 5.41 4.83 4.27 8.31 5.00 
Total 99.88 99.58 99.96 99.73 100.00 

[SiO2/Al2O3] 4.13 4.87 3.96 2.53 4.00 
Δ(sample-theoretical) 0.13 0.87 0.04 1.47 - 

In the case of sample ZS, the percentage of Al2O3 is the highest (34.69 wt. %), being associated to the 
presence of mineral phases more rich in Al2O3, possibly other layered silicates such as kaolinite and/or 
muscovite mica/illite or sericite. The [SiO2/Al2O3] molar ratio values and the differences with theoretical 
pyrophyllite, minimum in the case of PyP and maximum in the case of PyA, suggest the presence in these 
samples of mineral phases different of pyrophyllite. Sample ZS is an outsider as considered above. 

The [SiO2/Al2O3] molar ratio is closer to the theoretical value (difference is 0.04). In fact, the “loss on 
ignition” (LOI) is very close to the theoretical value (5.00 wt. %) in samples PyH and PyA, showing 
differences in the other samples. Sample ZS presumably contains other layer silicates, with structural OH 
groups, which are lost by thermal treatments and, hence, contribute to the observed value of LOI. 

In sample PyP, the majority of impurity oxides is TiO2, which is associated with the chemical procedure 
to obtain this purified pyrophyllite [115]. Pyrophyllite shows a high resistance to acid attack. Taking into 
account the structure of this layered silicate (Figure 1), the reasons of this behaviour must be the unstrained 
structure and the position of the oxygen atoms, just between the layers [116,117]. 

According to the results of Table 1, in general, the percentages of iron oxide are lower than 0.7 wt. % 
in all the pyrophyllite samples, with a maximum value (0.61 wt. %) in sample ZS. The percentages of TiO2 
are lower in samples PyH and PyA, relatively high in sample ZS, and maximum in sample PyP, as indicated 
above. The percentages of K2O, except in sample PyP, suggest the presence of alkaline mineral phases, 
such as feldspars or muscovite mica/illite or sericite, in particular in samples PyA, with 0.45 wt. % of K2O, 
and sample ZS, with 1.86 wt. % of this oxide. 

According to Zaykov and Udachin [35], it is possible to classify the types of raw pyrophyllites in 
relation to other raw materials, taking into account the chemical composition demanded by the industry for 
several applications (thermally resistant, ceramics, etc.). It can be mentioned that high-grade pyrophyllite 
ores are scarce [28,30,37,38,65,68,119–126]. Besides this, impurities such as Fe2O3 and TiO2 lower the 
quality of the refractories prepared using pyrophyllite [120]. Filler-grade pyrophyllite requires a content of 
these oxides lower than Fe2O3 < 0.5% and TiO2 < 1% [121]. Other authors investigated samples considered 
as pyrophyllite or pyrophyllite ores, although after a deep study, they reported the association of sericite in 
these “pyrophyllite” samples [68], as found in sample ZS of the present study. It should be noted that illite 
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and sericite are naturally occurring clay grade micas. Sericite is a fine-grained, soft mica mineral that 
contains K2O in its structure, and is very similar to muscovite and illite [69–71]. 

3.2. Mineralogical Analysis 

Figures 2 and 3 show the XRD patterns of the samples. It can be identified that pyrophyllite is the main 
crystalline phase in all the samples except ZS, besides a minor relative proportion of other silicates, such 
as kaolinite and muscovite mica/illite or sericite, according to their characteristic d-spacings. In sample ZS, 
the mineral phases pyrophyllite, kaolinite, and muscovite mica/illite or sericite are identified. Quartz is not 
present, or it is at a very low relative proportion to be detected by XRD, except in sample PyA, as expected 
by the chemical analysis (Table 1). Rutile (TiO2) is identified in sample PyP, being associated to the 
chemical treatment that finally concentrates this mineral phase in the purified pyrophyllite sample [115], 
as mentioned in the precedent subsection. In general, these X-ray results are in accordance with the 
chemical characterization of the samples. 

On the other hand, the study of the pyrophyllite polytypes may be difficult in all these samples 
according to the previous research on this subject [4,9–14]. However, after examination in detail of the 
XRD patterns, it can be deduced that Triclinic pyrophyllite (1Tc) is predominant in sample PyP, and 
possibly there is a mixture of Triclinic (1Tc) and Monoclinic (2M) pyrophyllite in samples PyH and PyA. 

 

Figure 2. X-ray diffraction diagrams (XRD) of pyrophyllite samples PyH, PyA and PyP. The numbers are selected d-spacings 
of the mineral phases in Å (1 Å = 0.1 nm). Red colours of some peaks indicate the exact position of the X-ray peaks in these 
XRD obtained under enhanced experimental conditions, because it was possible in the X-ray equipment to diminish the 
conditions to record the intensity of the peaks. Note: Py = Pyrophyllite; K = Kaolinite; M = Muscovite/Illite; Q = Quartz; Ch = 
Chlorite; Ru = Rutile. 



High-Temp. Mater. 2026, 3(2), 10009. doi:10.70322/htm.2026.10009 9 of 30 

 

 

Figure 3. XRD of pyrophyllite clay sample ZS. The numbers are selected d-spacings of the mineral phases in Å (1 Å = 0.1 nm). 

3.3. Specific Surface Areas 

The results of the specific surface areas of all the samples are presented in Table 2. Sample PyH shows 
the minimum value of this parameter, followed by sample PyP. However, comparatively, samples PyA and 
ZS show higher values of specific surface areas, in particular sample ZS with the maximum value. Possibly, 
these results can be explained by a previous grinding in sample PyA, with pyrophyllite and quartz, which 
produces an increasing of specific surface area by reduction of the original particle sizes [14,122,123]. For 
instance, Gücek et al. [124] have reported a value of 7.03 m2/g in a sample of pyrophyllite (lump-sized 
samples of pyrophyllite ore from Malatya (Turkey) subjected to crushing and grinding in a ball mil, 
followed by sedimentation to produce fines < 2 μm). Besides this, in sample ZS there is a mixture of 
minerals distinct of pyrophyllite, as detected by XRD (Figure 3), which could produce an increasing in 
specific surface area as compared with samples with higher relative proportions of pyrophyllite (Figure 2). 

Table 2. Results of specific surface áareas (S) and average particle sizes (d) obtained from these data for the pyrophyllite samples. 

 PyH PyA PyP ZS 
S (m2/g) 0.63 5.20 1.17 12–44 
d (µm) 3.41 0.41 1.83 0.17 

Assuming spherical particles and taking into account the density (ρ) of pyrophyllite (2.8 g/cm3) and 
the formula d = 6/(ρS), being d the average particle size (in µm), the values of d were calculated for all the 
samples, considered the “geometrical average particle size”. They are included in Table 2. It can be seen 
that the sample with a lower average particle size (0.17 µm) is ZS. In this sample, it is clear that the presence 
of kaolinite and muscovite mica/illite or sericite, layered silicates with lower particle sizes as compared to 
pyrophyllite, is a factor of influence in this estimation. However, to calculate d in this sample, it was 
considered the density value of pyrophyllite, and sample ZS is a mixture, in fact, of several mineral phases 
as identified by XRD (Figure 3). The true density of this clay sample was determined, and an average value 
of 2.72 ± 0.2 g/cm3 was obtained. Using this value and the value of specific surface area (Table 2) and the 
above formula, the calculated particle size is d = 0.17 μm, with limits 0.16 and 0.19 μm. On the other hand, 
the sample PyA shows an average particle size of 0.41 µm, being associated to a previous grinding treatment 
as indicated by the supplier. Finally, samples with pyrophyllite as the predominant phase (PyH and PyP) 
and without intensive grinding treatment show the higher values of the geometrical average particle size. 
These features can be evidenced by a SEM study, as described in the next subsection. 
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3.4. SEM-EDX of Original Samples 

Figures 4 and 5 show selected SEM micrographs of all the samples. Figure 4a corresponds to the 
pyrophyllite sample PyH, with observation of large flat plates grouped as book-like formations. Analysis 
by EDX (Figure 4b) was consistent with the chemical composition of these plates, which was typical of 
pyrophyllite (see Table 1). 

Figure 4c shows a selected micrograph corresponding to the pyrophyllite sample PyA, where 
pyrophyllite plates of several sizes can be observed. Some of them are fractured. There are particles, for 
instance at the right of the SEM micrograph (Figure 4c), with a different morphology, associated to quartz 
grains of different sizes present in this sample, as confirmed by chemical analysis by EDX (Figure 4d). It 
is in accordance with the previous identification of this mineral phase by XRD (Figure 2). 

Figure 5a corresponds to a selected SEM micrograph of pyrophyllite sample PyP, where flat plates of 
several sizes can be observed. Some small elongated particles (size ~1 µm) present in this sample can be 
associated with rutile (TiO2), as identified by XRD (Figure 2). According to the EDX analysis (Figure 5b), 
Ti is detected in these isolated particles in an Al–Si matrix, associated with pyrophyllite flat particles. Figure 
5c shows a selected SEM micrograph corresponding to the sample ZS, the pyrophyllite clay, where a large 
plate of pyrophyllite can be observed besides of the presence of smaller plates, possibly of kaolinite or 
muscovite mica/illite or sericite, all these mineral phases identified by XRD (Figure 2). The EDX analysis 
(Figure 5c), with detection of potassium (K) in a silicon-aluminium matrix, confirmed the presence of 
muscovite mica. 

 

Figure 4. (a) Selected SEM micrographs of pyrophyllite sample PyH and (b) representative EDX analysis of a plate, (c) 
pyrophyllite sample PyA and (d) EDX analysis of a particle identified as quartz in this sample. 
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Figure 5. (a) Selected SEM micrographs of pyrophyllite sample PyP and (b) representative EDX analysis of a pyrophyllite plate 
and an elongated particle identified as rutile, (c) pyrophyllite clay sample ZS, and (d) EDX analysis of a plate which contains 
Al, Si, and K, associated to muscovite mica/illite or sericite. 

It can be noted that a sample of pyrophyllite (Maharashtra, India), examined by SEM, showed “large 
flat crystals, with occasional book like stacked structure”, along with some flaky-structured materials 
associated with micaceous minerals, because the sample is a pyrophyllite sericitic/muscovitic mineral [68]. 
Cui et al. [88] examined by SEM a sample of pyrophyllite raw material, obtained from Taining, Fujian 
Province, China. These authors observed a layered structure in this sample and an average grain size of 3.8 
μm. Zhang et al. [125] studied a sample of pyrophyllite (Zhejiang province, south-eastern region of China), 
showing microstructural characteristics of lamella when this sample was examined by SEM. Ahmed et al. 
[126], studying a Saudi low-grade pyrophyllite ore (Pyrophyllite Mine in Yanbu, Saudi Arabia), reported a 
fine schistose texture, with pyrophyllite particles highly foliated and composed of fine particles and 
anhedral flakes. These flakes are arranged with sizes of ~2–4 μm in width and 0.1 μm in thickness. Rajić 
et al. [127] studied a pyrophyllite ore (Parsovići mine, Bosnia and Herzegovina), with the mineral 
composition of pyrophyllite, kaolinite, muscovite, calcite, and quartz. These authors observed by SEM 
particles showing a lamellar structure and a rough surface. 

3.5. Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TG) 

Figure 6 includes the DTA-TG diagrams of the samples containing the major proportion of pyrophyllite. 
The mass loss of the TG diagram associated to the dehydroxylation reaction of pyrophyllite starts from 
500 °C. In sample PyP the mass loss starts from 600 °C. The dehydroxylation involves the reaction of 2 
OH groups (adjacent to each other) coordinated to Al3+ in the structure and elimination of water. The total 
mass loss (~5 wt. %) is reached at 950–1000 °C in all the pyrophyllite samples. The calculated values of 
total mass loss for all the pyrophyllite samples are coincident with the results of “loss on ignition”. These 
results are included in Table 1. They are near the theoretical value for an ideal pyrophyllite except in sample 
PyP, which contains more impurity oxides, mainly TiO2, than PyH and PyA. 
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Figure 6. DTA-TG diagrams of pyrophyllite samples PyH, PyA, and PyP. 

On the other hand, the DTA diagrams of the pyrophyllite samples show several variations. The broad 
endothermic effect is associated with the dehydroxylation of pyrophyllite in a wide range of temperatures. 
This effect is centered at ~760 °C for sample PyH, ~680 °C for sample PyA, and ~660 °C for sample PyP. 
These results, in general, agree with previous reported DTA diagrams of pyrophyllite samples in the 
literature [9,23,33,37,68,90,97,109]. 

It should be noted that a small exothermic effect was observed in sample PyH. This effect is associated 
with the 1:1 layered silicate kaolinite, identified as an impurity in this sample (Figure 2), taking into account 
the DTA curve of pure kaolinite [90,106,123,128]. If kaolinite is removed from this sample, this 
characteristic DTA effect disappeared [115]. In sample PyA, the broad endothermic DTA effect associated 
to kaolinite dehydroxylation (in the range 500–600 °C) overlapped with the broader endothermic DTA 
effect associated to pyrophyllite dehydroxylation, besides of the detection of an endothermic DTA effect 
characteristic of quartz phase transformation at ~573 °C [129]. All these features are in accordance with 
mineralogy as presented above (see Section 3.2). It must be emphasized that the dehydroxylation process 
is very much affected by the particle size of the pyrophyllite sample, as found by Pérez-Rodríguez et al. 
[109] in a previous study on dehydroxylation-rehydroxylation of pyrophyllite. These researchers separated 
several fractions of a sample of pyrophyllite by aqueous gravity sedimentation with different particle sizes. 
They found that the smaller the pyrophyllite particles, the lower the dehydroxylation temperature. 

Mechanical treatment by grinding also influences the dehydroxylation of pyrophyllite at lower 
temperatures as compared to the original (unground) sample, as demonstrated by Sánchez-Soto et al. 
[104,123,130]. 

It can be mentioned a previous investigation on a pyrophyllite sample from Taining (Fujian Province, 
China) [88]. The authors of this study reported two stages in the TG curve (and two peaks in the 
corresponding first derivative or DTG curve) concerning: (a) first weight loss between 500 and 820 °C, 
associated to the dehydroxylation of pyrophyllite, approximately 5.19 wt. %, and (b) second weight loss of 
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0.46 wt. % between 820 °C and 900 °C ascribed to the dehydroxylation of pyrophyllite because the sample 
studied by these authors “has two hydroxyl groups” [88]. The present results (Figure 6), studying three 
pyrophyllite samples, are in disagreement with this assumption. 

Previous studies on thermal decomposition of pyrophyllite samples of distinct geological origins 
proposed a two-step mass loss, associated to two DTA endothermic effects, during dehydroxylation. 
Nemecz [9] reported pyrophyllite samples with three-step mass loss associated to three distinct DTA 
endothermic effects with peaks centered at 540, 655, and 845 °C. In general, there is a variability in the 
thermal behaviour of pyrophyllite samples according to the literature. It has been proposed an intermediate 
partially dehydroxylated phase and the dehydroxylation of pyrophyllite is a two-stage process with a 
defined intermediate stage [105,109] and the presence of different possible intermediates during 
dehydroxylation of pyrophyllite [107,108]. There are pyrophyllite minerals with trans-vacant and cis-
vacant structures, as well as cis- and trans-mixtures or interstratification of pyrophyllite phases [109]. 
However, the DTA-TG results presented in Figure 6 indicate a single step mass loss in the TG diagram and 
broad DTA effects in the pyrophyllite samples studied in the present work. 

3.6. Thermo-Dilatometric Study 

The thermo-dilatometry diagrams of the pyrophyllite samples (Figure 7) show an expansion effect 
above 500 °C, which goes parallel with the progressive dehydroxylation and elimination of structural water 
(Figure 6) by thermal treatment under dynamic conditions of heating. The maximum measured linear 
expansion is ~2% in samples PyH and PyP, being lower in sample PyA, taking into account the relative 
proportion of pyrophylite in all these samples (Figure 2). In contrast, thermo-dilatometry curves of kaolinite 
show an important contraction change in the temperature range 500–600 °C, associated to dehydroxylation 
and formation of “metakaolinite” [90] and a rapid contraction rate in the thermal curve from 700 to 1000 °C 
associated to the first stages of sintering [129]. Inoue and Okuda [131] indicated an abnormal expansion of 
pyrophyllite and sericite compacts during dehydroxylation. Other authors [68] reported 1.865% expansion 
by thermo-dilatometry of a raw pyrophyllite specimen heated at 1000 °C. 

A plateau is observed in these pyrophyllite samples between ~700 and 1000–1100 °C, although it is at 
a lower temperature in the case of sample PyA. When dehydroxylation has been completed, and the samples 
are progressively heated, the thermo-dilatometric curve shows a slight contraction-expansion effect. It is 
followed by a fast contraction above 1100–1200 °C, being before and faster in sample PyA, which contains 
a lower relative content of pyrophyllite mixed with a proportion of quartz. This thermo-dilatometric change 
by heating is associated to the decomposition of dehydroxylated pyrophyllite formed by thermal treatment 
and subsequent formation and development of high-temperature phases. Finally, once the high-temperature 
phases are formed, sintering of the materials takes place, but it is very fast as the temperature increases, and 
a contraction associated to this process can be observed in the thermo-dilatometric curve. A similar feature 
using the same technique, although up to 1000 °C as maximum temperature, has been reported by 
Schomburg [132]. 

It should be noted that Shamim et al. [133] have studied the thermal “exfoliation” of pyrophyllite. 
These authors considered “exfoliation” as the process of “irreversible thermal expansion due to 
disarticulation of clay mineral layers”. The sample was a well crystalline monoclinic pyrophyllite (2M1 
polytype) [2,13,14] used in the preparation of triaxial porcelains [66]. However, Shamim et al. [133] used 
a monolithic block of pyrophyllite for studying this thermal exfoliation and deduced a kinetic pathway. In 
the present study, all the pyrophyllite samples were prepared as pellets using pressed powders for the 
thermo-dilatometric analysis. 
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Figure 7. Thermo-dilatometric diagrams of pyrophyllite samples PyH, PyA, and PyP. 

3.7. XRD Study of Thermally Treated Samples 

All the pyrophyllite samples were subjected to several thermal treatments in air using a furnace and 
cooled, following the conditions described in Section 2.2. After these treatments, one part of the treated 
samples was ground and examined by XRD to investigate the changes experimented by identification of 
the crystalline phases. Thus, the main changes experimented by thermal treatments in sample PyH are 
presented in Figure 8. This pyrophyllite sample treated at 800 °C/24 h (Figure 8a) shows the characteristic 
X-ray patterns of dehydroxylated pyrophyllite [2,4], originated by reaction (1) as pointed out in the 
Introduction of this paper. There is a shift of the reflections with respect to the original (Figure 2). Thus, 
the interplanar distances (d-spacings) increase lightly, being determined as ~0.1 Å (1 Å = 0.1 nm). For 
instance, the 9.21 Å in original pyrophyllite (not-dehydroxylated) changes to 9.31 Å in the dehydroxylated 
phase; the d-spacing at 4.57 Å changes to 4.67 Å; the d-spacing at 3.05 Å changes to 3.11 Å, and so on. 
This effect is responsible of the expansion effect observed by thermo-dilatometry (Figure 7). 

Dehydroxylated pyrophyllite, as a crystalline phase, is not destroyed by thermal treatment at 
1100 °C/24 h of a fresh sample of pyrophyllite PyH (Figure 8). With this thermal treatment, small and weak 
mullite X-ray patterns begin to appear, associated with mullite nuclei, because this phase is not fully 
developed (Figure 8b). It seems like in kaolinite decomposed by thermal treatment [90,106,112,128,129], 
although in kaolinite the dehydroxylation produces an amorphous phase to X-rays, in contrast to 
pyrophyllite [2,4,90,95–100]. 

Pyrophyllite PyH treated at 1150 °C/24 h, produces mullite (3Al2O3ꞏ2SiO2) as a well-formed and 
crystallized phase according to the resolution of the X-ray patterns (Figure 8c). At the same time, 
cristobalite (SiO2) can be identified in the sample by decomposition of dehydroxylated pyrophyllite and 
crystallization of amorphous silica. This amorphous phase is segregated in the process of formation and 
crystallization of mullite according to reaction (2), as pointed out in the Introduction. In that case, the 
coordination of Al changes from AlV in dehydroxylated pyrophyllite to more estable AlVI in mullite 
[90,100,104]. Further discussion on this subject, with a comparison between kaolinite (1:1 layered silicate) 
and pyrophyllite (2:1 layered silicate), has been performed by Moya et al. [90]. 
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Figure 8. XRD of pyrophyllite sample PyH after several thermal treatments: (a) 800 °C/24 h; (b) 1100 °C/24 h, and (c) 
1150 °C/24 h. P = Dehydroxylated Pyrophyllite; M = Mullite; Cr = Cristobalite. Red colours of some peaks indicate the exact 
position of the X-ray peaks in these XRD obtained under enhanced experimental conditions, because it was possible in the X-
ray equipment to diminish the conditions to record the intensity of the peaks. 

Mukhopadhyay et al. [66], in accordance with previous results by Wang et al. [105] using IR 
spectroscopy, suggested that the SiO4 tetrahedral sheet structure still exists in the crystalline dehydroxylated 
pyrophyllite up to 900 °C. Thus, the 2:1 layered structure and Si–O–Al linkages remain in this phase with 
the formation of trigonal AlO5 bi-pyramids as early proposed [2,4]. At 1100 °C dehydroxylated pyrophyllite 
decomposes into poorly ordered mullite, with a bonding rearrangement and a simultaneous release of SiO2 
as an amorphous phase. When impurities are present (Table 3), this amorphous phase, in fact, is forming a 
SiO2-rich vitreous or glassy phase. 

Table 3. Chemical analysis of pyrophyllite samples (calcined basis). 

Composition 
(wt. %) 

PyH PyA PyP ZS Theoretical Pyrophyllite 

SiO2 70.22 72.92 65.45 56.44 70.21 
Al2O3 28.87 25.45 28.07 37.81 29.78 
Fe2O3 0.21 0.25 0.08 0.66 - 
TiO2 0.10 0.10 6.01 1.60 - 
CaO 0.09 0.09 0.15 0.38 - 
MgO 0.01 0.03 0.06 0.24 - 
Na2O 0.10 0.15 0.08 0.49 - 
K2O 0.25 0.47 0.00 2.02 - 
Total 99.85 99.46 99.90 99.64 99.99 

Σ “oxides” 0.76 1.09 6.38 5.39 - 
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In summary, a prolonged thermal treatment produces the nucleation and formation of high-temperature 
phases, mullite and cristobalite, by decomposition of dehydroxylated pyrophyllite. Thus, it can be deduced 
that there are important kinetic effects in the thermal decomposition of pyrophyllite. In fact, Pérez-
Rodríguez et al. [109], in a previous study on dehydroxylation-rehydroxylation of pyrophyllite, concluded 
that dehydroxylation of pyrophyllite is a kinetically driven process, with an activation energy (determined 
by the isoconversional method) of 224 ± 16 kJ/mol, being a value independent of the reaction fraction. 
Shamim et al. [134] performed a non-isothermal kinetic evaluation of pyrophyllite dehydroxylation using 
the same sample of pyrophyllite studied by Mukhopadhyay et al. [68], in fact a sericitic/muscovitic mineral 
(Na2O + K2O = 2.68 wt. % containing 59.51 wt. % of SiO2 and 30.43 wt. % of Al2O3 compare with results 
included in Table 1), with pyrophyllite. Shamim et al. [134] reported an activation energy of 159 kJ/mol, 
considering a single stage diffusion reaction model. As in kaolinite, the dehydroxylation process precedes 
mullitization [71,90,128,129], but in the case of pyrophyllite the dehydroxylated phase is a crystalline phase 
[4,90,93–105,107–109]. 

On the other hand, the DTA diagram of the pyrophyllite sample PyH treated at 1150 °C (Figure 9) 
shows an endothermal effect, centered at 180 °C, associated to the inversion of cristobalite (α) to cristobalite 
(β), a first order transition without breaking of bonds or creation of defects. Previous investigations 
indicated that the cristobalite α-β inversion can be produced between 160 and 275 °C according to the 
crystal features [135–139]. It may be detrimental to the refractories containing cristobalite [135]. 
Cristobalite can be formed at 1100 °C [137]. In the present study, however, cristobalite is not detected after 
thermal treatment at 1100 °C/24 h, but it is detected at 1150 °C/24 h (Figure 8). Thus, it can be assumed 
that the effect of the Si–Al matrix is an important factor in the formation and development of cristobalite, 
from amorphous segregated silica when mullite is formed by thermal decomposition of dehydroxylated 
pyrophyllite, according to reaction (2). 

 

Figure 9. DTA diagram of pyrophyllite sample PyH after thermal treatment at 1150 °C/24 h. 

It should be noted that several studies have reported on the temperature dependence of the cristobalite 
α-β inversion starting by high-purity quartz or glass compositions heated at temperatures between 1100 and 
1700 °C, with and without addition of a mineralizer. The results were explained in terms of the degree of 
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order of the cristobalite structure [137]. The present investigation is the first time where a thermal study by 
DTA of cristobalite, formed from thermal decomposition of dehydroxylated pyrophyllite, is reported. 

A mitigation strategy to avoid the presence of cristobalite, detrimental for ceramics and refractories, is 
the addition of alumina (for instance, as α-Al2O3, corundum, or as aluminium hydroxide, gibbsite). Thus, 
alumina reacts with an excess of silica originating from the thermal decomposition of dehydroxylated 
pyrophyllite and can originate a secondary mullite by thermal treatment at higher temperatures than 1300 °C. 
Then, high-mullite refractory materials can be obtained where the stoichiometry composition of mullite 
(3Al2O3ꞏ2SiO2) or Al2O3/SiO2 with a molar ratio of 1.5. It is favored that the heating treatments be at 1550–
1600 °C. In the case of kaolinite, the molar percentage of SiO2 is 66.66 mol %, being higher in the case of 
pyrophyllite (80 mol. %). Thus, more Al2O3 must be added for pyrophyllite to yield more mullite by 
reaction with SiO2. For instance, it was studied in a previous research using pyrophyllite-gibbsite mixtures 
and compared with kaolin-gibbsite mixtures [74]. Pyrophyllite raw materials can also be used in the 
preparation of triaxial porcelains and the formation of cristobalite is not produced [66–68]. These kinds of 
studies, using the pyrophyllite samples PyH, PyA, PyP, and ZS, will be a matter for future research. 

On the other hand, thermal treatment at 1150 °C/24 h performed in the case of pyrophyllite clay sample 
ZS studied by XRD shows well-crystallized mullite (Figure 10). In this sample, mullite is associated with 
the thermal decomposition of the layered silicates identified by XRD (Figure 3): kaolinite, muscovite 
mica/illite or sericite, and pyrophyllite. It can be considered a sericite clay with pyrophyllite, which 
decomposes by thermal treatment, yielding mullite and cristobalite. In this sense, Reddy and Kim [69] and 
Wang et al. [70] have emphasized the role of sericite as an additive or sintering aid in composites and the 
preparation of high-porosity mullite ceramics. 

 

Figure 10. XRD diagram of pyrophyllite clay sample ZS after thermal treatment at 1150 °C/24 h. Mu = Mullite; Cr = Cristobalite. 
The numbers are selected d-spacings of the mineral phases in Å (1 Å = 0.1 nm). 

Furthermore, a hump, centered at ~22° 2θ, is detected in all the XRD diagrams (Figures 8 and 10), 
being associated to an amorphous phase segregated when mullite progressively appears by thermal 
treatments of all these pyrophyllite samples. Cristobalite (in fact, β-cristobalite) is formed from the 
amorphous phase, although in the case of pyrophyllite clay ZS, the amorphous phase seems better 
associated to a vitreous or glassy phase (amorphous to X-rays) according to the content of impurities, 
distinct of silica and alumina, present in this sample (Table 1). A deep analysis of the XRD patterns of 
thermally treated pyrophyllites, as presented in Figures 8 and 10, allow determine that the mullite has an 
orthorhombic structure [140] according to the characteristic doublet formed by the (hkl) planes (120) and 
(210) at 3.42 and 3.40 Å (1 Å = 0.1 nm), with relative intensities 95 and 100, respectively. 
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3.8. SEM Study of Thermally Treated Samples 

The pyrophyllite samples thermally treated, studied by XRD (Figures 8 and 10), as described in the 
precedent subsection, were also examined by SEM. Figure 11 shows some selected SEM micrographs. 
Figure 11a presents the morphology of sample PyH treated at 1100 °C/24 h, were flat particles can be 
observed, being associated to dehydroxylated pyrophyllite (Figure 8). Differences between original and 
thermally treated pyrophyllite samples up to 1100 °C cannot be found. However, Figure 11b corresponds 
to the same pyrophyllite sample PyH treated at 1150 °C/24 h, where the microstructure has lost the flat 
appearance although some small flat particles can be observed. Besides these features, some sintered and 
bonded particles can be observed. These particles must be associated with mullite and cristobalite, 
crystalline phases identified by XRD in the thermally treated sample (Figure 8c). A similar effect, although 
more intense and extended, can be observed in pyrophyllite clay sample ZS thermally treated at 1150 °C/24 
h (Figure 11c), where sintering with formation of coalescent particles and some pores can be observed. In 
this sample, mullite and cristobalite are well developped crystalline phases besides the presence of a glassy 
or vitreous phase, according to the XRD results (Figure 10). 

 

Figure 11. (a) Selected SEM micrographs of the pyrophyllite sample PyH after thermal treatment at 1100 °C/24 h, (b) the same 
sample PyH at 1150 °C/24 h, and (c) the pyrophyllite clay sample ZS after thermal treatment at 1150 °C/24 h, showing a particular 
detail at high magnification. 
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3.9. XRD and SEM Study of Pressed Samples After Thermal Treatment at 1300 °C 

In this step of the present work, it was interesting to study the samples with pyrophyllite as the main 
crystalline phase (PyH, PyA, and PyP) at higher temperatures than precedent investigation as described 
above. The maximum temperature reached in the thermo-dilatometric runs has been selected for this study 
and sintering was starting (Figure 7). The pressed samples were subjected to two cycles of thermal treatment 
at 1300 °C using the SiC furnace of the thermo-dilatometer. Figure 12 presents the XRD diagrams of these 
thermally treated samples. It can be observed that mullite and cristobalite are well-developed crystalline 
phases in pyrophyllite samples PyH and PyA. In the sample PyP, as in the precedents, these phases are 
being formed from thermal decomposition of dehydroxylated pyrophyllite, although the conversion is 
relatively slower. Quartz is still present in sample PyA after the thermal treatment. Rutile is identified in 
sample PyP, as in the original (unheated) sample (Figure 2). 

 

Figure 12. XRD diagrams of pyrophyllite samples PyH, PyA and PyP prepared as pressed pellets for thermo-dilatometric 
analysis (Figure 7) after two cycles at 1300 °C in the furnace of the thermo-dilatometric equipment. Mu = Mullite; Q = Quartz; 
Cr = Cristobalite; Ru = Rutile. The numbers are selected d-spacings of the mineral phases in Å (1 Å = 0.1 nm). Red colours of 
some peaks indicate the exact position of the X-ray peaks in these XRD obtained under enhanced experimental conditions, 
because it was possible in the X-ray equipment to diminish the conditions to record the intensity of the peaks. Red colours of 
some peaks indicate the exact position of the X-ray peaks in these XRD obtained under enhanced experimental conditions. 
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It is clear that the existence of impurities (as seen in Table 3) influences the thermal behaviour by the 
formation of a glassy phase (amorphous to X-rays), being liquid at high temperature. It is responsible of 
the hump observed in the XRD diagrams at ~22° 2θ. In this sense, Table 3 shows the chemical analysis of 
all the pyrophyllite samples on a calcined basis, where the sum of oxides distinct of SiO2 and Al2O3 is 
relatively higher in pyrophyllite samples PyP and ZS. However, the pyrophyllite clay sample contains other 
layered silicates besides of pyrophyllite (Figure 3). Sample PyP contains 6.01 wt. % of TiO2 and, hence, 
the value of the sum of the oxides could not be representative of the current situation in other pyrophyllite 
samples. Samples PyH and PyA present a content of oxides, distinct of silica and alumina, lower than that 
found in other pyrophyllite samples as pointed out in the discussion of chemical results (Section 3.1), being 
these values representative. In consequence, the refractory prepared using PyH, PyA, and even ZS would 
be of interest. 

The predictions deduced from the K2O–Al2O3–SiO2 ternary equilibrium phase diagram [141] and the 
analysis of the effect of vitreous phase on mullite [142] are in agreement with the behaviour observed in 
these samples, with formation of more amount of liquid phase (vitreous or glassy phase after cooling the 
samples at room temperature) as increasing temperature if there is a larger proportion of impurities in these 
samples. It may be of interest in the preparation of vitrified mullite ceramics with moderate resistance to 
high temperatures, as demonstrated in a previous investigation [143]. 

The case of pyrophyllite PyP is distinct as compared with samples PyH and PyA because this sample 
contains TiO2 and it must be considered the TiO2–Al2O3–SiO2 ternary equilibrium phase diagram [144,145]. 
The oxide TiO2 could originate a solid solution with mullite at high-temperature and even the formation of 
aluminum titanate would be possible although in a low relative proportion [144,145]. It should be noted 
that a previous analysis of the sintering behaviour and the vitrification process of a pyrophyllite clay 
containing sericite and kaolinite, with application as raw ceramic material, has been performed [146], being 
related to other raw clays with a wide range of chemical composition [147]. The ultimate goal of these 
studies was to estimate the optimum firing conditions concerning the fabrication of structural ceramic 
materials obtained from these raw clays. It is important to remark that sericite is a “natural flux”, being 
interesting because raw ceramic materials with high sericite content and fine particles produce the formation 
of mullite at relatively low temperatures (~1000 °C) with an improvement in energy savings according to 
precedent studies [25,65,69–71]. 

Finally, it was of relevant interest a SEM examination of these pressed and thermally treated 
pyrophyllite samples. Previously, these samples were subjected to chemical etching using 20 vol. % HF 
[146] to remove the glassy/vitrified phase and other phases (such as quartz). Figure 13 includes selected 
SEM micrographs. It can be seen the long-elongated crystals of mullite, in particular in sample PyP (Figure 
13c), forming a felt of crystals, sometimes as needle-like crystals (Figure 13a,b). Thus, mullite 
crystallization can produce an interlocking dense microstructure in these pyrophyllite samples that have 
been thermally treated. 

In samples PyH and PyA there are relicts of glassy phase not eliminated by chemical etching. EDX 
analysis confirmed the mullite composition of all these crystals because only Al and Si are detected. This 
microstructure is characteristic of ceramic materials containing mullite [32,66–
68,71,74,140,142,143,146,148]. These results are of interest to the preparation of high-temperature ceramics 
and mullite refractory materials using these pyrophyllite samples. It will be the subject of future investigations. 
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Figure 13. Selected SEM micrographs of pyrophyllite samples prepared as pressed pellets for thermo-dilatometric analysis after 
two cycles at 1300 °C examined in fractured surfaces after chemical etching using 20 vol. % HF: (a) Pyrophyllite sample PyH; 
(b) Pyrophyllite sample PyA, and (c) Pyrophyllite sample PyP. 

4. Summary and Conclusions 

The 2:1 layered silicate pyrophyllite, as the main crystalline phase, has been identified in all the 
samples (PyH, PyA, PyP and ZS) by XRD, although a relatively minor proportion of other mineral phases 
are present, in general, layered silicates (kaolinite, muscovite/illite or sericite, chlorite). Polytype 
identification in the samples was difficult, although mixtures of polytypes 1Tc and 2M are present in all 
samples, with polytype 1Tc predominant in one sample (PyP). The samples studied in this investigation 
showed high-pyrophyllite contents according to the chemical analyses, with minor amounts of impurities 
(Table 1) and [SiO2/Al2O3] molar ratios close to the theoretical value of pyrophyllite (4.00). Besides this, a 
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sample (PyA) contains quartz as a secondary mineral phase, and other pyrophyllite sample (PyP) contains 
a minor secondary mineral phase, rutile, as a residual product of the chemical attack to obtain a purified 
pyrophyllite. These mineralogical and chemical features have been confirmed by SEM-EDX. 

The specific surface areas of all these samples were found to be lower than 6 m2/g, except the 
pyrophyllite clay ZS. Then, the values of geometrical particle sizes, assuming spherical shapes, were 
estimated to be lower than 3.5 µm in all these pyrophyllite samples, being the lowest in sample PyA (Table 
2) because this sample was ground by the supplier. The pyrophyllite clay sample did not agree with all 
these features because it contains pyrophyllite and other layered silicates in relatively high proportions 
(kaolinite and muscovite/illite or sericite) as compared with samples with high pyrophyllite contents. 

Thermal analysis (DTA-TG and dilatometry) allowed us to investigate the dehydroxylation process of 
pyrophyllite under dynamic conditions of heating. This process occurred with an expansion effect above 
500 °C, with a progressive weight loss by TG (total lower than 6 wt. % except in the pyrophyllite clay 
sample), and a broad endothermic effect by DTA centered at 760 °C, 680 °C, and 660 °C for the pyrophyllite 
samples PyH, PyA, and PyP, respectively. The thermo-dilatometry study indicated that contraction-
expansion effects are produced by progressive heating, under dynamics conditions, with a fast contraction 
by sintering in the samples above 1100–1200 °C. This contraction was faster in the case of the pyrophyllite 
sample PyA, which contains quartz. These changes, recorded under dynamic heating conditions, were 
associated with the thermal decomposition of dehydroxylated pyrophyllite, forming the high-temperature 
phases mullite and cristobalite, as revealed by XRD. 

The treatments of all the pyrophyllite samples under static conditions at 800 °C, 1100 °C, and 
1150 °C/24 h revealed: (a) the formation of dehydroxylated pyrophyllite, with small variations of d-
spacings as compared with the normal (undehydroxylated) pyrophyllite, and (b) its thermal decomposition 
by heating to form mullite. The formation of dehydroxylated pyrophyllite as crystalline phase in the samples 
was established after 1050 °C by XRD and its permanency above this temperature, with little changes in 
morphological features, as revealed the SEM study. 

In the pyrophyllite samples under two cycles of thermo-dilatometry at 1300 °C XRD evidenced the 
formation and crystallization of mullite (3Al2O3ꞏ2SiO2) as high-temperature phase. This phase is produced 
with a progressive destruction of dehydroxylated pyrophyllite. Cristobalite (SiO2) was formed by 
crystallization of the amorphous silica which is segregated in the solid-state reaction of formation of mullite. 
A kinetic effect in the development of the crystalline phases has been deduced from these results. The 
humps observed by XRD in the heated samples were attributed to the presence of an amorphous phase, 
being associated to a vitreous or glassy phase (liquid at high temperature) when the content of impurities is 
relatively high (Table 3). It is particularly relevant in the case of the pyrophyllite clay. 

The treatment at 1300 °C of the pyrophyllite samples as mentioned above produces a new microstructure, 
as revealed by SEM after chemical etching using HF to remove the possible amorphous phase and quartz, 
with identification of elongated and needle-like crystals of mullite forming sometimes a tupid felt. The 
formation and crystallization of mullite from pyrophyllite are interesting for high-temperature applications, 
for instance, as ceramics and refractory materials based on mullite. However, the presence of cristobalite must 
be avoided because this crystalline form of silica can be detrimental for these applications. 
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