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Abstract 
Kaolinite certification is necessary when using it as a raw material in the ceramic industry. The kaolin clay deposit discovered 
in the Orenburg Region in 2018 is presumably the largest in the country. Within the Koskolskaya area, 5 mineral deposits 
have been described. Three of them are particularly promising deposits of high-quality kaolin clay. Previously, studies of 
the technological and physical characteristics of clay from this deposit were carried out. The purpose of our study was to 
derive and specify the structural formula of kaolinite contained in the clays.
After elutriation and grinding in a ball mill, natural clay was sifted through a sieve with meshes of 40 µm. The conducted 
IR, Raman, and EPR spectroscopy, as well as DTA allowed us to monitor the process of metakaolinisation, which occurs as 
a result of dehydration of kaolinite (i.e. the process of transformation of kaolinite into metakaolinite). Spectroscopic 
methods made it possible to analyse the parameters of the fine structure, in particular, the degree of crystallinity of kaolinite 
particles and the occurrence of iron and magnesium ions in hydroxyl sheets.
Conducting a series of experiments, we managed to specify the structural formula of the kaolinite of the Koskolsky deposit 
of the Orenburg region:
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The square brackets indicate the cationic compositions of the hydroxyl and siloxane sheets that formed the surface charge 
of the mineral particles. Compensator ions remain outside the square brackets. Thus, in our study we assessed the substance 
used as a raw material in the ceramic industry and determined the role of elutriation and mechanical treatment of kaolin 
clay.
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1. Introduction
Over 3/4 of the Earth’s crust consists of 

silicate rocks whose finely dispersed powders 
are used to synthesise technical ceramics [1]. 
Following the current trends in physical materials 
science, the potential of clays is determined by 
their key parameters, namely their chemical, 
mineralogical, and phase compositions. Kaolinite 
has long been used in ceramics, coatings, paper, 
and oil industries. It is now largely considered 
to be a promising material for the production of 
more valuable products that can be widely used 
for industrial purposes [2, 3]. Kaolinite is reported 
to be used for the production of materials with 
new physical and chemical properties [4, 5]. The 
phase composition of kaolin clays is important for 
determining their functional properties including 
the sorption process [6], catalysis [7], sintering 
[8], etc.

The main method used to identify the phases 
of crystalline minerals is X-ray diffraction. 
However, it does not always register poorly 
crystallized minerals, even when they are present 
in significant quantities. X-ray diffraction 
analysis is not sensitive enough to register 
small distortions in the crystal lattice caused 
by isomorphic substitutions, especially when 
their number is insignificant. Impurity phases, 
even in small quantities, can lead to incorrect 
conclusions regarding the structure of the 
mineral. Therefore, aluminosilicate minerals have 
mainly been analysed by means of spectroscopic 
methods, including infrared (IR) spectroscopy 
and electron paramagnetic resonance (EPR) 
spectroscopy [9, 5, 10]. Kaolin clays contain a 
relatively small number of paramagnetic ions. 
Therefore, EPR spectroscopy [11] can provide 
valuable information regarding the nature and 
distribution of paramagnetic ions in transition 
metals, free radicals, and structural defects [12-
14], which can be important for determining the 
degree of conductivity.

The Orenburg Region is rich in kaolin clays. 
Within the Koskolskaya area, 5 mineral deposits 
have been described. The kaolin clay deposits 
found in the Orenburg Region in 2018 are 
presumably the largest in the Russian Federation 
and are of a high quality [15]. Kaolin clay mining 
is currently of economic strategic importance 
for Russia. It provides valuable information that 

can be used to build a database of eluvial mineral 
deposits. Therefore, the exploration and material 
studies of kaolin clays in the Svetlinsky area are 
of utmost importance [16, 17]. 

Samples of kaolin were analysed in much detail 
in [8, 18, 19] by means of colorimetric gradation, 
X-ray diffraction analysis, and fractal analysis. 
This article presents the results of further studies 
of enriched kaolin and provides new information 
obtained by means of spectroscopic methods and 
derivative thermal analysis.

Kaolinite, being the main component of kaolin 
clay, is a layered clay mineral which belongs to 
the aluminosilicate group. Each layer consists 
of a tetrahedral (Т) sheet composed of silicon 
and oxygen ions and an octahedral (O) sheet 
composed of oxygen, aluminium, and hydroxyl 
ions linked by hydrogen and molecular bonds 
(Fig. 1). The mineral has a triclinic structure 
(space group aP13). When the crustal lattice 
deteriorates, the structure can transform into 
monoclinic. Ideally, kaolinite does not show 
any isomorphism, and the structural formula is 
presented as follows:

Al4Si4O10(OH)8.   (1)

The averaged structural formula of kaolinite 
taking into account isomorphism is presented as 
follows [20]:

K Al Fe Fe ,Mg Si Ti O OH
0.04 3.93

+3

0.03

2+

0.04 3.95 0.05 10 8
[ ( ) ][ ] ( ) .. 

   (2)

The square brackets indicate cationic 
compositions of the hydroxyl (octahedral) and 
siloxane (tetrahedral) sheets (Fig. 1) forming 
the surface charge of the particles. Deriving 
the structural formula of the Orenburg natural 
kaolinite − is a difficult but important task 
required for the certification of the material used 
in industrial production. 

The purpose of our study was to derive and 
specify the structural formula of kaolinite by 
means of a comprehensive analysis of enriched 
eluvial kaolin from the Orenburg Region deposits. 

2. Experimental 

2.1. Materials

In our study, we analysed samples of natural 
clay mined in the Orenburg Region. X-ray 
phase analysis demonstrated [18] that the 
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clay contained about 40% (vol.) of amorphous 
and 60% (vol.) of crystalline modifications. Of 
the crystalline phases, kaolinite substituted 
73.2  wt.%, corundum – 15.4 wt.%, and free 
silica – 11.4 wt.%. Finely dispersed clay materials 
have a low degree of crystallinity, i.e. they are 
X-ray amorphous. Therefore, the validity of the 
complete phase analysis of the sample is not 
very high. 

The elemental composition of kaolin, 
expressed in form of oxides, was determined by 
means of chemical analysis according to [21]. The 
resulting preliminary structural formula was the 
following [22]: 
(K,Na)0.73[Al3.3(Fe3+,Fe2+)0.14Mg0.32Ca0.24][Si3.86Ti0.14]O10(OH)8.  
  (3)

The comparison of the structural formula 
(3) with the averaged formula (2) and the ideal 
formula (1) demonstrated that kaolinite from 
the studied deposit includes a large number of 
isomorphic substitutions and is far from ideal.

Further in the article we describe the results 
of the analysis of kaolin clay after mechanical 
treatment, namely after it was grounded in an 
iMold milling machine and subjected to sieve 
analysis with the mesh size of 40 µm.

The isoelectric point of mechanically treated 
kaolin clay (d ≤ 40 µm) determined according 
to [23] is close to pH = 2, since the z-potential 
decreases from +5 to –20 mV, when рН decreases 
from 1.5 to 3.3 [24]. In proximity to the isoelectric 
point of the mineral cleavages, the dissociation of 

silanol (Si−OH) and aluminium (Al−OH) groups 
was minimum, and the insignificant numbers 
of positive and negative charges formed on the 
cleavages were equal. As a result, when рН = 2, 
we managed to determine the granulometric 
composition of the clay by means of photon 
correlation spectroscopy [25]. The size of the 
particles is represented by three modal peaks: 
(0.14±0.05); (1.13±0.40); (23.4±2.7) µm. 

To study the structural state of kaolinite 
in mechanically treated clay in more detail we 
used methods which helped us to assess both 
mineralogical parameters (2.2–2.3) and the fine 
structure (methods 2.4–2.6).

2.1. X-ray fluorescence analysis (XRF)
X-ray fluorescence analysis helped us to 

specify the elemental composition of the kaolin 
clay. X-ray fluorescence spectra were recorded 
using a Spectroscan MAX-GVM vacuum energy-
dispersive X-ray spectrometer in the wavelength 
range from 800 to 14000 mÅ. The analysing 
crystals were PET, LiF, KAP, and C002. Powder 
samples were pressed into 20 mm tablets on a 
boric acid substrate at a ratio of 5:4. 

2.2. Differential thermal analysis (DTA)
Differential thermal analysis (DTA) was 

used to monitor structural transformations 
in the mechanically treated kaolin clay 
sample. Derivatograms were recorded using 
a Thermoscan-2 unit with a heating rate of 
10  °С/min according to [26]. The sample was 

Fig. 1. Kaolinite structure: a – atomic, b – schematic [20]
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heated from room temperature to 900 °С. The 
error for temperature measurement was ± 1 °С. 
Aluminium oxide powder (Al2O3) with a weight of 
0.5 g and sealed in a quartz container was used as 
a reference. The weight of the analysed sample 
was 0.50±0.01 g. 

2.3 Optical microscopy

The morphological analysis of kaolinite 
particles (their size, shape, and surface properties) 
was conducted. The images were obtained using 
a Bresser optical microscope, with a СELESTRON 
digital camera with a resolution of 5 МP. 

2.4. Infrared (IR) spectroscopy
The IR spectra of the initial and annealed (after 

DTA) samples were registered using an InfraLum 
FT-08 spectrometer (Lumex) with a potassium 
bromate optical system. The spectrometer 
had an attachment for disturbed total internal 
reflection (DTIR) with a zinc selenide crystal. 
The measurement cycle time was 120 seconds. 
The spectral range was from 525 to 8000 cm–1 

with a step of 4 cm–1. Before each measurement, 
the background spectrum of the attachment was 
assessed. Powder sample was then placed on the 
surface of the crystal under a high pressure. After 
each measurement the crystal was cleaned with 
cotton wool wetted with acetone.

2.5. Raman spectroscopy

Raman spectroscopy is used to analyse a large 
number of chemical substances whose molecules 
are active in the Raman spectra (the substance 
can be a solution, a solid, or in a multi-phase 
state) and their concentration does not exceed 
0.1%. This approach is important for studying 
clay materials. The Raman spectra of the initial 
sample were registered using a RamMix М532 
spectrometer. The spectral range was from 120 
to 4000 cm-1 with a step of 4 cm-1. Before each 
measurement, the background spectrum of the 
attachment was assessed. The IR spectroscopy 
and the Raman spectroscopy − complement each 
other and demonstrate bond vibrations of various 
intensity [27].

2.6. Electron paramagnetic resonance (EPR) 
spectroscopy

The sensitivity of the EPR spectroscopy 
depending on the type of paramagnetic centres 

during a qualitative mineralogical analysis is up to 
0.08÷0.10%. Some ions including Fe3+, Fe2+, Cu2+, 
Mn2+, and Ti4+, which have unpaired electrons 
on d-sheaths, have non-zero electron spins 
and magnetic moments. This makes it possible 
to analyse the minerals containing these ions 
by means of electron paramagnetic resonance 
spectroscopy. The EPR method is gaining 
popularity and is used to study the fine structure 
of clay materials. A large number of studies are 
fully or partially dedicated to the interpretation 
of EPR spectra created by paramagnetic ions or 
radicals in clays [28, 29]. 

Besides the lines of metal ions, EPR spectra of 
aluminosilicates often demonstrate narrow lines 
of paramagnetic defects of the electron structure, 
namely localised unpaired electrons and holes. 
Both types of centres – electron and hole – have 
g-factors close to g ≈ 2.00. It is believed [28, 30] 
that electron centres have g ≤ 2.00 and hole 
centres have g ≥ 2.00. Therefore, EPR spectra can 
provide accurate data regarding their localisation. 

The EPR spectra of the initial samples 
and samples after DTA were registered using 
a CMS8400 compact automatic controlled 
spectrometer at room temperature. The spectra 
were registered under the following conditions: 
frequency of 9.86 GHz, magnetic field of 1÷7 kOe, 
magnetic field modulation frequency of 100 kHz 
and amplitude of 6 Hz. 

3. Results and discussion
3.1. Specifying the elemental composition 
by means of XRF

X-ray fluorescence analysis of mechanically 
treated kaolin clay from the Svetlinsky area of 
the Orenburg Region has not yet been described 
in literature. Table 1 presents the chemical 
composition of the clay expressed in form of oxides. 
The compositions are listed from the largest to the 
smallest quantitative content. The legend is given 
below the table. Elements whose content increased 
or decreased after the processing are shown in pink 
and blue. Trace amounts of barium, sulphur, and 
chromium registered by the XRF are tinted yellow. 
The content of paramagnetic centres (Fe2O3 and 
MnO) did not change after mechanical treatment 
within the experimental error. The concentration 
of the following oxides increased significantly: 
SiO2 – by 10%, Al2O3 – by 20%, and MgO – by 
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2 times. The concentration of CuO − decreased by 
3 times, and the concentration of CaO decreased 
by 30 times [21].

Table 1 demonstrates that the chemical 
composition of the sample includes the following 
oxides: SiO2 (silica), Al2O3 (alumina), Na2O and K2O 
(alkali oxides), Fe2O3 and TiO2 (colouring oxides), 
as well as CaO (lime), and MgO (magnesia). 
Silica was found in the clays in bound (in clay 
minerals) and free states (in sand and quartz 
dust impurities). Its total content is usually about 
60÷65% in clays, and up to 85% in oversanded 
clays. Therefore, the analysed sample was not 
oversanded. 

The silica was found in the clay mainly in a 
bound state (clay minerals and mica impurities). 
It is a highly refractory oxide ensuring the 
refractoriness of clays. Based on the content of 
silica and titanium dioxide (%) the analysed clay 
was classified as semiacid [26]. 

Iron oxide (1.84%) in the form of isomorphic 
substitutions of the ions of the hydroxyl layer 
practically did not have any colouring effect. 
Titanium dioxide (2.43%) was present in the form 
of isomorphic impurities in the siloxane sheet of 
the kaolinite lattice. 

Alkali oxides, which reduce the colouring 
effect of iron and titanium oxides by reducing 
the melting point of clay, were present in the clay 
minerals and impurities in the isomorphic form. 
Their content was below 8%. High concentrations 
of these compounds enabled us to perform 
chemical processing − elutriation, i.e. removal of 
water-soluble salts. As a result, their concentration 
in the sample was below 1.5%. The percentage 
of crystalline kaolinite in mechanically and 
chemically treated clays exceeded 77% (vol.) [21].

[17] pointed out that the composition of 
elutriated finely dispersed kaolin clay (with 
low concentrations of Na and K oxides) is close 
to monokaolinite, which makes it a promising 
material for obtaining metakaolinite - an 
intermediate product whose areas of application 
are constantly extending.

3.1. Differential thermal analysis of kaolin clay

In order to study the physico-chemical 
processes occurring in the clay, the sample was 
subjected to thermal treatment at 900 ºС. At 
this temperature, the calcination of kaolinite 
is usually complete and it transforms into 
metakaolinite [31]. The thermogram presented 
in Fig. 2 demonstrates an endothermic effect in 
the said temperature range, which started at a 
temperature of about 520 °С and ended at 680 ºС. 
Maximum energy absorption corresponded to a 
temperature of about 590 °С. According to [32], 
in this temperature range ideal kaolinite begins 
transforming into metakaolinite with the water 
of crystallization being removed:

Al O SiO H O Al O SiO H O.
2 2 2 23 2 3 2

2 2 2◊ ◊ Æ ◊ +

The thermogram presented in Fig. 3 shows 
an asymmetric peak with an inflection at a 
temperature of about 620 ºС. Such a double peak 
can be interpreted as an increase in the structural 
disorder of kaolinite following a decrease in 
the size of its crystallographic planes, which is 
characteristic of the formation of metakaolinite. 
In certain situations, this effect is explained 
by the presence in the clay of a mineral that is 
difficult to identify − dickite, whose mineralogical 
properties are close to those of kaolinite [33]. 
Thus [34, 35] present a differential thermal 
analysis of kaolin clay from the Novoorsky 
deposit, which did not demonstrate asymmetric 
peaks. At temperatures above 680 ºС, no thermal 
processes were observed, which is characteristic 
of the state of transformation of kaolinite into 
metakaolinite [36]. 

3.3. Morphology of kaolinite particles 
Optical images of the particles in transmitted 

light are given in Fig. 4. In their initial state, the 
particles are translucent, inhomogeneous, and 
lamellar (Fig. 4a); their size does not exceed 10 
µm. At larger magnification (Fig. 4b), 10±5 µm 
particles were observed to have kaolinite-like 
faceting (a hexagon at the end of the crystal). 

Table 1. Composition of the enriched kaolin clay obtained by means of X-ray fluorescence analysis

SiO2 Al2O3 K2O TiO2 MgO Fe2O3 BaO SO2 CuO CaO P2O5 MnO Cr2O3

59.13 27.35 7.04 2.43 2.23 1.84 0.19 0.13 0.08 0.07 0.04 0.03 0.02

Z increased Z decreased Z hasn’t changed Z discovered
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There were also cleavage planes in certain 
crystals. According to the modern classification, 
the analysed clay can be attributed to the 1st 
class, which corresponds to the presence of 
minerals with the least defective structures and 
the least physico-chemical activity [20].

We also performed a comparative morpho-
metric study of kaolinite particles before and 
after the DTA. After the first endothermic effect 
of annealing at 620 °С we observed aggregations 
of particles (Fig. 4c), their partial agglomeration 
and cluster wafers of up to 30 µm with hexagonal 

Fig. 3. Derivatogram (thermogram) of the enriched kaolin clay

Fig. 2. Integral XRF spectrum of the enriched kaolin clay; PET, LiF, KAP, and C002 are analysing crystals
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symmetry (Fig. 4d). The formation of point and 
phase contacts was confirmed by a slight increase 
in the number of crystalline phases, according 
to the X-ray phase analysis [8, 18, 19]. A similar 
microstructure of the products of heating of 
kaolin clay of the Novoorsky deposit obtained in 
reflected light is described in [34].

3.4. Interpretation of the IR and Raman spectra 

(specifying the chemical bonds)
The main purpose the IR spectroscopy was 

to specify the chemical bonds in the clay sample 
and the presence of dickite. In order to do this, we 
obtained the IR and Raman spectra of the samples 
of enriched kaolin clay (Fig. 5, 6). 

The results of the analysis of the IR spectra are 
given in Table 2. The spectra of the kaolin samples 
before and after the DTA demonstrate (Fig. 5) 
that the IR radiation was mainly absorbed in two 
regions: from 3600 to 3700 cm–1 and from 800 
to 1200 cm–1. The region near 1000 cm-1 in both 
cases corresponded to asymmetric Si-O vibrations 
in the structure of aluminosilicates [42]. The 

spectrum of the initial kaolin clay demonstrated 
four intense absorption bands corresponding to 
O-Si-O and O-Al-O vibrations at 1164, 1113, 1025, 
and 999 cm–1, as well as two absorption bands 
corresponding to Al-OH vibrations at 935 and 
909 cm–1 [37]. Two Si-O-Al bending vibrations in 
the kaolinite structure were observed at 788 and 
750 cm–1 [37]. The mode at 687 cm-1 is explained by 
Si-O-Al vibrations where the aluminium ion was 
replaced by a magnesium ion [37, 39]. In the range 
from 3600 to 4000 cm–1 four peaks were registered 
at 3690, 3670, 3650, and 3619 cm–1 corresponding 
to the vibrations of OH groups in the kaolinite 
structure [37, 38]. The above presented data led us 
to the conclusion that the clay sample contained 
mainly kaolinite with an insignificant amount of 
free silica impurities. 

The Raman spectra of the enriched kaolin 
clay are presented in Fig. 6 and Table 3. The 
Raman spectra of the kaolin clay demonstrated 
two main regions explained by the absorption 
by hydroxyl groups in the range from 3000 to 
4000 cm–1 and by crystalline vibrations in the 

Fig. 4. Lamellar kaolinite particles: a – before thermal treatment (1 cm = 50 µm); b – before thermal treatment 
(1 cm = 5 µm); c – after thermal treatment (1 cm = 50 µm); d – after thermal treatment (1 cm = 5 µm
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range of up to 1200 cm–1. The vibration region of 
hydroxyl groups demonstrated four absorption 
bands: at 3619, 3648, 3661, and 3693 cm–1. These 
modes were responsible for the vibrations of 
constitutional water (ОН groups of kaolinite) [46]. 

In the range from 140 to 1000 cm–1 there 
were a large number of intense absorption 
bands corresponding to the vibrations of the 

crystal structure of kaolinite [43–46]. The Raman 
spectrum also demonstrated weak absorption 
bands of quartz [43] and Ti-O chemical bonds 
[43]. Unfortunately, the intense absorption of 
kaolinite and partial overlap of the bands makes 
the identification process rather problematic. 
The presence of dickite was excluded based on 
the absence of characteristic Si-O vibration 

Fig. 5. IR spectra of the samples of enriched kaolin clay before and after DTA

Fig. 6. Raman spectrum of the initial enriched kaolin clay
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Table 2. Characteristic modes of interatomic bonds in the samples of enriched kaolin clay in the initial 
state obtained by means of IR spectroscopy

Wavenumber
starting material, cm–1

Wavenumber
after DTA, cm–1 Oscillation type Mineral

643 645 Si-O-Al [37, 38] Kaolinite
687 – Si-O-Mg [37 - 39] Kaolinite

- 694 Si-O [40] Silica
750 760 Si-O-Al [37, 38] Kaolinite
790 – Si-O-Al [37, 38] Kaolinite
797 795 Si-O-Si [40, 19] Kaolinite
830 830 Al-Mg-OH [37, 38] Kaolinite

909, 935 – Al-Al-OH [37, 38, 19] Kaolinite
1164, 1113, 1025, 999 1164, 1036, 979 O-Si-O, O-Al-O 

[37, 38, 41]
Kaolinite

3620 – Constitutional water 
(OH-group) [37, 38, 19, 41]

Kaolinite

3652, 3670, 3690 – Constitutional water 
(OH-group) [37, 38, 41]

Kaolinite

Table 3. Characteristic modes of interatomic bonds in the samples of enriched kaolin clay in the initial 
state obtained by means of Raman spectroscopy

Raman shift, cm–1 Oscillation type Mineral
146,2 O-Al-O [43] Kaolinite
198 AlO6 octahedron [44] Kaolinite

263 Конституционная вода 
(ОН-группа) [44] Kaolinite

337 Constitutional water 
(OH-group) [43] Kaolinite

355 SiO4 tetrahedron [44] Kaolinite / Silica
413 Ti-O [43] Substitutional ion in kaolinite
428 Si-O-Si [44] Kaolinite / Silica
464 Si-O-Si [43] Silica
512 Al-O-Si [44] Kaolinite
702 Al-OH [44] Kaolinite
750 Al-O-Si [44, 43] Kaolinite
788 Al-O-Si [44, 43] Kaolinite
800 Al-O-Si [45] Dickite
911 Al-OH [44, 43] Kaolinite

1070 Si-O [45] Dickite
1118 Si-O [45] Dickite
2836 СН [27] Оrganic compounds

3619 Constitutional water 
(OH-group) Kaolinite

3648 Constitutional water 
(OH-group) Kaolinite

3661 Constitutional water 
(OH-group) Kaolinite

3693 Constitutional water 
(OH-group) Kaolinite
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bands with the peaks at 1070 and 1118 cm–1 

[45]. A broad weak absorption band with a peak 
at 2836  cm–1 corresponds to С-Н vibrations of 
organic compounds in the clay [27].

After the DTA the clay underwent structural 
transformations and the IR spectrum did not 
register the absorption bands corresponding 
to the vibrations of ОН groups (Fig. 4, Table 2). 
The absence of absorption bands at 3600 cm–1 

indicates complete dehydration of the crystal 
structure of kaolinite, i.e. its transformation into 
metakaolinite. The identification of the spectra of 
the studied structures was hindered by the partial 
amorphisation of silicon oxide whose absorption 
bands overlapped with the absorption bands of 
anhydrous aluminosilicates. To specify the fine 
structure, other methods should be used, for 
instance EPR spectroscopy. 

3.5. Paramagnetic centres in the structure 
of  enriched kaolin clay

EPR spectroscopy of soils and nonmetallic 
minerals is often used to study their structural 
features [47, 48]. The EPR spectra of mechanically 
and chemically treated kaolin clay in the initial 
state and after annealing at 620 °С (for a detailed 
study of structural transformations) and 900 °С 
are given in Fig. 7. 

The EPR spectrum of the initial clay (Fig. 7A) 
contained characteristic groups of resonances: 
the first group of low field lines with the central 
g-factor of about 4.2 and the second group of 
overlapping lines in a strong magnetic field with 
g ≈ 2.0. Similar to standard kaolinites, the analysed 
sample demonstrated the following lines: the so-
called А-line with g ≈ 4.2 and three symmetric 
В-lines of various intensity with gВ1 =  4.6790, 
gВ2 = 4.3173, and gВ3 = 3.7986. The A-line in a weak 
magnetic field with g ≈ 4.2 belonged to Fe3+ ions in 
the crystal lattice with strong trigonal distortions. 
It is known that Fe3+ ions can replace Al3+ ions in 
an octahedral system of phyllosilicates and do not 
replace Si atoms in the tetrahedral system (Fig. 1) 
[49]. В-lines are often allowed in the EPR spectra 
of powders [28]. Their presence indicated that the 
layers were regularly packed and the mineral had 
good crystallinity. According to [50] in this triplet, 
the side lines with gВ1 = 4.6790 and gВ3 = 3.7986 
are explained by the replacement of the Fe3+ 

ion, located in the surface layers of kaolinite. It 

is known [28, 51] that the ratio of the intensity 
of lines of the В/А spectrum helps to determine 
the degree of structural perfection of kaolinite 
crystals, i.e. the Hinckley crystallinity index. In 
our study it was close to 0.2.

A broad intense line with g ≈ 2.0 was 
identified as a line of magnetic resonance of 
Fe3O4 superparamagnetic particles. Such spectra 
are also called superparamagnetic resonance 
(SPR) spectra [52, 53]. The line usually overlaps 
with signals connected with local defects: narrow 
lines close to g ≈ 2.0 [30]. Lines with g = 2.0016 and 
g = 1.9789 are explained by electron-hole centres 
formed as a result of isomorphic substitutions 
of cations in the octahedral sheet. These are O- 

centres of the substitution stabilisers Mg2+→Al3+. 
They are relatively poorly connected with the 
structure of the mineral and served as indicators 
of the external influence on the structural order 
of the mineral. 

Annealing of the enriched kaolin clay at 
620 ºС practically did not change the location, 
width, or shape of the magnetic resonance line 
with the g-factor of 2.0018 (Fig. 6b). Therefore, 
the annealing did not change the concentration 
of Fe3+ ions inside the distorted crystallographic 
cells, and Fe3+ ions did not transform into 
unobserved Fe2+ ions and did not leave the 
distorted octahedral cell. The width of the low 
field line with the g-factor of 4.2085 decreased 
to about 14 mT, and the amplitude increased 
by three times similar to [53]. A significant 
increase in the intensity of the isotropic signal 
with g = 4.2085 indicated a decrease in the 
Hinckley crystallinity index almost to zero 
and formation of metakaolinite. A prominent 
connection between the resonance and the degree 
of perfection of crystals agrees well with the 
interpretation of the results of the DTA. During 
the formation of metakaolinite the environment 
of the Fe3+ ions in the kaolinite lattice changed 
following the modification of Al3+ coordination 
in the octahedral layer of the lattice.

The signal explained by the hole defects 
(vacancies) caused by the replacement of Al3+ ions 
with double charge ions (in this case, Mg2+, Mn2+, 
and Fe2+) disappeared. The position and amplitude 
of the second signal remained the same.

The end of the transformation of the enriched 
kaolin clay processed at 900 °С into metakaolinite 
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Fig. 7. EPR spectrum of the enriched kaolin clay: a – initial; b – after 620 ºС; c – after 900 ºС

a

b

c
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resulted in a slight expansion of the line with g ≈ 
2.00 and a significant decrease in the amplitude 
(Fig. 7c). It is possible that, when the crystal 
lattice was destroyed, the diffusion of Fe3+ ions 
caused the depletion of supermagnetic domains 
rich in iron, which resulted in a decrease in the 
concentration of diluted Fe3+ [53]. This explains 
the signal with g = 2.3819 which is attributed to 
the release of aggregated iron Fe3+ as a cluster 
previously contained in ferriferrous impurities 
which are not clay minerals [54]. As a rule, 
the signal is not observed in elutriated clays. 
Therefore, the analysed sample of enriched kaolin 
clay requires longer and more thorough chemical 
treatment in order to extract weakly bound iron 
ions from the surface layers of kaolinite particles 
and from impurities. 

Manganese and copper lines are indiscernible, 
presumably due to a low concentration of 
paramagnetic centres in the sample (less than 
0.03%). Titanium lines are also indiscernible, 
same as in [55, 56], due to correct substitution of 
Si4+→Ti4+ in the tetrahedral layer. Ca2+, Na+, K+, and 
Ba2+ cations are usually described as compensator 
cations and located outside the hydroxyl and 
siloxane sheets. Al3+ cations together with 
substituting Mg2+, Fe3+, Fe2+, and Mn2+ ions are 
attributed to octahedral positions.

Based on the obtained results, we specified 
the formula of kaolinite after the mechanical and 
chemical treatment of the sample: 

( ) [ ( ) ( ) ]

[

K,Na,Ca,Ba Al Fe ,Fe Mg Mn,Cr

S

0.16 3.62

3+ 2+

0.11 0.27 0.01

ii Ti O OH
3.86 0.14 10 8

] ( ) .
 

   (3)
The corrections in the structural formula 

agree with the changes in the quantitative 
and qualitative compositions of the hydroxyl 
and siloxane sheets of the kaolinite lattice as 
compared to the averaged formula (1).

4. Conclusions
The XRF determined that the chemical 

composition of the analysed kaolin clay includes 
the following oxides: SiO2 (silica), Al2O3 (alumina), 
Na2O and K2O (alkali oxides), Fe2O3 and TiO2 
(colouring oxides), as well as CaO (lime), and MgO 
(magnesia). Trace amounts of barium, sulphur, 
and chromium registered by the XRF were also 
registered. 

The results of the IR and Raman spectroscopy led 
us to the conclusion that the clay sample contained 
mainly kaolinite with an insignificant amount of 
free silica impurities. The disappearance of the 
absorption band connected with the vibrations of 
the ОН groups on the IR spectrum of the clay after 
DTA indicates complete dehydration of the crystal 
structure of kaolinite, i.e. its transformation into 
metakaolinite. The EPR spectroscopy registered 
the introduction of iron ions into the octahedral 
sheet of the kaolinite lattice.

The study specified the structural formula 
of kaolinite from the Koskolsky deposit in the 
Orenburg Region using a series of experiments. 
Thus, we assessed the substance used as a 
raw material in ceramics industry. The study 
determined that spectroscopic methods can 
be used to analyse fine structural parameters, 
namely the degree of crystallinity and the 
mechanism of introduction of iron ions. We also 
monitored the process of metakaolinisation as 
a result of dehydration of kaolinite by means of 
IR, Raman, and EPR spectroscopy and the DTA. 
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