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Abstract

Kaolin (mainly composed of kaolinite, whose chemical formula is Al,Si,O,(OH),), serves as a versatile raw
material widely used in various industries including production of ceramics, paper, paints, cosmetics, pneu-
matics, building materials, and hazardous waste storage. In the northern part of Vietnam, due to favorable
geological conditions, there are diverse deposits of high quality kaolin of different origin and scale. Decades of
research indicate the diversity of kaolin sources in the region, with special attention paid to hydrothermally
altered and exchange types of kaolin, the formation of which is associated with complex processes of weat-
hering, hydrothermal alteration and reprecipitation. The aim of this study was to characterize three different
types of kaolin derived from different sources in Northern Vietnam (from weathered pegmatites, weathered
felsic effusives, and hydrothermal-metasomatic altered rocks). The main focus was to analyze the thermal be-
havior of these samples during calcination in the temperature range from 300 °C to 1,100 °C. The comprehen-
sive characterization was performed by X-ray diffraction (XRD), FT-IR spectroscopy (FT-IR), thermal analysis
(thermogravimetry/differential thermogravimetry (TG/DTG)) and scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS). The results showed that kaolinite with particle size less than 2 pm
was identified in all samples. Minor amounts of muscovite and montmorillonite are present in some samples,
and pyrophyllite is present in a sample from the hydrothermally altered rocks. Kaolinite morphology in all the
samples showed typical forms including hexagonal and pseudohexagonal. The main chemical constituents of
the samples are SiO, and Al,O;; in addition to these, K,0+Na,0O, TiO, and iron are present in smaller quanti-
ties. Thermal analysis allowed to reveal the formation of metakaolinite phase at temperatures around 494 °C
and 507 °C in the two studied samples from weathered rocks, while the pyrophyllite-bearing sample undergoes
this transition at a higher temperature of 653.8 °C. The onset of metakaolinization was observed at about
500 °C for the weathered rock samples and about 700 °C for the pyrophyllite-bearing sample. In addition, mul-
litization leading to the formation of mullite was evident at 1,100 °C. The study findings allow concluding that
the studied kaolins can be used in traditional ceramics production.
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AHHOTauusa

Kaonuu (cocTosimii B OCHOBHOM M3 KaoaMHUTA, Xumudeckas dopmyna koroporo Al,Si,0,(OH),) ciayskut
YHUBEPCATbHBIM ChIpbeM, IMPOKO UCIIONb3YETCS B PA3IMUHBIX OTPAC/SX MTPOMBIIIIEHHOCTY, BK/IIOYas po-
M3BOJCTBO KepaMuKu, 6ymaru, Kpacok, KOCMETVKHU, ITHEBMATUKN, CTPOUTEIbHBIX MATEPUAIOB U XpaHeHMe
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OTIACHBIX OTXOJOB. B ceBepHOIt yacTu BreTHama 6maromapst 61aronpuUsITHBIM reoJIOTMIECKUM YCIOBUSIM Ha-
XOSITCSI pa3HOOOpa3Hble MeCTOPOKAEHMS BbBICOKOKAUECTBEHHOTO KAOMMHA PAa3JIMUYHOTO ITPOUCXOXKIEHUS
u MacuiTaba. XoTs B psiie paboT M3y4eHbl KaueCTBO, MOTEHLIMAJ, PACITPOCTPAHEHME U TPOUCXOXKAEHNE TUTIOB
kaonuHa B CeBepHOM BbeTHaMme, MCCiiefOBaHMS Pa3InNunili MEXIY KaOJAMHAMMU U3 Pa3HbIX UCTOYHUKOB BeCh-
Ma orpaHmueHsbl. llepio JaHHOTO MCCIeqo0BaHMs OBIIO OMpeeeHye XapaKTePUCTUK TPeX Pa3IMUHbIX TUIIOB
KaoJMHa, MOMYyYeHHbIX U3 Pa3IMyYHbIX UCTOUHUKOB B CeBepHOM BheTHaMme (13 BbIBETPEHHBIX I1€TMaTUTOB,
BBIBETPEHHBIX U3BePXXeHHbIX MarMaTUUeCcKMX MOPOJ, KMUCIOTO COCTaBa M I'MAPOTepMalbHO-MeTacoMaTuie-
CKMX M3MEHEeHHBIX Mmopon). OCHOBHOEe BHMMaHMe GbUIO YAEJEeHO aHaIU3y TEPMUUYECKOTO MOBEIEHMST ITUX
npo6 B Xofle TpoKajMBaHus B AuarnasoHe temmepatyp ot 300 mo 1100°C. BcecTopoHHSIS XapaKTepu3aius
MpOBOAMIACh METOJaMM PeHTreHOCTPYKTypHoro aHanusa (XRD), ®ypee-UK-cnekrpockonuu (FT-IR), Tep-
MMYECKOTro aHaiu3a (TepMmorpaBumeTtpust/auddepenimanpras repmorpasumerpust (TG/DTG)) u ckaHUpy-
01 JIEKTPOHHOM MMKPOCKOIIMM C SHEPTOAMCIIEPCHMOHHOM PeHTreHOBCKOM crnekrtpockonueli (SEM-EDS).
Pe3ynbTaThl IOKa3a1i, YTO BO BeeX IMPobax 6bUT 06HAPYKEH KAOIVHUT C pa3MepOM YacTull MeHee 2 MKM. B oT-
JleTbHBIX TTPOOaX MPUCYTCTBYIOT HE3HAUNTETbHbIE KOJMIMYECTBA MyCKOBUTA M MOHTMOPWIJIOHUTA, 4 B Tpo6e 13
TMIPOTEPMATBHO M3MEHEHHBIX TOPOA, — MupodmumTa. Mopdonorus KaoaMHUTa BO BCEX MPO6GAX MPOSIBIIS-
J1aCh B TUITMYHBIX (hOpPMax, BK/IIOYAst TeKCAarOHAIbHYIO U ICEBIOTeKCaroHaIbHY0. OCHOBHBIMY XMMUYECKUMU
KoMrioHeHTamu sIBJsitoTcst Si0, n Al,O;; moMMUMO HUX, B MEHbIIMX KommnuyecTBax npucyTtcrsyiot K,O + Na,O,
TiO, u obiee xene30. TepMmuyeckuii aHaIU3 BbISIBMUI 00pa3oBaHMe METaKaOJMHUTOBOI (asbl Mpu TeMrie-
paTtypax okojio 494 u 507 °C B IBYX M3yUEHHBIX ITP00OAX 13 BHIBETPEHHBIX MOPO, a MMPOGWIIUTCOIepsKaIIast
rpo6a rpeTepIieBaeT ITOT Iepexoy, Ipy 6ojiee BLICOKOI TeMiiepatype — 653,8 °C. Hauaso MeTakaonMHMU3aum
Habmomanock mpu remmeparype okosio 500 °C ayist mpo6 u3 BeIBeTpPeHHBIX mopog, 1 okoso 700 °C - ajis nupo-
dunnurconepskamieit mpo6sl. Kpome Toro, mpu 1100 °C rposiBuIach MyJUTMTU3ALNS, IPUBOISIIAS K 06pa3oBa-
HUIO MYJUTUTA. [To/TydeHHbIe pe3y/bTaThl TO3BOJISIIOT CIIaTh BHIBOJ, O BO3MOXKHOCTY IIPUMEHEHMUSI 3TUX TTPO0
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KaOJ/IMHa B TPAAMIVIOHHOM ITPOU3BOACTBE KEPAMMUKINA.

KnioueBble cnoea

KaonuH, Al,Si,0,(OH),, mtupobuannTt, My/-UINT, TEpMUUECKUI aHAIN3, METAKAOIVHUT, MYJIZTUTHU3ALIMSI, [Terma-

T, CeBepHbIN BbeTHam
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Introduction

Kaolin (mainly composed of kaolinite, whose
chemical formula is Al,Si,0.(OH),), serves as a ver-
satile raw material widely used in various industries
including production of ceramics, paper, paints, cos-
metics, pneumatics, building materials, and hazard-
ous waste storage [1-3]. The quality and applicabi-
lity of kaolin depends on factors such as its chem-
ical composition, physical properties, mineralogical
composition and structural morphology. For exam-
ple, Maja (2017) showed that clay from Slatina depos-
it in Serbia has composition and other characteristics
suitable for ceramic and construction industries, es-
pecially for the production of tiles, thin-walled hol-
low bricks, and roof tiles/lightweight blocks [4]. Fur-
ther studies aimed at investigating properties such
as purity, mineralogical composition, color and tex-
ture by researchers such as Hernandez et al. (2019)
identified the characteristics of kaolin deposits in
Venezuela, suggesting potential demand for this
kaolin to be processed for using in the pharmaceutical
industry [5]. A number of researchers emphasize the
need for a comprehensive study of the physicoche-
mical properties of kaolin raw materials and their
behavior under calcination conditions before the use
in practice.
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In the northern part of Vietnam, due to favorable
geological conditions, there are diverse deposits of high
quality kaolin of different origin and scale. Decades of
research indicate the diversity of kaolin sources in the
region, with special attention paid to hydrothermally
altered and exchange types of kaolin, the formation of
which is associated with complex processes of weathe-
ring, hydrothermal alteration and reprecipitation [6, 7].
Although several works have studied the quality, po-
tential, distribution, and origin of kaolin types in North
Vietnam [8, 9], studies on the differences between kao-
lins from different sources are very limited.

This paper presents the application of combined
analytical techniques such as X-ray diffraction ana-
lysis (XRD), Fourier transform infrared spectroscopy
(FT-IR), thermal analysis (thermogravimetry/diffe-
rential thermogravimetry (TG/DTG)), and scanning
electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS) to investigate the charac-
teristics of kaolin raw materials of different origins
from several mines in Northern Vietnam, as well as
their properties/behavior under calcination condi-
tions. The results obtained allowed to comprehen-
sively and more completely assess the qualitative
characteristics of the kaolins and contribute to their
more efficient application.
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Review of geological characteristics
of some kaolin types at mines in Vietham

Kaolin from weathered pegmatites

Kaolin formed in weathered pegmatites is wide-
ly distributed in the Lao Cai area in Northern Viet-
nam [10]. These kaolin-bearing bodies are usually
cylinder-shaped and have a branched morphology.
Pegmatite bodies of various sizes are distributed in
metamorphic formations of Proterozoic and Lower
Paleozoic age. The thickness of the kaolin body de-
pends on the terrain. In a vertical cross-section, the
pegmatite bodies are stratified: the uppermost layer
consists of kaolin, followed by a layer of low-weathe-
red pegmatites, and the lowest layer is represented by
fresh pegmatites. This type kaolin mines are usually
medium to small scale mining operations. This varie-
ty of kaolin is usually fine-grained, rich in aluminum
and characterized by relatively high iron content, of-
ten has a yellow or dark yellow hue. The -0.21 mm
undersize kaolin recovery ranges from 30 to 60%,
averaging below 40%. Fig. 1 shows a geological
cross-section of a kaolin body of such nature.
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Kaolin from weathered felsic effusive rocks

Kaolin formed in weathering crust in effusive
rocks is widely distributed throughout Northern Vi-
etnam in different structural zones [11]. This type
of kaolin deposits, usually formed in the weathe-
ring crust in rhyolite and rhyolite-porphyry rocks,
is characterized by small-scale occurrences, often
hopper-shaped and lens-shaped. Kaolin of this type
is usually fine-grained, present in white or pin-
kish-white tints. The -0.21 mm undersize kaolin
recovery ranges from 50 to 90%, averaging about
70%. Fig. 2 shows a cross-section of a deposit of this
type of kaolin.

Kaolin of hydrothermal-metasomatic genesis

Kaolin bodies containing pyrophyllite (herein-
after referred as kaolin-pyrophyllite bodies) are the
product of contact alteration processes involving
hydrothermal solutions and various rocks such as
rhyolites, rhyolite porphyries, felsites and tuffs [12].
These bodies are intersected by faults or, converse-
ly, are accommodated by fault zones, identified at
a mine, that determines their relatively large scale.
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Fig. 1. Geological cross-section at Son Man kaolin mine, Lao Cai Province:
1 - quartz schists, mica, gneisses, interbedded quartzites; 2 — aplite and pegmatite veins; 3 — mica crystalline schists;
4 - fresh (unweathered) pegmatites; 5 — low-weathered pegmatites; 6 — kaolin; 7 — topsoil (land cover)
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Fig. 2. Geological cross-section at Minh Tan kaolin mine, Hai Duong Province:
1 - quaternary sediments; 2 — limestone; 3 - silicified limestone; 4 — shale, sandstone; 5 — keratophyre; 6 — kaolin; 7 — fault
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The morphology of such kaolin-pyrophyllite bodies
is complex, with irregular randomly manifested bul-
ges. Fig. 3 shows a cross-section of a kaolin-pyrop-
hyllite body for better visualization.

Research Methodology

Sample Preparation

Bulk samples were collected from the mining
zones of three kaolin mines, kaolins of which have
different genesis (type): kaolin from the weathering
zone of pegmatites of the Thach Khoan complex at
Son Man mine, Lao Cai Province (kaolin from weathe-
red pegmatites); kaolin from the weathering zone
of rhyolites of the Binh Lieu Formation, Minh Tan
mine, Hai Duong Province (kaolin from weathered
effusives), and kaolin-pyrophyllite of hydrother-
mal-metasomatic genesis from Tan Mai mine, Quang
Ninh Province (kaolin-pyrophyllite) (Figs. 1-3). These
natural kaolin samples were pulverized, dissolved,
mixed, and screened using a sieve with mesh size
< 63 ym. The screening undersizes were placed into
laboratory bags and used for subsequent analyses and
tests. For the identification of clay minerals, a clay
fraction with particle size < 2 pym was obtained by de-
cantation. The particle size fraction < 2 pm was used
to prepare cylindrical pellets for further studies. They
were further subjected to various treatments includ-
ing air drying, glycolation with ethylene glycol, and
heating to 350 °C.

The cylindrical pellets were made by uniaxial dry
pressing of the samples at a pressure of 40 MPa. The
cylindrical pellets were then dried at 60°C for 24 h
in an oven. The dried cylindrical pellets were heat-
ed to selected temperatures of 300, 500, 700, 900 and
1100°C at a heating rate of 5 °C/min using an electric
laboratory furnace. For each selected temperature,
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the sample was calcined for 2 h and “quenched” to
room temperature under ambient conditions to avoid
crystallization of amorphous metakaolinite. The por-
tions of the heated samples were ground using an
agate mortar and pestle for subsequent analyses.

Sample characterization

The morphological properties of minerals and the
mineralogical composition of the samples were inves-
tigated using a scanning electron microscope (SEM -
Quanta 450) with energy dispersive X-ray spectrosco-
py (EDS). The mineralogical analysis of the samples
was performed by X-ray diffraction (XRD) analysis.
The X-ray diffraction patterns of the samples pro-
cessed under different conditions were also obtained
on a Siemens model D5005 powder X-ray diffractom-
eter with Cu-Ko radiation at 40 kV and 30 mA, scan-
ning from 3 to 70° at an angular velocity o (2 theta
in the Figures below) of 2°min!. FT-IR spectra were
recorded between 4,000 and 400 cm-1 with a resolu-
tion of 2 cm™ using a Shimadzu IR Prestige-21 spec-
trometer. The thermal behavior of each sample was
determined using the techniques of thermogravime-
try/differential thermogravimetry (TG/DTG) in ni-
trogen atmosphere in the range from room tempera-
ture up to 1,100 °C at a heating rate of 10 °C/min. The
nitrogen adsorption and desorption isotherms of the
kaolin samples heat-treated at 196 °C were obtained
using a Micromeritics ASAP 2020a instrument.

Findings and Discussion

Characterization of natural kaolin materials

X-ray diffraction analysis
Fig. 4 shows X-ray diffraction patterns of three
natural kaolin materials (the samples: kaolin from
weathered pegmatites, kaolin from weathered felsic
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Fig. 3. Geological cross-section at a kaolin-pyrophyllite mine in Tan Mai, Quang Ninh Province:
1 - Na Khuat Formation; 2 - Khon Lang Formation; 3 - rhyolite-dacite tuff;
4 - siltstone; 5 — alunite; 6 - kaolin-pyrophyllite
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effusives, and kaolin-pyrophyllite) with a particle size
of 2 um subjected to different test conditions: aged at
room temperature, treated with ethylene glycol, and
heated at 350°C. These XRD patterns consistently
show the predominance of kaolinite in all three sam-
ples, characterized by well-defined peaks at 7.18 A,
4.48 A and 3.58 A [1]. In addition, relatively weak ba-
sal reflections at 10.0 A, 5.02 A and 3.35 A indicate
the presence of muscovite in the kaolin samples from
pegmatites and the kaolin samples from effusives
[13]. It is important to note that pyrophyllite is clearly
identified in the kaolin-pyrophyllite sample obtained
from Tan Mai mine, as evidenced by characteristic
peaks of 9.2 A, 4.59 A, 4.14 A, 3.79 A, and 3.07 A [14].
After the treatment with ethylene glycol and heating
at 350°C, the characteristic peaks corresponding to
kaolinite, muscovite, and pyrophyllite remain on the
X-ray diffraction patterns. However, in the case of the
kaolin from weathered effusives sample, a noticea-
ble shift of the peak associated with montmorillonite
from 15.1 A to 16.9 A after ethylene glycol treatment
was observed. This observation shows that, in addi-
tion to the predominance of kaolinite of < 2 ym size
fraction in all the samples, the kaolin from weathered
pegmatites is characterized by the presence of mus-
covite, the kaolin from weathered effusives is accom-
panied by muscovite and montmorillonite, and the
kaolin-pyrophyllite sample consists predominantly of
pyrophyllite. These findings emphasize that different
conditions during kaolin formation can lead to a va-
riety of mineralogical compositions, which can in-
fluence the calcination processes and their outcomes.
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Analysis by scanning electron microscopy and energy
dispersive X-ray spectroscopy techniques

Scanning electron microscopy (SEM) images of
the minerals of the kaolin samples (the kaolin from
weathered pegmatites (a), the kaolin from weathe-
red effusives (b) and the kaolin-pyrophyllite (c)), are
shown in Fig. 5. These images clearly show the cha-
racteristic morphology of kaolinite with a hexagonal
thin-plate structure. The mineral grains are intri-
cately attached together, displaying their distinctive
characteristics. The results of EDS (energy dispersive
X-ray spectroscopy) analysis shed light on the mine-
ral elemental compositions. Silicon oxide (SiO,) and
aluminum oxide (Al,O) were found as major compo-
nents, which correspond to the expected presence of
silicon (Si) and aluminum (Al) in the chemical formu-
la of kaolinite, Al,Si,O.(OH),. Table 1 shows the aver-
age chemical composition of the three kaolin samples
(semi-quantitative determination by EDS analysis).

Fourier-transform infrared (FT-IR)
spectroscopy analysis

Fourier-transform infrared (FT-IR) analysis
showed the presence of various functional groups in
the studied samples (Fig. 6). Notably, the absorption
peaks at 3,687 and 3,619 cm™! are associated with the
stretching (bond) vibrations of O-H group bond. In
addition, the bands at 1,114 and 684 cm™! correspond
to the stretching vibrations of Si-O bond, and the
absorption bands at 1,034 and 998 cm™! refer to the
stretching vibration region of Si—-O-S8i bond. The band
at 909 cm™! corresponds to the stretching vibrations of
Al-OH bond. These bands of stretching vibrations are
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Fig. 4. X-ray diffraction pattern (XRD) of three samples (kaolin from weathered pegmatites (a),
kaolin from weathered effusives (b) and kaolin-pyrophyllite (¢)) with particle size < 2 pym
under different test conditions: At room temperature (Ori); treatment with ethylene glycol (Gly);
heating at 350 °C (350): K = kaolinite, Ms = muscovite, P = pyrophyllite and Mt = montmorillonite
(in Figures hereinafter the kaolin from weathered effusives is denoted as K-Mag)
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characteristic of kaolinite, indicating the significant
presence of kaolinite in the samples [15-17]. Further-
more, the possible presence of quartz, in addition to
kaolinite, is indicated by the bands detected in the
samples at 789, 753, and 592 cm™.

Behavior of three samples under thermal action

Thermal analysis

The results of thermogravimetry/differential
thermogravimetry (TG/DTG) of three samples (the
kaolin from weathered pegmatites (a), the kaolin
from weathered effusives (b), and the kaolin from al-
tered rocks containing pyrophyllite (c)) are presented
in Fig. 7. The thermal curves in Fig. 7 show the peaks
of different processes (endothermic and exothermic
processes) during heating. The endothermic proces-
ses occurring at low temperatures (around 79.7, 87.2,
and 73.8 °C) were desorption of surface H,O and dehy-
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dration. The formation of metakaolinite phase is indi-
cated by endothermic peaks at 494.8 °C for the kaolin
from weathered pegmatite sample, 507.1°C for the
kaolin from weathered effusive sample, and 653.8 °C
for the kaolin-pyrophyllite sample. The difference in
the temperature of the endothermic peaks between
the samples may be due to the differences in mine-
rals morphology, composition and grain size. The
kaolin-pyrophyllite sample has the highest endother-
mic peak temperature (653.8 °C) among all the three
samples, indicating the natural stability of kaolin of
hydrothermal-metasomatic genesis. Analysis of the
DTG data in Fig. 7 indicates a change in the weight of
the tested materials during the heating process. The
weight reductions were 9.77, 11.8, and 13.9% for the
samples of the kaolin from weathered pegmatite, the
kaolin from weathered effusives, and the kaolin-py-
rophyllite, respectively.
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Fig. 5. SEM images and EDS results for three samples
(kaolin from weathered pegmatites (a), kaolin from weathered effusives (b), and kaolin-pyrophyllite (c))

Table 1
Chemical composition of three kaolin samples (EDS results)
Chemical composition, %
Sample (from - to)

Na,O MgO ALO; Sio, K,0 CaO TiO, Fe,0,
Kaolin from weathered | , o597 | 033-0.59 | 42.8-46.5 | 50.2-52.2 | 0.51-0.99 | 0.11-0.21 | 0.11-0.19 | 0.09-0.58
pegmatites (a)
Kaolin from weathered | oo 1 62 | 012-0.35 | 13.6-20.1 | 65.7-75.7 | 2.51-5.22 | 0.08-1.11 | 0.03-0.11 | 0.52-1.96
effusives (b)
Kaolin—pyrophyllite (¢) | 0.21-1.30 | 0.05-0.56 | 10.5-38.6 | 11.5-89.3 | 0.16-1.20 | 0.05-1.42 | 0.05-1.35 | 0.03-2.51
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Fig. 6. FT-IR spectroscopy patterns of three samples (kaolin from weathered pegmatites (a),
kaolin from weathered effusives (b) and kaolin-pyrophyllite (c))
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Fig. 7. Analysis of thermogravimetry/differential thermogravimetry (TG/DTG) study results for three samples
(the kaolin from weathered pegmatites (a), the kaolin from weathered effusives (b),
and the kaolin-pyrophyllite (the kaolin from altered rocks containing pyrophyllite) (c))
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X-ray diffraction analysis a new mineral phase. This conclusion is consistent

Fig. 8 shows the X-ray diffraction patterns of  with the observations of previous studies [18, 19] em-
three samples (the kaolin from weathered pegma- phasizing the dependence of mineralogical composi-

tites, the kaolin from weathered effusives, and the tion transformation during calcination on the initial
kaolin-pyrophyllite) at different temperatures (300,  mineralogical composition of samples. The presence
500, 700, 900, and 1,100 °C). The analysis shows that  of pyrophyllite in the kaolin-pyrophyllite sample
the kaolin from weathered pegmatite sample consists ~ markedly influences the phase transition, leading to
mainly of kaolinite, but also quartz and muscovite are  the formation of new minerals.

present. In contrast, the kaolin-pyrophyllite sample

consists mainly of kaolinite and pyrophyllite, with SEM analysis

minor quartz present. Over the entire temperature SEM images of three samples: kaolin from weat-
range from room temperature to 500 °C, the peaks in ~ hered pegmatites, kaolin from weathered effusives,
the X-ray diffraction (XRD) patterns correspondingto  and kaolin-pyrophyllite subjected to calcination at
these minerals remain relatively stable, although they =~ temperatures of 500 °C, 700°C, 900°C u 1100°C are
lose in intensity while the temperature increases. At  presented in Fig. 9. At 500°C, a distinct minerals
700°C kaolinite peaks disappear in all the samples, = morphology is observed and mineral grain bounda-
while those of quartz and pyrophyllite remain. The  ries in all three samples remain discretely defined,
disappearance of kaolinite peaks indicates transfor- indicating minimal impact on structural integrity
mation into metakaolinite characterized by amor-  and chemical bonds at this temperature. However,
phous structure, which is indicated by wide “bumps”  when the heating temperature is increased from
on the X-ray diffraction patterns. Notably, the weak 700 to 1,100 °C, noticeable transformations occur. In
XRD peak of pyrophyllite at 700°C emphasizes its  the interval from 700 to 900 °C, the morphology of
thermal stability that is consistent with the thermal = minerals undergoes a gradual change, showing signs
analysis findings and the hydrothermal-metasomatic ~ of melting. The differences between the initial sub-
genesis of pyrophyllite. The most significant chang- stances in the samples begin to disappear. In particu-
es in the X-ray diffraction patterns occur at 1,100°C,  lar, the SEM images at 1,100 °C clearly show melting
which mean melting and destruction of the structures = manifestations, indicating that melting of the mate-
of the initial minerals with the formation of mullite,  rials hides the initial boundaries and morphology of

L B L B B L L B B

.
—
/'-U S e
—— ~
7
-]
S
({l 1 1

Intensity (a.u.)

rrrrrryrrcrrrrrrrrrrrrrrrcrrrrrsrsrrrrrrrTreorea

Intensity (a.u.)

1.

i’ i
oy A,

L.

Intensity (a.u.)
L Tritrtrryrrrrrvrrrrrrrr-t LI Tt rrrrrr-'t

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70

2 theta (degree) 2 theta (degree) 2 theta (degree)

a b [

Fig. 8. X-ray diffraction patterns (XRD) of three samples (kaolin from weathered pegmatites (a), kaolin from weathered
effusives (b), and kaolin-pyrophyllite (¢)) at different temperatures (300 °C (3), 500 °C (5), 700 °C (7), 900 °C (9)
1 1,100°C (11)): K = kaolinite, Ms = muscovite, P = pyrophyllite, Q = quartz, M = mullite
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Fig. 9. SEM images of three samples (kaolin from weathered pegmatites, kaolin from weathered effusives,
and kaolin-pyrophyllite) at different temperatures (500 °C (5), 700 °C (7), 900 °C (9), and 1100°C (11))
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the mineral grains. In the case of the kaolin-pyrophy-
llite sample, characterized by increased stability, the
pyrophyllite morphology shows certain stability in
the temperature range from 700 to 1,100 °C. The ob-
served morphological changes in the samples at dif-
ferent calcination temperatures, as seen in the SEM
images, are consistent with the other research fin-
dings, including XRD and FT-IR spectroscopy.

Conclusion

In this study, the fundamental characteristics of
three types of kaolin obtained from different sources
and of different genesis (from weathered pegmatites,
weathered felsic effusives, and hydrothermal-meta-
somatic rocks), were evaluated using X-ray diffrac-
tion analysis (XRD), FT-IR spectroscopy (FT-IR),
thermal analysis (thermogravimetry/differential
thermogravimetry (TG/DTG)) and scanning electron
microscopy with energy dispersive X-ray spectros-
copy (SEM-EDS). The studies showed that kaolinite
was the predominant mineral in all samples cha-
racterized by particle sizes less than 2 ym. In addi-
tion, the sample of kaolin from weathered pegma-
tite contains insignificant amounts of muscovite,
and the sample of kaolin from weathered effusives
contains montmorillonite. It is noteworthy that the
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kaolin sample of hydrothermal-metasomatic genesis
contains a relatively significant amount of pyrophyl-
lite. The main chemical constituents of the kaolin
samples are SiO, and AlLO;; in addition to these,
K,O0 + Na,0, TiO, and iron are present in smaller
quantities. Thermal analysis revealed phase transi-
tions at different temperatures, with the metakao-
linite phase formation around 494 and 507 °C in
the kaolin samples from weathered pegmatites and
weathered felsic effusives, respectively. The pyrop-
hyllite-bearing kaolin sample (of hydrothermal-me-
tasomatic origin) undergoes this phase transition
at a higher temperature of 653.8°C that indicates
its natural stability. To evaluate the calcination be-
havior of the kaolins, the samples were pressed at
a pressure of 40 MPa and calcined at temperatures
ranging from 300 to 1,100 °C. XRD and SEM analyses
showed that metakaolinization starts around 500 °C
in the kaolin samples from weathered pegmatites
and weathered effusives, and around 700°C in the
pyrophyllite-bearing kaolin sample. The process of
mullitization becomes evident at 1,100 °C, leading to
the formation of a new mineral, mullite. The study
findings presented here have key implications for
the production of traditional ceramics using natural
kaolin materials of different origins.
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