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3nayumenvnas uacmey KAoauUHA, UCHOAB3YEMO020 6 Poccuu, umnopmupyemcsa us Ykpa-
unsl. Cyuwjecmeyem HeoOmI0)CHAAA HEOOX0OUMOCIb 6 UMNOPHO3AMeu|eHUl, mem folee Ymo 6
Poccuu umeromen coomeemcmeyoujue 3aaexcu AoMoCUIUKamuozo coipvsi. Kpynueiiwium (6o-
Jee 60 M m nOOMEEPHCOEHHBIX 3ANACO8 NEPEUUHOZ0 KAOAUHA) ABTIAENICA MECHOPONHCOCHUE YUL-
cmulx kaoaunoes Kypaenunwtit Jloz (Henaounckasn oonacmes, Poccus). B pabome évinonnen xumu-
yeckuil u (hazoewlil ananu3 0002aueHHO20 KOHUEHMPUPOBAHHO20 KAOAUHA OAGHHOZ0 MECHOPOIiC-
oenus. Coomnowenue SiOy/Al;O3 6 doannom coippesom mamepuane cocmasuno 1,30. Coodeporca-
Hue c60000H020 okcuoa keapua — 00 4,4%. Okcuo kanvyusa u cniooa He oonapyscenst. Illopouwiok
Kaouna 1613aemcsa moHKOOUCREPCHIM (0CHOBHAA HaACMb 00 2 MKM) CbIpbesbiM Mamepuaiom. B
pabome uzyueno mepmuueckoe nogedeHue 0002auieHH020 KOHUECHMPUPOBAHHO20 KAOIUHA OdH-
HO20 MECMOPOIHCOCHUSL MEMOOAMU KOMNTIEKCHO20 MEPMUYECKO20, DEHMZEHO(A308020 AHATU3A U
HK-cnekmpockonuu c npeoopazosanuem @ypuoe. [lokazano, umo 0ezudpoKcuIuposanue npupoo-
HO20 060z2auienHo20 Kaonuna npomekaem npu memnepamype npumepro 500 °C, a npu 910 °C
MEMaKaoIuHUm npespaniaemcs, NPeonoI0HCUMeNbHo, 8 Kpemuuesylo wnunens. Omcymcmeue
nuxa oxono 250-300 °C ykazvieaem na omcymcmeue c60600nozo zuvocuma Al(OH)s unu 2émuma
FeOOH ¢ odozamennom npooyxkme. Ilo senuuunam pegnexcoe 6 ouanazone 20 20-22° oyenen
unoexc Xunknu (Hl) kax noxazamens nopsaoka cmpykmypur: Hl = 1,76, umo yka3zvieaem na 6vi-
COKYI0 cmenens ynopaoo4ennocmu obozauennozo kaonuna. Ilocne mepmuueckoit oopabomxu npu
400 °C unoexc Xunxnu cuuzunca 00 1,69. Pazmep kpucmannumoe 6001v ocu ¢ cocmasun 61,5 um.
Mynaum npedcmasnan codoii ocnosnyro asy npu 1200 °C.

KuaioueBsble c10Ba: KaouH, KaouuHUT, JKypaBiauHbii JIoT, TIIMHUCTEIE MUHEPATBI, METAKAOIUH, MYJI-
T, (ha30BbIe MPEBPAIICHUS, HIMIIOPTO3aMEIICHNE
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The considerable portion of kaolin used in Russia was imported from Ukraine. There is
urgent necessity to assume the measures for the import substitution in consideration of the presence
of suitable deposits. The Zhuravliny Log kaolin deposit (Chelyabinsky district, Russia) is the largest
one (more than sixty million tons of assured resources of the primary kaolin) in Russia. The chem-
ical and phase composition of the concentrated kaolin was determined. The SiO,/Al,Os ratio made
1.30. The free quartz quantity was equal to 4.4%. CaO and mica were not revealed. Kaolin powders
were fine-dispersed (mainly up to 2 gm). In his paper, the thermal behavior of this kaolin was
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studied by the complex thermal analysis, X-ray diffractometry, and Fourier transform infrared
spectroscopy. It was shown that the dehydroxylation occurred at appr. 500 °C. Further, at 910 °C
metakaolinite probably turned into silica spinel. The absence of a peak at appr. 250-300 °C implies
the absence of the free gibbsite AI(OH)s or goethite FeOOH. By size of reflexes in the range of 26
20-22° it was estimated the Hinckley index (HI) as the structure order indicator: HI made 1.76 that
indicated rather high degree of order. After a heat treatment at 400 °C index reduced to 1.69. Crys-
tallite size along the c-axis amounted 61.5 nm. Mullite was the main phase at 1200 °C.

Key words: kaolin, kaolinite, Zhuravliny Log, clay minerals, metakaolin, mullite, phase transformation,

import substitution
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INTRODUCTION

Clay minerals are used since ancient times to
make potteries and bricks. Kaolin is the purest clay
rock. It is caused by its genesis from big massifs of
feldspars. The main impurity is quartz as follows from
the equation:

2K[A|Si308] + CO, + 2H,0 =

Orthoclase
= Al2[Si20s](OH)4 + 4Si0; + KoCOs. (1)
kaolinite quartz

The main rock component is kaolinite with the
minimal formula Al[Si>Os](OH)a, or Al;O5-2Si0,-2H,0.
The considerable quantity of quartz is usually removed
by means of a kaolin concentrating. Kaolinite is one of
the oldest raw materials used in ceramic industry in-
cluding new kinds of ceramics [1-6]. It has a wide va-
riety of applications, particularly in the porcelain in-
dustry, ceramic tiles, sanitary wares, refractories, as a
filling agent in paper, plastics, rubber, cosmetics [7, 8],
as a zeolite [9, 10] and proppant precursor [11], an im-
portant geopolymer component [12-15], a pollutant
sorbent [16-18], and even as a drought stress reducing
agent [19], etc.

Kaolin has a global market with an estimated
value of 5.43 Bn USD in 2020 and is expected to reach
8.23 Bn by 2027, at a compound annual growth rate
(CAGR) of 6.5% during a forecast period. The demand
for kaolin and metakaolin raised at 34, 839.9 kilo tons
and 273.85 kilo tons respectively [20]. The world use
of kaolin and metakaolin by application in 2016 is
shown in Fig. 1 [21]. The market size is expected to
grow continuously due to the increasing demand of ce-
ramic and other products.
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Fig. 1. Share of kaolin markets in 2016 [21]
Puc. 1. lonu peiaka kaonuHa B 2016 1. [21]

Advanced applications require a deep knowledge
of the structure — property — behavior relationship for
kaolin. The thermal behavior is of particularly interest
in the ceramic production [15, 22-28]. To accelerate
the product sintering, it is necessary to understand the
kaolin transformations in a wide temperature range.
There are the continuous loss of interlayer water (de-
hydration) and the discontinuous loss of structural wa-
ter (dehydroxylation). Being heated to above 450-550 °C,
kaolin converts irreversibly into the dehydrated meta-
stable form, which is metakaolin (MK). When T~950 °C,
MK is transformed to a spinel structure or a Si-contain-
ing y-Al>O3 and amorphous silica [27]:

Al;03-2810; — Al;SiOs + SiO, amorphous; (2, @)
Al;03:2Si0; — v-Al,03 + SiO2 amorphous. (2, b)

This problem is still under debate. Formed
phases persist until at least 1100 °C turning further into
mullite [15, 22-28].

The difficulty of this path investigation relates
to variety of chemical composition, different particle
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sizes, their distribution, etc. It is by-turn bonded to a
concrete kaolin deposit. The considerable portion of
kaolin used in Russia was imported from Ukraine.
There is urgent necessity to assume the measures for
the import substitution as it is doing in other countries
[22, 29]. The Zhuravliny Log kaolin deposit is the larg-
est one in Russia since 1992 [30-32]. It is situated in
the Chelyabinsky district, near the Plast town. This de-
posit contains more than sixty million tons of assured
resources of the primary kaolin [30]. It is suitable to
produce ceramics, electro ceramics, refractories, build-
ing materials, etc. The kaolin use is strongly dependent
on its structure, composition, and physicochemical
properties. The aim of this research is to receive dis-
tinctive characteristics of the Zhuravliny Log kaolin
and analyze them using the complex thermal analysis
(thermogravimetry, TG, and differential scanning cal-
orimetry, DSC), X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR).

MATERIALS AND EXPERIMENTS

The mineral composition of a raw kaolin of the
Zhuravliny Log deposit (Chelyabinsky region, Russia)
has 30-70% wt. of kaolinite, 30-50% wt. of quartz, 1-
18% wt. of kalium feldspar, 3-9% wt. of mica [31]. Ka-
olin can contain secondary components such as iron
and aluminum hydroxides, quartz, feldspars, pyrite,
carbonates, etc. So, kaolin must be concentrated by
means of the impurity separation. Its wet concentrating
with the following drying allowed to get a rather pure
product which was crushed and homogenized. During
storing the powder acquired the homogeneity of mois-
ture. Its chemical composition is given in Table.

Table
The chemical composition of the concentrated
Zhuravliny Log kaolin (% wt.)

Tabauya. XuMu4ecKHii cOCTAB 000raleHHOT0 KA0JMHA
mecropozxaenusi XKypasaunbiii Jlor (macc. %)
SiOz A|203 Ti02 Na,O| CaO MgO K,0 |Fe,O3|LOI*
478136903 | 01| — | 01|04 )| 06 |138

Note: * LOI denotes the loss on ignition at 1000 °C

IMpumeuanue: * LOI o6o3HavaeT motepy NpH NPOKATHBAaHUN
mpu 1000 °C

The SiO2/Al;,Os ratio made 1.30. The free
quartz quantity was equal to 4.4%. CaO was not re-
vealed, that implied the CaCOs absence. Kaolin pow-
ders were fine-dispersed (Fig. 2).

The kaolin size distribution was measured by a
laser diffraction technique (Analisette 22 Compact) in
an ethanol suspension. The chemical composition of
kaolin was conducted by the disperse X-ray fluores-
cence (CIIEKTPOCKAH MAKC-GVM).
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Quantity (%, wt.)
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Particle size (um)
Fig. 2. Dispersion analysis of concentrated kaolin

Puc. 2. JlucniepcroHHBIN aHAN3 000TAIEHHOTO KaoJIMHA

Differential thermal analysis (DTA/DSC) and
thermogravimetry (TGA) were recorded using NE-
TZSCH STA 449F5 Jupiter with on-line mass-spec-
trometry (MS) QMS 403 Aeolos Quadro. In these tests,
samples were heated up to 950 °C at a rate of 5 °C/min
under an atmosphere of flowing air (50 mL/min) with
a-alumina as reference substance.

XRD-patterns were obtained using a diffrac-
tometer DRON-6 with a copper target (A =0.1542 nm),
a graphite diffracted beam monochromator, and a
working voltage and current of 40 kV and 100 mA, re-
spectively. Minerals were identified from the position
of peaks and their intensities by comparison with
JCPDS and ICCD database cards: Nos 14-0164 (kao-
linite), 89-3433 (quartz), 82-0512 (cristobalite), 84-
1205 (mullite).

FTIR absorption spectra of samples in KBr
pellets were recorded on Avatar 360-FT-IR spectrom-
eter ("Nicolet").

RESULTS

Thermal analysis is a powerful tool to under-
stand the clay behavior under heating giving a precious
information on the particularities of kaolin dehydrox-
ylation and phase formation. Figure 3 shows the TGA
and DSC curves from the room temperature up to 950 °C.
Endothermic peaks on the DSC curve at low tempera-
tures (below 110 °C) were attributed to the removal of
absorbed water, including that between layers. The ab-
sence of a peak at appr. 250-300 °C implied the ab-
sence of the free gibbsite AI(OH)s or goethite FeOOH.
Up to appr. 400 °C, kaolin had a small amount of the
weight loss (no more than 2%). The DSC curve (Fig. 3)
showed a strong endothermic peak at 500 °C, which re-
sulted from the kaolinite dehydroxylation to the meta-
stable metakaolinite according to the following reaction:

A|2[Si205](OH)4 — AlSi»O7 + 2H,0. (3)
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Fig. 3. TG-DSC curves of a concentrated kaolin

Puc. 3. Kpussie TTI" u ICK st 060ranieHHOTO KaoinHa

800 900 1000

An endo peak in the range from 450 °C to 600 °C
was typical for most kaolins. Exact temperature inter-
val depends on the crystallinity and particle sizes.

The maximum location of the endothermal peak
and water removal agreed as it was shown by MS-spec-
trometry (Fig. 3).
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Fig. 4. Dehydroxylation degree of a heat-treated kaolin at differ-
ent temperatures
Puc. 4. CreneHp neruIpoKCHINPOBAaHIS TEPMUUECKH 00paboTaH-

HOTO KaoJIMHA MPH Pa3INIHBIX TeMIepaTypax

The kaolinite dehydroxylation might result in
the disturbance of the Al(O,0H)s octahedral sheet by
easily removed outer hydroxyls but did not have much
effect on the SiO, tetrahedral sheet due to the more sta-
ble inner OH-groups [27]. This process was associated
with a weight loss of appr. 13%. The total mass loss
related to the liberation of absorbed water and hydroxyl
groups from the lattice structure of kaolinite and was
appr. 15.6% from room temperature to 950 °C. A de-
gree of a heat-treated kaolin decarboxylation as a func-
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tion of temperature is shown in Fig. 4. The endother-
mic peak at 573 °C as a result a«>p-inversion was ab-
sent. The quartz conversion was masked by the big and
broad dehydroxylation peak within the same interval
(400-600 °C). The exothermic peak at 910 °C which
was not accompanied by the weight loss might indicate
the metakaolin — spinel transition (reaction 2, a).

XRD patterns of kaolin samples are shown in
Fig. 5.

mullite
24-1205

1200°C

1000°C

gooreC

600 °C

500°C

400 °C

kaolinite

kaolinite
14-0164

10 15 20 5 30 35 40 45 30 35
20

Fig. 5. Concentrated kaolin diffractograms. Signs: 0 — quartz, x — cris-
tobalite. Other peaks belong to kaolinite
Puc. 5. Indppakrorpammer oboranieHHOTo kaonrHa. O003Hade-
HUA: O — KBapIL; X — Kpncro6anm. OcranpHbIe THKH OTHOCSITCS K
KaOJIMHUTY

First, kaolinite was indicated by its character-
istic reflection peaks at 0.714 nm (001) and 0.356 nm
(002). Other diffraction peaks could be also assigned
to kaolinite and to a small amount of quartz. The peaks
corresponding to quartz had a low intensity that indi-
cated a low amount of free silica in studied material.
No mica was observed.

Very sharp and narrow reflections lines of ka-
olinite (001 and 002) might denote the high degree of
crystallinity. The Hinckley index (HI) [23] may esti-
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mate this factor. HI is one of the most widely used in-
dices. As illustrated in Fig. 4 (the round inset), it is the
ratio of the height above background of the 110 (A)
and 111 (B) peaks above the band of overlapping
peaks occurring between 20-22° 26 compared to the
total height of the 110 above background (At):

HI = (A+B) /At. 4)

Normal values range from <0.5 (disordered) to
1.5 upwards (ordered). For concentrated Zhuravliny
Log kaolin, HI = 1.76 that indicates low-defect kaolin.
After heating at 400 °C, kaolin HI reduced to 1.69.

The average flake thickness of kaolin along the
c-axis D was estimated according to the Debye-Scher-
rer equation:

D =KL/ cosh, (5)
where K is the Scherrer constant that depends on the
shape and size distribution; A is the X-ray wavelength;
B and 6 are full-width-at-half-maximum (FWHM) of
an observed peak and diffraction angle, respectively.

As FWHM of (001) peak was equal to 0.260°,
crystallite size amounted 61.5 nm.

After a kaolin burning at 500 °C, sharp kaolin-
ite reflexes (001 and 002) and characteristic peaks be-
tween 20 and 23 260 disappeared with the kaolinite
structure completely lost. Metakaolinite is a result of
hydroxyl groups removing above 400 °C (Fig. 4) and
is described as X-ray amorphous, but it demonstrates
two-dimensional regularity in the kaolin layers, which
are stacked so that the three-dimensional periodicity is
absent [28]. So, it could not be identified by XRD. The
characteristic diffraction peaks of quartz could always
be seen during the thermal treatment at different tem-
peratures (up to 1000 °C). Thermodynamically stable
mullite phase was dominant at 1200 °C as all charac-
teristic diffraction peaks were observed. At this tem-
perature, the amorphous SiO changed to cristobalite.

Unfortunately, the large part of diffractograms
for burned kaolin (500-1000 °C) indicated the amor-
phous character of substances excepting the free
quartz. So, for the more detailed description IR-spec-
tral analysis was conducted. FTIR spectra of a raw ka-
olin and its products burned at 500, 600, 700, 800, 900,
1000, and 1200 °C are shown in Fig. 6, a-h, respec-
tively. First, one can suggest that the broadened band
at 3448-3428 cm™ is not linked to the kaolinite struc-
ture. It relates to valent vibrations of OH-groups of ab-
sorbed water which is almost always present in kaolins.
(Proper deformation vibration at 1630 cm™ was in
scrap.).

Spectra of a raw kaolin and a product obtained
at 500 °C were principally differed from the others
(Fig. 6, a, b). They had an absorption band multiplet at
3700-3620 cm™ which described stretching (valent) vi-
brations of the inner-surface hydroxyl groups in the in-
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terlayer (3695, 3670, 3650 cm™) and the same vibra-
tions of the inner hydroxyl groups of AIV'-O octahe-
drons (3620 cm™) [15, 25]. A raw kaolin being well-
ordered (HI = 1.76), it was observed separate bands in
the first group (3694-3696 cm™, marked kinks near
3670 and 3650 cmY).

The characteristic bending peaks of the four
analogous AIV'-OH bonds were located at 937 (shoul-
der), 915, 794-798, and 755 cm™. Some reduction of
the characteristic peak intensity of a burned kaolin in-
dicated its partial dehydroxylation at 500 °C. The ab-
sorptions centered at appr. 1100, 690 and 470 cm™
were contributed to internal vibration bands of T-O-T
(where T denotes Al or Si): stretching, bending, and
rocking, respectively [25]. In the first place, bands at
1100-1000 cm™ might be attribute to Si—O (appr.
1100 cm) and Si—O-Si (1033, 1011 cm™) valent vi-
brations. Compared with a raw kaolin, their location
under heating was unchanged, while the peak intensity
and its form were changed. Bands being primarily re-
solved (Fig. 6, a, b), were gradually blended (Fig. 6, c-h).
Si—O-Si vibrations at 461-476 cm™* existed in the all
range of temperature that testified the invariance of sil-
ica-oxygen coordination tetrahedrons (Fig. 6, a—h).

The bands at 540 and 432-441 cm™ (Fig. 6, a, b)
might belong to the internal deformation vibration
band of Si-O-AlY!. When the burning temperature in-
creased to 600 °C, the vibration peaks of O—H (3700-
3620 cm™) and AIV'-OH bonds (937, 915, 794, and
755 cm™) of the samples completely disappeared
(Fig. 6, ¢), indicating that the dehydroxylation of kao-
linite was over. After burning at 600 °C, the Al-O
group of the products was changed; and the AI'V-O
bond of AlO, appeared at the 803-811 cm™ [25]. When
rising to 900 °C, the Al-O groups of the burning prod-
ucts no longer changed. The Si—O—Al peak changed to
a higher wave number at 563 cm™.

The set of bands at 1160 (shoulder), 899, 736,
and 562 might be attributed to mullite [33] that con-
firmed its monophase presence at 1200 °C.

Further, it will be discussed data of nuclear
magnetic resonance, dilatometry, zeta-potential for a
concentrated Zhuravliny Log kaolin.

CONCLUSION

Transformations of a concentrated Zhuravliny
Log kaolin were described using the complex thermal
method, X-ray diffractometry, and infrared spectros-
copy. It was shown that the main dehydroxylation run
at 500 °C. Further, the formed metakaolinite probably
turned into a silica spinel at 910 °C. Mullite was the
single phase at 1200 °C. It was estimated the Hinckley
index (HI) as the structure order indicator: HI made
1.76 that indicated high degree of order. Crystallite size
along the c-axis amounted 61.5 nm.
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Fig. 6. FTIR-spectra of concentrated kaolin
Puc. 6. FTIR-criekTpbI 060rameHHoro KaojanHa
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