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Abstract. The growing demand for mullite raw materials, which meet industrial requirements originates the search for new
and alternative sources, as well as efficient technologies for obtaining the target products (nanocomposites). The article
suggests a method for obtaining mullite from kaolinite experimentally (Vezhayu-Vorykvinsky deposit, Russia). Structural
kaolinite transformations (Al-Si-O-Me system), mineral phases transformations, and thermodynamics of the process have
been studied. Based on the estimation of the thermodynamics of the reactions, the preferable reaction of mullite formation
was determined. The article shows, that formation of the target product, mullite nanocomposite, has several intermediate
phases (metakaolinite, pseudomullite). The transformations of the initial kaolinite structure include the removal of struc-
tural water and separation of the silica-oxygen tetrahedral and alumina-oxygen octahedral layers, the decomposition into
free oxides, breaking of bonds between the silica-oxygen tetrahedrons and the partial increase in the coordination number
of aluminium ions, the formation of mullite and cristobalite from free oxides. The proposed approach controls the ratio
of Al20;3 and SiOz phases at certain stages, which will further improve the mechanical and other properties of the matrix
of the obtained raw materials for the target prototypes of industrial products.
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Introduction. Kaolinite and other clay minerals are widely used in various industries (nuclear
power industry — as a major component of engineering barrier systems in the disposal of radioactive
waste; construction; the production of ceramics and refractories, etc.) due to their high sorption prop-
erties and low water permeability [1-3]. Natural kaolin is usually used as kaolinite raw materials,
which significantly reduces the cost of production. The main disadvantage of natural raw materials is
the presence of impurities which affect the technological processes [4, 5] and the quality of the target
product [6-8]. Currently, within the framework of global trends and technological challenges, includ-
ing the production of high-tech ceramics and nanocomposites, the search for new approaches to the
purity and composition of raw materials [9-10] and modeling of physical and chemical properties of
target prototypes for various industrial applications is fundamental [11-13].

One of the most interesting prototypes for the industry is mullite (Alg[(O,OH,F)|(S1,A1)O4]4)
(aluminosilicate) and the highest temperature compound, AlO3; with Si02, which is formed by heat-
ing kaolinite and other aluminosilicates [14-16], acquiring various physicochemical and technical
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properties such as low thermal expansion and thermal conductivity, high creep resistance, high-tem-
perature strength, and good chemical stability [17-19]. The main difficulty associated with the pro-
duction of mullite is the need for high temperatures, which vary by several hundred degrees, depend-
ing on the methods and approaches used. Therefore, the issue of finding new effective approaches to
obtain mullite-containing raw materials (as well as composites based on them) from new and alter-
native sources to obtain a given substance at lower temperatures remains relevant.

According to the history of the problem, the transition from the metastable high-alumina phase
to the thermodynamically stable 3:2 mullite phase is a continuous process involving a continuous
solid solution between the two mullite forms. Experimental work revealed a first-order phase transi-
tion between two different mullites [20-22]. Thus, a detailed study of the phase transformation of
kaolinite during heating taking into account the thermodynamics of the process can improve the me-
chanical and other properties of the resulting matrix. Moreover, existing TS (TS 1569-00396495489-
05, TS 14-8-447-83) and industrial standards for high alumina mullite raw materials determine the
necessity of controlling the ratio of phases Al,O3; and SiO;, as this parameter is decisive for further
utilization of the obtained raw materials.

Many works have been devoted to the study of aluminosilicate systems since these systems are
the basis of most technological processes for the production of “smart” materials (nanocomposites
and nanoreactors) [23-25]. To study the reactions in Al-Si-O-Me aluminosilicate systems, mathemat-
ical modeling of processes [26-28] and thermodynamic analysis [19, 20, 29] are increasingly used to
model the physical and chemical properties of mullite nanocomposite in various applications.

The purpose of this work is to obtain mullite experimentally from the Vezhayu-Vorykvinsky
kaolinite deposit (corresponding to the industrial requirements and specifications) taking into account
the thermodynamics of the aluminosilicate system. For this purpose, structural transformations of
kaolinite (Al-Si-O-Me system), transformation of mineral phases, their physical and chemical prop-
erties depending on process thermodynamics were studied.

Materials and research methods. Kaolinite samples (Vezhayu-Vorykvinsky deposit, Knya-
zhpogostsky district, Komi Republic, 64°18'40.3"N, 51°08'31.5"E) were milled to a fraction of —
0.1 mm (laboratory disc grinder LDI-65). Thermal treatment of samples in the temperature range
570-1470 K was carried out in the atmosphere of Carbolite Gero TF1 16/60/300 tube furnace, heating
rate 10 K/min, holding time 2 h. The morphology of kaolinite samples (aluminosilicate systems
ALO3-S10;) was studied by scanning electron microscopy (TESCAN Vega 3). The phase composi-
tion of the samples was determined by diffractograms of unoriented samples. The images were taken
on a Shimadzu XRD-6000 X-ray diffractometer, CuKa radiation, Ni-filter, 30 kV, 20 mA, scanning
range 2-65° 20. The phase content was estimated by the Rietveld method (Profex software). The
chemical composition was determined by X-ray fluorescence method (Shimadzu XRF-1800).
IR spectra were obtained on a Fourier spectrometer InfraLUM FT-02 in the range of 400-4000 cm™!
(KBr 1000:1.7 mg tablets). Thermogravimetric analysis was performed with a Mettler Toledo
TGA/DSC 3+ (temperature range 300-1270 K, heating rate 10 K/min).

Results and discussion. Study of material composition of initial kaolinite raw materials. Com-
plex analysis of chemical composition and ALO3/S10; ratio in kaolinite samples before experiments,
mass%: Si02 51.41; Al,0343.79; TiO, 1.83; Fe203 1.53; K20 0.43; CaO 0.38; MgO 0.33. The ratio
ALO3/S102 1s 0.852, which is very close to the theoretical value of 0.85 for kaolinite.

X-ray phase analysis (XRD) showed that the original sample is kaolinite (~98 %) with minor
impurities of diaspore and rutile (Fig.1). Interplanar distance of raw kaolinite diffractograms (Fig.2)
is somewhat more than ideal and is 7.2 A, and the reflex intensity is reduced, which suggests the
existence of some amount of interlayer water between the silicate layers.

Experimental studies. During thermal treatment of kaolinite in the temperature range up to
720 K, its structure practically does not change (Fig.1).

130
This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2022.43 Journal of Mining Institute. 2022. Vol. 254. P. 129-135  [ESa3m
© Olga B. Kotova, Vladimir A. Ustyugov, Shiyong Sun, Alexey V. Ponaryadov, 2022 5

At 770-820 K, an endothermic effect can be CM
observed (Fig.2), which, according to IR- M | ’ 1\1/\[/[ M
spectroscopy (Fig.3) is associated with the re- wMJL M

A i 1470
moval of hydroxyl groups, and at the end of the wwwu 1420

process the octahedral alumino-oxygen layer is al- 1370
most completely replaced with tetrahedral alu- 970
mino-oxygen layer of the intermediate X-ray 770
amorphous phase (metakaolinite) which is proba-
bly connected between the layers via oxygen ions
common to both the alumino and silico-oxygen
layers (Si-O-Al bond) [9, 10]. On the diffracto- 0 10 20 30 40 50 60

Temperature, K

720
570
300

grams this disordered phase is characterized by 20, deg

diffuse reﬂexe's ,(d/n N 4'4; 2.5 1'7, A)’ ,the basal Fig.1. Diffractogram of raw kaolinite samples
peaks of kaolinite {001}, and periodicity along and annealed at different temperatures
Cc-axis Completely disappear. The peaks {—1 10} K —kaolinite; D — diaspore; R — rutile; M — mullite;

C — cristobalite

and {020} (20 = 20-25°) — parameters of @ and b
axes — gradually become smooth and completely
disappear at 1270 K. From 1340 K, another inter- 18.01 1 10

mediate unidentifiable phase with diffuse reflexes 7K 1945 K

(d/n ~4.0-3.9; 2.0-1.9 A) appears. As the temper- 1751 10

ature increases further, the reflexes of these phases 1704

become more distinct and their interplanar dis- {-10 £

tances change (d/n ~ 4.2; 2.5; 2.0 A and pseudo- jn 16.5- g

mullite with d/n ~4.0-3.9; 2.4; 1.9 A respectively). © 90 %
On the DSC curve (Fig.2) exothermic effect 16.0+

in the range of 1220-1270 K can be explained, —TGA 30

probably, by the final destruction of kaolinite 1551 pse

lattice, possible metakaolinite decomposition 50 | | | | 1

into free oxides, breaking of bonds between sil-
ica tetrahedrons and partial increase of coordi-
nation number of aluminium ions.

The mullite formation is fixed at 1470 K and
characteristic diffraction peaks appear in the dif-
fractogram. The crystal structure of mullite con-
sists of paired chains SiOs, in which the silicon ion
is partially isomorphically replaced by an alumi- 1170 K e=3

nium ion, which has both a six [AIOg] and a four M}{:ﬁ;‘;
[AlOs4] coordination number. At the same temper- 2 1
ature (1470 K) the appearance of the cristobalite

¥

phase 1s recorded, which formation is due to an ex-
cess of unbound silica (in mullite the Al/Si ratio
is 3, whereas in the original kaolinite Al/Si= 2).
0 . . — : . .
4000 3500 3000 2500 2000 1500 1000 500
Wave number, cm™!

300 470 670 870 1070 1270
Temperature, K

Fig.2. TGA and DSC curves of kaolinite samples
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IR spectroscopy. IR spectra of the raw kaolin-
ite and the annealed samples are shown in Fig.3.
The characteristic absorption peak at 1101 cm™!
was attributed to the valence vibrations of Si-O-Si
of annealed kaolinite, the peak at 916 cm ™! was at-
tributed to the valence vibrations of Al-O in qua- : .
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Kaolinite 770-970 K Metakaolinite Water
ALO32Si0:2H:0 — . ALO32SiO; * H0
Spinel-like phase \
) Amo
. rphous
[A106] + [A104] + [SIOQ] silica
1420 K l [Si02]
Pseudomullit =~
Al>03-Si0;
1470K l Cristobalite
Mullit Si02
3A1203-2S102
or 2A1203-S10:
Fig.4. SEM images of raw kaolinite Fig.5. Chemical reactions of solid-phase
and annealed at different temperatures transformation of kaolinite into mullite

peak is to the strain oscillations of Al-O in six-coordination [AlOs] [30]. The 793 cm ™! peak forming
above 770 K was attributed to the Si-O bond in cristobalite and the characteristic 466 cm ™' absorption
peak to strain vibrations of Si-O. The peaks 746 cm™' and 542 cm™! are related to spinel-like phase
formation [31]. The weakly pronounced peak at 1200 cm™!, whose intensity decreases with increasing
curing temperature, is related to amorphous silica (metakaolinite). The infrared spectra of kaolinite after
temperature treatment are in agreement with the XRD results.

Electron microscopy. The sequence of these phase transformations can be traced on SEM: with
increasing temperature there is a clear segregation of kaolinite grains, the formation of larger aggre-
gates and clearly visible elements of its recrystallization (Fig.4). At temperature increase to 1420 K,
short needle-like pseudomullite crystals appear on kaolinite surface. At 1470 K the surface of baked
kaolinite particles is covered with needle crystals of pseudomullite and chaotically arranged grains of
cristobalite. The given RFA, IR spectroscopy and SEM data are in a good agreement with the avail-
able literature data [21, 32].

Kinetic analysis of mullite and cristobalite crystallization from kaolinite. The data on mullite
and cristobalite crystallization kinetics from kaolinite are given in paper [29]. The process of the
solid-phase formation of mullite from kaolinite based on the X-ray phase analysis and infrared spec-
troscopy data is shown in Fig.5.

Based on experimental data, the thermodynamic process of kaolinite conversion can be repre-
sented as the following theoretical reactions:

A1,05 - 2510, - 2H,0 = A1,0; - 2510, + 2H,0;

Kaolinite Metakaolinite

2(ALOs - 2810;) = 2A1,05 - 3510, + SiOy;

Metakaolinite Spinel (?)

2A1,05 - 38i0, = 2(A1,0; - Si0,) + SiOy;

Spinel (?) Pseudomullite

3(ALO; - Si0;) = 3A1,05 - 2Si0; + Si0Oy; (D
Pseudomullite Mullite Cristobalite

2(ALL05 - Si0;) = 2A1,05 - Si0; + SiOs. 2)
Pseudomullite Mullite Cristobalite
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Total reaction:
3(A1,0; - 2Si0; - 2H,0) = 3A1,05 - 2Si0, + 4Si0, +6H,0; 3)
2(A1,0;5 - 2Si0; - 2H,0) = 2A1,0; - SiO; + 3Si0; +4H,0. 4)

Considering the instability of chemical mullite composition (from 3ALOs - 2510, to 2AL0O; - S103),
we propose its formation from pseudomullite (1) and (2) reactions, which, respectively, are reflected
in total reactions (3) and (4).

The reactions given are pure reactions. Reactions involving the starting samples contain various
impurities of iron oxides, titanium, etc. Assuming that in the first approximation the impurities have
no influence on the final products, we use these reactions to calculate the Gibbs energy (isobaric
potential) at different temperatures. Which of the reactions will be more preferable in terms of energy
is determined by the value of the Gibbs energy change during the reaction [33].

To calculate the change in Gibbs energy, the thermodynamic Gibbs-Helmholtz relation relating en-
thalpy H to Gibbs energy G is used [34]:

o(G/T
H=-T" (—( )] :
or ),
By integrating this ratio, we bring it to this form:

G(T)=G, —Tjil%dﬂ 5)

where G, is the Gibbs energy at temperature 7, ; usually 7, is taken as temperature 7 = 298 K, then
instead of the integration constant G,, the AGy,, can be written, and instead of G and H we can use

the changes of these parameters: AG is the change in Gibbs energy during the reaction, AH is the
change in the heat of substances formation.
Then formula (5) will take the form:

T AH(T)

98 T?

AG(T)=AG —T| dr. (6)

In order to calculate using formula (6), it is necessary to know the enthalpy-temperature depen-
dence, which is determined using the following formula:

T
AH(T)=AHy + [ C,(T)dT,
where C,(7) is the dependence of heat capacity on temperature, calculated by the interpolation formula:
c
CP(T):a+bT+F.

The constants a, b, ¢, AHy,,, AGy, for the substances included in the reaction are taken from

the reference tables (Karapetiants M.Kh. Chemical thermodynamics. Moscow: Librocom, 2019,
p. 584). For each individual reaction the constants are calculated by the following formulas:

Aa= D via= D v

Products Raw materials
Ab= > vb— 3 vb;
Products Raw materials
Ac= D vie— 2, Ve
Products Raw materials

133
This is an open access article under the CC BY 4.0 license



m%Em - Journal of Mining Institute. 2022. Vol. 254. P. 129-135 DOI: 10.31897/PMI.2022.43
5 © Olga B. Kotova, Vladimir A. Ustyugov, Shiyong Sun, Alexey V. Ponaryadov, 2022

0 0 _ 0 0 .
AGy = Z Vi (AG298 )i - Z v, (AG29s)j )
Products Raw materials :
= —60000f . . .
£ AH 54 = Z Vi(AH298)i_ Z Vj(AHZ%)i»
é 120000} Products Raw materials ;
w8 . where v,,v . are stoichiometric coefficients.
) Reaction (3) —— 27
< ~180000] Reaction (4) —— The variation of the Gibbs energy as a function of
temperature for reactions (3) and (4) is shown in Fig.6.

A T 00 500 1000 1o00 According to thermodynamics, a system at constant

Temperature, K temperature and pressure has the lowest Gibbs energy

Fig.6. Gibbs energy variation in the equilibrium state. The curve AG(T) for reaction

as a function of temperature (3) at any temperature goes lower, i.e., from the ther-
modynamic point of view, it is preferable.

Conclusions. For the first time, mullite has been obtained experimentally from kaolinite of
Vezhayu-Vorykvinsky deposit taking into account the thermodynamics of the aluminosilicate system.

Experimental study of kaolinite phase transformation during heat treatment in the temperature
range 670-1470 K was carried out. It is shown that the formation of the target product — mullite
nanocomposite — proceeds in several phases: metacolinite, water, spinel phase, amorphous silica,
pseudomullite.

The mullite phase is fixed at 1470 K with the appearance of cristobalite. The cristobalite for-
mation is due to an excess of unbound silica (in mullite Al/Si = 3, whereas in the original kaolinite
Al/Si=2).

Transformations of the original kaolinite structure include removal of structural water with sep-
aration of the silica-oxygen tetrahedral and alumina-oxygen octahedral layers, decomposition to free
oxides, breaking bonds between the silica-oxygen tetrahedrons, and the partial increase of the coor-
dination number of aluminium ions, the formation of mullite and cristobalite from free oxides.

Based on the analysis of the chemical reaction thermodynamics, a less energy-consuming type
of reaction to produce a mullite-containing nanocomposite has been determined. The proposed ap-
proach controls the ratio of phases ALO3; and SiO; at certain stages, which will further improve the
mechanical and the other properties of the matrix of the obtained raw materials for the target proto-
types of industrial products.
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