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To form the technological properties of clays, various methods of their activation have been developed, the essence of which is
that when processing clays, their structure (defectiveness) changes, which forms the energy potential of clay particles, and the
latter is realized in the form of "specified" physicochemical properties of clays. In this regard, the effect of stress pressure on the
change in the defectiveness of structural elements of kaolin was studied.

Experimental studies showed that the pressure value P = 150 MPa was the boundary value at which different conditions for the
formation of defectiveness of structural elements of kaolin were observed. High pressure has a multidirectional effect on the
defectiveness formation of the kaolin structural elements: a package, a mineral, a colloid and an aggregate.

In a package of kaolinite mineral, the defectiveness increases with increasing pressure. Defects are formed due to the removal of
Al, Fe, Mg, Si ions from the octahedral and tetrahedral sheets. Al ions are the most sensitive to pressure. The removal of ions
entails deformation of the packet and the formation of "hole" energy centers. Pressure up to 0-150 MPa has a greater effect on
the formation of defectiveness (calculated correlation coefficient 7, = 0.86) than in the range 150-800 MPa (z, = 0.82).

In the kaolinite mineral at pressures up to 150 MPa, a decrease in defectiveness is observed due to the ordering of the structure
under pressure (r, = 0.67). At pressures above 150 MPa, an increase in the defectiveness of the kaolinite mineral (z, = -0.72)
is observed due to the destruction of hydrogen bonds between the packets, which entails the sliding and rotation of the
structural packets among themselves.

In a colloid (particle), with an increase in pressure to 150 MPa, the structural defect decreases due to an increase in the colloid
density (z, = 0.67). In the pressure range of 150-800 MPa, it is rather difficult to reveal the effect of pressure on the formation
of defectiveness (z, = 0.37).

In the aggregate, with an increase in pressure to 150 MPa, the defectiveness of the structure increases due to crushing of
particles, sliding and displacement of particles among themselves (z, = 0.95). In the pressure range of 150-800 MPa, it is rather
difficult to reveal the influence of pressure on the formation of defectiveness (z, = 0.58), although the tendency increases with
increasing pressure, the defectiveness of the aggregate remains.

Jiia GOpMHPOBAaHUA TEXHOJIOTMYECKUX CBOMCTB IJIMH pa3paboTaHbl pasjdyHble CIOCOGB MX aKTUBALMH, CYThb KOTOPBIX
3aKJII0YAETCS B TOM, UTO NP 00paboTKe IJIMH U3MeHseTCs UX CTPYKTypa (medekTHOCTH), KoTopas GOpMUpYeT 3HepreTHIecKHi
MOTEHIMAJ TJIMHUCTHIX YaCTHULl, a MOCJIeJHUN peasu3yeTcs B BUJE «3afaHHBIX» (PU3MKO-XUMHYECKUX CBOMCTB IVIMH. B cBA3M ¢
9TUM H3YY€HO BJIMSHME CTPECCOBOTO AaBJIEHNsA Ha N3MeHeHHe AeeKTHOCTH CTPYKTYPHBIX 3JIEMEHTOB KaoJIMHA.
OKcrepUMeHTasbHble HCCJIeloBaHKsA MoKa3asii, YTo 3HaueHHe JaBiaeHus P = 150 MIla sABjseTcs rPaHUYHBIM, IIPM KOTOPOM
HabJII0AA0TCsA pasyinyHble ycaoBusg (GopMupoBaHus AebeKTHOCTH CTPYKTYPHBIX JJIEMEHTOB KaoJiMHA. BhICOKOe aaBiieHUe
OKa3bIBaeT pa3HOHAMpaBJIEHHOe BO3AeiCTBHEe Ha (opMUpOBaHUe Je(eKTHOCTH CTPYKTYPHBIX 3JIEMEHTOB KaoJIMHA: IaKeTa,
MUHepaJia, KOJUIOWA U arperaTa.

B nmakeTe MuHepasja KaoJMHUTA C yBeJIM4eHHeM JiaBjieHuA AedekTHocTh Bospacraer. [ledekTsl (popmupyiorcs 3a cuer
BBIHOCA M3 OKTAdAPUYECKOr0 M TETPAdApUYecKoro juctoB noHoB Al, Fe, Mg, Si. Hau6oJiee 4yBCTBUTEIBHEIMU K JaBJIEHUIO
ABIAIOTCA MOHB Al. BBIHOC MOHOB BjleueT 3a coboil Aedopmaruu naketa U GOPMHPOBAHUE «ABIPOYHBIX» SHEPreTHUYECKUX
uentpoB. [lasienne o 0-150 MIla okaseiBaer Gosibliee BiMsHMe Ha (opmuposanue AepextHoctu (7, = 0,86), uem B
unrepsaje 150-800 MIla (r, = 0,82).

B MuHepase KaoJMHUTE npm nasneHusax go 150 MITa HaGmomaeTcss yMeHblleHHe AeDEKTHOCTH 3a CYET YHOPSHOYMBAHUA
CTPYKTYPHl NOA AaBjenueM (r, = 0,67). IIpu pasienusx Gospue 150 MIla Habmofaetcs yBesmueHne AeeKTHOCTU MUHepasia
kaosnmHuta (r, = -0,72) 3a Cler paspyuIeHysi BOJOPOAHBIX CBs3eil MeXOy [akeTaMH, 4YTO BJieYeT 3a COOOH CKOJIbXEHHWE U
BpallleHHe CTPYKTYPHBIX NTAKeTOB MeXAy coOOi.

B xosutonze (4acTuue) npu yBesmyeHHH AaBiieHusa 4o 150 MITa gedeKTHOCTh CTPYKTYphl YMEHBLIAETCA 33 CYET YBeJIMYEHHUs
IUIOTHOCTH KOJUIOUAA (r = 0,67). B nuanasone naBieHus 150-800 MIla BBIABUTH BiMsHKE HaBjieHHs Ha (GOpMHpPOBaHUE
nedeKkTHOCTH LlOCTaTO‘IHO CJIOXKHO (1' = 0,37).

B arperarte mnpu yBeJMueHUN ,E[aBJ'leHl/Iﬂ no 150 MITa pedekTHOCTb CTPYKTYpHl BO3pacTaeT 3a cYeT APOOJIeHMA YacTull,
CKOJIBXEHHA U CMellleHUA JacTul Mexay coboi (r, = 0,95). B quanasone gasienus 150-800 MIIa BHIABUTH BJIMAHUE JaBJIEHHA
Ha (¢opmupoBaHue JeQeKTHOCTH MOCTaTOYHO CJIOXHO (r,= 0,58), XOTA TEHAEHLMsA C POCTOM [AaBJIE€HUs BO3PACTaer,
1ebeKTHOCTD arperaTa COXpaHaeTcs.
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Introduction

Properties of clays are largely defined by their
composition and structure [1, 2]. There are various
methods devised to activate clays that enhance their
technological properties. In a nutshell, when clays are
processed, it changes their structure (defectiveness) that
shapes up the energy potential of clay particles, and this
potential manifests itself as preset physicochemical
properties of clays.

Namely, the studies found [3-5] that when clays are
heated to 400-600 °C it unlocks high-energy centers on
the surface of the mineral, which increases their
adsorption activity. During UV-activation of clays [6]
metal ions leave the octahedral positions due to the
weakened bonds in the crystal lattice of minerals. This
helps to increase the adsorption activity of clays by a
factor of 1.3. Ultrasound treatment of clays destroys the
aggregates and extends the crystal structure, which leads
to higher absorption activity of clays [7, 8].

There are only a few studies that concern changes in
defectiveness of pressurized kaolinite. The most detailed
research of the matter was accomplished by A.G. Kossovskaya
et al. back in 1963 [9], E.A. Goylo et al. in 1966 [10],
K.J. Range et al. in 1969 [5], V.A. Frank-Kamenetsky et al.
in 1970 and 1983 [11, 12], A. La Iglesia in 1993 [13],
E. Galan et al. in 2006 [14]. Specifically, A. La Iglesia in
1993 [13] found that kaolin under pressures below 2000 MPa
fails to show any noticeable structure defectiveness
changes, whereas at pressures over 4000 MPa such
changes do occur. Electron microscopy revealed that
kaoline pressurized at 100-2000 MPa is characterized by a
large number of defects (cracks, bends, deformations,
compacted layers, sheet slips and rotations, etc.). Fang et
al. in 2017 [15] stated that pressures up to 0.600 GPa
break the structure of kaolin that gets restored at 66.2 GPa.
When under pressure, the Al-O bond is weaker than Si-O,
and the bond strength of the hydroxyl groups in kaolinite
decreases as the pressure rises. The study of Welch et al.
[16] in 2012 showed that kaolinite under pressure up
to 9.5 GPa undergoes polymorphic changes that are
registered by IR spectroscopy (v = 3.595 cm™).

Works by E. Galan et al. in 2006 [14] proved that
kaolin treated at pressures up to 1320 MPa manifests
structural changes and defects. At 400 MPa, the average
number of layers (crystallites) grew from 25 to 36. While
researching kaolin at 1500-2300 MPa, E.A. Goylo [10]
concluded that stress pressure is the main cause of
its defectiveness. Similar conclusions were drawn by
V.A. Frank-Kamenetsky et al. in 1970 and 1983 [11, 12],
V.V. Boldyrev in 2006 [17], and others. When pressurized,
kaolinite transforms, for instance, into dickite, potassium
feldspar, etc. [18, 19]. The mentioned findings indicate
that the nature of how pressure affects the defectiveness of
kaolinite's structural package remains understudied.
Therefore the purpose of this study is to investigate the

influence of stress pressure on the changes in the
defectiveness of kaolin structural elements.

Methodology

In terms of methodology, the research was
conducted in the following order: at first, samples of
kaolin clay rich in clay particles were subject to
compression and displacement within the range of
pressures from 0 to 800 MPa following the procedure
described by V.V. Seredin et al. in 2017 [20]. Then one
group of samples was screened for their chemical
composition using X-ray analysis [21], while the other
group was studied for deformation and valency bonds
between ions using IR-spectroscopy [22-24].

IR spectra were registered using the FT-IR spectrometer
FSM 1201 made by Infraspec LLC in the range of 400-
4000 cm™ with resolution of 2 em™ (FT-IR) and Fspec
software [22, 25].

The X-ray diffraction analysis was carried out according
to V.A. Frank-Kamenetsky's technique [12].

Study subjects

The subject of the study is the kaolin clay rich in clay
particles from the Chelyabinsk field. The grain size and
mineral compositions of the natural and enriched clays are
presented in Table 1.

Effect of Pressure on Changes
in the Structural Package of Kaolinite

Changes in the structure at the level of the pressurized
kaolinite package can be caused by the removal and
displacement of Al, Fe, Mg, Si atoms that make up the
octa- and tetrahedral sheets of kaolinite. To estimate the
defectiveness in the structural package, pressurized kaolin
was studied in terms of its chemical composition. The
defectiveness caused by the displacement of atoms that
make up the octa- and tetrahedral sheets of kaolinite was
researched by means of IR spectroscopy.

Effect of Pressure on Changes in the Chemical
Composition of Kaolin. The results of the bulk chemical
composition of enriched kaolin clay are given in Table 2.

As the data presented in Table 1 suggest, kaolin is
mainly made up of SiO, (59.48 %), Al,0; (25.45 %) and
Fe,0; (2.42 %). The rest of the components are of minor
importance.

Figure 1 demonstrates the results of experimental studies
into the enriched kaolin clay exposed to stress pressure.

The retrieved data show that, as the pressure rises
to 800 MPa, the oxide content of Al,O, decreases
correspondingly from 25.47 to 23.49 %, and MgO, from
0.31 to 0.24 %. The content of SiO, increases from 58.95
to 59.89 %, while the remaining oxides (Fe,O, and others)
change diversely.

Table 1
Grain size and mineral compositions of kaolin
Fraction content, %
Clay Fo,” Foi02 Fosos Fosq Fio Fys Fs 50 Fso-100 F.i00
Natural 44.50 45.70 9.55 0.25
Enriched 0.70 1.22 5.54 14.8 30.10 41.22 6.42 0 0
Mineral content, %
Clay Quartz Montmorillonite Kaolinite Potassium feldspar Illite
Natural 19.0 1.0 73.9 0 6.1
Enriched 7.6 15.6 76.7 0.1 0

Note: Fraction size is given in micrometers.
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Table 2
Chemical composition of enriched kaolin clay
Oxide, mass fraction, %
Cla . . Other
Y Sio, TiO, ALO, Fe0;  MnO  CaO  Mg0 NaO KO PO, oo th
Enriched kaolin 59.48 1.73 25.45 2.42 0.01 0.31 0.31 0.29 0.49 0.02 9.49
Table 3
Correlation coefficients
Parameter Class 1 Class 2
ALO, SiO, MgO Fe,O,.. ALO,/SiO, Wc ALO, SiO, MgO Fe,O,.. ALO,/SiO, Wc
P, MPa -0.86 0.64 -0.50 -0.53 -0.83 0.67 -0.82 0.20 -0.80 0.52 -0.80 -0.75
25, 256 03 60,
o sio
s 250 g 250 X 030 T B
o '8 248 S 029 S50
T 248 o > s o
:t] 246 Te® d:j:: § 028} 7]
T 24 5 , s ® & 2:42 s 027 E o4
;E) 242 o, S 240 ;E, ’ g
g 24,0 o 2 23] e ‘g 0)25; ‘g’ 59,2
O 54 s £ 236 % O o025 O
236 (3 234 024! o8
23,4, o 232 a |
~100 0 100 200 300 400 500 600 700 800 900 2’39100 0 100 200 300 400 500 600 700 800 900 0‘27100 0 100 200 300 400 500 600 700 800 900 58 =100 0 100 200 300 400 500 600 700 800 900
P, MPa P, MPa P, MPa P, MPa
O Class 1 0O Class 2

Fig. 1. Changes in the chemical composition of enriched kaolin clay exposed to stress pressure

The decrease of oxides Al,O, is probably due to the
removal of Al atoms from the octahedral lattice of
kaolinite across the entire range of imposed pressures.
The change in the content of Fe,O, follows the same
pattern: as pressure goes up to 150 MPa, ferric oxides
drop. It can be interpreted as a removal of Fe atoms from
the crystal lattice of kaolinite. The further increase in
pressure from 150 to 800 MPa brings up the content of Fe,
which apparently has to do with the Fe atoms entering the
crystal lattice of the mineral.

The increase in silicon oxides is probably triggered by
the higher content of quartz [26] resulting from Si atoms
in the tetrahedral lattice of kaolinite. Quartz may be
generated when the clay is put under pressure up to
150 MPa, so that the octahedral sheet loses its Al atoms
and the tetrahedral sheet loses Si atoms, which is in line
with the findings of previous studies [27]. Since shell
vacancies left by Si atoms have high energy, Al atoms fill
them up while the free Si atoms enter into a reaction with
oxygen atoms and make new tetrahedrons (quartz). At the
same time the quartz content increases by 1 %.

Therefore, when stress pressure is exerted on kaolin
clay, the structural package of kaolinite develops defects
caused by the removal of Al, Fe, Mg, ans Si atoms from the
octahedral and tetrahedral sheets. The defects go by as
"shell vacancies" formed by the removal of atoms from the
crystal lattice and manifest themselves as "hole"-like energy
centers that to a great extent define the physicochemical
properties of kaolin [28, 29]. The atom removal triggers
deformations in the crystal lattice of kaolinite.

To determine the influence of pressure on changes in the
chemical composition of kaolinite, we used the correlation
analysis that is based on the following principle: if stress
pressure has a significant influence on the chemical
composition, the estimated value of correlation coefficient r,
will be higher than critical z, obtained at & = 72 (degree of
freedom) and a = 0.05 (degree of significance). The resulting
matching correlation coefficients are presented in Table 3.

The data given in Table 3 show that in Class 1
(P = 0-150 MPa) pressure significantly affects the changes
in AL,O,(z, = -0.86 > r, = 0.34), MgO (5, = 0.50 > 1, = 0.34),
Fe,0; (r, = -0.53 > r, = 0.34) and SiO, (1, = 0.64 > r, =
= 0.34), i.e. the formation of defects in the octahedral and

tetrahedral lattices of kaolinite. Class 2 (P = 150-800 MPa)
demonstrates another pattern: stress pressure mainly
triggers defects in the octahedral lattice, which proves
the statistical correlation between pressure and the content
of aluminum oxide (7, =-0.82 > r, =0.34) and MgO
(r, = -0.80 > r, = 0.34). The tetrahedral lattice did
not reveal defectiveness, which is confirmed by the
insignificant statistical correlations between P and SiO,
(r, =0.20 < r, = 0.34).

So, when stress pressure is exerted on kaolin, the
structural package of kaolinite develops defects caused by
the displacement of Al, Fe, Mg, Si. That said, the most
significant influence of pressure is seen on the removal
of Al atoms from kaolinite.

From the physical point of view, the atoms are supposed
to be removed from the octa- and tetrahedral sheets
simultaneously with the weakening of bond "strength" up to
its disruption between atoms (ions) in the structural package.
For this reason let us consider changes in this "strength" of
bonds between atoms using infrared spectroscopy (IR).

Effect of Pressure on Changes in Defectiveness in
the Kaolinite Package based on IR Spectroscopy. The
defectiveness in the structural package of kaolinite was
estimated using the method of infrared spectroscopy. The
IR-spectrogram shows the bond between atoms in the
structural package as peaks (spikes) that can be
characterized through the following indicators: wave
number (v) and peak area (S).

From the physical point of view, the peak area S (integral
absorption rate) is seen as the oscillation range of each atom
in the studied group, for instance, AI-OH. With § tending to
zero, the oscillation range of atoms in the studied group
reaches such an extent that the bond between them breaks
completely. Therefore, the S indicator can be used as a
parameter to estimate the "strength" of bonds in atom (ion)
groups that make up the kaolinite package, which is in line
with previous studies [30, 31].

The wave number characterizes the resonance frequency
between atoms in the studied group; in other words, it
indicates the intensity of valency or deformation oscillations
in the atom groups. The change in the resonance frequency
suggests that the valency or deformation oscillations in atom
groups change, which implies that the structure of the
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Fig. 4. Infrared spectrum of kaolinite samples under pressure
in the range of wave numbers of 3550-3750 cm™!

kaolinite package alters as well. At the same time, the
decrease in the wave number is supposed to imply the loss
of bond between atoms. Therefore, the v indicator can be
used as a parameter that shows changes in the structure
of the kaolinite package.

The other parameter that indicates the change in the
package structure can be the bands of valency oscillations
of hydroxyl groups (OH) in the octahedral sheet. Defect-
free (ordered) kaolinite has four well-defined bands of

OH absorption at wave numbers of 3695; 3670; 3650
and 3620 cm™. Increasing defectiveness of kaolinite causes
the bands 3670 and 3650 cm™ to merge into one inexplicit
peak [22, 32].

Parameter K; = Lgy/ L, i.e. relation of absorption
band intensities in the intrasurface hydroxyl groups vOH,
(L) to the inner hydroxyl groups vOH,, (), also,
K, = L/ stands for the relation of the intrasurface
hydroxyl groups vOH,; (/) to 8A1-OH-Al (4;5) that can be
used to estimate defectiveness in the kaolinite structure
[33]. These parameters are interpreted in the following
manner: the lower their values are, the more defective the
structural package of kaolinite is.

Estimation of Structure Defectiveness in the
Octahedral Sheet based on 8Al-OH-Al. The structure of
the octahedral sheet involves Al ions that are located in
the center of the octahedron, and ions of hydroxyl
groups. The results of the experimental study into the
"strength" of 8AlI-OH-Al bonds at the wave number of
914 cm™ in kaolinite affected by stress pressure in the
transmission mode are presented in Fig. 3.

Fig. 3 shows that when pressure is increased to
150 MPa, the peak area (S) and wave number (v) decrease
significantly, whereas at pressures 150-800 MPa the effect
of Pon the change in $and v is hard to detect. It points to
the fact that the decrease in the bond "strength" between
8Al-OH-Al ions is affected by pressures below 150 MPa to
a greater extent than those exceeding 150 MPa (Table 4).

As we see, at pressures < 150 MPa the indicators S
and v show reduced strength of bonds between Al and OH
to the extent of their disruption, which explains the
mechanism of how the Al ions are removed from the
octahedral sheet of kaolinite and goes in line with the
study findings [34].

Estimation of Defectiveness of the Kaolinite Package
Structure based on the Valency Oscillations in Hydroxyl
Groups. The results of the experimental study showed that
the original sample of kaolinite has three distinct peaks of
oscillations in OH-groups: 3696; 3654; 3620 ¢cm™ and one
less defined peak — 3672 cm™ (Fig. 4).

Kaolinite exposed to stress pressure of 10 to 400 MPa
shows a poorly defined peak of 3672 cm™ that extends to the
arm. At pressures from 450 to 700 MPa, the arm of 3672 cm™
merges with the peak of 3654 cm™, which is typical of the
defective structure of kaolinite. At higher pressures (up to
800 MPa) there are only two peaks — about 3696 and
3621 cm™. It suggests the influence of pressure on the
increase in defectiveness of the kaolinite structure package.
The obtained results do not contradict the findings [31, 35].

Estimation of Kaolinite Defectiveness based on the
Intensity of Absorption Bands of Hydroxyl Groups. Figure 5
shows the results of research into changes in intensities of
absorption bands of hydroxyl groups K; = 13695/3620 and
K, = 13695/915 under pressure. It can be observed that
increased pressures tend to lower K, = 13695/3620 from
1.3 to 0.88, and X, = 13695/915 from 0.8 to 0.6. The most
significant changes take place in the range of pressures
from O to 150 MPa (Class 1), as opposed to 150 to 800 MPa
(Class 2), which is in accordance with the study carried out
by V.V Seredin et al. [36].

The identified downward pattern of Zgs/56, and
Leos/ 915 at increased pressures suggests that when kaolinite
is under pressure the bonds between Al and OH ions are
disrupted: the ions are removed from the octahedral sheet,
which leads to higher defectiveness of the kaolinite
package. This finding is fully in line with the results
obtained by Fang et al. [15].

The qualitative estimation of the effect of pressure on
K; (360536200 AN K (5605,015) Was carried out by means of
a correlation analysis (Table 5).

HEOPONOJIb3OBAHUE



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

wn
(a)
—
Table 4 E
Effect of pressure on the development of defectiveness of kaoline structural elements 2
Structural element Defectiveness indicator Structural element defectiveness o
P = 0-150 MPa P = 150-800 MPa (&)
Package Content of Al ions, % Increases Increases <ZE
Mineral Area of coherent scattering, Wc, A Decreases Increases »
Colloid Zeta-potential, mV Decreases Not defined =
Aggregate Adhesive power, F, Increases Increases o
L
o
Table 5 O
Correlation matrix E
Class 1 Class 2 O
Parameter Lu
1(3 (3695/3620) [(4 (3695/915) 1(3 (3695/3620) 1(4 (3695/915) %
P, MPa -0.84 -0.87 0.27 -0.56 O
o
o
26 1642
24 %
22 1640 °
2,0 S ° o <
o 1638 o ® o
. 2 =
N § 1636 s o C_)
- : : o
. S 1634
0 = <
08 © 1632 O
06 |
- 1630 &
04 e 0 100 200 300 400 500 600 700 800 900 o 8::: ; 1000 100 200 300 400 500 600 700 800 900 o Class 1 <
Pressure P, MPa Pressure P, MPa @ Class 2 L
a a >_‘
28 1
2.6 LD
24 16 O
22 V’, ) 1 =
2,0 é‘ 14 L o
1.8 § ° LmD
-+ =1 5 °
N L6 st 12 .
1.4 %
12 5y 10 :
1,0 é
0,8 - 8 Py
0.6 °
0.4

100 0 100 200 300 400 500 600 700 800 oo ° Class 1
° Class 2
Pressure P, MPa

b

Fig. 5. Change in the intensity of absorption bands:
a— K; ag05/36205 D~ Ky (3605/914) Under pressure (7)

It can be seen that based on the obtained data pressure
and Kj (se05/3620 Ka (3695/015) are statistically related. It indicates
that pressure has a significant effect on the formation
of defects at the level of structural packages of kaolinite.

Therefore, when kaolin clay is pressurized at 800 MPa
the package suffers the removal of Al and Si ions from
the octahedral and tetrahedral sheets to form local "hole"-
like defects accounting for 2-3 % in volume. The detected
displacement (deformation) of ions in the kaolinite
package is suggested by the decrease in integral
transmission intensity S at increased pressures. Effect of
Pressure on Structural Changes in Kaolinite Mineral.

The influence of pressure on changes in the structure of
kaolinite was studied using IR spectroscopy and diffraction
analysis. The change in the structure of crystallite (mineral)
implies compaction, slips, and rotation of kaolinite packages
in relation to one another. These changes can be interpreted
as defectiveness of kaolinite mineral.

Estimation of mineral defectiveness using 8H-O-H. It is
well known that kaolinite packages are bound to one
another though a hydrogen bond, so that ions of the OH
surface hydroxyl groups in the octahedral sheet of one
package are bound to atoms of oxygen O in the tetrahedral
sheet of another package. Therefore, when the bond
between O-H-O ions is disrupted, it quite likely indicates
that we face an event of kaolinite packages rolling, sliding,
and rotating in relation to one another.

The results of the experimental study are given in Fig. 6.

6
100 0 100 200 300 400 500 600 700 800 900 o Class 1

Pressure P, MPa o Class 2

b

Fig. 6. Changes in the "strength" of bonds between
8H-O-H ions under pressure (P) as per parameters:
a - wave number (v); b - integral absorption rate ()

As is seen from Fig. 6, the pressure of up to 150 MPa
increases the integral absorption rate S, whereas when the
pressure goes up to 800 MPa S, on the contrary, drops.
This kind of pattern points towards the fact that when
kaolinite is affected by pressures up to 150 MPa its
structure is aligned so its defectiveness goes down. It can
be explained the following way: at pressures up to
150 MPa the kaolinite package loses about 2 % of Al ions
as a result of the disruption in the bond between Al
and OH. The hydroxyl groups, while dissociating,
deliver hydrogen ions to the inter-package space, which
strengthens the bond between the kaolinite packages.

As the pressure grows from 150 to 800 MPa the bonds
between H-O-H ions are disrupted, which leads to higher
defectiveness of the kaolinite mineral as a result of
the packages being displaced in relation to one another.
The resulting data go in line with the studies [37].

Estimation of Mineral Defectiveness based on the Data
Drawn from Diffraction Analysis. The X-diffraction
patterns (Fig. 7) show that the most sensitive indicators
that characterize changes in the mineral structure under
pressure are: peak half-width (4,), integral intensity — peak
area (s,), interplane spacing (d,) and the angle 26 (a) of
maximum diffraction incidence [38].

To enhance the reliability and accuracy of estimation of
the kaolinite mineral structure defectiveness we used the
complex indicator of the area of coherent scattering (ACS).
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The area of coherent scattering implies crystal with the
defect-free structure. This indicator correlates with the energy
activity of particles. Small values of ACS indicate that the
microblocks are small in size and have high capacity for
cation exchange [38], which points to a high energy potential
of the particle. Besides, the study conducted by V.G. Shlykov
[39] notes that small values of ACS generally suggest that
there are water molecules between the microblocks that
facilitate random displacement of packages in relation to one
another, which leads to higher energy activity on the surface
of particles. Namely, with ACS expressed by means of the
indicator Wc > 40 (number of packages in defect-free

crystallites), the cation exchange capacity (CEC) is
2-5mg-eqv/100 g, at Wc = 40-25 the capacity grows to
CEC = 6-12mg-eqv/100 g, and at Wc < 25 the capacity has
low values — CEC > 12 mg-eqv/100 g [38].

Therefore, the parameter Wc (area of coherent
scattering) can be used as a complex indicator as it
combines the peak half-width, angle of maximum
diffraction incidence and X-ray radiation wavelength.
We is calculated using the Scherrer equation based on the
width of the first basal peak [12]:

We = \/cos©-hy,

where A = 1,54060 A — the length of the X-ray radiation
wave; O — the angle of diffraction; /2 — basal peak half-width.

Fig. 8 shows the correlation field between the
parameters Wc and P in kaolin clay: as pressure rises to
125-150 MPa, it thickens the crystallite (Wc); further
increase of pressure to 800 MPa lowers the value of Wec.

In other words, whenever pressure rises to 150 MPa, it
aligns the kaolinite structure, which brings the structure
defectiveness down by 20 %, whereas at pressures
climbing up to 800 MPa the crystallite defectiveness
increases by 15-20 % compared with the original level.

Therefore, when kaolin clay is pressurized at up to
150 MPa, the mineral (crystallite) made up of 20-40
packages shows a better aligned structure, which suggests
lower defectiveness. At pressures > 150 MPa, there is
higher crystallite defectiveness due to the displacement
of packages in relation to one another (see Table 4).

Influence of Pressure on Changes in Kaolin
Structure at the Colloid (Particle) Level

Clay particles (colloids) are known to form a double
electric layer on their surface that is largely defined by the
energy potential of the particle surface. One of the
indicators of the energy potential is zeta-potential [40]
that is formed on the slip boundary between the
absorption and diffusion layers. Zeta-potential is
characterized by the charge (defectiveness) of the particle
and thus can be used as an indicator of the particle
defectiveness.

Fig. 9 presents the results of the experimental studies on
the influence of pressure on the zeta-potential of kaolin
particles: with the pressure increase to 150 MPa, the
structure defectiveness goes down due to the increase in the
colloid density (r,, = 0.67). In the range of 150-800 MPa, it
is quite hard to identify the effect pressure has (r, = 0.37)
on the defectiveness formation (see Table 4).

Influence of Pressure on Changes
in Kaolin Structure at the Aggregate Level

The change in the aggregate structure takes place due
to the fragmentation of large structural elements and
processes of compression and compaction of kaolin
particles under externally exerted pressure. Such changes
manifest as morphological alterations on the aggregate
surface that can be expressed using the indicator of
aggregate surface roughness. The aggregate surface
roughness is manifested through the surface energy,
therefore the aggregate structure defectiveness can be
estimated using the energy indicator: adhesive strength of
the aggregate surface (F). Adhesive strengths were
measured using the atomic-force microscope (AFM)
NT-MDT NTEGRA Prima (Russia). The resulting AFM-
images were processed and quantitatively analyzed on
Nova 1.1.1 Revision 14785 NT-MDT Tech.

The results of the experimental research into forces of
adhesive interaction (%) between the cantilever and the
aggregate surface under pressure are presented in Fig. 10.
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As the data in Fig. 10 suggest, there is a rise in
adhesion strength across the entire range of pressures.
At the same time, in the range of 0-150 MPa, the influence
of pressure on adhesive strength is higher that in the
pressure range of 150-800 MPa.

The results of the correlation analysis show that the
calculated values of correlation coefficients (z,) exceed
the critical value (r, = 0.27) found at n = 54, o = 0.05.
Therefore, it can be stated that pressure affects the
formation of adhesive forces on the aggregate surface.
However, in Class 1, there is a stronger statistical
correlation between the pressure and force of adhesive
interaction than in Class 2. It is indicated by higher
correlation coefficients: namely, for an aggregate in Class 1,
the calculated correlation coefficient between P and F,
stands at 0.95, whereas in Class 2 it is 7, = 0.58.

The revealed changes in adhesive forces depending on
exerted pressure are due to the structural alterations
(defectiveness) of the aggregate, which goes in line with the
findings of E. Galan [41].

Therefore, technology-induced treatment of clays has
conflicting effects on their composition, structure, and
properties [42-46].

Conclusion
1. High pressures have conflicting effects on the

formation of defectiveness in structural elements of kaolin,
specifically its package, mineral, colloid, and aggregate.

2. The kaolinite mineral package shows higher
defectiveness at higher pressures. Defects are formed as a
result Al, Fe, Mg, Si ions being displaced from the
octahedral and tetrahedral sheets. Al ions are most
susceptible to pressure. The removal of ions triggers
deformations in the package and formation of "hole"-like
energy centers. The pressure within 0-150 MPa has a more
significant effect on formation of defectiveness (s, = 0.86)
than that within the range of 150-800 MPa (z, = 0.82).

3. The kaolinite mineral pressurized up to 150 MPa
shows less defectiveness as a result of its structure
alignment (r, = 0.67). At pressures over 150 MPa, the
kaolinite mineral shows higher defectiveness (z, = -0.72)
as the hydrogen bonds between the packages get
disrupted, which forces the structural packages to slip and
rotate in relation to one another.

4. The colloid (particle) at pressures going up to
150 MPa shows lower defectiveness due to higher density of
the colloid (z, = 0.67). The influence of pressure on
formation of defectiveness in the range of 150-800 MPa
(r, = 0.37) proved to be hard to reveal.

5. The aggregate under pressure up to 150 MPa
shows higher defectiveness as a result of particle
fragmentation, as well as slips and displacements of
particles in relation to one another (r, = 0.95). The
influence of pressure on formation of defectiveness in
the range of 150-800 MPa proved to be hard to reveal
(r, = 0.58); however, as the pressure increases, it leads
to higher defectiveness overall.
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