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ABSTRACT

The article presents the results of laboratory studies on the effect of the liquid-gas ratio and the
foaming agent type on the average water-air micro dispersion size obtained from the foaming
agent solution. The size of microbubbles significantly effects the efficiency of flotation and
depends on the type and concentration of foaming agent used for their production. A generator
was used to obtain water-air micro dispersion. The works were performed to work out the water-
air micro dispersion parameters of at different liquid-gas ratio and different performance of the
generator. The following foaming agents were used as objects of research: sodium butyl aero flot
(BTF), flotanol C-7, butyl triethylenetetramine (B-TETA) at a concentration of 0.5 g/dm?. It has
been established, that the optimal phase liquid-gas ratio was 1:1, the optimal capacity of the
generator was 6-7.2 dm®h with an average particle size of air-water micro dispersion- 33-41 um
for BTF solution, 103-107 um for C-7 solution, 90-93 um for B-TETA solution. The type of
foaming agent used in flotation effects the size and stability of microbubbles. It is established that
the flotation agents can be arranged in the following line with respect to their ability to create
micro dispersion: [IBK—Senfroth 580—B-TETA—OPSB—Flotanol C-7—T-92—BTF. The best
results are shown by BTF that creates micro dispersion of 43-58 um (t 20-40 °C) and stability of
80 sec with concentration of 0.5 g/dm?®.

Keywords: flotation, combined micro flotation, flotation reagent, water-air micro dispersion,
microbubbles.
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Introduction

the solutions to this problem is the use of
combined microflotation with water-air micro-

Low efficiency of flotation recovery of micron-
sized particles from ores is one of the important
reasons for large losses of valuable components at
beneficiation plants [[1], [2]]. Beneficiation plants in
all countries are engaged in solvation of this
problem [[3], [4], [5], [6], [7], [8], [9], [10]]. One of

dispersion obtaining enabling to extract additional
micro-dispersed valuable oreminerals, optimize the
flotation process and obtain higher technological
parameters [11], [12], [13]].

The problem is reduced to finding a
microbubble production method [[14], [15], [16],
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17]]. Spatial separation of the processes of
microbubble formation and flotation is also
important that willeliminate the pulp heating
process in the flotation chamber and coalescence
of bubbles, stabilizing formation process of micro
dispersions homogeneous in size. All this in
aggregate provides improved flotation performance
of deeply milled ores to the micro-dispersed state,
more complete recovery of finely dispersed
valuable minerals

It is well known that classical flotation also uses
different types of bubbles: macro-, medium- and
micro-bubbles. Macro-bubbles that are
transportable bubbles have a size of 300-500 um,
medium - 70-300 pumand micro - less than 70 um.
But, in conventional flotation, the amount of
macro-bubbles (>90%) significantly exceeds the
amount of medium and micro-bubbles. When
stable micro dispersion sizes with the correct ratio
of bubbles of different sizes is used, the flotation
recoveryprocessformicroparticles is accelerated,
the flotation time is reduced.

Scientists conduct researches to study sizes and
stability of water-air microemulsion [[18], [19],
[20]] obtained from the foaming agent solution.
The effect of the water-air microemulsion (WAMD)
nature on the flotability of sulfide minerals of non-
ferrous metals and the properties of water-air
microemulsion was studied in [21].

The purpose of this study is to study the effect
of the liquid-gas ratio and the foaming agenttype
on the average water-air micro dispersion size.

Thus, the problem to find more effective ways
intended to obtain microbubbles for flotation of
fine particles of minerals of non-ferrous and rare
metals from minerals still remains relevant.

Experimental part

A generator was used to obtain water-air micro
dispersion. The laboratory generator principle is
that air and foaming solution is transferred through
the inlet pipe of the dispersant head into the mixing
chamberwith the help of metering pumps.

Additional mixing of the mixture is performed
in the mixing chamber by means of the rotor part of
the dispersator head. The mixture is thrown to the
periphery and goes through the slot between the
rotor and the stator due to the high circumferential
speed. Its size is determined by the composition of
raw materials and the required degree of
dispersion. The rotating rotor crushes air bubbles

with its teeth. The crushing degree of the final
product depends on the viscosity of the medium,
the foaming agenttype, the peripheral speed.

The properties of water-air micro dispersion
are effectd by the ratio of air and foaming agent
solution whose flow rate is regulated by dosing
pumps with maximum capacity of 3.3 cm3¥/s (12
dm3/h).

The workswereperformedto work out the
parameters of water-air micro dispersion at
different liquid-gas (L:G)ratio, to study the effect of
this ratio on the water-air micro dispersion size.
Different L:G ratios were studied;theywere varied -
L:G=1:0.75; L:G=1:1; L:G=1:1.25; L:G=1:1.5. The
foaming agents used were sodium butyl aeroflot
(BTF), flotanol C-7, butyltriethylenetetramine (B-
TETA) at a concentration of 0.5 g/dm?3. Besides,
tests were conducted at different dosing pump
capacities.

The water-air mixture size obtained in the
generator was analyzed using a Photocor Compact
particle size analyzer. The operation principle of the
analyzer was based on the method of static and
dynamic light scattering (photon correlation
spectroscopy). The size of the particles dispersed in
the liquid was determined by measuring the
correlation function of the fluctuations of the
scattered light intensity and the integral scattering
intensity. The analyzer laser power ranges from 2 to
35 mW.

Figures 1-3 show the dependencies of the
average water-air micro dispersion size obtained
from solutions of BTF, C-7, B-TETAfoamingagentson
the liquid-gas ratio.

100 +
0 +
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80 +
70 +
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50 +
40 +

30 T+
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Figure 1 - Dependence of the average particle size of
WWMD obtained from BTF solution on the L:G ratio at
different pump capacities
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Figure 2 - Dependence of the average particle size of
WWMD obtained from the C-7 solution on the L:G ratio
at different pump capacities
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Figure 3 - Dependence of the average particle size of
WWMD produced from B-TETA solution on the L:G ratio
at different pump capacities

The result of the analyses shows that changes
in the liquid-gas ratioeffects the final size of the
water-air micro dispersion. The average water-air
micro dispersion size increases for all solutions of
foaming agents compared with other liquid-gas
ratios at the liquid-gas ratio of 1:1.5. It indicates
that thegas phase supply more than the liquid
phase worsens the water-air micro
dispersionproperties.

The final average water-air micro dispersion
size is close to each other at liquid-gas ratios equal
to 1:0.75, 1:1 and 1:1.25. It is required to properly
adjust the generator (pumps) capacity and the
liquid-gas ratio phases to obtain the optimum

water-air micro dispersion size. Proper feeding of
the gas phase, the optimal liquid-gas ratiohave a
huge impact on the water-air micro dispersion
formation. Increased supply of the gas phase
results in an increase in the number of micro-
bubbles with a smaller flow of the liquid phase
(reagent solution). Not only the final size of the air-
water micro dispersion but also the amount of
created micro dispersionisimportantto obtain high
performance in the flotation process, i.e. it is
required to create a certain amount of air-water
micro dispersion. The final amount of air-water
micro dispersion created by quantity should
provide recovery of all useful particles of slurry
class not adsorbed by standard bubbles in the
standard mode.

Discussion of the results

Analysis of the results shows that the liquid-gas
ratio, equal to 1:listhe optimum of all types of
foaming agents. Figure 4 shows the dependence of
the average water-air micro dispersion size
obtained from 0.5 g/I solutions of BTF, C-7, B-TETA
foaming agents at a liquid-gas ratio of 1:1.

o 160 T
5 B-TETA
S 140 +
£ c7
S 120 4 /
(7]

100 + /

-

80 1+ BTF

60 +

40 +

20 —

Capacity, dm3/h

Figure 4 -Dependence of the average particle size of
WWAMD obtained from BTF, C-7, B-TETAfoaming agent
solutions at the ratio L:G = 1:1, on the generator capacity

The average size of the water-air micro
dispersion obtained from 0.5 g/I BTP solution is 60-
73 um; from 0.5 g/I C-7 solution - 122-142 um; from
0.5 g/l B-TETA solution - 104-123 um at increased
capacity of the liquid phase (9.6 I/h; 12 I/h).
Analysis of the results shows that the water-air
micro dispersion size for BTF solution increases by
100%,; for C-7 solution by 20%; for B-TETA solution
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by 15%at capacities of 9.6 I/h; 12 I/h. Thus, the
generator capacity should vary between 6-7.2 |/hto
create the optimum water-air micro dispersion size.

Thus, the parameters to be used to obtain
water-air micro dispersion have been worked out,
the effect of the phase ratio: liquid-gas on the
micro dispersion properties has been studied. It has
been established that the optimal liquid-gas ratio is
1:1, the optimal generator capacity - 6-7.2 I/h, and
the average particle size of air-water micro
dispersion is 33-41 um for BTP solution, 103-107
pum - for C-7 solution, 90-93 um - for B-TETA
solution.

The researches to study micro dispersion
properties depending on the flotation
foamingagent used and their concentration were
performed at the established optimum L:G ratio
and generator capacity. The following foaming
agents were studied: BTF, oxal T-92, propylene
oxide butyl alcohol (OPSB),C-7, B-TETA, methyl
isobutyl carbinol (MIBC), Senfroth 580 foaming
agent. Here are some characteristics of these
foaming agents.

BTF - sodium-butyl aeroflot ((CsHs)2S20,PNa,
molar mass 264.3 g/mol) is an aqueous solution of
sodium salt of dibutyl dithiophosphoric acid.

Oxal T-92 is a product of high boiling by-
products of dimethyldioxane production. It
contains more than 50 % of dioxane alcohols and
esters and about 50 % of a mixture of 1, 2, 3 atom
alcohols.

OPSB is a mixture of monobutyl esters of C4Hs-
0-(C3He0)nH polypropylene glycols.

Flotanol C7 is an alkylpolyglycol based foaming
agent. These foaming agents for sulfide ores were
developed with optimal selectivity and are effective
with ores containing nonferrous metals, platinum
group minerals and precious metals.

B-TETA has four amino groups with four butyl
radicals in its composition and is well soluble in
water. It adsorbs on the surface of the bubbles, and
changes their negative charges into positive ones,
thus intensifying the flotation process.

MIBCwith the molecular formula
(CH3)2,CHCH,CHOCH; is slightly soluble in water and
can dissolve in most organic solvents.

Senfroth foaming agents consist of varying
amounts of alcohol, polyethylene glycol and
ethylene glycol. Senfroth 580 contains 37-50%
alcohol, 38-51% glycol ether, >9% glycol with
density of 0.903-0.96.

Such concept as water-air micro
dispersionstability was introduced - it is time spent
for destruction of emulsion. A flotation agent
solution of 500 dm3® is passed through the
generator and water-air microemulsion is obtained
for this purpose (Figure 5a). Then a stirrerand a
stopwatch are turned on, and time spent for
microemulsion destruction to a certain state is
recorded (Figure 5b). The time taken tp break
indicates the stability of the water-air micro
dispersion.

.

Figure 5 - View of water-air micro dispersion before (a)
and after (b) destruction

Table 1 shows the dependence of water-air
micro dispersion stability and size on the foaming
agent type and concentration at the optimal speed
of the generator of 6000 rpm.

The results of Table 1 show that:

- The optimal concentration for butyl aeroflot is
0.5 g/l, at which the particle size varies 43-58 um (t
20-40 °C), the bubble stability is 80 sec;

- The optimal concentration for T-92 is 5 g/, at

which the particle size varies 41-43 um (t 20-40°C),
the bubble stability is 70-80 sec;

- The optimal concentration for OPSB is 5 g/l
and more, at which the particle size varies 81-83
pum (t 20-40°C), the bubble stability is 60 sec;

- The optimal concentration for flotanol C-7 is 5
g/l, at which the particle size varies from 55 to 75
pum (t 20-40 °C), the bubble stability is 65-70 sec;

- The optimal concentration for B-TETA is 50 g/I,
at which the particle size varies from 53-59 um (t
20-40°C), the stability of the bubbles is 70-75 sec;

- Senfroth 580 foaming agent gives
microbubbles with a stability of 60-65 seconds, the
particle size from 73-85 um (t 20-40°C)at a
concentration of 5 g/l and more.
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Table 1 - Dependence of -air micro dispersion stability and water size on the foaming agenttype and concentration at

the optimal speed of the generator of 6000 rpm

Temperat Bubble size and bubble life at different concentrations (g/L)
ure, °C 0,05 0,5 5,0 50
Bubblestabilit | Particlesi |Bubblestability,| Particlesi |Bubblestability,| Particle |Bubblestability,Particlesiz
y, sec ze. um sec ze. um sec size,um sec e, um
BTF
20 55 90 80 42 70 65 70 65
30 45 100 80 43 65 73 70 69
40 40 110 80 41 65 76 70 67
50 35 120 70 65 65 75 70 66
60 35 123 70 68 65 72 65 73
70 30 142 60 81 60 83 65 75
80 25 150 50 85 50 93 55 86
T-92
20 35 123 60 80 80 42 35 128
30 35 121 60 83 75 53 35 125
40 30 145 60 81 70 58 35 126
50 30 141 60 84 65 73 35 124
60 30 140 60 82 60 82 30 142
70 30 144 55 88 55 87 20 159
80 30 145 55 89 50 96 20 162
OPSB
20 30 143 55 85 60 81 60 83
30 30 141 55 87 60 83 55 88
40 30 144 55 89 60 83 55 89
50 30 143 55 86 55 89 50 87
60 30 142 55 87 55 87 45 103
70 30 141 50 98 55 88 45 105
80 30 140 50 97 55 86 40 113
c-7
20 30 143 40 112 70 55 75 55
30 30 142 40 116 70 57 75 54
40 25 153 40 114 65 75 70 58
50 25 156 40 113 65 74 70 59
60 25 151 30 145 60 82 65 72
70 25 154 30 147 55 88 65 71
80 25 152 30 143 55 87 65 71
B- TETA
20 20 180 50 91 60 83 75 53
30 20 185 50 94 55 89 75 54
40 20 188 50 93 55 88 70 59
50 20 181 50 93 50 95 70 60
60 20 189 45 103 50 94 70 59
70 20 187 40 117 45 105 65 73
80 20 185 35 125 45 104 60 81
SENFROTH 580
20 65 73 65 74
30 60 85 65 73
40 60 84 60 86
50 55 89 60 84
60 55 90 60 85
70 55 89 55 87
80 50 97 45 62
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MIBC at a concentration of 50 g/l produces
unstable microbubbles which quickly disintegrate
within 10 seconds.

The flotation agents can be arranged in the
following lineunder theor ability to create water-air
micro dispersion: MIBC -> SENFROTH 580-> B-
TETA->OPSB-> Flotanol C-7->T-92->Butyl Aeroflot.

Attempts in the area of bubble formationare
made to create more microbubbles. Reduction of
the bubblesize increases the flotationefficiency. The
asymmetric structure of foaming agent molecules
and their low solubility in water contribute to their
concentration on the interface L-G (or L-T), where
they are oriented so that their hydrophilic group is
directed to water, while the hydrophobic one
(hydrocarbon radical) is directed to less polar phase
(air, oil). Having a low surface tension, foaming
agents reduce the surface tension of water and
form a hydrate layer around the air bubble. It
dramatically increases the stability of the air
bubbles enabling to retain their original
dispersibility [[22], [23], [24]]. The arrangement of
the polar groups in the moleculeis essential for the
surface activity of the substance. Foaming agent
molecules adsorb more actively the more
asymmetric the arrangement of hydrophilic and
hydrophobic groups in the molecule is; the limiting
location of the polar group is the end of the
hydrocarbon radical. Bubbles should be elastic and
elastic, i.e., deformable in addition to coalescence
stability. Elasticity depends on the length of the
hydrocarbon radicall middle homologues of the
series of single-atom alcoholshaveespecially high
elasticity.

Thus, the factors effecting the water-air micro
dispersion properties are the temperature of the

pulp, the speed of the generator, the concentration
of foaming agent solution [19], as well as the L:G
ratioregulated by the dosing pumps of the
generator, as well as the foaming agenttype.

Conclusions

The effect of L:G phase ratio on the properties
of water-air micro dispersion was studied. It was
found that the optimum liquid-gas ratio is 1:1, the
optimum capacity of the generator is 6-7.2 I/h, with
the average size of the water-air micro dispersion is
33-41 um for BTF solution, 103-107 um - for C-7
solution, 90-93 um - for B-TETA solution.

The type of foaming agent used in flotation
effects the size and stability of microbubbles. It is
established that the flotation agents can be
arranged in the followinglinewith respect to ability
to create micro dispersion: MIBC->Senfroth
580->B-TETA->OPSB->Flotanol C-7->T-92-BTF.
The best results are shown by BTF that creates a
micro dispersion of 43-58 um size (t 20-40 °C) and
stability of 80 sec.at concentration of 0.5 g/dm?3.

Conflict of interest

The correspondent author declares that there is no
conflict of interest on behalf of all authors.

Acknowledgements

The research was conducted with the financial
support of the Committee of Science of the Ministry
of Education and Science of the Republic of
Kazakhstan under grant No. ARO8856041.

Cite this article as: Turysbekov DK, Tussupbayev NK, Semushkina LV, Narbekova SM, Mukhamedilova AM. Determination of

factors effecting the properties of water-air micro dispersion. Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a = Complex Use
of Mineral Resources. 2022;322(3):5-13. https://doi.org/10.31643/2022/6445.23

Cy-ayanbl MUKpOAUCNEPCUAHDbIH, KacueTTepiHe acep eteTiH paKTopnapAbl aHbIKTay
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CyMbIK-ra3

dasacbiHblH,  KaTblHacbl »aHe KebIKTeHAIprill peareHTiHiH,  Typi

KOBIKTEHAIPriW epiTiHAIAEH aNblHFAH Cy-aya MUKPOAMCMEPCUACHIHbIH, OpTalla MesiepiHe acepi
6oibIHWa 3epTxaHanblK 3epTTeynepaiH HaTuxkenepi 6epinreH. MukpokenipwikTepaid, menwepi
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0N1apabl OHAIPY YIWiH KONAAAHbINATbIH KeBIKTeHAIpril peareHTiHiH Typi MEH KOHLEHTpaLMACbIHA
6ainaHbIcTbl daoTauma TMimainiriHe aiTapabikTalt acep eteai. Cy-aya MUKPOANUCNEPCUACHIH any

YWiH reHepatop KongaHbingbl. Cyiblk-ra3 dasanapbliHblH, 3PTYPAi  KaTblHAacbiHAA XKaHe
Makana kengi: 27 kaimap 2022

CapantamagaH eTTi: 24 aknaH 2022
Kabbinganapl: 11 Haypeiz 2022

reHepaTopAblH, IPTYPAi OHIMAiNIriHae Ccy-ayaibl MUKPOAMUCMEPCUACBIH any napameTpaepiH
aHbIKay JKyMbICTapbl Kyprisingi. 3epTrey obbekTinepi peTiHge KoHueHTpaumsackl 0,5 r/pm3
KYPanTbIH Keneci KebikTeHAiprilw peareHTTepi naganaHbingbl: HaTpuit 6yTnn aspodnotbl (BTO),
¢dnotaHon C-7, 6ytuntpmatuneHteTpamuu (B-TETA). Cylibik-ra3 ¢dasanapbliHblH, OHTaWAbI
KaTblHacbl 1:1, reHepaTopablH, OHTaMAbI eHiMAiniri 6-7,2 am3/car Kypaiapl, an BT epiTiHaiciHeH
ANIbIHFAH Cy-aya MMKPOAMCNEPCUACBIHbIH, opTawa menwepi 33-41 mkm, C-7 epiTiHgiciHeH - 103-
107 mkm, B-TETA epiTiHgiciHeH - 90-93 mKM Kypaiabl. dnotaumaga KonAaHbIATbIH
KOBIKTEHAIprilW peareHTiHiH, Typi MWKPOKeNipLWiKTepAiH Menwepi MeH TypaKTblibifblHA acep
eTesi. Mukpoaucnepcua xacay KabinetiHe Kapalt GnoTauMANbIK peareHTTepAi Keneci Katapfa
opHanactbipyfa 6onagpli: MIBK - Senfroth 580 - B-TETA - OPSB - ¢notaHon S-7 - T-92 -
BTF. EH, »Kakcbl HaTuxkenepai BT® peareHti Kepcetti, on 0,5 r/am® KoHUEHTpauuAacbiHAA
MUKpobenweKkTepaiH, menwepi 43-58 mkm (t 20—-40 °C) aHe TypaKTbiabiFbl 80 CeK KypaiTbiH
MUKpOAMCNEePCUA eHAeNA].

TyiiiH ce3pep: dnotauma, KOMBUHUPAEHTEH MUKpodnoTaumsa, GNOTaUMANbIK peareHT, cy-aya
MUKPOANCNIEPCUACHI, MUKPOKONIpLLiKTep.
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AHHOTALUMA

B cTaTbe npeacTaBneHbl pe3ynbTaTbl SA6OPATOPHbIX MCCNEA0BAHMI MO WM3YYEHUIO BAUAHUA
COOTHOWeHNA a3 KuAKoe-ras U BMAA NeHoobpas3oBaTeENs Ha CPeaHIol KPYMHOCTb BOAO-
BO34YWHOW MWMKPOAMCNEPCUM, MONYY4EeHHOW M3 pacTtBopa neHoobpasosatens. Pasmep
MMKPOMY3bIPbKOB CYLLECTBEHHO BAMAET Ha 3OdEKTUBHOCTL GAOTaLMKM, 3aBMCUT OT BUAA WU
KOHLEHTPALMW BCMEHMBATENA, UCMNOAb3YEMOro AN UX NPOW3BOACTBA. A NonydYeHUs BOAO-
BO34YLWHOW MMKPOAMCNEepCUn MUCMnosib3oBanu reHepatop. lposegeHbl paboTbl No oTpaboTke
napameTpoB MNOJyYeHMs BOAOBO3AYLIHON MMKPOAMCNEPCMM MNPU PasHOM COOTHOLWEHUWU a3
JKMAKOCTb-Ta3 U PasHoI NMPOU3BOAMUTENBHOCTU reHepaTopa. B KayecTBe 06bEKTOB UCCNE0BaAHMIA
MCNOo/Ib30BaHbl  BCreHusaTenn: 6ytunosblin  aspodnotr Hatpua (BTP), dnoraHon C-7,

Mocmynuna: 27 aHeapsa 2022 6ytuntpuatunenterpamud  (B6-TITA) npu  KoHueHTpauumn 0,5 r/amd. YcraHoBneHo, uTo
PeyeH3uposaHue: 24 pespana 2022 ONTMManbHOe  COOTHOWeHWe a3  XKMAKOCTb—ra3  coctasnadeTr  1:1,  onTMmanbHaa
lMpuHama e neyams: 11 mapma 2022 NPOV3BOAMUTE/ILHOCTb reHepaTopa 6-7,2 Am3/4, NpU 3TOM CPeaHAs KPYNHOCTb BOAOBO3AYLIHON

Mukpoaucnepcum coctasnset 33-41 mkm ana pactsopa bT®, 103-107 mkm - ana pactsopa C-7,
90-93 MKM - ana pacteopa B-TITA. Bug BCneHMBaTeNsa, UCNOAb3yeMOro npu ¢aotaumm, savaet
Ha pa3mep W YCTOMYMBOCTb MMKPOMY3bIPbKOB. YCTaHOBNEHO, YTO MO CNOCOBHOCTM cO3aaBaTb
MUKpoamcnepcuto GaoTopeareHTbl MOXKHO PAcMoNoXuUTb B creaytowmii pag: MUBK-> Senfroth
580> B-T3TA->OMNCB~> dnotaHon C-7->T-92->BTd. Hannydwme pesynbTatbl Nokasbisaet 6T,
KOTOPbIN Npu KoHueHTpaummn 0,5 r/am® co3aaer MUKPOOAMCNEPCUIO KPYMHOCTbIO 43-58 MKMm (t
20-40 °C) u ycToiumsocTbio 80 cek.
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ABSTRACT

With the huge explored reserves of potash salts in Kazakhstan, there is still no production of potash
fertilizers, the demand for which is constantly growing. In this regard, research of processing of
the largest Chelkar deposit ore into potash fertilizers and salts is an urgent problem. The article
presents the research results of washed potash ore decomposition with nitric acid and nitric acid
suspension filtration. The filtering properties and granulometric composition of the insoluble
residue were studied, on what basis the decomposition mode with precipitate double washing was
determined. To ensure good suspension filterability, washed, uncalcined ore should be used. Tests
of a by-product, gypsum, as a gypsum binder were carried out, which confirmed its compliance
with the normally hardening gypsum binder of the G-2 B grade. Advantage of the obtained gypsum
is its environmental friendliness. Salts, which are chlorine-free water-soluble potassium-
magnesium fertilizers have been obtained by crystallization from nitric acid solution. On the basis
of results of experimental-and-laboratory tests, a basic flow scheme has been developed for
obtaining potash and complex potassium-nitrogen-magnesium fertilizers from the Chelkar deposit
ore.
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Introduction

chlorine-free fertilizer that combines well with
micronutrients.

Potassium is one of the most important
nutrient elements for increasing crop yields. The
potash fertilizer market has been steadily
developing without significant declines for several
decades. World consumption of potash fertilizers
varies between 45-52 million tons of KCl or 28.4-32.9
million tons of K;0. Although potassium chloride and
potassium sulfate still hold the lion's share of the
market, other potassium compounds also play an
important role in crop production [[1], [2]].
Potassium sulfate is of the greatest importance as a

Most of developed potassium deposits
are concentrated in Canada (Saskatchewan), in
Russia  (Verkhnekamskoye field), in Belarus
(Starobinskoye field). Most common minerals in
them are sylvine - 63%, sylvinite - 12-15%,
carnallite - 17%, cainite - 19%, langbeinite - 23%,
polyhalite - 16%. Rocks contain impurities of
other salts such as gypsum, carbonates, clay
particles. Of 120 potassium-containing
minerals, only a small part is of industrial
importance [[3], [4]].

— |4 —/——
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Currently, Kazakhstan mineral fertilizer
industry is at the stage of accelerated development
and expanding the product range [5]. Despite the
fact that there are huge reserves of potash ores in
country’s subsoil resources, there is no production
of potash salts and fertilizers in the country. Poor
knowledge of the ores' composition of known
deposits and methods of their processing is the
reason for this. The unique raw material base
includes more than 6 billion tons of proven reserves
of potassium chloride in the form of sylvinite,
carnallite-sylvinite and polyhalite. Powerful deposits
located in Aktobe, Atyrau and West Kazakhstan
regions are considered as ones of the largest in the
world.  "Satimola", "Chelkar", "Inder" and
"Zhilyansk" domes are the most studied ones [6].
Development of Zhilyansk and Chelkar potassium
salts’ deposits is the most ambitious of the projects
proposed for implementation, for which
"Kazakhstan Potash" received subsoil use rights in
2011. These deposits are reportedly owned by
"Kazakhstan Potash" through a local subsidiary,
"Batys Kaliy" [7]. Carnallite is a main component of
the Chelkar deposit ore, and there are also 5-15%
sylvite and 15-25% halite. The company carried out
geological exploration and estimation of potash ore
reserves. But until now, enterprises for potash salts’
mining have not yet moved to the production stage.
Considering the growing demand for potash in the
country and in the world, mining and use of
domestic potash ores are becoming increasingly
important [6].

The authors [8] investigated the possibility of
obtaining potassium sulfate from polyhalite ore of
the Zhilyansk deposit by washing it with water from
halite, calcining and dissolving in water, followed by
gypsum separation. A review of scientific
publications did not reveal information about the
results of the study of Chelkar deposit potash ore by
other researchers. The search for methods of
Chelkar ore processing into potash fertilizers and
salts is an urgent problem of potash fertilizer
industry formation in Kazakhstan.

Preliminary study of the ore composition
carried out by us earlier, showed that the natural salt
has a complex non-uniform composition, it contains,
in addition to the main potassium component, a
large amount of halite, as well as glaserite and an
insoluble residue in the form of calcium sulfate
dihydrate [9]. The mineral halite is an impurity
component in potash fertilizers, the removal of
which from the ore composition will permit to enrich
it in potassium [[10], [11], [12]]. Therefore a process
of the ore washing from halite by the method of

incomplete dissolution was studied and the optimal
enrichment conditions were determined. In order to
reach complete dissolution of potassium and
magnesium salts, in particular, sulfates, the methods
of dissolving a calcined ore with hot water and
decomposition of washed raw materials with nitric
acid were investigated. It has been established that
the ore calcination although leads to the destruction
of crystalline hydrates, but does not allow to
complete transfer useful components into a soluble
state for obtaining a water-soluble fertilizer. The
operating parameters of nitric acid decomposition of
the concentrated ore have been determined,
namely temperature of 50°C, nitric acid
concentration of 20%, the process time is 30
minutes, at which potassium and magnesium salts’
complete dissolution takes place [9]. A formed
suspension is separated by filtration into a nitric acid
extract and an insoluble gypsum precipitate. To
determine the conditions for obtaining well-filtering
crystals of calcium sulfate dihydrate, an additional
study of the process of washed ore nitric acid
decomposition and formed suspension filtration was
carried out.

Experimental part

Chelkar deposit potash ore is an object of the
study. Nitric acid suspension obtained by
decomposition of the ore washed from sodium salts
was separated by filtration in a vacuum filtration
plant under a vacuum of 0.06 MPa. The filter cake
was washed with hot water; filtration productivity
and precipitate washing  performance  were
determined by dry washed precipitate. For the
study, flame photometric and spectrophotometric
methods of analysis were used. Microscopic
spectral analysis of salts was carried out using a
JSM-6490I1 V scanning electron microscope (Jeol,
Japan). Semi-quantitative X-ray analysis of solid
phase samples was carried out on a D8 Advance
apparatus (Bruker). Processing of the obtained
data of diffraction patterns and calculation of
interplanar distances were carried out using
the EVA software. The obtained solid waste was
tested as a gypsum binder. To determine the
setting time a Vic’s OGTs-1 device was used, the
compression strength was determined using a
PGM-100MG4A press. Sedimentation analysis
of the insoluble residue was performed using a
FSK-6 photo sedimentometer. The total standard
measurement uncertainty and standard deviation
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for liquid and solid composition analyzes is
calculated from 3 replicate measurements of the
sample, taking into account sample weighing,
calibration, and measurements on the
flame photometer and spectrometer.

Results and discussion

The results of experimental laboratory tests
of processing the Chelkar deposit potash ore show
that the use of pre-calcined washed ore for nitric

acid decomposition leads to formation of poorly
filterable, practically non-separable suspension. At
that the filtration productivity is 160 kg/m?-h by dry
precipitate (Table 1, experiment 1), which is
obviously associated with gypsum dehydration and
it transition to finely dispersed anhydrite during ore
calcination. X-ray phase analysis of the dried,
washed insoluble residue identifies calcium sulfate
mainly in the form of anhydrate (76%) with gypsum
content of 21% (Figure 1) [9].

Tablel - Indicators of the filtration process of nitric acid extract
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Figure 1 - X-ray diffraction pattern of the insoluble residue after nitric acid decomposition of calcined raw material

Fine-crystalline anhydrite clogs the filter
pores and leads to significant deterioration in
precipitate filtration properties [13]. To study
possibility of eliminating this limiting stage and

intensifying  the filtration process, the
decomposition of washed ore, which was not
subjected to preliminary calcination, was

investigated. At that as a result of nitric acid
interaction, an insoluble gypsum precipitate remains
in the solid phase, which is one of the components
of natural potash ore; gypsum dehydration in this
case does not occur. This leads to precipitation of
coarse-crystalline precipitate and to increase extract
filtration productivity by 20 times, up to 3200
kg/m?h by dry washed precipitate (Table 1,

experiment 2). This suspension filterability increase
is confirmed by sedimentation analysis of
precipitates, which indicates an increase in particle
size from 31 to 70 microns and a decrease in the
specific surface of the precipitate by almost 7 times
when using uncalcined ore instead of calcined one
(Figures 2, 3; Table 1). As follows from Figure 2,
about 50% of gypsum particles obtained in the first
experiment have a root-mean-square diameter of 1-
4 microns, while for the second experiment more
than 30% of gypsum particles have a size from 60 to
100 microns. The difference in precipitate
composition is also indicated by the results of
spectral microscopic analysis (Figures 4, 5).
Recalculation of composition of the main
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component calcium sulfate on the content of precipitate 2, and =90% of anhydrite (CaSO4) in
calcium and sulfur shows the presence of only  precipitate 1.
calcium sulfate dihydrate (=100% CaSO4-2H,0) in

LLC "LabNauchPribor ® Photosedimentometer FSH-6
DISTRIBUTION STATISTICS
Initia values: Averagevalues:
Median diameter 19,8 pm
Partide sSze range 1,00- 170,00 pm ROOt mean squarediameter 310um
powder material densty 2,32 g/em’ Harmonic mean diameter 5,3 pm
Partide shape factor 1,00 Variation:
Uiquid phase densty 1,00gkm? Standard 202pm
Uiquid phase viscosity 1,00mPas Root mean square 21,8%
Asymmetrycoefficient 0,7
Measured: 26.04.2021 at 16:43 Dispersion 738,8 um*
specific surface area(mass) 4855 cm’/g
Ditribution mods:
Resutfile: fshdat 23 203 489 um
Integral, % PARTICLE MASS DISTRIBUTION BY SZE Diff., %/ um
100 \ S0
90 \ 45
20 \ 40
70 \\ 3s
&0 \\ 30
s0 _E‘| Rz i 2s
40 4 i 20
B —
30 § 8 \ 15
20 _- ] 10
10 [ &l 5
z A m et l{Th, o B
1,00 2 3 4 S5 6 7 8 910 20 30 40 50 60 80 100 169

Farticle size, um

Figure 2 - Results of sedimentation analysis of calcium sulfate obtained by decomposition of calcined ore
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Figure 3 - Results of sedimentation analysis of calcium sulfate obtained by decomposition of uncalcined ore




KomnnekcHoe Wcnonb3oBaHne MuHepansHoro Coipbs. Ne3(322), 2022

ISSN-L 2616-6445, ISSN 2224-5243

Element Weight,%
(0] 51.40
Al 0.18
Si 0.95
S 20.69
Ca 26.78
Total 100.00 "
1

2

3 4 ]

Full seale 816 imp. Cursor: 0.000

Figure 4 - Spectrogram of the insoluble residue obtained by decomposition of calcined ore (Sample 1)
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Figure 5 - Spectrogram of the insoluble residue obtained by decomposition of uncalcined ore (Sample 2)

The gypsum precipitate separated by filtration

Filtration productivity at the washing stages is

is a waste product, it does not practically contain
impurities (Table 1) and therefore, after washing
from mother liquor, it can be used in other chemical-
technological processes. To wash out the insoluble
residue, a counter-current two-stage washing
scheme was used with water feed to the second
stage and washing water to the first washing. The
washing water obtained after the first stage of
washing the insoluble residue was used for dilution
to the required concentration of nitric acid fed for
decomposition. The composition of filtrate and
washing water is shown in Table 2.

at the level of this indicator for the main filtration.
Crystallization of potassium-magnesium salts from
nitric acid extract was carried out by partial
solution evaporation at a constant temperature of
75°C and drying the separated crystals. At that
the obtained crystalline product does not contain
nitrogen, which remains in the mother liquor. The
mother liquor was ammoniated to pH = 6 and dried
to obtain nitrogen-potassium-magnesium chlorine-
free water-soluble fertilizer in the form of sulfates
and nitrates.

Table2 - Composition of the liquid phase after the decomposition of washed ore with 20% nitric acid

— .
Liquid phase type %0 Cl?/ln;gnt in quUIngTise'A 3 Filtration productivity, kg/m?-h

Filtrate 4.53 2.54 10.91 2.03 3200

1 washing water 2.28 0.79 2.53 0.51 3320

2 washing water 1.21 0.36 1.71 0.20 3385

The dried gypsum by-product was tested to
meet the standard requirements as low calcined
gypsum binder. For this, the gypsum was calcined at
a temperature of 160°C for 1 hour, then a gypsum
dough of standard consistency was prepared and

the setting time was determined on a Vic's device.
For strength testing, samples of cubes were
prepared, and 2 hours after the gypsum binder
contact with water, the compression strength was
determined using a press. Setting
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beginning of 8 minutes and setting end of 10
minutes were determined, as well as the
compressive strength of the samples was 2.189
MPa. These indicators determine the tested binder
as normally hardening gypsum binder (index B) of
the G-2 B grade.

Experimental laboratory tests of the
technology of studied potash ore processing

confirmed the experimental results and allowed to
establish optimal parameters for all stages of
processing and to determine consumption
coefficients for initial raw materials and reagents.
Based on the results obtained, a basic flow scheme
was developed for obtaining potash and complex
potassium-nitrogen-magnesium fertilizers from the
Chelkar deposit ore (Figure 6).

Carnallite ore

—
large fraction
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Figure 6 - Basic flow scheme forprocessing of Chelkar deposit potash ore

Crushed potash ore is washed from sodium
salts in a screw dissolver with circulating mother
liquor at a temperature of 20°C for 20 minutes with
1:2. The obtained
suspension is separated in a settler,

mass ratio of solution:salt =
a clarified
solution is returned to the dissolver for washing, and
the thickened precipitate is fed to a vacuum filter
and washed with water with the same L:S ratio. If
necessary, a part of the solution can be evaporated
to obtain a production salt, food sodium chloride.
The washed ore is decomposed in an extractor with
a stirrer with 20%
temperature of 50°C for 30 minutes with salt:acid

nitric acid solution at a
ratio = 1:1.5. The suspension is separated by
filtration on a vacuum filter. Washed with water and
filtered cake, which is an insoluble gypsum residue,
is sent for drying and further to the consumer. The
washing water is returned to the reactor for nitric

acid decomposition.The nitric acid extract is
evaporated in an evaporator at a temperature of
75°C until
potassium and magnesium sulfate, which is then

crystallization from a solution of

separated on a centrifuge. The mother liquor is
ammoniated to pH = 6, evaporated and crystals are
dried in a direct-flow drum dryer. The scheme is
flexible and can be transformed to obtain only one
type of nitrogen-potassium water-soluble fertilizer.
The proposed technology is protected by an utility
model patent "Method for processing potash ores to
obtain potassium sulfate" [14].

Conclusions

As a the
technology has been developed for obtaining potash

result of completed research,

and complex potassium-nitrogen-magnesium
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fertilizers from the Chelkar deposit ore. The stage of
filtration of nitric acid suspension obtained by
washed potassium ore decomposition with nitric
acid has been studied. Filtration properties and
particle size distribution of the insoluble precipitate
were investigated, on the basis of which the
decomposition mode was determined. Tests of dried
gypsum showed its compliance with a normally
hardening gypsum binder (index B) of grade G-2 B,
which can be used as a binder in the construction
industry for manufacture of gypsum plaster,
partition wall plates and panels, decorative and
other details in buildings and constructions. An
the

advantage of obtained gypsum is its

environmental friendliness due to impurity absence
in its composition. The obtained crystalline products
do not contain soluble chlorides, they are
completely water-soluble potassium-magnesium
and nitrogen-potassium-magnesium fertilizers. An
advantage of the developed technology is absence
of solid and liquid production wastes and possibility
to integrated use all components of the Chelkar

deposit natural potash salt.
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Pa3paboTka TeXHON0rMmM KOMMIEKCHOM nepepaboTKM KannitHou pyabl
mecTtopoXxaeHua Yenkap

1 AcbinxaHkbi3bl A., 'Ceiitmaraumosa .M., 2 MountankunHa U.A., * Ceiitmarsumos A.A.

1tOncHo-Kazaxcmarckuli yHusepcumem umeHu M.Ay3zo08a, LLibimkeHm, KazaxcmaH
2 Pocculickuli xumuko-mexHosoaudeckuli yHusepcumem umeru [.U. Me+deneesa, Mocksa, Pocculickaa ®edepayus

AHHOTAUMA

Mpu orpomHbIX pa3BeAaHHbIX 3amacax KajauiHbix coneit B KasaxcraHe A0 CMX Mop OTCyTCTByeT
NPOU3BOACTBO Ka/MMHbIX yA06PEHUi, CNpoC Ha KOTOpble HEMpPepbIBHO pacTeT. B cBA3W ¢ 3TUM
nccnefoBaHmWe npouecca nepepaboTKu pyAbl KPYMHENLLEro MecTopoXaeHWA Yesikap B KanuiiHble
ynobpeHus ABAAeTCA akTyanbHoW npobiemoit. B cTaTbe npuBeaeHbl pesynbTaTbl UCCAEA0BAHMA
Pa3NoKeHUA OTMbITON KanWUAHOW pyabl a30THOM KUCNOTOW M GUABTPOBAHMA a30THOKMC/ION

CraTba noctynuna: 12 HoA6ps 2021 cycneHsun. MaydeHsl GpUALTPYIOLLME CBOICTBA M rPaHYIOMETPUYECKMIA COCTaB HepacTBOPUMOro
PeueHsunposaHue: 15 gaHeapsa 2022 0CTaTKa, Ha OCHOBaHWM YEro ONpeaesieH PeXMM Pa3/IoKEHNA C ABYXKPATHOM NPOMbIBKOII Ocaaxa.
MpuHATa B Nevath: 11 mapma 2022 [na obecrneyeHna xopolein GUALTPYEMOCTU CyCNeH3UKU credyeT MCNo/b30BaTb OTMbITYIO He

NPOoKanéHHyto pyay. NMposeaeHbl UCMbITaHUA NOBOYHOrO NPOAYKTA - TMNCa B Ka4ecTBe rMncoBoro
BAMKYLLEro, KOTOpble MOATBEPAMAN COOTBETCTBME €ro HOPMaNbHO TBEPAEOLWEMY MMICOBOMY
BANKYLLEMY MapKu -2 B. MpeumyLectBOoM MNOAYYEHHOrO runca ABAAETCA ero 3KONO0TMYHOCTD.
Kpuctannvsaumein us asoTHOKMCAOrO pacTBopa NoJslydeHbl COMK, NpeacTaBasftolme becxnopHbie
BOAOPACTBOPUMbIE Ka/ZMAHO-MarHueBble yaobpeHua. Ha OCHOBAaHMM pe3ynbTaToOB OMbITHO-
NabopaTopHbIX WCNbITaHMI pa3paboTaHa NPUHUMNMANbHAA MNOTOYHAA CXema NoJsyYyeHus
KaMMHbBIX WM CNOXHbIX Ka/NMMHO-a30THO-MarHMEBbIX YAOOPeHUi K3 pyabl MEeCcTOpOXKAeHUn
Yenkap.

Kniouesble cnosa: KapHannnT, mectopoxgeHue Yenkap, KanuiHoe y,qo6peHV|e, OTMbIBKa,
pa3noxeHue, BbiNapnBaHue
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ABSTRACT

Kazakhstan takes a leading position in the production of uranium. During the hydrometallurgical
processing of uranium-containing raw materials, a significant amount of liquid industrial waste is
generated, such as waste solutions that require disposal. One of the most effective methods of
cleaning liquid objects contaminated with radionuclides is sorption methods. Synthetic sorbents
are not always justified due to their high cost and natural ones due to their low sorption capacity.
The production of modified ion-exchange materials based on their combination is an urgent
problem in the nuclear industry. The authors considered options for modifying natural
aluminosilicate and coal-mineral raw materials of Kazakhstan. For research, zeolite from the
previously unexplored Kusmurun deposit and shungite from the Koksu deposit were selected. It
is proposed to modify natural sorbents with a tributylphostat and di-2-ethylhexylphosphoric acid
mixture in kerosene, a mixture of phosphoric acid and polyacrylamide, technogenic raw materials.
The probable mechanism of modification by each of the methods is considered. The sorption
properties of the modified sorbents have been studied, and their mechanical strength has been
determined.

Keywords: natural sorbents, modification, uranium sorption, mechanical strength.
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Introduction

Recently, more and more attention has been
paid to the ecological safety of the republic, in
connection with the increased threat of
environmental pollution by  radionuclides,
particularly uranium. When processing uranium-
containing raw materials, a significant amount of
liquid technogenic wastes are formed. The main
method of utilization is sorption, which requires the
use of inexpensive sorbents of complex action.

Such sorbents can be obtained based on
domestic natural raw materials. The significant
disadvantages of natural sorbents include low
sorption capacity, which can be increased by
developing effective and inexpensive methods for
their modification.

Various options for obtaining sorbents with
improved sorption and kinetic properties are used.
Many of them are based on the introduction of
additional functional groups into the sorbent
structure, which leads to the formation of new



mailto:b.abdikerim@satbayev.university
https://creativecommons.org/licenses/by-nc-nd/3.0/

KomnnekcHoe Wcnonb3oBaHne MuHepansHoro Ceipbs. Ne3(322), 2022

ISSN-L 2616-6445, ISSN 2224-5243

adsorption centers, increasing the sorption capacity
and selectivity of the sorbent. For this purpose, use
is made of inorganic materials modified with
amidoxime or iminodiacetate groups and, salts of
heteropoly acids [[1], [2]]. Sorbents with amidoxime
groups on various carriers have shown high
efficiency in the extraction of radionuclides, as well
as good kinetic properties [[3], [4], [5], [6]].

To isolate radionuclides from complex
technological solutions, sorbents with diphyryl,
aminophosphinate, carbamoylmethyl-phosphinate,
and other phosphorus-containing functional groups
have been developed, which can produce stable
complexes with radionuclides [[7], [8], [9], [10]].

The most promising sorbents with functional
groups fixed on polymer matrices that form complex
compounds are materials obtained on the basis of
natural minerals and radionuclide extractants. Such
"solid-phase extractants" are characterized by good
sorption properties [11].

The synthesis of organopolymers occupies a
special place in the production of modified sorbents.
This is how an organozeolite was synthesized on the
basis of natural zeolite-containing tuffs and a water-
soluble polymer of polyhexamethylguandine,
epichlorohydrin as a cross-linking agent, which
simultaneously exhibits cation-exchange, anion-
exchange and bactericidal properties [12]. The
sorbent is highly selective to oxygen-containing
anions and uranium carbonate complexes.

All described methods were developed using
foreign raw materials and expensive modifying
reagents, many of them are difficult to implement.

Among the works of domestic scientists, the
most interesting are examples of modification of
zeolite and shungite, previously activated with
sulfuric acid, copper (Il) and nickel hydroxides, which
are given in [13]. The authors discussed modified
sorbents' features and general regularities of
uranium sorption. It is shown that the use of pre-
activated and modified shungite and zeolite for the
sorption of uranium makes it possible to increase its
extraction in comparison with the use of natural
sorbents. However, the Ilaborious process of
modification is a limiting factor in the widespread
use of sorbents obtained by this method.

Thus, a common disadvantage of the described
methods is the complexity of implementation, high
cost, and the use of scarce reagents. Therefore, in
modern economic conditions, the development of
effective and inexpensive sorption materials using
cheap local raw materials remains relevant.

Research methodology

The modification of natural sorbents was carried
out with organic extractants and, phosphoric acid in
combination with polyacrylamide. Zeolite from the
Kusmurun deposit and shungite from the Koksu
deposit after preliminary flotation was used as
natural sorbents [14].

When flotation of shungite, kerosene KO-25, TU
38.401-58-10-01 was used as a collector, as a
foaming agent - T-80 - a mixture of derivatives of
heterocyclic alcohols: mono- and dihydric alcohols
of dioxane and pyran series, TU 20.14.60-029 -
05766801-2016. We also used liquid glass (sodium
silicate), state standard GOST 13078-81 and
quicklime (calcium oxide), state standard GOST
9179-77.

Modification experiments were carried out as
follows: 10 g of a natural sorbent (zeolite or
shungite) was poured with a solution of the sum of
extractants (di-2ethylhexylphosphoric acid and
tributyl phosphate) in kerosene. The resulting
compositions were kept for 72 h, dried at room
temperature, and then in an oven at 100 ° C.

Modification with phosphoric acid and
polyacrylamide was carried out under the following
conditions: a weighed portion of the natural sorbent
in an amount of 10 g was treated with a dilute (1: 4)
solution of phosphoric acid, after 12 hours the
sorbent was washed to remove excess acid, dried
and filled with a solution of polyacrylamide
(concentration - 20 g / 1), leaving for 12 hours. Then
the polyacrylamide solution was poured off, the
sorbents were washed with distilled water and
dried.

Testing of the sorption capacity of the modified
sorbents was carried out under static conditions.
Sorption was carried out for 4 hours at room
temperature (~ 25°C) at the ratio S:W = 1:5.
Desorption was carried out with a solution of 1M
sodium carbonate in a static mode at a ratioof S: L=
1:10.

In the course of the research, the mechanical
strength of the modified sorbents was also
determined in comparison with the initial ion-
exchange materials.

In order to determine the effect of activators on
mechanical strength, 6 samples were made in the
form of pressed briquettes from pre-modified
sorbents. Pressed briquettes were made using a
PSU-10 hydraulic press designed for static
compression testing of standard samples of building
materials. The method for modifying natural

— )4 —/——
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sorbents for the manufacture of pressed briquettes,
according to the numbering, is presented in Table 1.

Table 1 - Methods for modifying natural sorbents

1. Initial

2. Initial Modified with a mixture of di-2-
ethihexylphosphoric acid and tributyl
phosphate in kerosene. (Di-2 EGPK + TBP
+ kerosene)

Zeolite

3.Modified with phosphoric acid and
polyacrylamide (HsPO4 + PAA)

4. Initial

5. Modified with a mixture of di-2-
ethihexyl phosphoric acid and tributyl
phosphate in kerosene. (Di-2 EGPK + TBP
+ kerosene)

6. Modified with phosphoric acid and
polyacrylamide. (HzsPO4 + PAA)

Shungite

2 series of experiments were carried out. In the
first, the samples were pressed at a 200 kg / dm?,
water was used as a binder, and briquettes in the
form of a cylinder (r = 8, h = 16) were obtained,
which were carefully dried and compressed until the
first crack. Compression speed 0.1 mm / sec.

In the second, the samples were pressed at 300
kg / dm3, liquid glass was used as a binder, the
studies were carried out similarly to the previous
one.

Analysis methods

The quantitative content of uranium in solutions
before and after sorption was determined on an
Optima 8000DV inductively coupled placma atomic
emission spectrometer (ICP).

IR spectra were obtained on an Avatar 370 FT-IR
spectrometer in the spectral range of 4000-400 cm-
1 from preparations in the form of a tablet prepared
by pressing 2 mg of a sample and 200 mg of KBr.
Experiment attachment: TrancmissionE.S.P.

To determine the strength of modified sorbents
in comparison with the original used a universal floor
testing machine AutographAG-X 100 kN, Shimadzu
GmbH, Japan.

The discussion of the results
On the basis of natural raw materials from

Kazakhstan, various options for modifying natural
minerals have been developed. [15]. The most

promising were the methods that included the
treatment of natural minerals with organic
extractants: di-2 ethylhexylphosphoric acid in
combination with tributyl phosphate, phosphoric
acid in combination with polyacrylamide. In the
course of the research, we used a previously
unexplored zeolite from the Kusmurun deposit and
shungite from the Koksu deposit after preliminary
flotation. We have proposed and tested three
options for shungite beneficiation technology. The
most promising was the method described in [14].
The product obtained in the flotation process can be
classified as shungite concentrate.

IR spectroscopic studies of modified natural
sorbents (Figs. 1, 2) showed that when zeolite is
modified with a mixture of extractants, the sample
contains plagioclase spectra of the albite type
Na[AlSisOs] — 762, 747, 726, 647, 590, 528, 465 cm™™.
Possibly present: Heulandite Ca[Al,Si;O1s] - 6 H,0 -
3428, 1032, 523, 465 cm, lamentitis Ca[AlSi»O¢]; - 4
H,O - 3572, 1032, 762, 523 cm?, phillipsitis K,
Ca[Al3SisO16] - 6H,0 — 3428, 1639, 1032, 590 cm™?,
quartz a-Si0, — 696, 465 cm?, calcite CaCOs— 1797,
1428, 878, 714 cm™ [16], di-2 ethylhexyl phosphoric
acid (Ci6H3sPO4) - 2960, 2931, 2874, 2861, 1461,
1384 cm* and tributyl phosphate (C12H27P04) - 2960,
2874, 1461, 1384 cm?® [17], and when modifying
shungite - quartz SiO, - 1165, 1080, 798, 778, 694,
513, 463 cm™, calcite CaCOs— 1796, 1420, 875, 712
cm™v(OH) - 3438 cm™, §(0OH) — 1637 cm™ [16], [18],
[19]. Possibly present: muscovite KAILL[(OH,F),|
AlSi3010] — 1030 cm™ [16], group [SO4)* — 624, 601
cm’, an-2 ethylhexylphosphoric acid (Ci6H3sPOs) -
2960, 2930, 2873, 2860, 1030, 601 cm™, tributyl
phosphate (C1;H,7P04) - 2960, 2873 cm™ [18].

Iporyckanue
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Figure 1 — IR spectrum of zeolite modified with a
mixture of Di-2 ethylhexylphosphoric acid, tributyl
phosphate and kerosene
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Figure 2 — IR spectrum of shungite after flotation
modified with a mixture of di-2 ethylhexylphosphoric
acid, tributyl phosphate and kerosene

Figure 3 shows the IR spectra of shungite
modified with a mixture of phosphoric acid and
polyacrylamide. The sample contains quartz SiO; —
798, 779, 694, 469 cm™®, calcite CaCO3— 1794, 1425,
875, 713 cm, dibasic calcium phosphate, dihydrate
(brushit) CaHPO, - 2H,0 - 3539,3488, 3308, 3161,
1649, 1202, 1139, 1121, 1073, 1004, 987, 875, 798,
661, 577, 528 cm? [20]. Wavenumber band
1578 cm™ falls into the area of manifestation of
vibrations of polyacrylamide [21].

When zeolite is modified with a mixture of
phosphoric acid and polyacrylamide, no new
compounds are formed in the sample matrix. To the
available minerals (Figure 1) is added, similarly to
shungite, a band at the wavenumber 1578 cm?,
falling into the area of polyacrylamide vibrations.

From the presented figures it follows that when
modifying zeolite and shungite with a mixture of di-
2 ethylhexyl phosphoric acid, tributyl phosphate and
kerosene, we obtain sorbents with fixed functional
groups on the surface of the polymer matrix. The
sorption of uranium, in this case, will be
accompanied by complexing compounds. This
method allows the use of known extractants for
synthesis in relatively cmall amounts.

1001

[Tran

Figure 3 — IR spectrum of shungite after flotation
modified with a mixture of phosphoric acid and
polyacrylamide

When natural sorbents are modified with a
mixture of phosphoric acid and polyacrylamide, for
example, shungite, as a result of the interaction of
the matrix with modifiers, new compounds are
formed, in particular, calcium compounds interact
with orthophosphoric acid to form dibasic calcium
phosphate. In addition, it can be assumed that when
natural sorbents are modified with this mixture, a
gel-like film of polyacrylamide is formed on the
surface of the matrix, which contributes to an
increase in the sorption capacity of sorbents. [22].

Thus, it follows from the data obtained that the
mechanicm of the formation of modified sorbents
based on a matrix of zeolite and shungite by a
mixture of extractants di-2 ethylhexylphosphoric
acid, tributyl phosphate and kerosene and a mixture
of phosphoric acid and polyacrylamide have
different nature.

The uranium content in waste solutions, as a rule,
is 5-15 mg/dm?. In this regard, we have adjusted the
productive solution in accordance with the given
uranium concentration and studied the sorption
process by modified natural materials. The initial
uranium concentration was 11,9 mg/dm3. The
kinetic dependences of the sorption of uranium in a
static mode from the imitate showed that with all
the described modified sorbents it is possible to
extract uranium by more than 90% already in the
first 45-50 minutes.

In the course of the research, the possibility of
repeated use of modified sorbents for the extraction
of uranium from liquid radioactive waste was also
studied, for which the concentration of di-2-
ethylhexylphosphoric acid and tributyl phosphate,
as well as phosphoric acid and polyacrylamide, was
doubled when modifying zeolite and shungite.
Sorption and desorption by modified sorbents were
carried out in a static mode, alternating the
processes of sorption and desorption. The research
results are presented in Table 2.

Table 2 - Results of experiments on sorption and
desorption of uranium

Zeolite Shungite
Urani Uraniu The degree of
Sta um The degree m extraction %,
ge Process conte of extraction content, degree of
nt, %, degree of | mg/dm? desorption%
mg/d | desorption%
m3
Sorption 0.79 93.36 0.046 99.6
Desorption 9.50 85.51 10.62 89.6
Sorption 7.18 39.66 0.06 99.5
1
Desorption 0.39 8.68 8.06 67.99
Sorption 7.41 37.73 0.96 91.93
t Desorption 0.30 6.35 3.8 32.09
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It follows from the table that with an increase in the
concentration of the modifier, shungite can be used
repeatedly. For zeolite, this relationship is not
observed.

One of the main factors in sorption is the
mechanical strength of the sorbents. We have
determined the mechanical strength of the modified
sorbents in comparison with the initial ion-exchange
materials [23].

The mechanical strength of a material is
characterized by its ability to resist various external
mechanical influences and is characterized by
ultimate strength:

1) when compressed; 2) when stretched; 3)
flexural strength and 4) abrasion resistance. We
investigated the compressive strength of natural
sorbents.

The results obtained are shown in Figure 4, which
shows the effect of activators and a binder reagent
on the mechanical strength of natural sorbents.
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Figure 4 - Dependence of the degree of deformation
of the sample on the stress for different methods of
modification

Based on the studies carried out, it can be
concluded that the ability of resistance to external
mechanical influences (in our case, to compression)
during the treatment of zeolite and shungite with
phosphoric acid and polyacrylamide increases
significantly, and in the case of using a mixture of
extractants in kerosene with kerosene it decreases.

It also follows from the figure that the difference
in the degree of deformation of the initial sample of
zeolite and that modified with a mixture of
orthophosphoric  acid and polyacrylamide
significantly exceeds the similar difference for
shungite. At the same time, the decrease in the
degree of deformation of a zeolite sample modified
with a mixture of extractants in relation to the initial
raw material is significantly less than in shungite.

Thus, the optimal options for modifying natural
minerals have been determined using the example
of zeolite and shungite, and the physicochemical
properties of the obtained modified sorbents have
been investigated.

It should be noted that the modified sorbents,
especially the first two options, have proven
themselves well in the testing process. These
sorbents can be used for analytical purposes, as well
as in low-tonnage production conditions. Their
widespread use for the disposal of large volumes of
liguid uranium-containing waste is unprofitable.
Currently, work in this direction continues. In order
to reduce the cost of modified sorbents, studies are
being conducted on the possibility of using
technogenic raw materials as modifiers, in
particular, phosphorus slag, which is a waste of the
phosphorus industry and is formed during the
electrothermal production of yellow phosphorus.
According to the performed physicochemical
studies, the main phase of the phosphorus slag -
calcium silicate - is represented by the amorphous
phase of volostanite. The slag also includes
multicomponent glass, cmall amounts of calcite,
ankerite. Phosphorus is present as lazulite.

Analysis of scientific and technical literature in
the field of calcium silicate synthesis showed that
rational and environmentally friendly options
include methods based on the interaction of the
initial components in an aqueous medium at
elevated temperatures and, in some cases, pressure,
i.e. hydrothermal method. The hydrothermal
method allows not only the synthesis of
hydrosilicates, but also affects their structure and
particle morphology. Hydrothermal conditions
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simulate the formation of minerals in the earth's
interior. Calcium carbonate and sodium chloride are
commonly used as the aqueous phase.

During research, it was found that during the
hydrothermal treatment of slag in a carbonate
medium with an increase in temperature, the
amorphous phase is transformed into a crystalline
phase, and the morphology of particles also

changes: the conglomerates existing in the initial
sample gradually change their shape and turn into
particles of an acicular structure (Fig. 5, 6). During
the hydrothermal treatment of phosphorus slag
with sodium chloride, its amorphous structure is
retained.
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Figure 5 - The microstructure of the original
phosphorus slag with an increase in x3000

Figure 6 — Particles of activated (Na.COs - 150 g /
dm3, t - 230 ° C) phosphorus slag with an increase x3000

Several options for modifying natural minerals
have been developed. Anindicator of one or another
modification method is the sorption process.

The best option for modifying natural minerals
(zeolite or shungite) is mixing a natural sorbent with
phosphoric slag activated in a chloride or carbonate
medium and processing with a polyacrylamide
solution.

The structure of the phosphorus slag activated
with sodium chloride solution is partially retained
even after it has been modified by natural minerals.
This is especially clearly seen on the example of
shungite (Fig. 7).

BcWave number (cm )

Figure 7 - Infrared spectrum of modified shungite

IR spectroscopic analysis of a sample of modified
shungite showed the presence of: calcite - CaCOs; —
1798, 1423, 875, 849, 712 cm?, quartz - SiO; —
1166, 1081, 798, 779, 695, 516, 468, 396, 368 cm™
[[16], [24]]. The band at a wavenumber of 319 cm™
falls within the range of bond manifestations Ca— O
[25]. There are: wollastonite - CaSiOs - 1081, 1060n,
1035, 928n, 909n, 516, 468 cm™ [16], muscovite -
KAL[(OH, F)2| AlSis010] — 1028, 928 cm™ [[16], [26]],
multicomponent glass - 1035, 928 cm? [27].
Stretching vibrations of bonds Si—-0-Si - 1035 cm?,
shoulder at 928 cm™ corresponds to stretching
vibrations of terminal bonds Si—0-Si [28], bassanite
- Ca[SO,] - % H20 — 634, 602, 468 cm™ [29].

When activated with sodium carbonate - in the
process of modification, the structure is
transformed.

Studies have established that the sorption
capacity of modified sorbents increases when
dressing natural minerals with phosphorus slag. If
the slag modified with slag activated in a chloride
medium sorbs both uranium and iron, then in a
carbonate medium it is mainly iron. This property
can be used to separate them.

Thus, the possibility of using technogenic raw
materials - phosphorus slags - as modifiers of natural
minerals has been shown.
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Conclusions

In the course of research, methods have been
developed and tested for modifying natural
sorbents, which make it possible to actively extract
uranium. The modifiers were a mixture of di-2-
ethylphosphoric acid and tributyl phosphate in
kerosene, phosphoric acid, polyacrylamide and
technogenic raw materials. On the basis of IR
spectroscopic studies, a prediction was made
regarding the mechanism of interaction of modifiers
with the matrix of a natural sorbent. It is shown that
the mechanism of the formation of modified
sorbents based on a matrix of zeolite and shungite
with a mixture of extractants di-2
ethylhexylphosphoric acid and tributyl phosphate in
kerosene and a mixture of phosphoric acid and
polyacrylamide is of a different nature.

The properties of modified sorbents have been
studied, and their sorption capacity and mechanical

strength have been assessed. It is shown that the
degree of uranium extraction by modified sorbents
exceeds 90% already in the first 45 - 50 minutes.

It was found that when processing both zeolite
and shungite with a mixture of phosphoric acid and
an acid and polyacrylamide, the mechanical strength
of the sample increases, and a mixture of extractants
(di-2ethylhexylphosphoric  acid and  tributyl
phosphate) in kerosene helps to reduce its value.

The possibility of using technogenic
materials - phosphorus slags - as modifiers of natural

raw
minerals is shown.
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Ka3aKcTaHHbIH Tabufn WKKi3aTbIHbIH Heri3iHae moauduKaumanaHfFaH

copbeHTTEpAi 6HAipY XKoHe OHbIH KAacUeTTepiH 3epTTey
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TYWIHAEME

KasakcTaH ypaH eHAipyae »KeTekuwi

OpblH anagpl. KypambiHAa ypaHbl 6ap LIMKI3aTTbI

TMAPOMETANNYPIUANBIK OHAEY Ke3iHAe CyMblK TEXHOTEHAIK KanAblKTapablH, eagyip menwepi —

KalTa eHaeyre KaXKeT eTeTiH KangplKTap epiTiHginepi Tysinesi. PagMoHYKAMATEPMEH NacTaHFaH

CyMblK 3aTTapAbl TasanayablH, TMiMAai agicTepiHiH, 6ipi copbumanbik agictepai KonaaHy 6onbin

Tabblnagpl. CUHTETUKaNbIK copbeHTTepAi naiganaHy onapablH, *KOfapbl KyHbiHa 6aitnaHbICTbl

SpKaluaH

aKTana bepmengi,

an Tabusm copbumAnbiK Kabineti TemeH 6oONFaHAbIKTaH.

MogaunduKaumanaHFaH MOH aAMacTbIpFbIL MaTepuangapabl onapablH, KOMBUHALUMACHI Heri3iHae

Makana kengi: 13 kaHmap 2022
CapantamagaH eTTi: 22 aknaH 2022 ANOMOCUINKATTbI

Kabbinganap!: 11 Haypeiz 2022

XoHe

OHAipy aToM eHepKacibiHiH, e3eKTi maceneci 60nbin Tabbinagbl. ABTopaap KasakcTaHHbIH Tabufn

KeMip-MUHEpanabl  WKKi3aTbiH  MoaudUKaumanay HycKanapbliH

KapacTtbipapl. 3epTreyre 6ypbiH 3epTTesimereH KOCMypbiH KEH OPHbIHbIH, LLEOAUTI MeH KeKcy KeH

OPHbIHbIH, WYHIMTI TaH4anabl. Tabusn copbeHTTepai TpubyTundocTat neH KepocuHaeri au-2-

3TMnrekenndochop KbIWKbIAbIHLIH, KocnacbiMeH, $Gocdop KbiWKpIbl MeH MoAnakpuaamma,

KocnacbIMeH,

TEXHOreHAIK LWMKi3aTneH MoanduKaumanay YCbiHbiNaabl,

COHbIMeH KaTap

OpraHOMMHEpPaNAbl CUHTE3AEY HYCKACbl YCbIHbIAADI. DAiCTEPAIH, 9PKaNCbIChl 6OMbIHLLIA ©3repTyaiH,

bIKTUMAN MexaHu3Mi Ka pacTbipbliagbl.

MoguduKaumanaHfaH copbeHTTepAiH copbuuanblk

KacueTTepi 3epTTenin, MexaHUKabIK BepiKTiri aHbIKTangpl.
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NonyuyeHne moanpULMpPoBaHHbIX COP6EHTOB HAa OCHOBE NPUPOAHOIO CbipbA

KasaxcraHa u uccnepgosaHue Mx CBOUCTB
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Noctynuna: 13 aHeapsa 2022
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MpuHAaTa B nevatb: 11 mapma 2022

AHHOTAUMA

Mpu rugpomeTannyprudeckoit nepepaboTke ypaHCOAePKaLLEro Cbipba 06pasyeTca 3HauMTENbHOE
KO/IMYECTBO MMAKUX TEXHOTEHHbIX OTXOA0B — COPOCHbIX PACcTBOPOB, TPEBYIOWMX YTUAMU3ALMMN.
OpHUM 13 Hanbosiee 3PEKTUBHBIX MPUEMOB OUYNCTKM 3arpA3HEHHbIX PAAMOHYKANAAMMU HKUAKUX
06bEKTOB ABAAETCA WCMO/b30BaHME COPBUMOHHBIX MeTogoB. MpMMeHeHMEe CUHTETUYECKUX
copbeHTOB He Bceraa onpasaaHo BBUAY MX BbICOKOM CTOMMOCTHM, a NPUPOAHbIX — BBUAY HWU3KOM
COpPOUMOHHOW eMKocTW. [MonyyeHne MoAMPULMPOBAHHBIX MOHOOBMEHHbIX MaTepuanoB Ha
OCHOBE MX COMETaHWUA ABAAETCA aKTyasbHOM Npo6aemolt aTOMHOM NPOMbILNEHHOCTU. ABTOpamMM
paccMoTpeHbl BapuaHTbl MOAUGUUMPOBAHUA MPUPOAHOTO aNtOMOCUIMKATHOrO WU YroNbHO-
MMHEpPanbHOro cbipba KasaxcraHa. s vccaenoBaHuii BbiGpaHbl LEONUT He M3YYeHHOro paHee
MEeCTOPOXKAEHNA KOCMYPYH M WYHMMT mecTopoxaeHus Kokcy. MpegnoxeHo mognduumposatb
npupoaHbie copbeHTbl cmecbto Tpubytundocrtata n gu-2-3TuarekcundocdopHoOit KUcnoTbl B
KepocuHe, cmecbio GochHOPHOM KUCAOTbI U MONNAKPUAAMUAA, @ TaKKE TEXHOTEHHBIM CbiPbEM.
PaccmoTpeH BepoATHbIM MexaHW3M MOAUOUUMPOBAHUA KaxablM M3 cnocoboB.  M3yyeHbl
COpBUMOHHbIE CBOWCTBA MOAMOULMPOBAHHbLIX COPBEHTOB M onpedesneHa WX MexaHuyecKasn
NPOYHOCTb.

KnioueBble cnoBa: npupofHble copbeHTbl, moguduKkauma, copbuma ypaHa, MexaHuyeckas
NPOYHOCTb.
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ABSTRACT

Numerous harmful substances of anthropogenic origin that are released into the environment,
including petroleum products, are the result of the uncontrolled discharge of industrial
wastewater into natural water bodies. Operation of oil refining and petrochemical industry
enterprises, gaseous emissions and effluents of industrial enterprises, numerous oil and NP spills
as a result of accidents and fires at oil storage facilities and oil refineries lead to pollution of
water and soil with considerable amounts of crude oil and products of its processing and create a
serious threat to the ecology of regions of Kazakhstan. A cardinal solution to the problem of
protection of water bodies from pollution by wastewater polluted by oil and NP is to organize
such water management of enterprises, under which the system of recycling water supply is
developed as much as possible and the discharge of wastewater into water bodies is minimized.
Currently, the sorption method of water purification is the most environmentally safe and
expedient. When selecting a sorbent for sorption much attention is paid to its sorption
characteristics and the availability of raw materials. In addition, the choice of a sorbent depends
on such factors as the quality requirement for purification, the condition of pollutants, the stages
of purification and others. A wide range of natural sorption materials used in water treatment
and water treatment is known. Natural materials based on modified diatomites and zeolites from
Kazakhstan deposits are investigated in this work.

Keywords: oil, petroleum products; sorbents; chemical and thermal modifications; sorption
purification, wastewater.
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Introduction
changes in the physical, chemical and biological
Numerous harmful substances of  properties and characteristics of the natural habitat

anthropogenic origin that get into the environment,
including oil products, are the result of the
uncontrolled discharge of industrial wastewater
into natural water bodies.

The discharge of oil and its components into
the environment (air, water and soil) causes

and disrupts natural biochemical processes.

The significant ecological load, rendered by the
processes of oil refining on the condition of water
bodies, is evidenced by the data of Table 1, which
shows the typical rates of cooling water
consumption and discharged wastewater.
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Wastewater discharged into surface waters
contains gasoline, kerosene, fuel and lubricating
oils, benzene, toluene, xylol, fatty acids, phenols,
glycerides, steroids, pesticides and organometallic
compounds. The listed compounds make about 90
and more of the total amount of all organic
impurities polluting the environment [[1], [2], [3]].

The purpose of this work is to study the
possibility of the practical application of zeolite and
diatomite for wastewater treatment.

Experimental part

The technology of wastewater treatment from
oil pollution using sorbents of natural origin makes
it possible to get the maximum effect at the post-
treatment stage and provides an opportunity to
reverse water supply. It consists of the application
of the optimal combined method of wastewater
treatment based on a combination of traditional
reagent methods of treatment with sorption
methods. Modified natural sorbents such as
zeolites and diatomites are used as sorbents.

The purpose of this work was to select the
optimal method of modifying diatomaceous
powder and zeolite material and to reveal
possibilities of applying the obtained sorbents in
wastewater sorption treatment.

Significant excess of pollutants (pollutants)
concentration in discharged water leads to a
proportional increase in the concentration of these
substances in water bodies. Only at some
enterprises, there is a continuous analysis of the
composition of wastewater and by integral
indicators: the value of pH, by harmful impurities
(EP) pollutants (pollutants). Whereas the content of
organic compounds, oil, oil products, heavy metals

and toxic ions is often left without control.
Therefore, operational control over the content of
petroleum hydrocarbons in wastewater and natural
waters is a very important problem.

Standard methods have been developed to
control the content of NP in the air, water and soil.
They are based on chromatographic (gas and liquid
chromatography) or spectral methods (infrared and
fluorescence spectroscopy). Gas chromatography
makes it possible not only to determine the total
content of NP (like other methods), but also to
identify and quantify individual hydrocarbons that
are part of oil products. The latter circumstance
makes it possible to really assess the danger of oil
pollution, to detect its source (to determine the
type and brand of NP) and to take measures to
eliminate the consequences of pollution.

Chromatographic methods of analysis are
currently one of the most frequently used methods
for operational control over the content of
petroleum hydrocarbons in water.

Knowing the hydrocarbon composition of the
mixture of petroleum products, we can say to
which particular petroleum products (gasoline,
kerosene, diesel fuel, etc.) this pollution refers. And
this is a direct way to the source of pollution, which
is easy to identify on the basis of the results of
research of water polluted with quite a particular
type of fuel or mixture of various petroleum
products (gasoline and fuel oil, kerosene and
lubricating oils, diesel fuel, etc.) [[4], [5], [6], [7]].
Identification of  the oil hydrocarbons
corresponding to the peaks on the chromatogram
was performed by the "fingerprints" method,
comparing the desired chromatogram with the
chromatographic spectra of oil products of
different types.

Table 1 - Norms of cooling water consumption and waste water disposal for refineries

Factory Profile Water consumption, m/t Quantity of wastewater discharged into a
water body, m3/t
turnover fresh Losses Polluted Conditionall all
water y clean

Fuel profile with a 16.80 1.31 0.79 1.12 - 1.12
shallow refining scheme
oil refining
The same, with a deep 39.60 1.90 0.76 1.14 - 1.14
processing scheme
Fuel and oil profile with 41.20 2.71 1.10 1.22 0.39 1.61
a shallow oil refining
scheme
The same, with a deep 68.50 498 2.00 2.52 0.44 2.96
processing scheme

—— 34 ——
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Figure 1 - Chromatograms of model solutions a) before and b) after purification with sorbents based on
natural raw materials

Octane, 2,3,7-trimethyl (R=6,40); Dodecane, 2,6,10-trimethyl (R=7.337); Tetradecane (R=7,57); Heptadecane,
2,6,10,14-tetramethyl (R=8,06); Dodecane, 2,6,10-trimethyl (R=8.91); Hexadecane(R= 9.19); Pentadecane, 2,6,10-
trimethyl (R=9.53); Pentadecane, 2,6,10,14-tetramethyl (R=9.95); Hexadecane, 2,6,10,14-tetramethyl (R=10.69);
Hexadecane (R=11.33); Dibutyl phthalate (R=11.81); Eicosane (R=12.60); Docosane (R=13.19); Heptacosane (R=13.79);
Tetracosane (R=14.47); Heptasiloxane, hexaamethyl (R=14,83); Heptacosane (R=15,31).

By methods of GC and CHMS in the case of
relatively light fractions of oil and refinery (about to
C-12) can almost completely characterize the

individual composition of mixtures. In heavy
distillates, separate  chromatographic  peaks
correspond mainly to n-alkanes and some

isoalkanes. Other petroleum hydrocarbons are
determined in the form of a blurred peak formed
by the sum of undivided organic compounds. It has
been established that gasoline fractions cover the
range of n-paraffins Cs-Cy,, light kerosene — Cs-Cys,
diesel fuel — Cg-Cys (winter) and Co-Cy7 (summer);
the composition of various grades of mineral oils

and greases correspond to n-paraffins Ci6-Cao, Ci0-
C37 and Czs-Css, and fuel oils — C14-C33 etc.

The maximum losses of NP during their
definition in water are connected with a stage of
concentrating the extracts by evaporation.

The disadvantages of this technique are the
considerable changes in the hydrocarbon
composition of volatile NPs, which affects the
reliability of identification of individual petroleum
hydrocarbons. For intensively polluted waters it is
reasonable to use the method excluding a
concentrating stage (Table 2).
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Table 2 — Losses of petroleum products in the process of separation of petroleum products from water samples with

and without concentrating extracts

Petroleum product

Losses, %

Gasoline With Concentration Without Concentration
Kerosene 76.3 335
Diesel fuel 61.21 30.7
Fuel oil 47.5 254
4.5 27.3

Based on the work carried out, a method of
wastewater treatment was developed. The
proposed combined method of wastewater post-
treatment has several advantages over existing
ones:

- The possibility of regeneration of the sorbent,
which allows used adsorbents to reuse in the
treatment process or recycling;

- low cost of obtaining and using the sorbent as
natural mineral raw materials are used;

- environmental safety of the purification
process.

In order to achieve a deep degree of
purification of oil-contaminated wastewater it was
necessary to solve the following research tasks:

- study of wastewater treatment processes by
combined methods at the pretreatment stage;

- study of physical and chemical properties of
sorbent samples based on natural zeolite and
diatomite materials;

-determination of sorption characteristics of
sorbent samples in relation to oil and water.

Oil of Amangeldy gas and oil refinery "North
West Konys" was used in the research as a model
system. The main characteristics of oil are given in
table 3.

Table 3 - Physical and chemical parameters of North-
West Konys oil

Physico-chemical parameters Numerical values
Features Indicators

Density at 20°C, kg/m?3 845

Curing temperature, °C -3

Saturated vapor pressure, kPa 45

(mm Hg)

Mass sulfur content, % 0.37

Mass water content, % 3.04

Mass content of mechanical

impurities, % 0.07

Chemical modification by solutions of salts of
metals of various natural materials allows receiving

the sorbents having high sorption capacity on
organic and inorganic substances. Modified
sorbents with a surface nature and porous
structure different from the original mineral,
combine the useful properties of the original
material and modified sorbents [[7], [8]].

Improved systems of wastewater treatment
from petroleum products and suspended
substances by filtration have been developed.
Filters with granular loading, where modified
zeolites and diatomite are wused as sorbing
materials, are the most effective for reducing
pollution of the natural environment.

The mentioned natural materials are quite
active in the natural state, but it is found to be
advisable to activate them additionally by chemical
or thermal method to increase and regulate the
porous structure, change the chemical nature of
the surface [[9], [10], [11], [12]].

To study the adsorption characteristics of the
samples under study, a laboratory unit of flow-
through type was used. The investigated filter
powder was loaded into an adsorption column with
a diameter of 10 mm. The height of a layer of the
powder was 12 mm; investigated material was a
powder with a density about of 0.5 g/cm?
Filtration was carried out at a pressure of 0.5-1
atm, the filtration speed was measured by changing
the liquid level above the sorbent. Before filtration
of a model wastewater system, distilled water was
passed through the sorbent. The solution passed
through the column was analyzed for the content
of petroleum products. In accordance with the
results of the analysis, the degree of purification =
(Sis - Skonen)100 %/Sis, where Sis - the initial
concentration of NPs in the studied water, mgl ;
Skon - the final concentration of NPs in purified
water, mgl 1), total sorption dynamic capacity.

While studying different methods of
thermochemical modification of diatomite and
zeolite powders it has been experimentally

determined that the treatment of initial powder
with aluminum sulfate solution results in a material
with maximum sorption capacity in relation to oil
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Table 4 - Sorption properties of powders when treated with Al;(SO4)s solution of various concentrations

Mass fraction of Dynamic hydrocarbon capacity of the Hydrocarbon recovery from water, %
aluminum sulfate in powder, mg/g
solution, %
0.1 185 92
0.3 175 93
0.5 250 91
0.7 250 91
1.0 145 93
2.0 130 90

and oil products. The initial powder sorbents were
modified by the aluminum sulfate solution in the
following way: a solution of industrial aluminum
sulfate was added to the powder suspension, then
stirred for 15 minutes and the pH was adjusted to
the necessary value by the ammonia solution. An
excess of water from the suspension was separated
on a centrifuge (600 rpm), then powders were
heat-treated at 150 — 600 °C for 2 - 2.5 h.

While studying the degree of purification of CB
and the sorption dynamic capacity for oil products
at different concentrations of aluminum sulfate
solution we came to the conclusion that its
optimum quantity in the treated solution should be
0.03-0.08 g of aluminum per 1 g of powder. Such
content of aluminum salt provides an optimum
filtration rate of 0.15 mm/min (table 4).

The maximum degree of purification from oil
products has been achieved in the temperature
range of 300 - 450°C when optimizing the powder's
processing temperature.

Optimal conditions of chemical modification of
the initial diatomite and zeolite powders are
achieved by treatment of the source material with
0.1% aluminum sulfate solution, precipitation of
aluminum hydroxide at pH=7-8 and thermal
treatment at 200°C for 2 hours.

The modified adsorbents provide the degree of
wastewater treatment from oil products equal to
99,4%, which allows reducing the concentration of
oil products in wastewater from 50 to 0.5 - 1 mg/I.
The resulting powder has an adsorption capacity of
250 mg/g powder on petroleum products.

Since the oil refining industry is quite water-
intensive, water use and sewage systems are
constantly being improved in this industry to
reduce water consumption and water disposal as
much as possible. Water serves as an indispensable
resource in organizing the production cycles of a
refinery. It is used as:

- cooling agent for the end product;

- cooler of technological units and equipment;

- solvent for the preparation of reagent
solutions;

- a source of steam;

- a source of condensate.

Wastewaters of refineries differ from each
other in composition and degree of contamination.
The indicators of effluents also depend on the
quality of refined oil and the range of products
produced. Normally, the effluents of a refinery
contain or may contain the following substances:
oil and oil products, gasoline and fuel oil, kerosene
and lubricating oils, paraffin, sulfates, fatty acids,
surfactants, phenol, carbamide, cyclic organic
hydrocarbons, ammonium ions, etc.

A set of methods for continuous ecological
monitoring of natural waters, as well as express
methods, allow for timely determination of control
parameters in the processes of
wastewater treatment. Compared with the existing
ones, it gives a more accurate and
assessment of the danger of oil pollution and,
accordingly, the adoption of measures to eliminate
the consequences of pollution. Table 5 shows
normative values of general properties of waste
water and permissible concentrations of pollutants
in wastewater.

When controlling water
chemical and environmental analyses), only those

industrial

realistic

quality (sanitary-
methods of determination that are included in the
State Register of methods of chemical analysis of
the Republic of Kazakhstan are mandatory.

As a
technological schemes of wastewater treatment

result of the research, innovative
using modified natural minerals (zeolite, diatomite)

were proposed. (Figures 2 and 3).
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Table 5 - Normative indicators of general properties of wastewater and permissible concentrations of pollutants in

wastewater

Normative indicators

Maximum permissible value of the indicator in the
wastewater sample

pH 6.0-9.0
QOil Products 10 mg/I
Temperature 40°C
Mineralization (dense residue) 3000 mg/I
Fats (dissolved and emulsified) 50 mg/I
Sulfides 1.5 mg/I
Nitrogen 50 mg/I
Posphore 12 mg/I
Suspended matter 300 mg/I

Wastewater

Modified zeohte
Sorption
purification
Sedimentation gr
filtration

Used sorbent

For regeneration and
reuse

In rotation or to be

Figure 2— Schematic diagram of one-stage water treatment

One-stage treatment (figure 2) can be used
when the degree of purification of the wastewater
achieved in this case is sufficient and a deeper
treatment is not required. In the case where the
required degree of purification cannot be achieved
in one stage, a two-stage treatment s
recommended (figure 3).

In this case, the sorption process in the unit
with countercurrent introduction of the sorbent is
carried out under static conditions in two stages. By
intensive mixing of treated wastewater in the main
tank, with a given mass of sorbent (modified

diatomites and zeolites) for a certain time, and the
subsequent separation of sorbent from water in the
settling tank for 24 hours the first stage of
purification is carried out. Then in the second stage
of cleaning fresh sorbent is added to the tank with
partially cleaned water, reaching the lowest
concentration of contaminants followed by
sedimentation of the sorbent. The unused sorbent
is fed to the first stage of purification, with its
subsequent regeneration or use for other purposes

[[5], (6], [71].
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Modified Sorbent

Industrial
wastewater

Sorption purification

1 stage ‘

Used sorbent ‘ ¢ Filterino ‘ Fresh sorbent
Sorption purification '
2 stage
— Filtering ‘
Regenerationand |
reuse
‘ m ‘ ‘ Purified water ‘

Figure 3 - Technological scheme of two-stage wastewater treatment

Conclusions
Approaches and methods of testing the
proposed technologies of oil-contaminated

wastewater treatment in the conditions of a real oil
refinery (Taraz branch of Amangeldy GPP), with a
view to further improvement, as they were mainly
worked out on simulation models in laboratory
conditions. We proposed new modified sorbents
based on available and environmentally safe
domestic natural raw materials: zeolites and
diatomites [[8], [9]].

Diatomite, not treated thermally, which has
high adsorption rates and low permeability values,
can be used as an adsorbent for fine wastewater
treatment in steady-state, in water treatment
processes. The use of diatomite as an adsorbent for
the fine treatment of wastewater, in contrast to the
activated sludge usually used for this purpose. The
advantage of using diatomite for fine purification of
wastewater from contaminants is the ability to
restore the adsorption properties of diatomite after
calcination at 200-500 OC. Diatomite used for fine
purification of wastewater from heavy metal
cations can be regenerated or utilized.

Hardened diatomite, which has a relatively high
permeability at a fairly low value of adsorption, can
be used as a filtering material for coarse water

purification. It is possible to use diatomite as a
filtering material for water purification in the form
of granules of fractions 0.5-1.0, 0.8-2.0, 1.0-4.0, 2.5-
5.0 mm.

It is established that after diatomite is calcined
at temperatures from 200 to 900 OC the number of
reactive centers on its surface increases. It is
recommended to use diatomite, which has high
indices of adsorption and low values of
permeability, not treated thermally as an adsorbent
for fine purification of sewage in settling tanks, not
as a replacement for activated sludge. It is
recommended to use calcined diatomite, which has
a relatively high permeability at a sufficiently low
value of adsorption as a filtering material for rough
treatment of water used in swimming pools,
aquariums, dolphinariums. To increase the
permeability, calcined diatomite can be used in the
form of granules.

The developed complex of ecological express-
analyses for research of sewage water, their
approbation makes it possible to make a real-time
assessment of sewage water. Approbation of the
used methods of analysis of oil-contaminated
wastewater in the conditions of the Central plant
laboratory of Taraz branch of Amangeldy gas
processing plant was carried out. [[13], [14], [15],
[16], [17]].
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The possibilities of combining different
methods of treatment were investigated and the
original scheme of wastewater treatment with
sequential application of sorption, which allows
purification of up to 92% on average, was
proposed. This technology will reduce discharges
of pollutants: oil products not more than 0.5 mg/I;

not more than 20 mg/l; chlorides (by CI) not more
than 600 mg/l; sulfates (by SO4*) not more than
450 mg/l; surfactants not more than 0.4 mg/l. The
proposed technology will reduce discharges of
pollutants: oil products not more than 0.2 mg/l;

more than 20 mg/l; chlorides (by CI’) not more than
600 mg/l; sulfates (by SO4*) not more than 450
mg/|; surfactants not more than 0.4 mg/I.

The developed high-efficiency, energy-saving
technology of wastewater treatment has been
successfully implemented.

The developed highly efficient energy-saving
technology of wastewater treatment by the above-
mentioned sorbents allows obtaining maximum
effect at the post-treatment stage which ensures
the recycling water supply. Raw materials for
obtaining sorbents are modified diatomite and
zeolite  materials of Kazakhstan  deposits.

phenol not more than 0.09; suspended solids not

Cite this article as: Myrzalieva SK, Bagasharova JT, Akilbekova ShK. Study of the possibility of using zeolite and diatomite
in the treatment of oil-contaminated wastewater. Kompleksnoe Ispol’zovanie Mineral'nogo Syr'a = Complex Use of
Mineral Resources. 2022;3(322):33-42. https://doi.org/10.31643/2022/6445.26

MyHalMmeH nacTaHfaH afblHAbI CyNapAbl Ta3apTyAa LLeoIuT NeH
AMNATOMUTTI NanaanaHy MYMKiIHALIKTepiH 3epTTey

Mboip3anuesa C.K., barawaposa X.T., Akunbbekosa LL.K.

KaszakcmaH Pecryb6auKaceiHbiK MUHepanoblk WuKizammel KeweHoi Kalima eHoey #eHiHoezi yaimmoiK opmaneifel; an-dapabu
amoiHOarsl Kazak ¥ammelK YHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME
KopluaFaH opTafa TYCeTiH KenTereH 3uaHAbl 3aTTap, COHbIH, ilWiHAEe MyHal eHimAaepi eHepKacinTiK
afblHAbI cynapabl Tabusn cy obbekTinepiHe 6aKblnaycbi3 aFbi3yablH HITUXKeC 6obin Tabblnaabl.
MyHali eHAey KoaHe MyHal-XMMWUA ©HepKacibi KacinopbiHAAPbIHbIH, KYMbICbl, ©HepKacin
KCiNOPbIHAAPbIHbIH, a3 ToPi34i WhiFapbiHAbINAPbI MeH akaba cynapbl, MyHallt Koimanapbl MeH
MyHail aiigay 3ayblTTapblHAAFbl aBapuanap MeH epTTep HITUXKECIHAE MyHaWablH KoHe T.6.
KenTereH Terinyi cy MeH TOMbIPaKTbIH, WWKI MyHai MeH OHbl KaliTa eHAey eHiMAepiHiH, eneyni
Makana kengi: 08 aknaH 2022 MeJilepiMmeH NnacTaHyblHa dKen cofagpl. KasakcTaH eHip/iepiHiH, 3KonorMAcbiHa eneyni Katep
CapantamagaH eTTi: 25 aknaH 2022 TeHajipeai. Cy KolmanapblH MyHallMeH nacTaHfaH afblHAbl CyNlapMeH nacTaHyAaH Kopfay
Kabblnganabl: 16 Haypeiz 2022 MaceneciH Tybereini wewy KaCiNOPbIHAAPABIH, OCbIHAAN Cy LWAPYaLWbINbIFbIH YIbIMAACTbIPY
6osbin Tabbinagpl. OHAa ailHanManbl cymeH KabablkTay Kyiheci 6apblHWwa gambin, cy
KoViManapblHa cynapgabl asaiTtapbl.Kasipri yakbiTTa cyabl TasapTyablH

COpBLMANBIK BAICI IKONOMUANBIK ¥KafblHAH €H, KAYinci3 sKaHe Ke3dereH makcatka cait 6onbin

akaba afbl3yabl
Tabblnagbl. CopbumsaHbl TaHAaFaHAA OHbIH, COPOUMANBIK CMNaTTaManapbiHa, WWKi3aT 6a3acbiHbiH,
6osybiHa Ken KeHin 6eniHeai. CoHbIMeH KaTap, con Hemece 6acka copbeHTTi TaHaay Kesneci
dakTopnapra 6aiNaHbICTbI: Ta3apTy CanacbliHa KOMbIIATbIH TasanTap, acTayLbl 3aTTapablH, Kyii,
TasapTy caTblnapbl XaHe T.6. Cyapl Ta3apTyaa KaHe CyAbl Ta3apTyfa Aaapnayaa KoN4aHbINaTbiH
Tabusn copbumAnbIK MaTepuangapablH, KeH, aykbiMmbl 6ap. Byn »KymbicTa KasakcTaH KeH
OpblHAAPbIHAAFbl MOoAMDUKALMANGHFAH OMATOMUTTEP MEH LeoAuTTep HerisiHaeri Tabusn
maTepuangap seprrengi.

TyiiH ce3pep: MyHal, MyHai eHiMAEpi; COPOEHTTEP; XUMUADBIK KIHE TEPMUANBIK TYPAEHAIPY;
copbumaAnbIK Ta3apTy, CapKbiHAbI cynap.
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dasapnay 6enimiHiH meHzepywici. ORCID ID: https.//orcid.org/0000-0003-2997-0716; Email:
saulekerchaiz@mail.ru

Mbip3anueea Cayne KepuauzosHa

Bbarawaposea MeHicayn TeamaHoeHa MexHUKa  FblabiMOapbiHbl — KaHOudamel, KasakcmaH — Pecrly6auKacbiHelH — MUuHepanobiK

— 4) ——


https://doi.org/10.31643/2022/6445.26
https://orcid.org/0000-0003-2997-0716
mailto:saulekerchaiz@mail.ru

Complex Use of Mineral Resources 2022; 322(3): 33-42 ISSN-L 2616-6445, ISSN 2224-5243

wuKizammel KeweHOi Kalima eHoey eHiHoe2i yaimmbiK opmansiFeiHOarel MamaHoap daspaay
besnimiHiH, — aFa folabiMu Kbiamemekepi,an-®apabu ameiHOarel Ka3YY — KagedpacsiHbiH afa
oKbimyweicbl. KazakcmaHd Pecriybaukacel, Aamamesi K., ORCID ID: https://orcid.org/0000-0001-
8996-8656; Email: zh.t_bagasharova@mail.ru

Akunvbekosa LLlonnaH KanvbikynosHa

MEXHUKA  FblAbIMOApPbIHbIK — KaHOudamel,  KasakcmaH — PecnybauKacbiHbiH, — MUHepanoblK
wuKizammel KeweHOi Kalima eHoey #eHiHOe2i y1mmblK OpmanblFbIHOGF6I MaMmaHAap daspaay
besimiHiH — aFa folabiMu Kbidamemkepi, an-®apabu ameiHOarbl Ka3YY KageodpaceiHblH aFa
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NccnepoBaHMe BO3MOXKHOCTEN UCNO/Ib30BAHUA LLEOIUTA U ANaTOMUTA B

O4YUCTKe He¢Te3arpﬂ3HéHHbIX CTOYHbIX BOA

Mboip3anuesa C.K., barawaposa X.T., AKunbbekosa LL.K.

PIT1 «HayuoHanbHbIl ueHmp no KomnaekcHol nepepabomie MuHepanbHoz2o cbipba Pecrnybauku Kazaxcmat»; Kazaxckuli

HayuoHanbHeil YHUsepcumem um. ane-®apabu, Aamamel, KazaxcmaH

Moctynuna: 08 pespansa 2022
PeueHsupoBaHue: 25 gpespans 2022
MpuHATa B Neyatb: 16 mapma 2022

AHHOTAUMA

MHOroumcaeHHble BpeAHble BELLeCTBa aHTPOMNOreHHOro NPOUCXOMKAEHMA, KOTOPbIE NONagalT B
OKpY)KaloWylo cpeay B TOM uucne HedTenpoayKTbl ABAAIOTCA pe3ynbTaToM 6eCKOHTPO/bHOTO
cbpoca  NPOMBIWAEHHbIX  CTOYHbIX BOA B  NpUpOAHble  Bogoembl.  [peanpuatus
HedTenepepabatbiatowent U HebTEXMMMUYECKON NPOMBILLIEHHOCTU, ra3006pasHble BbIGPOCHI U
CTOYHbIE BOAbl MPOMBIW/IEHHbIX MPEANPUATAN, MHOFOYMC/IEHHbIE Pas3uMBbl  HepTU K
HedTENpPOAYKTOB B pesy/ibTaTe aBapuil Ha HedTexpaHWMWax U HedTeneperoHHHbIX 3aBoAax
NPUBOAAT K 3arpsA3HEHUIO BOAbI  3HAYUTENbHBLIMM KOIMYECTBAaMM CbiPO HeGTU M NPOAYKTOB ee
nepepaboTKM M CO3LAIOT CEPbE3HYI0 Yrpo3y 3Kosoruu pervoHos KasaxctaHa. KapAuHasibHbIM
peweHnem npobsembl OXpaHbl BOLOEMOB OT 3arpsASHEHUA CTOYHbIMM BOAAMM, 3arPA3HEHHbLIMU
HedTbio M HedTenpoAyKTaMm, ABAAETCA OPraHM3aLUMA TaKoro BOAHOIO X03AMCTBa NPeanpUATUR,
NPy KOTOPOM MaKCMMa/bHO pa3BMBaeTCA cucTema 06OPOTHOrO BOAOCHABXEHMA M CBOAMTCA K
MUHUMYMY COPOC CTOYHBIX BOZA B BOLOEMbI. B HacTosee BpeMa COPOLMOHHbIA METOA OYUCTKM
BOAbl ABAAETCA Hambosiee 3Ko/MOrMYecku 6esonacHbiM M LenecoobpasHbim. MNpu BbiGOpE
matepuana ans copbumm 6osbluoe BHUMaHWE yAENAETCA ero COPOLMOHHBIM XapaKTepPUCTUKaM,
M OOCTYMHOCTY CbipbeBol 6a3bl. Kpome Toro , BbIGOP TOrO MM MHOTO COp6EHTa 3aBUCUT OT TaKMX
baKTOPOB KaK: TpeBOBaHMA K KadeCTBY OYMCTKM, COCTOAHMIO 3arpA3HAIOWMX BELLeCTs, 3Tanos
OYMCTKM W ApyruX. WM3BecTeH WMPOKUIA CNEKTP MPUPOAHLIX COPBUMOHHLIX MaTepuanos,
MCMONb3YeMbIX B BOAOOYMUCTKE WM BOAOMOATOTOBKE. B paboTe ucciefoBaHbl NPUPOAHble
maTtepuasbl Ha OCHOBE MOAMQULMPOBAHHbLIX AMATOMWUTOB W LEOAUTOB KasaxCTaHCKMX
MECTOPOXKAEHUM.

KnioueBble cnoBa: HedpTb, HedTenpoAyKTbl; COPBEHTbI; XMMUYecKoe N Tepmuyeckue
MoandUUMpOBaHUe; COPBLMOHHAA OUMCTKA, CTOUHbIE BOADI.
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ABSTRACT

In connection with the ongoing depletion of mineral reserves located in relatively favorable
conditions, at shallow depths, it is increasingly necessary to involve deposits located in complex
mining and geological conditions; occurring at great depths, in complex, poorly studied and
potentially dangerous conditions. The deposits developed by the underground method are no
exception. Safe and efficient development of mineral deposits by underground method, occurring
at great depths, is complicated by the fact that with an increase in the depth of mining, the nature
of the course of deformation processes in the rock mass and the degree of their impact on the
environment change. Studies of deformation processes, their control and forecast in many cases
determine the efficiency and safety of the development of deposits of solid minerals. A practical
forecast can be made as a result of continuous tracking in space and time of deformation
processes. Currently, to determine the displacements and deformations of the earth's surface of
the field, complex monitoring is used, which includes the following methods:

- methods of preliminary diagnostics of the rock massif;

- repeated high-precision leveling;

- satellite geodetic methods, primarily interferometry methods;

- other methods of instrumental observations in regional and local areas.

It should be noted that ground-based methods used for geomechanical monitoring of earth
surface deformations, such as repeated geodetic leveling, as well as the use of satellite geodesy
methods, do not fully reflect the temporal detail and spatial scale of the changes in the earth
surface deformations. Today, the methods and technologies of space radar interferometry are of
particular practical value, which make it possible to obtain areal estimates of vertical and planned
displacements of the earth's surface with an accuracy of a few millimeters, regardless of
illumination and cloudiness conditions. Space radar interferometry (CRI) is an effective tool for
direct mapping of the earth's surface movements and deformations of structures over large areas
of the study areas.

Keywords: monitoring, displacements of the earth's surface, deformation processes, high-
precision leveling, radar interferometry.
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Introduction
for the vast majority of the rate of technogenic
The study of modern displacements and  subsidence is 1-2 cm/year, and the accumulated
deformations requires high-precision geodetic  values do not exceed the first tens of centimeters.

measurements in the monitoring mode on the
earth's surface of ore deposits [[1], [2], [3], [4]].

The sufficiently large experience of geodetic
monitoring of deformation processes at deposits
that is currently available shows [[5], [6], [7]] that
subsidence of the earth’s surface is widespread
during long-term development of ore deposits and

The consequences of such deformation processes
can be the activation of landslide processes, the
appearance of dangerous zones, displacement
troughs [[8], [9]], etc.

At the Annensky field under study, as a result of
the introduction of mining operations over many
decades, vast areas of rock movement, subsidence
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and collapse of the earth's surface have formed,
which continue to this day.

In 2004 and 2006, large collapses occurred in the
Annensky mountain region as a result of the
destruction of inter-chamber pillars (ICP) and
failures of interlayers between worked out
overlapping sloping deposits. The combined
displacement trough covered an area of about 2 km
along the strike of the Ann-2-I-1l deposit and 0.6 km
along the dip. Large rupture cracks formed on the
earth's surface along the boundaries of the shear
trough. Dips formed in the western part of the
Annensky quarry. In the western part of the trough
on the surface, in the zone of smooth shifts, the
communications network continues to be used: a
road, three collectors, a power line-35kV, a power
line-6kV, a communication line.

In this regard, further mining of mineral reserves
in such difficult conditions in the subsidence trough
area was prohibited. However, significant mineral
reserves lie under the zones of possible collapses,
which can lead to unjustified losses of balance ore
reserves.

The conclusions of studies previously conducted
by various organizations turned out to be largely
contradictory regarding the conduct of mining
operations in the area of the formation of a huge
trough, and therefore did not lead to unambiguous
decisions on the development of mineral reserves.

Therefore, the purpose of this article is to
determine the weakened zones on the earth's
surface of the Annensky mine using high-precision
leveling and space radar interferometry, which
increases the efficiency and safety of field
development.

Experimental part

Studies of deformation processes, their control
and forecast in many cases determine the efficiency
and safety of the development of deposits of solid
minerals. A practical forecast can be made as a result
of continuous tracking in space and time of
deformation processes.

The system of complex monitoring of
deformations of the earth's surface should contain
the following basic methods [[10], [11]]:

Visual monitoring of rock movements
Methods of local observations of rock

movements are used in studies of the stability of
individual local sections of a rock mass due to the

formation of continuous cracks of considerable
length.

At the same time, the elements of occurrence of
each crack at several points, the planned and height
reference of measurement points, the nature of the
surface of the cracks and the material filling them
are subject to study.

For local observations, simplified mine surveying
observations are used with the establishment of the
boundaries of distribution and the type of
deformations of rocks, the determination of the
speed and magnitude of deformations, the
identification of the critical value of displacements
preceding the onset of the active stage and the pre-
calculation of the development of deformations in
time.

Repeated high-precision leveling

Repeated high-precision leveling is performed
with the necessary and sufficient accuracy, which
can be obtained using modern instruments and
observation methods, which make it possible to
most fully eliminate systematic leveling errors.

To perform leveling at the Anennsky mine, a
modern Leica DNAO3 digital level is used, designed
for the most complex work requiring increased
measurement accuracy, with a set of three-meter
invar rails with a BAR code, which ensure leveling
with an RMS error of measuring elevations of £0.3
mm per 1 km double stroke.

Downhole reflectometry

TDR (Time Domine Reflectometry) downhole
reflectometry methods are based on the use of a
coaxial cable as a rock deformation detector. To do
this, the cable is lowered into the drilled well and
attached to the rock surrounding it with an
expanding cement slurry. An electromagnetic signal
is passed through the cable. In the process of shifting
the rock mass, local deformations of the cable occur,
which affect the passage of the electromagnetic
signal in the places of its deformation. These places
are fixed by the TDR reflector and displayed on the
screen of an oscilloscope or computer.

Space radar interferometry

Space radar interferometry is the most
important part of an integrated system for
monitoring the state and building a continuous
situational map of the earth's surface deformations.

To determine the values of the absolute values
of the displacement of the earth's surface that
occurred in the time period under study, for the
correct application of SAR - interferometry methods,
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it is necessary to use a tandem pair of radar satellite
images with a minimum value of the perpendicular
baseline (distance between spacecraft) and having a
minimum coherence value.

The discussion of the results

According to the data provided by the Annensky
mine of Kazakhmys LLP, there are 4 profile lines on
the earth's surface of the mine (Figure 1):

- profile line 65-65 bis;

- profile line 66;

- profile line 151;

- profile line 67.

According to the points of the network to
determine the vertical movements of the earth's
surface at the field, leveling of the Il class of
increased accuracy is designed. This technique
provides for a combination of relatively fast
observation with the achievement of a sufficiently
high level of accuracy, which will reliably detect local
anomalies in the vertical movements of the earth's
surface with amplitudes of 3-5 mm and more. The
practical accuracy of observations by the leveling
method of the Il class of increased accuracy is 1
mm/km.

[—

Kapbep AH

Figure 1 — Layout of profile lines at the Annensky
field

Instrumental observations on the earth's surface
of the Annensky mine have been carried out since
1976. Starting from 2009, in connection with the
linking of elevations in all profile lines, the
differences in measured observations were
recalculated. Taking into account all linking marks,
this research work provides an analysis of
instrumental observations from 2011 to the present.

Profile line 65-65bis

On the profile line 65-65 bis, observations are
made from 1 to 47 working benchmarks. In April
2009, in connection with the linking of the marks,
they were recalculated from PP No. 146 for a
difference of -0.0104 m. Also, the following
observation benchmarks were excluded due to the
destruction: 8, 12, 13, 25, 26, 37 and 39. In
September 2010, due to linking, the marks were
recalculated from the Sai triangulation to a
difference of + 0.0099 m.

Taking into account all the recalculated marks,
starting from 2011, a comparison was made of the
excesses obtained as a result of the adjustment
between the benchmarks of the profile line with the
data of all cycles (Figure 2).
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Figure 2 — Graph of subsidence according to the
observational benchmarks of the profile line 65-65bis

Analysis of subsidence along the profile line 65-
65bis, obtained from the results of multiple leveling,
shows that intense subsidence is observed at
working benchmarks 22, 23, 24, 28, 29 and 31. As
can be seen from Figure 2, intense subsidence is
noticeable in 2011 and 2015. It should be noted that
with the conduct of mining operations and the
development of the MCC in 2016, all the working
benchmarks of the profile line 65-65bis were
destroyed. In this regard, from 2016 to the present,
instrumental observations are not possible in this
area and require non-contact monitoring.

Profile line 66

On the profile line 66 observations are made
from 1 to 19 working benchmarks. In April 2009, in
connection with the linking of the marks, they were
recalculated from PP No. 146 for a difference of -
0.0104 m. Also, the following observation
benchmarks were excluded due to the destruction:
2, 3, 13, 14 and 16. In September 2010, due to
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linking, the marks were recalculated from the Sai
triangulation to a difference of + 0.0099 m.

Taking into account all the recalculated marks,
starting from 2010, a comparison was made of the
excesses obtained as a result of the adjustment
between the benchmarks of the profile line with the
data of all cycles (Figure 3).
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0,000 W
opsg 1 4 5 6 7 8

-0,100

-0,150
-0,200
-0,250
-0,300
-0,350

0,400

Graph of vertical displacements, m

2011 2012 2013 =—p— 2014 2015

2015 s 2017 g 2018 e 2019

Figure 3 - Settling schedule along profile line 66
(according to observation benchmarks)

Analysis of subsidence along profile line 66,
obtained from the results of multiple leveling, shows
that intense subsidence is observed in the area of
profile lines 10, 11, 12, 15 (Figure 3). Also, intensive
subsidence is observed in 2011 and 2016 (Figure 3).
For a more detailed analysis, it is necessary to carry
out monitoring by the method of space radar
interferometry.

Profile line 67

On the profile line 67 observations are made
from 1 to 11 working benchmarks. In April 2009, due
to the linking of elevations, they were recalculated
from PP No. 146 (+25.501) for a difference of -0.0104
m. Also, the following observation benchmarks were
excluded due to the destruction: 3, 4, 7, 9, 10 and
11. In September 2010, due to linking, the marks
were recalculated from the Sai triangulation to a
difference of + 0.0099 m.

Taking into account all the recalculated marks,
starting from 2010, a comparison was made of the
excesses obtained as a result of the adjustment
between the benchmarks of the profile line with the
data of all cycles (Figure 4).

Analysis of subsidence along the profile line 67,
obtained from the results of multiple leveling, shows
that intensive subsidence of the earth's surface is
observed in 2010 (Figure 4). It should be noted that
with the conduct of mining operations and the
development of the ICP, 80% of the existing working
benchmarks were destroyed. In this regard, for a
more detailed analysis, it is necessary to monitor the
method of space radar interferometry.
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Figure 4 — Settling schedule along the profile line 67

Profile line 151

On the profile line 151 observations are made
from 1 to 25 working benchmarks. In April 2009, due
to the linking of elevations, they were recalculated
from PP No. 146 (+25.501) for a difference of -0.0104
m. Also, the following observation benchmarks were
excluded due to the destruction: 16, 17, 18, 19, 20,
21, 22, 23, 24 and 25. In September 2010, due to
linking, the marks were recalculated from the Sai
triangulation to a difference of + 0.0099 m.

Taking into account all the recalculated marks,
starting from 2010, the comparison of the excesses
obtained as a result of the adjustment between the
benchmarks of the profile line with the data of all
cycles was made (Figure 5).
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Figure 5 — Settling schedule along profile line 151
(according to observation benchmarks)

Analysis of subsidence along the profile line 151,
obtained from the results of multiple leveling, shows
that (Figure 5):

- The revealed features of modern vertical
movements of the earth's surface in the area of the
profile line, due to the mining of the MCC in the
upper horizons and the mining of ores of the lower
horizons, consist in constantly observed subsidence
from the benchmark Rp No. 1 to the benchmark Rp
No. 15. The most significant subsidence is observed
in the area from the benchmark Rp No. 7 to Rp No.
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12. The benchmark settlement rate is = 50 mm per
year.

For further study, the development of
deformation processes, space radar surveys from
the Sentinel satellite were used for the study area
[12].

A pair of Sentinl-1B photographs with the
following parameters are used for calculations:

- Measurement mode: Interferometric wide
bandwidth (IW) measurement mode,

- Product: Level 1 Single View Complex (SLC),

- Incident angle: 29 - 46,

- Spatial resolution: 5x 20 m,

- Sweep Width: 250 km,

- Subswath number: 2,

- Polarization: VV,

- Path: 22,

- Orbit: descending

For calculations, the following software
products were considered: GMT5SAR and SNAP 6.0.
Both of these programs differ in many ways, but
they also have common features: they are open
source software and allow you to process Sentinel-1
images.

After  analyzing the advantages and
disadvantages of software products, SNAP 6.0
software was chosen to perform the calculations.
The input data processing algorithm in SNAP 6.0
software is as follows: registration, interferogram
generation, interferogram filtering, unfolding phase
and phase conversion to offsets, georeferencing.

The processing steps start with the selection and
collection of the required data, usually in SLC (Single
Look Complex) format, and end with a DEM or
deformation map.

As a result of the work carried out, a map of
displacements of the earth's surface of the territory
of the Annensky mine was built, on which
displacements of soils and soils in the subsidence
trough up to 10 mm were recorded (Figure 6).

As a result of the work carried out, a map of
displacements of the earth's surface of the territory
of the Annensky mine was built.

Displacements of the earth's surface were
determined  and according  to
observational data for the period using satellite
images of 2018, 2019 and 2020 on the territory of
the Annensky mine. The displacements took place in
height both upwards during the formation of rock
dumps, and downwards,
subsidence of the earth's surface. Comparative

recorded

as a result of the

analysis showed that the obtained results are
with the data of ground-based
measurements, as well as with the data of radar
interferometry carried out by Sovzond LLC.

consistent

Value (mm)
#® high: 0
® low: -10

Figure 6 - Map of displacements of the earth's
surface at the Annensky mine for the period 05.08.2020
—06.25.2020.

To verify the results of SAR - interferometry, a
planning map of ground mine surveying and
geodetic observations was built in the study area of
the Annensky mine. A comparative analysis of the
displacements of the Earth's surface obtained by
these methods was carried out, which showed their
consistency. A continuous situational map of the
problem areas of the Annenskoye field was
compiled.

Also, the results of a comparative analysis of
data on subsidence obtained by methods of
differential interferometry and ground leveling are
presented. Processed Sentinel data and profile lines
65 bis, 66, 67, 151 for the period 2018 to 2020 were
selected as differential interferometry data. A
detailed comparative analysis is shown in Figures 7-
8.
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Figure 7 - Comparative analysis chart for profile line
65bis
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Figure 8 - Benchmarking chart for profile line 151

Comparative analysis of the results of radar
interferometry and showed the following.

1. The registered displacements of the earth's
surface in the territory of the Annensky mine by the
methods of radar and differential interferometry of
Sovzond LLC, KazNITU-Grant, Sentinel are spatially
confined to the sediment trough of the Annensky
mine.

2. The zone of displacement (subsidence) of the
earth's surface according to the data of the
TerraSAR-X radar spacecraft, which has a higher
spatial resolution (up to 1 meter), has more detailed
detail and more accurately displays the contours of
the intensive displacement trough obtained by
ground surveying measurements.

3. The maximum absolute value of subsidence of
the earth’s surface within the subsidence trough of
the Annensky mine, obtained according to Sentinel
data from 05/08/2020 to 06/25/2020, was 10 mm.

Based on the results of the above analysis and
comparative graphs, a digital map of possible risk
areas of displacement and subsidence of the earth's
surface of the Annensky field was built (Figure 9).

KPECTOBLIV

displacement zone according to Sentinel
displacement zone according to TeraSAR-X data

subsidence contour according to ground measurements

Figure 9 — Construction of a digital map of possible
risk areas of subsidence of the earth's surface of the
Annensky mine according to TerraSAR-X, Sentinel,
ground measurements

In conclusion, we note that the accuracy of
differential interferometry methods for solving the
problem of monitoring the movements of the
earth's surface depends on the parameters of
satellite imagery.

Conclusions

As a result of the application of integrated
monitoring of the Annensky mine, displacements of
the earth's surface were determined and recorded
according to observational data for the period using
satellite images of 2018, 2019 and 2020. The
maximum absolute value of subsidence of the
earth's surface within the subsidence trough of the
Annensky mine from October 2018 to August 2020
was 0.8 cm. The displacements took place in height
both upwards during the formation of rock dumps,
and downwards, as a result of the subsidence of the
earth's surface.

Thus, the results of the conducted research
allow developing additional minerals and increasing
the efficiency of the mining enterprise.
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TYWIHAEME

CanbICTbipmanbl TYPAE KONaWnbl XKafaannapaa, Tans TepeHAaikTe opHanackaH nangansl Kasbanap
KOP/NapbIHbIH,  CapKbIYbIHbIH, ~ XanfacyblHa 6ainaHbICTbl  KypAeni  Tay-KeH-reoNornanbik
afaanapaa OpHaNaCcKaH, YIKeH TepeHAiKTe, KypAeni, Halap 3epTTeNreH }aHe bIKTUMan KayinTi
afaanapaa OpHanackaH KeH OpblHAAPbIH TapTy KaxeT. Mep acTbl daiciMeH wrepinreH KeH
OpbIHAAPbI Aa epeKlenik emMec. YNIKEeH TepeHAiKTe XaTkaH nangansl Kazbanap KeH opbiHAAPbIH
»KepacTbl 94iCiMeH Kayinci3 }aHe TMiMAi urepy Tay-KeH }KYMbICTapbIHbIH TEPERAIMHIH YFalobIMeH,
Tay-KEH MaccuBbIHAAFbI AedopmaLma NPOLECTEPIHIH KYPY CUNATbIMEH XKaHe 0N1apAplH acep eTy
JapexecimeH KublHaaiabl. [Jedopmaumnanbik npouectepai 3eptrey, onapabl H6akpiay aHe
6onkay Ken Kafpgaida KatTbl maipanbl Kasbanap KeH OpbIHAAPbLIH UrepyaiH, TMiMAiniri meH
KayincisgiriH aHbiKTanabl. MpakTMKanbiK 6omkam aedopmaumsa NPoOLECTEPIH KeHICTIKTe KaHe
YaKbITTa Y34iKCi3 Kafafanay HaTUXKeCiHAe XKacanybl MyMKiH. Kasipri yakpiTTa KeH OpHbIHbIH, Xep
BETiHIH KbI/IKYbIH XoHe AedOopPMaLUACBIH aHbIKTay YLWiH Kesneci agicTepai KaMTUTbIH KelleHai
6aKblnay KongaHblnagpl:

- Tay *KbIHbICTAapPbl MAaCCUBIH anablH ana bakbinay agicrepi;

- KaWTanaHaTbIH KOFapbl ANAIKTEr HUBEAUpPAeY;

- CMYTHUKTIK reofe3unanblK a4icTep, eH, anabiMeH nHTepbepomeTpus agictepi;

- aMaKTbIK KaHEe KeprinikTi }kepaepae acnanTtbik 6akblniayablH 6acka agictepi.

KaliTa reofieanansik HUBeAUpAeY, COHAAN-aK CNYTHUKTIK reofesna aaicTepiH KONAaHy CUAKTbI
*ep 6eTi pedopmaumanapbiHbiH, reOMEXaHNKaNbIK, MOHUTOPUHT YLWIH KONAAHbINATbIH XKep YCTi
aaictepi xep 6eTi gedopmaumanapbiHaa 60aFaH ©3repicTepAiH, YakpITIa ernken-Terkeni meH
KEHICTIKTIK MacwTabblH TONbIK KepCeTneMTiHiH aTan ©TKeH XeH. ByriHri TaHga FapblWTbIK
PafMONOKALMANBIK MHTEPDEPOMETPUAHDIH, SAICTEPI MEH TEXHONOTMUANAPDI ePeKLLEe NPaKTUKaNbIK
KYHAbINbIKKA e 60NbiN OTbIp, 01ap KapblK NeH BYNTTbIIbIK KafaalnnapbiHa KapamacTaH, 6ipiHLi
MUAMMETPre AeliHr AangikneH xep 6eTiHiH TiK )KaHe ocnap/ibl KbI/BKYbIHbIH, aNaHAbIK,
6aranapbiH anyfa MyMKIHAIK 6epedi. FapbiwTbiK pagnonoKaumanbik uHTepbepometpus (FPU) -
3epTTeNeTiH  ayMaKTapAplH, Y/AKEH ayAaHAapblHAafbl  Kep  OeTiHiH  KOo3fanbiCbl  MEH
KYpblAbIMAapAblH aebopmaunachbiH Tikenel KapTafa TyCcipyaiH, TMimai Kypanbl.

TyiiiH ce30ep: KeweHAi 6akbinay, ep BeTiHiH XbUIKYbI, AedopMaLmanbIK NpouecTep, XKofapbl
O2NAIKTEri HUBENUpAey, PaaNoN0oKaALUANDIK UHTepdepomeTpus.
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AHHOTALMUA

B cBA3M C NpoOMCXOAALLMM UCTOLLEHMEM 3aMacoB MNOJE3HbIX MCKOMAEMbIX, PACMONONKEHHbIX B
OTHOCUTENbHO BGNAronNPUATHLIX YCNOBMAX, Ha HeboAbwUX rAybuHax 3aneraHus, Bce ualle
NPUXOAWTCA BOB/EKATb B A06blYy MECTOPOXAEHMSA, PACNONOMKEHHbIE B C/OMHbLIX TOPHO-
reo/I0rMYeCcKUX YCA0BUAX, 3aneratolme Ha 6onbwmx rybuHax, B CIOXKHbIX, C1abonsyyYeHHbIX 1
NOTEHUMANbHO OMaCHbIX YCNOBUAX. He UCKAYeHWEM ABAAIOTCA UM MECTOPONKAEHMA,
pa3pabaTbiBaemble MOA3EMHbIM  Cnocobom. BesonacHoe W 3pdeKTMBHOE OCBOEHME
MECTOPOXKAEHWUM MONE3HbIX WUCKOMAEMbIX MOA3EMHbIM CMOcoboM, 3anerarowmx Ha 6onblwmx
rny6rHax, OCNOMHAETCA TEM, YTO C yBE/MYEHUEM FyBUHbI BeAEHWNA FTOPHbIX PaboT CyLLECTBEHHO
N3MEHAETCA XapaKTep NpoTeKkaHua AedopMaLMOHHbIX NPOLLECCOB B MacC1Be NOPOA, U CTEMEHb UX
BAMSHWUA Ha OKpY»KatoLyto cpeay. UccnenoBaHuna AedOPMaLMOHHBIX NPOLLECCOB, UX KOHTPOAb U
NPOrHO3 OMNpeaensloT BO MHOMMX caydasax 3PpdEKTMBHOCTbL M 6e3onacHoCTb paspaboTkm
MECTOPONKAEHWNI TBEPAbIX MOME3HbIX WCKOMaemblX. [PaKTUYeCKU MNpPorHos MmoxKet 6biTb
OCYLLECTBNIEH B pe3y/ibTaTe HEMNPEPLIBHOTO CAEXKEHUA B MPOCTPAHCTBE M BO BPEMEHM 3a
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febopmaumoHHbIMKM  Npoueccamu. B HacToslee Bpems ANA ONPeAesneHus CMeLlleHuin u
febopmaumii 3eMHOM NOBEPXHOCTU MECTOPONKAEHUA UCMO/b3YIOT KOMMAEKCHbIA MOHUTOPUHT,
BK/IlOYaloLLEeN B cebs cneaytoime MeToabl:

- BM3Ya/IbHbli MOHUTOPWHT MOABUMKEK FOPHbIX NOPOA;

- MOBTOPHOE BbICOKOTOYHOE HUBE/IMPOBAHUE;

- CNYTHUKOBbIE reofe3nyeckme MeToAbl, B NEPBYIO O4epesb, METOAbI UHTEPDEPOMETPUN;

- Apyrve MeToAbl MHCTPYMEHTabHbIX HabNOAEHUI HAa PETMOHA/TBbHBIX U JIOKAJIbHBIX YHaCTKaX.
CnepyeTt OTMETUTb, YTO HA3EMHbIE MEeTOAp!, NIPUMEHAEMbIE 418 FreOMexaHU4eCcKoro MOHUTOPUHra
Aebopmaumii 3eMHOM NOBEPXHOCTU, TakMe KaK NMOBTOPHOE reofesnyeckoe HWBESMPOBaHMe, a
TaKkXe MpPMMEHeHWEe METOLO0B CMYTHUMKOBOM reofesnu He MOJHOCTbIO OTPaXKaloT BPeMEeHHYH
[eTanbHOCTb M MPOCTPAHCTBEHHbIM MacliTab npousolealnx u3meHeHuit B aedopmaumax
3eMHOM MoBepxHOCTU. Ha ceroaHAlHuiA AeHb, 0coby0 NPaKTUYECKYHO LeHHOCTb npuobpetatot
MeTOAbl U TEXHONOTMM KOCMUYECKOW PafMONOKALMOHHOW UHTEPdEPOMETPUM, KOTOpble
NO3BOAAIOT MOAYYaTb M/IOWAAHbIE OLEHKM BEPTUKA/IbHbIX U MAAHOBbLIX CMELLEHWI 3eMHOW
MOBEPXHOCTU C TOYHOCTbIO 40 NEPBbIX MUAIMMETPOB HE3aBUCUMO OT YC/I0BUIA OCBELLEHHOCTU U
obnauyHocTU. Kocmuyeckan paanonoKaumoHHas uHtepdepometpua (KPU) npeacrasnser coboit
3¢pdeKTUBHOE CPeACTBO NPAMOro KapTUPOBAHUA MOABUKEK 3€MHOI MOBEPXHOCTU U AedopmaLinii
COOPYXKEHUI Ha BO/bLIMX NOLWAAAX UCCAEAYEMbIX TEPPUTOPUIA.

Knlovesblie  €108a.  KOMMNNEKCHbIA  MOHWTOPUHI,  CMELLEHUA  3eMHOW  MOBEPXHOCTH,
AebopmMaLMOoHHbIe NPOLLECChI, BbICOKOTOYHOE HUBENVPOBAHWE, PafapHas UHTepdepoMeTpUs.
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Increased recovery of free fine gold in the leaching process
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ABSTRACT

The current state of world mineral resources is characterized by a decrease in the quality of
minerals. An increase in production and processing volumes is possible only through the
development of new deposits and the involvement of off-balance ores, dumps and tailings, slags
and other industrial wastes in the integrated mining process. More increasing the need for
involving raw materials of complex composition, refractory, low-grade, with small reserves,
technogenic mineral waste. It becomes more and more relevant as the discovery and exploitation
of new deposits, allowing to increase the gold reserve of the Republic of Kazakhstan. The article
presents the results of sorption leaching of ore in order to extract gold associated with sulfides,
the processes of opening gold. A representative sample was taken and the phase composition of
an additional explored ore body was studied at one of the deposits in Kazakhstan. The ore sample
was prepared for research: three-time mixing by the ring-cone method, in general, three-stage
quarting and mixing were performed. It should be noted that the methods for processing gold-
bearing ore raw materials depend on many parameters, including the material composition and
technological properties. Samples from the last quarting materials were selected for chemical,
sieve and phase analyzes. It was found that the test sample contained 6.04 g /t Auand 7.9g/t
Ag, as well as fineness of gold within 0.01-0.25 mm phase analysis. Mineral gold formations can be
easily soluble in cyanide solutions (native gold, electrum), partially soluble (maldonite, or practical
are insoluble (tellurides). Gold in ores is present in the form of gold-colored sizes and shapes. Both
physical (gravity, flotation) and chemical (cyanide, etc.) methods are used to extract it. Rational
analysis also found that gold in the ore under study, crushed to a particle size of 90%, class 0.071
mm, gold is free and in intergrowths is 81.46%, gold associated with sulfides is 14.40%, in rock-
forming minerals 1.66%. Based on the data obtained, it can be stated that when cyanidating ore,
one should expect rather high rates of gold dissolution (80% or more). Gold extraction from ore
with a content of 85% fraction -0.071mm-90.2%, with a content of 85% fraction- 0.071mm-98%
with oxidative leaching. Full extraction of gold from ore is possible with sorption cyanide leaching
with their preliminary oxidation. The paper considers economically feasible existing and promising
technologies for gold extraction at the leading factories of Kazakhstan and abroad.

Keywords: gold ore, sorption leaching, chloroactive compound, sorbent, oxidizing agent.
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Introduction

The current state of world mineral resources is
characterized by a decrease in the quality of
minerals. An increase in production and processing

volumes is possible only through the
development of new deposits and the involvement
of additionally explored raw materials in the
complex, as well as the development of off-balance
ores, heaps and tailings, slags and other industrial
wastes. The most contemporary important problem
of gold hydrometallurgy is the search for rational
methods for its extraction from refractory ores and
industrial wastes. It becomes more and more
relevant as the discovery and exploitation of new
deposits, allowing to increase the gold reserve of the
Republic of Kazakhstan.

Kazakhstan has significant potential for gold-
bearing mineral resources. One of these objects is
the ore of one of the deposits of East Kazakhstan.
The field was discovered in the 70s of the last
century. Exploration of the deeper horizons of the
deposit showed the presence of a richer sulfide type
of ore.

At present, most gold processing plants process
ores in which sulfide minerals are present. Gold in
such ores is partially associated with sulfides, and
partially is in a free state. In most cases, ores of this
type are classified as refractory, and circumstances
that exclude the use of enrichment methods are
possible.

Technological mineralogy methods allow to
identify useful and harmful minerals and their
associations in ores, determine the features of their
real composition and structure, the nature of
relationships between themselves and with rock-
forming phases, control, explain and predict the
behavior of ores in technological processes. Cyanide
leaching is the main method for extracting gold from
ores both in traditional technology and in
geotechnological mining. Sodium cyanide or
potassium cyanide salts with a concentration of
0.02-0.3% are used as a reagent.

The dissolution of gold in cyanide solutions
occurs in the presence of oxygen by the reaction:

2Au+4NaCN+S0,+H,0 = 2Na[Au(CN),] + 2NaOH (1)
From the reaction it is clear that gold passes into
the solution in the form of a gold-cyanide salt of

sodium, which dissociates in solution into ions:

Na[Au(CN),] = Na*+[Au(CN)2] (2)

The possibility of the occurrence of an
electrochemical dissolution of gold is determined by
the electromotive force equal to the potential
difference of the anodic and cathodic processes. In
addition, in the presence of a complexing agent, in
particular, a CN ion, the activity of Au ions in solution
decreases during the formation of a very strong
[Au(CN),]" complex.

The instability constant of this complex is
characterized by a very small value:

_ [Aupx[eN]? -38
= Tann, - 5x 10 (3)

Therefore, in the presence of CN ions, the activity
of Au ions decreases sharply, which means that the
potential of gold decreases and its oxidation
becomes thermodynamically possible [[1], [2], [3],
[4]]. The potential for dissolving gold with the
formation of a cyanide complexis -0.611 V, while the
potential of gold itself is equal to + 1.8 V.

At the same time, studies noted that an increase
in the oxygen concentration in the solution increases
the passivation of the gold surface and, as a result,
there is a strong anodic inhibition of the dissolution
process. An excess of alkali in a solution (pH-12) of
hydrogen peroxide leads to the same effect, which
contribute to the formation of thick oxide films on
the metal surface. However, it should be noted that
the addition of chloroactive compounds increases
the rate of dissolution of the noble metal. This is in
favor of the adsorption mechanism of passivation of
gold by oxygen. A.N. Frumkin noted that when
oxygen is adsorbed, along with a change in the
double layer, the chemical nature of the metal
surface changes, which should affect the rate of the
dissolution process [[5], [6], [7]]. The addition of a
chloroactive compound to the solution leads to the
adsorption displacement of oxygen from the gold
surface, its partial depassivation, and an increase in
the dissolution rate. All of the above applies directly
to free metallic gold. At the same time, the main
problem for the gold mining industry is persistent
sulfide ores and concentrates, in which gold is
closely associated with pyrite and arsenopyrite.
These minerals are chemically stable and are not
amenable to direct leaching with solutions of acids
and alkalis. For such raw materials, various methods
of opening, grinding, bioleaching, roasting, oxidation
of autoclaves, etc.,, were proposed before the
cyanide process. The study of the decomposition of
arsenopyrite and pyrite. showed that their chemical
resistance is largely dependent on the nature of the
solvent used. The most favorable conditions for the
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oxidation of these minerals are created in alkaline
solutions in the presence of an oxidizing agent.

The aim of the work was to conduct research and
development of a sorption technology for the
extraction of gold from further explored ores [[8],
[9], [10], [11], [12], [13]].

Methods of analysis

X-ray phase analysis was carried out on a D8
Advance diffractometer (BRUKER), a-Cu radiation.
Diffraction pattern shooting conditions: U = 35 kV; |
=20 mA; scale: 2000 imp; time constant 2s; shooting
theta-2ta; detector 2 deg / min

Currently, most GEFs process ores in which
sulfide minerals are present. Gold in such ores is
partially associated with sulfides, and partially isin a
free state. In most cases, ores of this type belong to
the category of resistant. The raw material for gold
extraction is gravity-flotation concentrate from ore
enrichment. The methods of technological
mineralogy make it possible to identify useful and
harmful minerals and their associations in ores, to
determine the features of their real composition and
structure, the nature of relationships between
themselves and with rock-forming phases, to
control, explain and predict the behavior of ores in
technological processes [[14], [15], [16], [17], [18]].

The raw material base of the gold mining industry
of Kazakhstan is mainly represented by small (with
reserves up to 25 tons) and medium (from 25 to 100
tons) deposits. However, the leading position is
occupied by the deposits of Eastern, Northern and
Central Kazakhstan. The search for the most
effective integrated technology for extracting gold
from mineral raw materials is an urgent task of the
gold mining industry of Kazakhstan.

One of the key processes in the technology of
processing of resistant fine-grained ores is the
process of their opening, which provides access of
the leaching reagent to the surface of micro- and
nanoparticles of gold. The conducted studies of
hydrometallurgical methods for extracting gold from
low-sulfide ores allowed us to make a choice and
justify the prospects for the use of pre-oxidation
[[19], [20], 21]].

Experimental part

The object of research was the ore of the
processing plant of the deposits of East Kazakhstan.
In preparation for research, the sample was crushed
in stages to a particle size of -2.5 + 0 mm, was

guarting, mixed, and reduced in accordance with the
standard sampling methodology (samples) for
technological studies and the study of material
composition. Ore crushing was carried out on
laboratory jaw and roll crushers and grinding on ball,
rod and bead mills and vibro-crusher. The ore
sample is a finely ground material with a particle size
of 100 % class — 0.071 mm. The chemical
composition of the studied tailings sample is
represented by the following main components, %:
4.27 Fe; 9.02 Fe;03; 8.1 FeO; 0.010 As; 0.072 Zn;
0.016 Cu; 6.04g/tAu; 79g/tAg.

Ore cyanidation products — solution and cake —
were subjected to atomic adsorption and assay
assays, respectively.

Electron microscopic studies of the basic sulfide
mineral arsenopyrite extracted from the initial
tailings sample were carried out using a JEOL JXA-
8230 scanning electron microscope (Japan)
equipped with an energy dispersive analyzer. As can
be seen in fig. 1, pyrite in addition to the basic
structural elements - iron and sulfur also contains
gold and trace elements of copper and zinc.

From the results of a rational (phase) analysis of
the gold in the ore, finely ground to a fineness of 90
% of the class —0.071 mm (table 1), it follows that the
content of free gold in the intergrowths (cyanide
gold) is 81.46 %. The presence of finely disseminated
gold in sulfides is one of the main reasons for the
technological persistence of mineral raw materials.
14.4 0% of gold is associated with sulfides, 2.48 % is
associated with acid-soluble compounds. In the
rock-forming minerals, the gold content (0.10 g / t,
or 1.66 %).

Table 1 - The results of a phase (rational) analysis for gold
of a crushed sample of the original ore with a particle size
of 90 % of the class -0.071 mm

Forms of gold in Gold allocation
ore g/t %

Free form 4.92 81.46
Associated with
acid-soluble
minerals 0.15 2.48
(carbonates,
hydroxides,
chlorites, etc.)
Associated with
Sulfides 0.87 14.40
Finely interspersed
in rock-forming 0.10 1.66
minerals
Total in sample 6.04 100.0
(balance sheet)
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Figure 1 - energy dispersive analysis of the
microstructures of gold (a) in pyrite and
(b) in a fragment of arsenopyrite

The data of X-ray phase analysis of the sample
showed that the bulk of the sample is represented
by silicon oxide (54.7%). The proportion of pyrite in
the sample (3.4%). Clinochlor is a mineral belonging
to phyllosilicate ammonium and aluminum with
hydroxyl, the proportion of which is 11.2% (figure 2).
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2-Theta - S
e

Figure 2 - Diffractogram of an ore sample

To find the forms of gold, a rational analysis of
the ore sample was performed with the initial size
class -0.05 mm and +0.05 mm. Under an optical
microscope Axio Scope.Al, a polished section (& =
25 mm, M weights = 12-17 grams) formed from this
material was studied. As a result, found 33 golden
particles, of which:

* 26 particles in free form - 78.8%, Au dimension
from 0.5 to 6.9 mkm, i.e. ultrafine, finely dispersed
gold (Figure 3, 4);

e 7 particles in intergrowths with waste rock -
21.2%, with parameters - Au from 0.4 to 8.4 mkm
(Figure 3). The particle size is in the range: Au (0.4-
8.4 mkm), i.e. ultrafine (0.1-1.0 mkm) and finely
dispersed gold (1.0-10.0 mkm) (according to
Petrovskaya's classification "Native gold").

0 B3

A U-0.5X0.7-mKmeeessen B .04 A Au-2.4x3.0-mkm

Au-1.4x3.1-mkm ~Au-1.1x1.1-mkm-f-~Au-2.1x3.1-mkm

e ‘ Au0.9x1.0-mkm s
Au-1.5x2.6-mkm

L 4

--Au-2.6x4.0-mkm Au-4.2x5.1-mkm

- !
Au-l.OxZ,?/vmkm

Au~1.4x3./7-mkm

.
L]

. -
Au-3.9x4.5-mkm Au-1.0x1.3-mkm e -

+-Au-0.6x0.6-mkm Au-0.9%0.9'-mkm Au-2.2x4.8-mkm

- -

Au-4.5x6.9-mkm

& Au0.7x1.1:mkm Au-1.1x1.5-mkm

Figure 3 - Free gold in binder polystyrene

Below, in Figure 4, gold particles in the free state
are noted, covered with oxidation films, possibly of
goethite-limonite composition, which, in turn, gives
them a reddish tint.

.
-k Au-0.9x0.9-mkm

Au-0.8x1.0-mkm Au-1.7x1.7-mkm

Figure 4 - Free gold particles covered with
oxidation films
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Table 2 - the results of the leaching of gold from the
source ore

Parameters
N 85% - 85% - 85% -
Nomination
0,071lm | 0,071 | 0,071mm
m mm
Sample weight, g 300 300 300
The mass of the 900 900 900
solution, g
CaO0, kg/t 70% 1.5 1,5 1.5
activity
The density of the 30 30 30
pulp during
cyanidation,% solid
The concentration 0.1 0.1 0.1
of NaCN,%
pH 11.3 11.4 11.2
Type of sorbent / - Gold Ca(ClO)2
oxidizing agent, g Carb +*CIm
207C 2.5
Au content in initial 6.04 6.04 6.04
sample by assay, g/t
Au content in the 0.59 0.5 0.12
tailings solid residue
(cake), g/t
The degree of 90.2 91.6 98.0
dissolution of Au,%
Under conditions of ore treatment with

preliminary oxidation by a chloroactive complex of
compounds (= 30% Ca (ClO), + 70% * CI™),
subsequent washing of the cake with water and
cyanide leaching (pH = 11.2 solid: liquid = 1: 3, and 1
g / dm3 NaCN, the duration of 24 hours of gold
recovery is 98.0%. With direct cyanidation, the
recovery rate was only 90.2%. Sorption recovery
reached 91.6%.

Discussion of the results

The results presented in table 2 indicate that
during direct, sorption and pre-oxidation leaching,
the gold content in the leaching tailings decreases to
0.59-0.12 g/t and the degree of gold dissolution
increases to 90.2-98.0%. During sorption
cyanidation, the consumption of sodium cyanide
and alkali (calcium oxide) increased slightly (Table 2).
This is due to the fact that GoldCarb 207C activated
carbon has the ability to sorb cyanide compounds
and hydroxide ions. The increase in the consumption
of sodium cyanide during the transition from direct
cyanidation to sorption is associated with the
sorption of CN-activated carbon ions.

Based on the results of the conducted research,
the following modes for hydrometallurgical
processing of ore from the Sekisovsky deposit are
recommended:

- grinding fineness 55% -0.071 mm;

- the concentration of sodium cyanide in the
liquid phase of the pulp is 0.1%, pH 10.5-11.0;

- the ratio of solid to liquid in the pulp S:L = 1:3
(the solid content in the pulp is 33.3%);

- cyanidation time is 24 hours;

- cyanidation of gold from ore is carried out in the
presence of a sorbent (sorption leaching).

Carrying out the process in this mode allows
91.6% of gold to be dissolved from the ore with its
almost complete extraction by the sorbent and to
obtain tails of sorption cyanidation with a minimum
gold content of 0.5 g/t.

When comparing test 1 and test 3 on a crushed
product, it follows: after preliminary oxidative
treatment of the material, the extraction is higher by
7.8% (98.0% compared to the test without oxidative
treatment - 90.2%).

It follows from the above: in order to increase the
extraction of gold from the ore of the Sekisovsky
deposit by cyanidation, preliminary oxidative
treatment has a positive effect.

Conclusion

It was revealed that the sulfide ore under study
according to assay data contains 6.0 g /tgold, 7.9 g
/t silver and belongs to the sulphide gold-quartz
type. The ore is characterized by a multicomponent
mineral composition with a predominance of iron-
containing pyrite and is practically not affected by
oxidation processes. The study of mineralogical and
x-ray phase analysis and samples showed that the
bulk of the ore is represented by pyrite with rare
fragments of gold-bearing arsenopyrite. The only
valuable component in the sample of industrial
interest is gold, and silver recovery can be
considered as an associated metal. Rational analysis
found that in the ore under study gold is free and in
intergrowths is 85.51%, gold associated with sulfides
is 11.81%, in membranes 1.46%, in gangue 1.22%.
However, the formation of various types of
membranes covering the surface of free gold can to
some extent slow down the cyanidation process.
Thus, the use of preliminary oxidation by
chloroactive compounds promotes a more complete
recovery of noble metals by eliminating impurities of
various types of membranes forming on the surface
of free gold. In addition, the oxidizing properties of
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chlorine can reveal sulfide gold-bearing minerals,
such as pyrite and arsenopyrite, which also
contributes to a more complete extraction. Thus, the
use of a complex of chloroactive compounds made
it possible to extract an additional 7.8% of gold from
the sample under study compared with direct
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Lamanay npoueciHge 60c anTbiH anyabl apTTbipy

Tokrtap ., KoitxkaHosa A.K., Maromepgos [.P., A6abinaaes H.H., bakpaesa A.H.

CoTbaeB yHuBepcuTeTi, «MeTannyprus xaHe KeH 6aibITy MHCTUTYTbI» AK, , AnmaTbl, KasakcTtaH

TYWIHAEME

OneMaik MUHepanapliK-WKKI3aT pecypcTapbiHbiH, Kasipri *Kali-KyWi nainganbl Kazbanap canacbiHbIH,
TOMeHAeYiMeH cunaTtTanagpl. OHAIPY MeH KalTa eHAey KenemiH yiFaiTy aHa KeH opblHAapbIH
urepy »aHe 6anaHCTaH TbiC KEHAEPAI, YNIHAINEP MEH KanabIKTapabl, WAAKTap MEH OHEPKICINTIH,
6acka Aa KanabIKTapbiH KewweHai urepyre TapTy ecebiHeH FaHa MyMKiH 6onagbl. Kypambl Kypaeni,
Te3iMAi, TOMEH CypbINTbl, a3 KOopbl 6ap, TEXHOrEeHAIK LWNKI3aTTbl @HAEYre TapTy KaXKeTTiniri 6bapfFaH
caiblH apTbin Kenedi. On KasakcTaH PecnybAuKacbiHbIH, anTblH KOPbIH YAFalTyFa MYMKIHAIK
6epeTiH KaHa KeH OpbiHAAPbIHbIH, AlWblNyblHA KaHe MaianaHbinyblHa Kapait 6apbiHWa ©3eKTi
6ona Tycype. Makanaga cynbduaTepmeH acTackaH anTbiHAbI any MaKCcaTbIHAA KeHAi Copbumanbik,
cinTicisgeHaipy HaTuenepi, AnTbIHAbI ally NnpouecTepi KenTipinreH. OKiNAjK cbiHamaHbl ipikTey
JKy3€ere acbipbingbl oHe KasaKCTaHHbIH, KeH OpbliHAAPbIHbIH, BipiHiH, KeTe 3epTTenreH KeH
AeHeciHiH da3anblk Kypambl 3epaeneHsi. KeH cbiHamacbiH 3epTTeyre AaliblHAay OpblHAANAbI:
"cakMHa-KOHYC" 94iCiMEH YL PeT apanacTbipy, *Kanbl YL CaTbl/bl KBApTaNay KaHE apanacTbipy
opblHAanabl. KypambiHaa antbiH 6ap KeH LWKMKI3aTbIH eHAeY a4icTepi MaTepuanabiK Kypambl MeH
TEXHONIOTUANBIK KACUETTepPiH KAMTUTbIH KenTereH napameTp iepre 6alinaHbICTbl EKEHiH aTan eTKeH
KOH. XUMMANbIK, enek »aHe ¢asanblk TangaynapFa COHFbl TOKCaHAAFbl MaTepuangappaH
CbiHamanap anblHAbl. 3epTTeneTiH cbiHamaga 6,04 r/T Au skaHe 7,9 r/T Ag, coHaal-aK dasanblk,
Tanpay apkpinabl 0,01-0,25 mMm weriHae 30N0TUHHIH, ipiniri 6ap ekeHi aHbIKTanabl. ANTbIHHbIH,
MWUHepanabl Ty3inimaepi umaHug epitiHginepiHae oHa epuai (Tabusn anTbiH, 31eKTpym), iwiHapa
epuai (ManbLoHUT HEMece iC XKy3iHAae epimenai (Tennypuarep). Pyaagasbl anTbiH antbiH MesLwepi
meH dopmacbl TypiHae 6onagpl. OHbl any ywiH ¢u3MKanbiK (rpaBuTaums, dnotaumn) kaHe
XUMUANDIK (LMaHU3aums KaHe T.6.) agictep KongaHbinagbl. PaumMoHanabl Tangay CoOHbIMEH KaTap
3epTTeneTiH KeHaeri anTbiHHbIH, 0,071 MM KnacbiHbiH, 90% - biHa AeWiH ycaKTanfaHbl, anTbiH 60C
KoHe KewetTepae 81,46%, cynbbuarepmeH 6aiinaHbicKaH antbiH 14,40%, Tay KbIHbICTapbIH
KYpanTblH MuHepangapaa 1,66% ekeHairi aHbiKTanabl. ANblHFaH [epekTep HerisiHae KeHai
unaHAaay KesiHge ANTbiHAb! epiTy 6oMbIHLLIA KETKINIKTI KoFapbl KepceTkiwTepai (80% aHe ofaH
JKOFapbl) KYTY Kepek aen aiTtyra 60naabl. KypambiHaa 85% dpakuma -0,071 mm-90,2% 6onca, 85%
bpakuma-0,071 mm-98% 6onca, anablH ana TOTbIFy KesiHae KeHHeH anTbiH any. ANTbIHAbI KEHHeH
TONbIK any 01apAbl anablH ana TOTbIKTbIPA OTbIPbIN, COPOUMANBIK LUMAHUATI Waimanay KesiHae
MYMKiH 6onagpl. ymbicTa KasaKCTaHHbIH, angplHFbl  Katapabl ¢dabpukanapbiHaa KaHe
weTengepae antblH anyAblH 3KOHOMMUKaNbIK TYPFblAaH OpPbIHABI  KOMAAHbICTaFbl  KaHe
nepcnekTUBasbl TEXHONOTMANAPbLI KAapacTblpbliabl.
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MNMoBbiweHne nssneyeHus CBOGOAHOI’O 30/10Ta B npouecce Bbille/s1a4nBaHuA
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AHHOTALMA

CoBpeMeHHOe COCTOSIHMEe MMUPOBbIX MUHEPanbHO-CbIPbEBbIX PECYPCOB  XapaKTepusyertcs
CHUMKEHMEM KayecTBa MOJIe3HbIX MCKOMaembix. YBenndeHne obvemos Ao06biun 1 nepepabotku
BO3MOJHO /ML 33 CYET OCBOEHWA HOBbLIX MECTOPONAEHWUWA U BOB/MEYEHUA B KOMMIEKCHYIO
0TpaboTKy 3a6aNaHCoBbIX PyA, OTBANOB U XBOCTOB, LUIAKOB U APYIMX OTXOA0B MPOMBbILLIEHHOCTU.
Bce 6onee Bo3pacTaeT HEO6XOAMMOCTb BOB/IEYEHUA B NEPEPaBOTKY CbIpbA CIOXKHOIO MO COCTaBy,
YNOPHOro, HU3KOCOPTHOTO, C HE6ONBLWMMM 3anacamu, TexHoreHHoro. OHa cTaHoBWTCA Bce Bonee
aKTyaZlbHOW MO Mepe OTKPbITUA W 3KCM/AyaTalMM HOBbIX MECTOPONKAEHMWIA, NO3BONAIOLLUX
yBEAMYUTbL 30M0TOM 3anac Pecnybavku KasaxctaH. B cratbe npuBegeHbl pesynbTathbl
COpOLMOHHOrO BbILWENAYMBAHNUA PYAbl C LENblo WM3BAEYEHMA 30/10Ta, acCOLUMUPOBAHHOMO C
cynbduaamm, npoueccbl BCKPbITUA 3010Ta. OcylecTBAeH OTO6Op NpeacTaBuTENbHOW Npobbl U
n3yyeH $pasoBbIii COCTaB A0Pa3BEAAHHOIO PYAHOIO TeNa OAHO U3 MECTOPOXKAEHUIM KasaxcTaHa.
BbinosHeHa noAroToBKa Npobbl pyabl K UCCNeA0BaHMAM: TPEXKPATHOE NepeMeLlMBaHne MeToAoM
«KO/IbLO-KOHYC», B LE/JIOM BbIMONHEHO TpexcTyrneH4yaToe KBapTOBaHWE W NepemellvBaHMe.
CneflyeT OTMETUTb, YTO METOAbl NepepaboTKM 30/10TOCOAEPIKALLErO PYAHOMO CblpbA 3aBUCAT OT
MHOTMX NapameTpoB, BKNIOYAIOLWMNX B ce6A BELLECTBEHHDbIV COCTaB U TEXHONOIMYeCKue CBOMCTBA.
Ha xumuyeckuid, cutoBol 1 $a3oBbi aHanM3bl 0ToBpaHbl NPO6bl U3 MaTepManos nocieaHero
KBapTOBaHWA. YCTaHOB/IEHO, YTO B Uccaeayemoit npobe coaepxutca 6,04 r/Tt Au n 7,9 r/t Ag, a
TaKXe KpynHOCTb 30/10TMH B npegenax 0,01-0,25mm ¢a3oBbiMm aHanv3om. MwuHepanbHble
06pa3oBaHMA 3010Ta MOryT 6bITb JIEFKO PACTBOPUMbI B LMAaHUAHbIX pacTBopax (camopogHoe
30/10TO, 3/71EKTPYM), YaCTMYHO PACTBOPWUMbI (MaNbAOHWUT, WAM NPAKTUYECKU HEPACTBOPUMBI
(Tennypuabl). 3010TO B pyAax NpUCYTCTBYET B BUAE 30/10TMHPA3HbIX pasmepos U dopm. s ero
M3BJIeYEHUA NPUMEHAIOT Kak ¢usmyeckme (rpasutaumsa, ¢notauma), Tak M XMMUYECKUe
(umaHupoBaHWe U T.n.) MeToApl. PaUMOHaNbHbIM aHAN30M YCTAaHOB/IEHO TaKKe, YTO 30/10TO B
nccaeayemon pyae, usmenbyeHHol 4o KpynHocti 90 % knacca 0,071 mm, 301070 cBO6OAHOE U B
cpoctkax coctasnser 81,46 %, 30/10TO accoumupoBaHoro c cynbbdugamm 14,40 %, B
nopoaoobpasyowmnx muHepanax 1,66 %. Ha OCHOBaHMM MOMYYEHHbIX AAHHLIX MOMKHO
KOHCTaTUPOBaTb, YTO MPU LMAHUPOBAHMM pPyAbl CAeAyeT OXuAATb [OCTaTOMHO BbICOKMX
nokasatenelt no pactsopeHunio 30s0ta (80 % wn Honee). U3BneyeHne 3on0Ta M3 pyapl Npu
cofeprkaHun 85% dpakumm -0,071mm-90,2%, npu cogepxaHum 85% dpakumumn-0,071mm-98% npu
npeABapuTesIbHOM OKUCAeHUU. [lonHoe u3BfeYeHWe 3010Ta M3 pyAbl BO3MOXKHO Npwu
COpPOLMOHHOM LMAHUAHOM BbILENAYMBAHUM C NPESBAPUTENbHBIM UX OKUCNeHWem. B pabote
pPaccMoTpeHbl SKOHOMMYECKM LienecoobpasHble AelCTBYIOWME U NepCreKTUBHbIE TEXHONOTUU
M3B/IeYeHUA 30/10Ta Ha NepeoBbix pabpukax KasaxcrtaHa 1 3a pybexom.

KnioueBble cnoBa: 30/10TOCOAEPKALLAA PyAa, COPOLMOHHOE BbILLENAUYMBAHWNE, XIOPAKTUBHOE
coefIMHeHue, COpbeHT, oKUCAUTENb.
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ABSTRACT

The creation of competitive products with a high degree of science intensity is impossible
without the use of innovations. However, in their creation process does not always comply with
the environmental safety requirements, which leads to negative consequences for the natural
environment and human health. This article presents the results of research work group of
authors to create wear-resistant polymer composites and their rational use in the processes of
parts manufacturing machines running under the impact of the abrasive particles in the absence
or limited admission Lube. A method of applying a metal coatings on fibers and powders, in
which a metal coating layer with a thickness from 50 nm is applied to the surface by thermal
decomposition organometallic compounds vapour using CVD-method, and device for molding
polymer composites pressure. Developed innovative polymer composites based on polyamide-
6.6 reinforced with metallic fibers and powders used for the manufacture of parts of
construction, emergency rescue and other types of equipment. As a result of conducting a
comprehensive study reported an increase resources manufactured parts relative serial assembly
units. The ecological nature of the creating polymer composites in the conditions of small
innovative enterprises was ensured by conducting the process in a closed cycle with the
possibility of re-use of the reagents. This eliminated the flow of pollutants into the environment
and allowed the implementation of the principles of resource and energy conservation.
Keywords: CVD-method, organometallic compounds, polymer composites, resource saving,
environment safety, innovations.
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Introduction

The functioning of innovative enterprises is one
of the conditions for the progressive development
of the economy of a modern state. The possibility
of obtaining an innovative commercial product in
medium and small-scale production provides
undeniable advantages in the development of the
sales market and the search for optimal product
characteristics for the consumer. At the same time,
in the conditions of small innovative enterprises,
there are objective prerequisites for the
implementation of technological processes, taking
into account the requirements of technosphere

safety, energy and resource saving through the
development and implementation of low-waste
technologies, as well as the involvement of regional
natural resources in production processes [[1], [2],
(31, [4]].

When creating a new composite at an
enterprise operating on the basis of a scientific
center (university, scientific institute, etc.), the
possibility of approbation of the current results of
scientific research (technologies and equipment) at
the stages of development and experimental design
is of particular importance. At the same time, the
most difficult and interesting task is the choice of
the optimal composition and technological regimes



mailto:larisa.v.k.176@mail.ru
https://creativecommons.org/licenses/by-nc-nd/3.0/

KomnnekcHoe Ucnonb3zoBaHue MuHepanbHoro Cbipba. Ne3(322)2022

ISSN-L 2616-6445, ISSN 2224-5243

that ensure the production of materials with
desired physical, mechanical and operational
properties. It is necessary to take into account the
whole range of operating factors of machine parts
and equipment for which it is intended, testing
various options for the composition and ratio of the
material components. Such tasks are of an explicit
research nature and require deep study at the
theoretical and empirical levels of research using
the methods of thermodynamics, electron
microscopy, energy dispersive X-ray spectroscopy,
as well as bench and operational tests of samples of
materials and parts of machines and equipment.

The purpose of this study is to analyze the
possibilities and prospects for developing an
environmentally friendly method for producing
composites based on thermoplastics, the use of
which in small-scale production will ensure the
creation of an innovative product.

Experimental Part

Composites based on thermoplastics are widely
used in various industries, including mechanical
engineering and repair production in the
manufacture and restoration of machine parts
operating under the influence of wear factors and a
corrosive environment. The required properties
(wear resistance, hardness, heat resistance,
shrinkage, etc.) are obtained by combining the
characteristics of the matrix and filler [1].

To achieve optimal compatibility of the filler
elements with the matrix, they were metallized by
the CVD method of organometallic compounds in
the technological modes presented in the works
([1], [511.

The study of the quality of metal coatings was
carried out using a two-beam system (small dual
beam, FIB / SEM) in a scanning electron microscope
Quanta 3D FEG.

Obtaining images and parts from polymer
composites based on polyamide - 6.6 was carried
out using a device for injection molding of
thermoplastics and composites based on them
under pressure [6].

Bench and operational tests of images and
parts made of polymer composites were carried out
on the basis of state and interstate standards:

- state standard 18616-88 “Plastics. Method

for determining shrinkage”,

- state standard 11629-2017 “Plastics.
Friction Coefficient Determination
Method”,

- state Standard 21341-2014 “Plastics and
ebonite. Method for determining heat
resistance according to Martens".

Research discussion

As part of the research activities of the authors,
the development of methods for obtaining
wearresistant  polymer composites for the
manufacture and restoration of mating parts of
road construction, emergency rescue, tillage and
mining machines using the Chemical Vapor
Deposition method (CVD), that is, "chemical vapor
deposition”) of organometallic compounds (OMC).
Using this method, it is possible to improve the
characteristics of the filler elements of the
composite through their metallization, achieving
optimal adhesive compatibility with the matrix [[5],
[6]].

The essence of the CVD method is to convert
the initial OMC into a vapor state by evaporation or
sublimation and deposition of the metal on the
surface of the substrate heated to the
decomposition temperature of the OMC.

Figure 1 shows the general scheme of the
process.

Evaporatio

[OMC] liquid
[OMC] Sublimation

powder

. Re lated
[OMC] Decompositon [Meta|]+
gas products

Figure 1 - General scheme for implementing the OMC
CVD method

When implementing the OMC CVD method, an
active atomic background is formed, which is
accompanied by a spontaneous thermodynamically
favorable arrangement of the substance on the
metallized surface and contributes to obtaining a
uniform metal coating with a thickness of 50 nm to
200 mm on substrates, incl. complex configuration
(powder particles, fibers, etc.) [[5], [7]].

As initial metallization reagents, carbonyl,

cyclopentadienyl and bisarene OMCs can be used,
which have the volatility required for the CVD
method, the absence of aggressiveness with
respect to the substrate and the equipment used,
as well as a relatively low decomposition
temperature (up to 600°C), which is important for
implementing the principle of energy saving of
technological process [[8], [9], [10]].

When carbonyl organometallic compounds of

nickel, iron, molybdenum, and other metals are
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Table 1 — Nomenclature and Characteristics of Initial OMCs, Substrates, and CVD Metal Coatings

Substrate Original OMC Coating
, Size, , Temperature, °C ) Thickness,

View . View Basis .
microns Evaporation / Expansions microns

sublimation

Glass fibers 5-10 Ni(CO)a 30 60 - 200 Ni 0.01-0.05
Carbon fibers (diameter) Ni(CsHs)2 100 400 - 450 Ni 0.50-1.00
:aar:z:des of quartz |15 280 Fe(CO)s 100 60 - 250 Fe 0.50 - 1.00
xsezt;' powders PG- | 155 500 | Mo(CO)s 40 130 - 400 Mo 0.08-0.10

used as initial reagents, the main reaction of the
process is the thermal dissociation of OMC:

M (CO), ——xM +yCO,

where M is a transition metal of groups V ... VIII
of the Periodic system of chemical elements of D.I.
Mendeleev;

t — decomposition temperature OMC, °C.

The implementation of the process is based on
changing its temperature regime at the stages of
transferring the initial OMC to a vapor state and the
interaction of the OMC with a substrate heated to
the temperature of its decomposition. The ongoing
chemical reactions are reversible, which makes it
possible to ensure the cyclicity of metallization and
to use the initial reagents that have not come into
contact with the substrate in the repeated stages of
the process. This ensures low waste and resource
saving for technological processes of metallization
using the CVD method.

Table 1 lists the filler (substrate) elements of
composites obtained using the OMC CVD method
[1].

Figure 2 shows the appearance of metallized
powders and fibers obtained by the CVD OMC
method.

Figure 2 — Cross-section of glass fibers and quartz sand
powder particles metallized by the CVD OMC method

To obtain composites based on thermoplastics
using modified fillers by injection molding, to study
and optimize their properties in order to achieve
the characteristics required specific
operating conditions, a device has been developed,
the scheme of which is shown in Figure 3.

With this device, which is compact and simple
in design, it is possible to obtain a wide range of
samples of materials and parts. The principle of its
operation is based on filling the melt accumulator
with 9 thermoplastic granules (formaldehyde-
dioxolane copolymer, polyamide-6, polyamide-6.6,
acrylobutadiene styrene plastic, low-pressure and
high-pressure polyethylene, polypropylene, etc.)
and a filler of the appropriate type (metallized
powders, granules, fibers 5 - 7 mm long) in the
required amount (from 1 to 50% (wt.) and their
uniform heating to the melting temperature of the
thermoplastic (180 - 250°C)).

The formed melt, using a cylindrical pusher, fills

under

the cavity of the mold 11, in which it is kept under
pressure at the pressing temperature for a given
time. Then the pressure is released, the mold 10 is
cooled, the finished material sample (part) is
removed [6].
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Figure 3 - Scheme of the device for molding composites

under pressure: 1 - base; 2 - body; 3 — thermocouple; 4 -

heater; 5 - cylindrical pusher with plasticator; 6 - stock; 7

- flywheel; 8 - threaded cover; 9 - melt accumulator; 10 -
mold; 11 - mold cavity

Figure 4 shows a composite based on
polyamide-6.6 (PA 66) with a filler in the form of
short glass fibers metallized by the CVD method
(the initial reagent is nickel tetracarbonyl), a sample
of which was obtained by injection molding using
the developed device [1].

Figure 4 - Polyamide-6.6 armed with glass fibers in a
nickel film

Comparative characteristics of composites
based on polyamide-6.6 filled with metallized
powders and fibers are presented in Table 2.

The developed composites were studied for the
possibility of using for the production and
restoration of machine parts (sliding bearings, seals
for hydraulic system parts, etc.) operating in
corrosive and abrasive environments with a limited
supply of lubricants.

In particular, based on the analysis of a set of
material properties, load-speed modes and
operating conditions for the manufacture of guide
bearings for the outreach mechanism of an MTA-
160 crane installation with a maximum load of 10
kN, the optimal composite is polyamide-6.6 filled
with metallized carbon fibers; filling - 20% (wt.).

Figure 5 shows a general view of the
manufactured parts.

Figure 5 — Guide supports of the MTA-160 crane
installation, made of polymer composite

In the course of operational tests of four crane
installations in construction organizations of the
Tver region of the Russian Federation, it was found
that the wear of guide supports made from the
developed polymer composite is 60 - 70% less than
that of similar serial parts made from the VMT
"Sipas"composite.

Table 2 - Comparative characteristics of composites based on polyamide-6.6 obtained by the developed technology

Type and content of the filler
. Meggﬁ;‘;’gﬂs Carbon fibers Glass fibers Partlcles';’c:gquartz
Properties %
oMC (macc.) omMmcC % (wt.) omMmcC % (wt.) omMmcC % (wt.)
Mo(CO)s | 10-50 Ni(CsHs)z 10-20 Ni(CO)4 10-20 Fe(CO)s 10-50
Hardness, MPa 111 -140 110-138 110-150 115-151
Shrinkage, % 0.60-1.30 0.85-1.50 0.90-1.60 0.62-1.40
Heat resistance
according to 140 - 230 144 - 210 115-190 150 - 205
Martens, °C
Friction coefficient
. . 0.11-0.19 0.07-0.08 0.09-0.10 0.25-0.38
without lubricant
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Conclusions

Firstly, a fundamental
development of an environmentally friendly
technology for the production of polymer
composites is proposed, which is based on the
principles of low waste and resource saving,
implemented through innovative solutions to
optimize the properties of the filler through
metallization by the CVD method of organometallic
compounds.

Secondly, a device for molding composites
based on thermoplastics under pressure has been
developed, characterized by compactness,
reliability, structural simplicity, controlled
consumption of raw materials and a wide range of
obtained samples of materials and parts, using
which composites based on thermoplastics filled
from 10 to 50% (wt.) powders and fibers metallized
by the CVD method OMC, having shrinkage during
injection molding 0.6 - 1.6%, friction coefficient

approach to the

resistance 115 —230 °C.

Thirdly, the results of comparative bench and
operational tests of samples of materials and parts
substantiate the feasibility of using the developed
technology in the conditions of small innovative
enterprises in the restoration and manufacture of
machine parts.
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LLafbIH MHHOBALMUANDBIK K3CiNOpbIHAap KaFgaubiHAA NOAMMEPAI KOMNO3UTTEPA;
OHAiPYAiH 9KONOrMANDbIK Ta3a TEXHONIOTUACDBIH }Kacay MYMKIHAITIH 3epTTey

!Kosbipesa /1. B., 2Kosbipes B. B.,  ®aaees O. B.

1 Teepb Memaekemmik mexHUKasnbiK yHusepcumemi, Teeps K., Peceli
2 Teepb MeMaeKkemmIiK ayblawapyawslaelK akademuscel, Teeps, Peceli

TYWIHAEME

FruIBIMABL aca KaxeT eTeTiH Oocekere KaOTeTTi oHIMAI HHHOBALHMSIIAPCHI3 jKacay MYMKIH eMec.
bipak omapzsl urepy GapbIChIHIa KOIOTHSIIBIK KayilCi3IiK TajanTapsl caKraiga Oepmeiii, Oy
TabWFM OpTa MEH ajaM JIeHCAayJBIFBIHA JKAFBIMCBI3 JKarmaimapra okeneni. Makamama To3yra
Te3IMi MOIMMepITi KOMITO3UTTEPIi jkacay XKOHE ONlapibl Maifay MaTepHalIapbIHBIH KOKTHIFBI
HeMece JKeTKi3iiMi ImekTeyli »kaFjaiia abpa3suBTIK OeIIIEKTEepIiH ocepiHeH KYMBIC icTelTiH

Makana kenj: 30 KaHmap 2022 MalllMHa OeNIIeKTepiH OHIIpyae YThIMABI MaianaHy OOWBIHIIA aBTOPIAP TOOBIHBIH FBUIBIMHU-

Capantamagat eTTi: 25 aknan 2022 3epTTey IKYMBICTapbIHBIH HoTikenepi Oepinmren. CVD  omiciMeH TanmiblKTap MEH YHTaK

KaBbinaaHabl: 24 Haypois 2022 OenmiekTepiHe MeTayul KaOBIHOAPBIH Kary oJici o3ipieHai, oOHJa yeTannopraHHKaan
KOCBUTBICTAP/IBIH OYIapbIHBIH TEPMUSUIBIK BIIBIPAYBl apKBUIBI CyOCTpar OeTiHae KalblHIbEs 50
HM-JIEH  KOII KabaThl maiijga Oonmamel JKOHE ONIAPABIH  HETi3iHIeri
TEPMOIUIACTUKTEP/Il KOHE KOMIIO3UTTEP i KbICBIMMEH KaJbINTayFa apHaJIFaH KYPbUIFbI JKacaybl.

MCTa.]'I)IaHZ[Hp bIJIFaH

MeTall  KaObIH
TaJIIBIKTAPMEH JKOHE YHTAaKTapMEH HBIFAHTBUIFAaH  IOIHamMuia-6.6
HeTi31Heri WHHOBALMSUIBIK IMOJUMEPIi KOMIIO3UTTEp KOJ KYPBUIBICBIHA, aBapYSIIBIK KYTKapy
JKoHe 0acka Jja TeXHHKa TypJIepiHe apHaiIFaH OeJIIeKTep/ i )kacay YIIiH naiganansuiasl. Kemenai
3epTTeyll JKy3ere achlpy HOTIDKECIHIE CEpHSUIBIK KypacThpy KOHIBIPFUIAPEIHA KATBICTHI
OHIIpUIreH OeoJmIeKTepAiH pecypchl yiFaiasl. IllaFelH  MHHOBAUVSUIBIK — KOCIIOPBIHAAP
JKaFIaiibIHAA TONMMEPINi KOMIIO3UTTEPAl ally TEXHOJOTHSCHIHBIH OKOJOTHSIBIK Ta3aJIBIFbI
peareHTTep/i KaiiTa maiiganaHa OTBHIPBIN MPOLECTi TYMBIK LUKIAE XKYPridy apKbUIbI KAMTaMachl3
erineni. byn KopiiaraH oprara JacTaymibl 3aTTap/blH TYCYiH OONABIPMAiilbl jKoHE pecypc IeH
SHEPTUSHBI YHEM/ICY KaFUIaTTapbIH iCKE acbIpyFa MYMKIiHIK Oepei.
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AHHOTAUMA

Co3fiaHMe KOHKYPEHTOCNOCO6HOM NPOAYKLMU C BbICOKOW CTENEHBIO HAYKOEMKOCTM HEBO3MOMXKHO
6e3 npMmeHeHMA MHHOBaUMi. OgHAKO B npouecce Mx paspaboTku He Bcerga cobnogatotcs
TpeboBaHWUA 3KONOrMYecKol 6e30nacHOCTM, YTO MPUBOAMUT K HEraTMBHbIM MOCAEACTBUAM ANA
NPUPOAHON cpeapl M 340pOBbA YenoBeKa. B cTaTbe NPMBOAATCA pPe3y/abTaTbl HayyHO-
nccnepoBaTeNbCKo paboTbl KOMNEKTUBA aBTOPOB NO CO34AHWUI0 U3HOCOCTOMKMX MOSIMMEPHbIX
KOMNO3UTOB U UX pauMOHaibHOMY NMPUMEHEHUIO B npoueccax U3rotosneHna ,quaneﬁ MaLnH,
paboTatoLLMX B YCOBUAX BO3AENCTBUA abpasmBHbIX YacTUL, NPM OTCYTCTBUM MAN OrPaHUYEHHOM
NOCTYN/IEHUN CMa30uHbIX MaTepuanos. PaspaboTaH Cnocob HaHECeHWs MeTaNNNYeCcKuX
MOKPbLITUIA Ha BOJIOKHA M MOPOLLKOBble YacTuubl CVD-mMeToaoM, B KOTOPOM Ha MOBEPXHOCTM
NoANOXKKM GOPMUPYETCA CNOM METANIMYECKOTO MOKPLITUA TONLMHOW OT 50 HM MocpeacTBOM
TEPMUYECKOTO PA3/IOKEHMA NMAPOB METANIOOPTaHUYECKUX COEANHEHWMI, U YCTPOMCTBO ANA NUTbA
TEPMONIACTOB M KOMMO3UTOB Ha MX OCHOBE MoA AasieHuem. MHHOBALMOHHbIE NOAUMEPHbIe
KOMMO3UTbl Ha OCHOBE MO/MamMmnAa-6.6, aPMUPOBAHHOMO METANNN3NPOBAHHBIMU BOIOKHAMM U
NOpPOLIKaMKU, NPUMEHAAUCL AR W3TOTOBNEHWUA AeTanei A0POXKHO-CTPOUTENbHOM, aBapuitHO-
crnacaTteNlbHOW W ApYrMX BWAOB TEXHUKWU. B pesynbTaTe peanvsaumm  KOMMIEKCHOTO
nccnepoBaHma 3adUKCMPOBaAHO YBENMYEHME Pecypca M3roTOB/IEHHbIX AeTanell OTHOCUTENbHO
CepuitHbIX CBOPOYHBLIX  eAMHUL.  DKONOTMYHOCTb TEXHONOTMM  MONYYEHWA  MNOAMMEPHbIX
KOMMO3UTOB B YC/IOBMAX MasiblX MHHOBALMOHHbIX NpeanpuaTMii obecneynBaeTca nposeaeHnem
npoLecca B 3aMKHYTOM LMKNE C BO3SMOXKHOCTbIO NMOBTOPHOrO MCNO/Ab30BaHWUA PEAreHToB. ITO
WCKNIOYUT NOCTYNAEHME 3arpAsHAOWMX BELLECTB B  OKPYXKAMOLWY Cpesy W NO3BOAUT
peann30BaTb NPUHLMIbI PECYpco- 1 aHeprocbepekeHms.
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ABSTRACT

This work discusses the studies based on the microstructural properties of the improved ash and
slag materials obtained after flotation enrichment with SEM-EPMA analysis (Scanning Electron
Microscope and Electron Probe Microanalysis). According to the results of the analysis
aluminosilicate microspheres was found in all four samples with a certain concentration and their
similar morphology were identified. The microspheres are characterized by a spherical shape and
a rough shell surface. Moreover, the shells are characterized by different morphology, which is
typical after flotation enrichment. The size of the microspheres is less than 100 microns. The
chemical composition of all four samples are inhomogeneous and was found by linear EDS (Energy-
dispersive X-ray spectroscopy) analysis. However, the average values of the content of elements
are quite close to each other. The special significance of the work is emphasized by the cross
section of the shells of microspheres, which are similar to the crystallization structure of molten
metal. They play an important role as materials in the construction industry. According to the
results of SEM-EPMA studies, it is recommended to apply ash and slag materials, containing
aluminosilicate microspheres, obtained after flotation enrichment, in construction industry.
Keywords: Ash and slag waste, aluminosilicate microspheres, scanning electron microscope,
microstructure, microanalysis.
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Introduction

The current state of solid waste processing
at thermal power plants is extremely low today,
which leads to a significant accumulation of
bottom-ash waste in ash-disposal areas. When
burning coal in a boiler furnace at a state district
power station, the composition of flue ash waste
can consist of 95-98% of mineral compounds of
aluminum oxides, silicon, calcium, titanium, iron,
alkali oxides, sulfates, and sulfides. Processing of
such ash products can be converted into
valuable goods [[1], [2]], such materials as
aluminosilicate hollow microspheres. several times
lower than that produced by industrial methods.

For several decades, microspheres have been

widely used all over the world in construction:

The aluminosilicate microspheres formed during
the combustion of coal in power plant boilers as a
result of granulation of the melt of the mineral part
of the coal and the splashing of crushed small
droplets with internal gases have a diameter from 10
to several hundred micrometers, on average about
100 microns. The wall thickness is from 2 to 10
microns, the melting point is 1400-1500°C, the
density is 580-690 kg/m3. The microspheres'
properties are close to hollow microspheres which
are obtained from melts by industrial methods. It is
essential that the cost of hollow ash microspheres is

special cements, masonry mortars, plasters, liquid
concrete; in the automotive industry: tires, brake
friction pads, casting molds, body fillers; in the oil
industry: plugging materials, drilling fluids, grinding
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materials; in ceramics: refractories, tiles, aluminum
cement, insulating coatings, etc.

Any technical problem where weight reduction is
high
strength and volume savings, increased resistance to

required with low thermal conductivity,
erosion, and aggressive media can be solved with the
use of aluminosilicate microspheres.

In connection with the above, we have studied
aluminosilicate microspheres using SEM-EPMA. This
SEM-EPMA technique with a special electron probe
microanalyzer will provide information on the
chemical composition of the sample in an arbitrarily
chosen area of microscopic dimensions with high

accuracy.
Research method
The studies were conducted using JXA-8230

probe (JEOL) at an
accelerating voltage of 25 kV and an electron beam

electron microanalyzer
current of up to 5 nA (Fig. 1). The technical
capabilities of the device correspond to its passport
data, according to which the detection of impurities
or components of a substance (from boron to
uranium) and the calculation of their concentrations
are performed with standard methods based on
JEOL own EPMA program. The dimensions and

current of the electron beam were selected
empirically to provide sufficient statistics for the
collection of characteristic X-ray radiation (CXR)
pulses, and the so-called “dead time” ranged from 10
to 30%.

The the
perpendicular position of the sample concerning the

mounting  corresponded  to
electron beam, which makes it possible to obtain the
results of automatic calculation of the detected
pulses with high reliability.

The backscattered electron mode (COMPO),
which gives better images of such objects compared
to the observation and shooting mode in secondary
electrons (SEI) was used for all areas selected for
scanning electron microscope (SEM) studies. The
in the
backscattered electron mode is the known fact of
brighter emission of particles with a large atomic
number in comparison with particles that make up

main feature of the SEM contrast

the general background [3].

All automatic calculations in the EPMA program,
which the JXA-8230 electronic
microanalyzer, are performed the
approximation of an absolutely flat surface located

are used in
from

perpendicular to the electron beam. The most
important consequence of not meeting flat

Figure 1 —JEOL JXA-8230
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Table 1 — Chemical composition of samples of aluminosilicate microspheres

Elements compounds Al203 SiO: SO3 CaOo TiO2 Fe203 Na:0 P20s
weight % 18.850- | 42.224- | 0.128—- | 2,058—- | 1.024- | 4.698—- | 0.226— | 0.285-
20.770 | 48.231 0.421 2.922 1.117 12.975 0.447 0.461

surface requirements are the loss of accuracy for
sample analysis. The work used the techniques used
in IMOB JSC.

Research results and their discussion

Samples of aluminosilicate microspheres
produced after flotation concentration of ash from
burning coal in TPP from various deposits in
Kazakhstan were taken for the study.

The chemical composition of the samples (Table
1) is represented mainly by oxides of aluminum,
silicon, iron, calcium, titanium, sulfur, sodium, and
the content varies considerably depending on the
composition of the original ash. As a result of the
research, micrographs were produced in the mode
of backscattered electrons and secondary electrons
at magnifications from X100 to X3500.

Samples are free-flowing powder in the form of
various particles of irregular shape, various
structures and globules with a variety of
morphological features: ideal spheres with an intact
smooth or perforated surface, hollow spheres filled
with small particles, in the form of fragments, and all
kinds of porous grains of irregular shapes. The size

range of the observable particles is from 1 to 150
microns.

The sample presented in Figure 2 demonstrates
the most characteristic differences in the shape and
morphological features of individual globules: ideal
spheres with an intact smooth and rough surface,
hollow spheres, and aggregates of small spheres on
the surface or in cavities and dimples of large
globules. According to COMPO data, the particles
size is on average 1-150 microns. (Fig. 2). EDS
analysis from the surface of the microspheres
showed that the main elements of the shells consist
of Al, Si, Ca, Fe, K, S, Ti, Mg, Mn, Cu, Zn. (Fig. 3).

It should be noted that the composition of the
material is very heterogeneous for all samples, and
this heterogeneity is also manifested for particles of
the same sample with the same morphological
characteristics. Figure 2 shows the EDS spectra of the
particle morphology of microspheres of samples No.
1,2,3,4, which demonstrate a different set of
elements.

The average elemental composition of the
microsphere material according to the EDS

analysis is shown in Table 2.

Figure 2 — General view of the accumulated aluminosilicate microspheres (X100)
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Figure 3 — EDS analysis from the surface of microspheres (X500)
Table 2 — Average elemental composition of the surface of microspheres
Element (in % wt) Sample No. 1 Sample No. 2 Sample No. 3 Sample No. 4
0] 50.15 51.42 49.54 47.34
Mg 0.65 0.34 0.48 0.69
Al 7.05 6.98 8.95 8.12
Si 9.85 12.11 13.98 13.76
0.81 0.07 0.05 0.03
K 0.12 0.32 0.29 0.27
Ca 141 0.11 1.29 2.45
Ti 0.44 0.27 0.65 0.32
Mn 0.28 0.18 0.04 0.87
Fe 8.85 3.44 2.45 28.78
Cu 0.62 0.57 0.69 0.51
Zn 0.41 0.39 0.55 0.42
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These samples are characterized by an almost
spherical shape and a rough surface of the shell,
which different  morphologies. The
microspheres are less than 100 um in size (Fig. 4).

More detailed results of the analyzes are given in
our work [4].

In previous works, the study of aluminosilicate
microspheres from the ash and slag waste of the
Aksu State District Power Plant is considered, which
the chemical and elemental composition revealed
using scanning electron microscopy with an X-ray
spectral  microanalyzer confirm the same
composition. The paper [5] also states that the use
of ash and slag waste (ASW) from thermal power
plants brings the technology of thermal power plants
closer to waste-free by 80%. When coal is burned

have

from the Ekibastuz deposit, about 40-50% of silicon
ash is formed. Alumina can be obtained from this
ash, and cement can be obtained from alumina
production waste.

However, despite the heterogeneity of the
chemical composition of the samples, the averaged
values for the content of elements are quite close
(Table 2).

You can also see spheres with shells similar to
the crystallization structure of the molten metal [[6],
[7], [8]]. From Table 2 and Figure 4, the chemical
composition of the areas marked with a yellow cross
may indicate the content of phases resembling
fayalites, magnetites, hortonolites, ferrites, spinels,
ganites, or hypoeutectic silumins [[9], [10]].
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20
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Figure 4 — Photographs of microspheres in enlarged form from X500 to X1200 (a - sample No. 1 (X650),
b - sample No. 2 (X1200), c - sample No. 3 (X500), d - sample No. 4 (X500))
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From the point of view of greater detail, it is
recommended to perform X-ray diffractometric
measurements with large statistics after the
separation of the components in the ash.

Conclusions

The research results indicate that
aluminosilicate microspheres from bottom-ash
waste from state district power stations can be used
as ready-made microspheres after flotation ash
concentration. Its use in the industry and the
construction industry is one of the strategic ways to
solve environmental problems. Ash has good
prospects for widespread use to save resources that
are to solve economic problems associated with the
preservation of natural resources, building

materials, non-ferrous, rare metals, and other
materials.
The paper presents new data on the

concentration composition associated with the
microstructure. The microstructure gives us the
ability to visually predict the general state of the
microspheres, which is applicable to the
construction industry. In the construction industry,
aluminosilicate microspheres are used as a filler in:

inorganic building materials, lightweight structural
materials and ultralight concretes, wall blocks, dry
mortars, lime mortars, cement, plaster, high-
strength wear-resistant floor coverings for industrial
premises, paint, insulating  roofing  and
soundproofing materials, finishing and plaster
gypsum for insulation of external walls of buildings,
sound and heat insulating coatings, decorative
materials, as well as for mastics when sealing cracks
and joints, fillers, sealants, etc.

Studies have shown that our microsphere is
superior in quality to imported ones, and its
acceptable cost leads to a reduction in the cost of
finished products and a direct economic benefit to
the manufacturer. So, expensive lime and cement
can be replaced with aluminosilicate microsphere up
to 50 wt.%, and the plasticizer up to 30 wt.%, while
the properties of the materials are improved.

According to rough estimates, the cost of such
microspheres is ten or more times lower than that of
microspheres produced by industrial methods.
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POM-PCMA kemerimeH antoMoCUINKaTTbl MUKpocdepanapabl 3epTrey

'benenbaes M.XK., *U6paesa .M., 'AnTtaitbaes B.T., 2Ait6acos E.}XK.

IMeTannyprus skaHe KeH 6aibITy MHCTUTYTbI, KasakcTaH, Aamarsl K.

2Konymbuiickuin yuusepcutet, CLUA, Hblo-Mopk

TYWIHAEME
Makanaga

dnoTaumanbik

6albiTyfaH  KeWiH  anblHFaH  Kya-Waak — mMaTepuangapbliH

MMKPOKYPbINbIMABIK 3€PTTEY HITUXKENEPi KeNTipinreH. PacTpabIK 31EKTPOHAbI MUKPOCKOMUAHbI

JKOHEe PeHTreHAiK CneKkTp/ik MuKpoaHanusai (PIM-PCMA) Tangay HaTukenepi 6olibiHwa benrini

6ip KOHLEHTpauMACbl KaHe yKcac mopdonoruacbl 6ap anoMocuaMKatTbl Mukpochepanap

aHblKTanapl. bapnbiK TOPT cbiHamada aHblKTanfaH mukpocdepanap chepanbik MilWiHMEH XKaHe

Makana kengi: 15 kasan 2021
CapanTtamagaH eTri: 26 xenmokcaH 2021
Kabbinganap!: 31 Haypeiz 2022

KabblIKTbIH epecken 6eTimeH cunatranagsl. CoHaal-aK, kabbikTap daoTaumanbik 6aribiTyaaH KeriH
ToH 9p Typni mopdonoruameH cunatranagbl. MukpocoepanapapiH, menwepi 100 MKM-aeH as.
CbI3biKTbIK IAC (dHeprogucnepcuanbik PEHTreH CMEKTPOCKONWACHI) aHanu3iMeH aHbIKTanfaH

6apablK TOPT VATiHIH, XMMUANLIK Kypambl b6ipkesnki emec. Anaiiga, oOCbifaH KapamacTaH,

3/1EMEHTTEPAIH, Kypambl 60OMbIHLLIA OpTaLLa MIHAEPI OTe XKaKblH. CbiHaManapabiH 6eTiH ckaHepaey

3/IEMEHTTEP MeH
MaHbI34bINbIFbIH

oflapAblH, NiWiHAEpPiHiH, OpHanacybiH
6ankbITblAFaH

KepceTTi. MyMbICTbIH, epeKwe

MeTanablH, KpuCTanpaHy KYPbl/bIMbIHa yKcac

MuKpochepanapabiH, KabblKTapbiHbiH, KengeHeH, Kumacbl 6aca Kepcetedi. Onap Kypblabic

CanacblHAAfbI

MaHbli3abl

matepuangap 6onbin  Tabblnadbl. BasKbITbLFAH — MeTanaplH,
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KpUCTangaHybl CUAKTLI LWbIFY Teri Napanaienb KypeTiH eKi KapanaibiM npouectepaeH Typaabl:
KPUCTaNAaHy LUOFbIPbI XaHEe OCbl KPUCTaNAaHy LOFbIPbIHbIH, ecyi. PIM-PCMA 3epTTeynepiHiH,
HaTUKenepi 6OMbIHIWA ©OHEPKACINTe KIHE KypbINbIC WMHAYCTPUACBIHAA aNOMOCUIMKATTbI
MuKpochepanapbl bap dnotaumanbvik 6alibiTysaH KeliH anblHFaH KyA-WAaK maTepuangapbiH
KONAAHY YCbIHbLIAAbI.

Tyiiin ce3dep: Kyn-wnak Kangplkrapbl, antoMOCUAMKATTbl  MUKpochepanap, PacTpabiK
3NEKTPOHAbIK MUKPOCKOM, MUKPOKYPbIIbIM, MUKPOTanAay.
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UccnepoBaHne antoMOCUANKATHBIX MUKpocdep ¢ nomoubio POM-PCMA

'pynenbaes M.}K., 'M6paesa .M., 'Antaiibaes B.T., 2Aii6acos E.}K.

MHCTUTYT MmeTannyprumn u oboraieHus, KasaxcraH, r. AamaTbl
2Konymbuiickuin yuusepcuteT, Hbtlo-Mopk, CLUA

AHHOTAUMA

B craTbe npueeaeHbl pe3ynbTaThbl MUKPOCTPYKTYPHbIX  UCCnegoBaHUU 30/10WNaKOoBbIX
MaTepuanos, MOJy4eHHbIX nocne ¢notaumoHHoro oboralieHna. Mo pesynbraTam aHanAWU30B
PacTPOBOW 3/IEKTPOHHOW MUKPOCKOMUI U PEHTTEHOCNEKTPaNbHOrO MUKpoaHanusa (PIM-PCMA)
BbIAABJIEHbI A/NIOMOCUANKATHbIE MUKpocdepbl C OnNpeaeseHHOW KOHUEHTpaumMen U Ccxoxen
mopdonorvein. OBHapyKeHHble MUKpocdepbl BO BCex 4YeTbipex npobax XapaKkTepusytoTcs
chepuyeckoit Gopmoit U LIEPOXOBaATON MOBEPXHOCTbIO 060/I0UKM. Takke 060104KM
XapaKTepusylTca pPas/iMyHON Mopdonorveii, KOTOpoi CBOMCTBEHHO nocne $AoTauUMOHHOro
oborauieHus. Paamep mukpocoep coctasnseT meHee 100 MKM. OBHapyKeHHble NuHelHbIM 34C

Moctynuna: 15 okmabpsa 2021 aHaNM30M XMMMUYECKMI COCTaB BCex YeTbipex npob HeogHopogeH. OAHAKO, HECMOTPA Ha 3TO,
PeueH3upoBaHue: 26 dekabps 2021 YCPEOHEHHbIE 3HAYeHWA MO COAEPKAHWUIO 3NEMEHTOB [OCTaTOYHO 6aM3KKU. CKaHMpoBaHWe
MpuHAaTa B nevatb: 31 mapma 2022 NMOBEpPXHOCTM MPO6 MOKasa/s PacnosioKeHWe 31eMeHTOB M uX dopmbl. Ocobyto 3HAYMMOCTb

paboTbl noayepkuBaeT nonepeyHoe ceyeHue obonoyek MUKpochep, NOXO¥KMe Ha CTPYKTypy
KpUCTaNAM3aLmmn pacniaBneHHoro metanna. OHU ABAAIOTCA BaXKHbIMU MaTepuanamu B coepe
CTpOUTENbCTBA. TakMe NPOUCXOXKAEHMA KaK KPUCTANAN3aLMA pacnaaBNeHHOro MeTanna cocTouT
13 [BYX 3/1IeMeHTapHbIX NapasielbHO NPOTEKAIOLWMX NPOLLECCOB: 3aPOXKAEHUA 3apOoAabIlLen, Uan
LLeHTPOB KPUCTaNAN3aL MK, U POCTa 3TUX LLEHTPOB KpucTanamsaumu. Mo pesynbratam PIM-PCMA
nccnenoBaHUii peKOMeHAYeTCcA NPUMEHEHME 30/10LWNAKOBbIX MaTepManoB NOMYYEHHbIX rnocne
dnoTaumoHHoro  oboralweHus, C  cofepXKaHMeM  aNloMOCUAUKATHbIX  MWKpocdep B
NPOMbILWNEHHOCTU U CTPOUTENBHOM UHAYCTPUM.

KnioueBble cnoBa: 30/10W1AKOBbIE OTXOAbI, A/NIOMOCUINKATHbIE MUKpOCdheEpbl, PacTPOBbIi
3N1EKTPOHHBIN MUKPOCKOMN, MUKPOCTPYKTYPA, MUKPOAHANM3.
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ABSTRACT

Since open-pit mining operations on the elements of development systems have areas with
dynamically changing stresses and deformations of the rock mass, the stress-strain state of the
array around the sides of the quarry is considered. The objective of the research is to determine
the parameters of the stress-strain state of the array that affect the stability of the sides of the
quarry. Studies are conducted to determine the parameters of the stress-strain rock mass around
the sides of the quarry. A mathematical model has been developed for determining the factors
affecting the stability of the sides of the quarry. A multifactorial mathematical model of the
stability of the sides of the quarry from mining geological and mining technical factors was
obtained, taking into account the creep of the rock mass of the sides of the quarry. According to
the formula obtained for the multidimensional model, it is possible to find a set of factors affecting
the stability of the sides of the quarry. The obtained dependence makes it possible to determine
the desired value from the known values of the factors.

Keywords: massif, rocks, side, ledge, berm, slope, quarry, stress-strain state, deformation, stress,

stability, creep, mathematical model, strength conditions.
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Introduction

The rapid development of computer technology
and its implementation in almost all spheres of life
has led to the fact that today a competent specialist
in any field of knowledge should be well-versed in
the world of computers and possess the necessary
software tools. A modern engineer is not successful
without knowledge of computer-aided design and
analysis systems. The introduction, in this regard, of
automated calculations based on mathematical
modeling allows for a comprehensive analysis and
optimization of object parameters.

The experience of implementing such systems
shows the need to use effective numerical methods
and flexible software that implements the solution
of various tasks. The most commonly used numerical
method is the finite element method (FEM). The use

of such programs helps project organizations to
shorten the development cycle. The finite element
method is used in solving a wide variety of problems
of mathematical physics and engineering, in
particular, in the presented work, the FEM is used to
study the stress-strain state (SSS) of the rock mass
around the sides of the quarry in order to predict the
stability of the instrument arrays [[1], [2], [5], [6], [7],
(8], [9], [10]].

Research analysis

The design scheme of the modeling object is
constructed, a mathematical model and regression
dependences of the studied parameters are
obtained.

An array of rocks is a complex physical
environment with a number of specific features that
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Figure 1. Calculation scheme of the problem

largely determine its mechanical state. Therefore,
for a mathematical description of the processes
occurring in the array, when developing methods for
calculating the stability of slopes, they are forced to
resort to schematization of the phenomena and
properties of the rock mass under consideration.
The side of the quarry, as a man-made structure, is
the main supporting technological element in the
open-pit development of deposits. The objective of
the research is to determine the parameters of the
stress-strain (SSS) array that affect the stability of
the sides of the quarry. The vertical section of the
array around the ledges is considered. A rectangular
plane in a plane-deformed state, which is divided by
a grid of triangular elements with appropriate
boundary conditions, is chosen as the design scheme
(Fig. 1).

In the design scheme, g is the load acting on
the transport berm;

An unconventional method of constructing
multidimensional mathematical models is used to
process studies on determining the VAT of a rock
mass, in particular, to determine the stable sizes of
ledges and berms during field development [9].

In order to obtain a mathematical model of the
type y = f (X1, X2, X3, X4, Xs, Xs), Where y is the
maximum main tensile stress; x; = hy, X2 = h, X3 = hs,
X4 = V1, X5 = V2, Xg = E. 25 variants of the VAT array
have been investigated. In each variant, the problem
of determining the SSS of the FEM array was solved.

When solving the planar FEM problem, the
parameters (geotechnical factors) changed within
the following limits:

h1=10+30( m) — the height of the ledge with an
interval of 5 m;

h, = 10+18 (m) - is the width of the berm with
an interval of 2 m;

h; = 2+10 (m) is the width of the slope
projection with an interval of 2 m;

y1=1200+2000 (kr/m3) - density with an interval
of 200;

y2=2000+-3600 (kr/m3) - density with an interval
of 400;

E =10%-610%*(MMa) - is the modulus of elasticity
of rocks with an interval of 1,5¢10*
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Figure 2. Tangential stress isolines

Figure 2 shows the tangential stress isolines for
one of the options.

According to the above program, a
mathematical model has been obtained that takes
into account a complex of factors:

01™ = f(X1, X2, X3, Xa, Xs, Xe).

The maximum main voltage is selected as the
function.

With a correlation coefficient R = 0.965, a
generalized equation of the following form s
obtained:

Y(01™) = Y(ha)*Y(hs)*Y(v2)*Y(h2) + Y(E) + Y(y1)
(1)

where h; . is the height of the ledge, E — is the
modulus of elasticity, y1 — is the volume weight of
the upper layer, h; is the berm width, y, — is the
volume weight of the lower layer, hs — is the
projection of the slope.
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According to the formula (1) obtained for the
multidimensional model, it is possible to find a set of
factors affecting the stability of the sides of the
quarry.

According to this dependence, the desired value
is determined from the known values of the factors
from the following rock strength condition:

01 < 0Padm,

where o”.4m — is the allowable tensile stress
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Figure 3. The dependence of the height of the
ledge on 6Padm
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Figure 4. The dependence of the height of the ledge
on vy

Figures 3-5 show graphs of the distribution of
the dependence of the height of the ledge on various
factors. When one of these values was changed, the
values of the others were fixed. The quarry side, as
a man-made structure, is "in operation" for a long

time (more than 1 year), therefore, the conditions
for the development of the array can be attributed
to a Vviscoelastic environment with small
deformations in time of the elements of the
development systems.

To solve viscoelastic problems with small
deformations, an effective calculation method using
variable modules has been developed. It is known
[10] that the solution of linear hereditary creep is
reduced to the replacement of elastic constants by
integral operators. In mining geomechanics, the
Abel kernel §(t-t)™. Is most often used as the creep
core (operator). When using the method of variable
modules, the solution of the linear-hereditary creep
problem under constant boundary conditions is
reduced to the formulation of the elasticity theory
problem in the corresponding solution, no longer an
operator, but a function of time.
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Figure 5. The dependence of the height of the ledge
ony:

To solve viscoelastic problems with small
deformations, an effective calculation method using
variable modules has been developed. It is known
[10] that the solution of linear hereditary creep is
reduced to the replacement of elastic constants by
integral operators. In mining geomechanics, the
Abel kernel 6(t-t)“. Is most often used as the creep
core (operator). When using the method of variable
modules, the solution of the linear-hereditary creep
problem under constant boundary conditions is
reduced to the formulation of the elasticity theory
problem in the corresponding solution, no longer an
operator, but a function of time.

The work uses a time operator of the following
form:

Ec=E/ (1+Fy), (2)

where F;= 6t/ (1-a), a, & — are creep parameters,
tis time.
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The objective of the research is to determine the
parameters of the stress-strain state (SSS) of the
array, which affect the stability taking into account
creep.

Formula (1) using the method of variable
modules has the following form:

Y(0:™) =Y (ha) *Y(hs) *Y(v2) *Y(h2) +Y (E / (1+
6t/ (1-a)) + Y(va) (3)

According to the formula (3) obtained for
the multidimensional model, it is possible to find a
set of factors affecting the stability of the sides of the
quarry.
According to this dependence, the desired value
is determined by known values from the following
rock strength condition:

Thus, the research methodology makes it
possible to establish technologically necessary

ratios of elements of development systems
depending on specific conditions

Conclusions

According to the formula obtained for the
multidimensional model, it is possible to find a set of
factors affecting the stability of the sides of the
quarry. The resulting dependence makes it possible
to determine the desired value from known values.

As we can see from the results, the methodology
gives adequate answers to the tasks set.

The research methodology makes it possible to
establish technologically necessary ratios of
elements of development systems depending on

(4) specific conditions

Optimization of parameters will affect the level
of regulatory losses and ensure stability during the
extraction of reserves.

01" < 6Padm,

where o6°.qm — is the allowable tensile stress.

Thus, the mutual influence of the size of the
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When one of the factors changes, the values of
the others are fixed.
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Kapbep epHeynepiHiH aliHanacbiHAAFbI Tay XKbIHbICTaPbl MAaCCUBIHIH,
bUKYbIH ecenKke any

TyraHos C. K., TyraHosa M. C.

A.C.CarbiH08 ambiHOaFbl KaparaHObl mexHUKanblK yHUsepcumemi, KaparaHobl, KasakcmaH

TYAIHAEME

Urepy kyhenepiHiH, snemeHTTepi 6OMbIHILA alWbIK Tay-KEH KYMbICTapbl Tay KbIHbICTapbl
MaCCUBIHIH, AUHAMUKaNbIK ©3repeTiH KepHeynepi meH aedpopmaumsanapbl bap yyackenepre ve
6onFaHAbIKTAH, KapbepaiH, epHeynepi aliHanacbiHAaFbl MAaCCUBTIH KepHeyni-aedopmaumanaHfaH
KyMi KapacTbipblaagpl. 3epTreyaiH MiHAETI KapbepaiH, 60pTTapbIHbIH, TYPAKTbI/bIFbIHA 9Cep eTeTiH
MaccuBTIH, KepHeyni-gedbopmaumanaHFaH KyWiHiH, NnapameTpnepiH aHbikTay 60abin Tabblnagbl.
KapbepaiH, epHeynepi alHanacbiHAafbl Tay MblHbICTapbIHbIH, KepHeyni-aedopmauuanaHfaH
MacCCUBIHIH, NapameTp/aepiH aHbIKTay 6oMbIHLWA 3epTTeynep KenTipinreH. Kapbep epHeynepiHiH,
TYPaKTbI/bIFbIHA 3cep eTeTiH GpakTopnapapbl aHbIKTayAblH MaTemMaTUKaNblK moaeni a3ipneHai. Tay-
KEH KaHe reoNoruA/bIK KaHe Tay-KeH TeXHWKanblk dakTopnapfaH Kapbep KabbipfanapbiHbIH,
TYPaKTbI/bIFbIHbIH,  KONdaKTopabl  MaTeMaTUKasblK — MoAeni  Kapbep  KabblpFanapblHbIH,
aliHanacblHAAfbl TAy KbIHbICTAPbIHbIH, MaCcCacbiHbIH, CYCbllybIH €CKepe OTbIpbIN anbiHFaH. Ken
enwemai moaenb YwWiH anbiHFaH dopmyna 6oMbIHWA KapbepaiH, 6yinipaepiHiH, TypaKTblibIFbiHA
acep eTeTiH GpaKTopAap KUbIHTbIFbIH TabyFa 6onaabl. AnbiHFaH Tayenainik dbaktopnapablH, 6enrini
MOHZAEPIMEH KAXKeTTi MaHAI aHbIKTayFa MyMKiHAIK bepeai.

TyiliiH ce3dep: maccuB, Tay KbiHbiCTapbl, 60pT, Kemep, 6epma, Kenbey, Kapbep, KepHeyni-
AedbopmaumanaHfaH Kyi, aebopmaumsa, KepHey, OPHBIKTbINbIK, XbUTXKY, MaTeMaTUKabIK MOAeNb,
OepiKTIK WapTTapbl.
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CapantamagaH eTTi: 14 aknaH 2022
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YueT nonsyyecTn mMaccuBa ropHbIX Nopoa, BOKpyr 60pToB Kapbepa

TyraHos C.K., TyraHosa M.C.

KapazaHduHckuli mexHuveckuli yHusepcumem um. A. C. CazuHosa, 2. KapazaHoa, KasaxcmaH

AHHOTALUMUA
TaK KaK OTKpbITble ropHble paboTbl MO 31eMeHTaM CUCTEM pPa3paboTKU WMMEeKT YYacTKu C
OVHAMMYECKN M3MEHAIOLLMMMCA HaMpsaKeHUMn 1 aepopmaumamnm maccvBa TOPHbIX NOPOA,
paccMaTpuMBaeTCa HanpsasKeHHo-AedOpPMUPOBAHHOE COCTOAHME MaccMBa BOKPYr 6OPTOB Kapbepa.
Moctynuna: 08 cenmaps 2021 3afayeit ncciefoBaHWI ABAAETCA ONpeaesieHMe NapameTpoB HanpaKeHHO-4edOPMUPOBaHHOIO
PeueHsuposaHme: 14 ppespans 2022 COCTOSIHME MacCMBa, BAMAIOLME HA YCTOMYMBOCTL HOPTOB Kapbepa. MpuBoaaTca nccnegosaHmna no
MpuHATa B neyatsb: 31 mapma 2022 onpeaeneHnio NapaMmeTpoB HanpaKeHHO-4ehOPMUPOBAHHOTO MACCMBA FOPHbLIX MOPOA, BOKPYT
60pTOB Kapbepa. PaspaboTaHa maTemaTMyecKkas MoAeNb onpeaeneHns GakTopos, BANAIOLLMX Ha
ycToMuMBOCTL 6OPTOB  Kapbepa. [lonyyeHa MHOrodakTopHas MmaTemaTMyeckas MOAENb
YCTOMYMBOCTU BOPTOB Kapbepa OT FOPHOTre0NOrMYECKUX U FOPHOTEXHUYECKUX HAKTOPOB C y4ETOM
NoA3y4YecTM MaccMBa rOPHbIX NMOpog BOKpyr 60pToB Kapbepa. Mo dopmyne, noayyeHHoW ans
MHOTOMEPHOM MOAENN, MOMKHO HaWTM KOMNAEKC paKTOPOB, BAMAIOLLMX HA YCTOMYMBOCTb HOPTOB
Kapbepa. [onyyeHHas 3aBUCMMOCTb A3eT BO3MOMKHOCTb ONPEAENIUTb MO M3BECTHbIM 3HaYEHUAM
($aKTOpPOB MCKOMYIO BENNYUHY.
Kntoyesbie ca108a. MaccuB, ropHblie nopoapl, 6opT, ycTyn, 6epma, OTKOC, Kapbep, HanpaXeHHO-
aedopmmpoBaHHOe cocTosHue,  gedopmaumsa, Hanps)KeHWe, YCTOMYMBOCTb, MO/I3YYECTb,
MaTemaTMyeckas Mogenb, YCN0BUA MPOYHOCTU.

WHpopmayus o6 asmopax:
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ABSTRACT

This article presents a study on the processing of waste dust from electrical smelting of iimenite concentrates
with the removal of silica from them by alkaline and fluoride methods. The study of the smelting dust leaching
by caustic soda solutions included investigation of the effect of sodium hydroxide concentration, process
time, temperature, S:L ratio. The optimum conditions of concentrate electric smelting dust leaching -
temperature 80-90 °C, duration 90-120 minutes, S:L ratio = 1:5, sodium hydroxide solution concentration 110-
115 g/dm3 were determined. The optimum conditions for fluorination of electric melting dust were
determined, at which the sublimation degree of silicon fluoride was 84.2 %. Studies have been performed to
decomposite obtained silicon-containing sublime in the presence of ammonia agent. The optimum pyrolysis
modes that provide the separation of fluoride and silicon oxide - temperature 530-560 °C and duration of 60-
80 min have been determined based on the results of thermal analysis and studies on the process duration
effect. The silicon oxide content in the obtained product was 96.3%.

Keywords: fine dusts, leaching, sodium hydroxide, silicon dioxide, fluorination
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Introduction

a high dust content. During the smelting of ilmenite
concentrates at 1600-1700 °C, silica contained in the

The largest producers of titanium sponge are
China, Japan, Russia, Kazakhstan, the USA, and
Ukraine [[1], [2], [3]]; and one of the leading
suppliers is Kazakhstan enterprise - Ust-
Kamenogorsk Titanium-Magnesium Plant JSC
(UKTMP JSC) that produces about 18 % of the world
sponge titanium production. The raw material used
to produce titanium is ilmenite concentrate that is
reductively smelted to produce titanium slag and
substandard pig iron. UKTMP JSC uses a one-stage
electric smelting of ilmenite concentrates to
produce titanium slag and pig iron, the charge for
smelting is supplied in a loose state accompanied by

charge is sublimed, and together with gases is
entrained into the gas duct system, it condenses as
amorphous silica SiO; in scrubbers and falls into fine
bag filters. Due to the high silica content, the dust
cannot be recycled to the smelting process or fed to
the chlorinators. In the first case, high silica content
causes boiling of the melt and in the second case, the
presence of silica will affect the quality of titanium
tetrachloride produced during slag chlorination,
because subsequently the silica will transfer to
titanium tetrachloride and deteriorate the grade of
titanium sponge. Because of the inability to recycle
the captured dust back into the process, it is
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deposited together with other solid waste in
designated areas, landfills. Annually at maximum
capacity utilization UKTMP produces up to 76,000 t
of chloride wastes, including about 600 t of fine
sleeve filter dust. Under the influence of natural
precipitation and wind, the waste is eroded and
dispersed, polluting water and soil basins [4]. The
enterprise has to pay huge fines for the maintenance
of the accumulated waste.

The main sources of industrial production of
precipitated silica are silicate blocks prepared by the
fusion of sand with sodium hydroxide [5]. The
essence of obtaining precipitated silica from silicate
blocks is as follows: the block is obtained by fusion
of sand with sodium hydroxide at 1700 °C, then it is
boiled in an autoclave at high temperature and
pressure. Amorphous silica is extracted from the
obtained solution of sodium silicate after its
clarification and dilution by carbonation with carbon
dioxide, then neutralization of the solution with
sulphuric acid. The process used in industry to
produce precipitated silica (“white carbon black”) is
is energy and labor-intensive.

Waste gases absorbed in the production of wet-
process phosphoric acid and superphosphate
containing a mixture of gaseous silicon tetrafluoride
and hydrogen fluoride produce silica-silica solution
[6]. In the studies [[7], [8], [9]], silicon dioxide is
obtained by mixing silicicofluoric acid solution or a
mixture of hexafluorosilicate and ammonium
fluoride solutions with ammonia water. The specific
surface area of the resulting white carbon black is
100-220 m?/g. In the way [10] silica gel is used to
produce silica that is a waste product of aluminum
fluoride production, in this way the silica gel is
treated in suspension by a mixture of ammonia and
water steam at a ratio of ammonia to water steam
1:30-100 at 500-700 °C. In another process [11], to
obtain silicon dioxide and aluminum fluoride used in
aluminum metallurgy, a solution of silicon
hexafluoric acid is mixed with an aluminum
hydroxide suspension, as a result of their interaction
to obtain a solution of aluminum fluoride and silica
gel precipitate. In the method [12] inactive silica gel
is treated with a mixture of ammonium fluoride and
sulphuric acid, with subsequent neutralization of
silica gel with ammonia, separation, washing, and
drying of silica precipitate. Strong mineral acid H,SO4
is used to dissolve silica gel, so an acidic silica
solution is formed, and during neutralization with
ammonia silica precipitation occurs in the presence
of sulphation that significantly deteriorates the
quality of the main product. The disadvantage is also
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the formation of a by-product - ammonium sulfate,
the use of which is very limited.

As mentioned above, due to the high silica
content, dust from the electric smelting of ilmenite
concentrates cannot be recycled back into the
smelting process. In this research work, two
methods have been shown to remove silica from
electrosmelting dusts. The first method is by
leaching dust with sodium hydroxide solutions, the
second method is by hydrofluorination of dust and
sublimation of silicon fluorides. Both methods make
it possible to remove silicon from the dust, after
which the dust can be returned to electric smelting.

Methods of analysis

X-ray experimental data were obtained on
BRUKER D8 ADVANCE apparatus on copper radiation
at accelerating voltage 36 kV, current 25 mA.

X-ray fluorescence analysis was performed on a
Venus 200 PANalytical B.V. wave dispersion
spectrometer. (PANalytycal B.V., Holland).

Chemical analysis of samples was performed on
an optical emission spectrometer with inductively
coupled plasma Optima 2000 DV (USA,
PerkinElmer).

Mapping of elemental and phase composition of
samples was performed on electron-probe
microanalyzer JXA-8230 by JEOL (Japan).

Thermal analysis was performed on a TG-
DTA/DSC synchronous thermal analyzer with a
Jupiter STA 449 F3 quadrupole mass spectrometer
(Germany).

Materials: sodium hydroxide grade “high”
(“Kaustik” JSC, Russian Federation). The fine dust of
electric smelting of ilmenite concentrate, provided
by UKTMP JSC, Republic of Kazakhstan, the content
of the main components is given in Table 1.

Table 1 - Contents of the main components of the electric
smelting dust of ilmenite concentrate, wt.%

Content, wt. %
TiO2 | Fe203 | SiO2 | ZnO | MgO
46.37 | 26.90 | 10.04 | 3.18 | 1.55

Cr203
0.45

MnO2
2.90

Methods of experiments

Experiments on leaching with sodium hydroxide
were performed in thermostatic reactors of 0.5 dm?
volume. The slurry was stirred with a glass stirrer. A
certain amount of sodium hydroxide solution was
poured into the reactor and heated to a given




Complex Use of Mineral Resources. 2022; 322(3):79-88

ISSN-L 2616-6445, ISSN 2224-5243

temperature. When the temperature reached the
desired value a sample of dust was added and
leaching was started. At the end of the process, the
pulp was filtered and the cake was washed with
distiled water. The content of uncontrolled
components in the washed cake was determined.

During the experiments, the following
components were used: pure sour ammonium
fluoride GOST 9546-72, 10 and 25% ammonia, the
dust of bag filters for electrofusion of ilmenite
concentrates of UKTMP JSC.

The methodology of the experiment was as
follows. A sample with thoroughly mixed
ammonium bifluoride and dust in a certain ratio was
transferred into an alundumina boat that was placed
in a steel tube located in a horizontal tubular
furnace. Argon was fed through the steel tube and
the furnace was heated to a predetermined
temperature within a certain time interval. At the
end of the experiment the outgassed ammonium
hexafluorosilicate was collected at the end of the
steel tube and the gas-air mixture was captured in a
flask with ammonia water. The ammonium
hexafluorosilicate and the remaining char in the
flask were subjected to ammonia alkaline hydrolysis.
After alkaline hydrolysis amorphous silica was
subjected to pyrolysis to distill the remaining
fluorine. The content of the components was
determined by chemical and X-ray fluorescence
methods.

Results and discussion

Destruction of silicate bases of electro-smelting
dusts of ilmenite concentrates can be performed by
the so-called alkaline desiliconization method that
consists of leaching dust in solutions of sodium
hydroxide. In this approach the silicates have to be
dissolved, with silicon passing into the alkaline
solution as a soluble sodium silicate - Na,SiO3 and
titanium must remain in an insoluble residue.

Physico-chemical properties of the dust of
electro smelting of ilmenite concentrate: the results
of XRD analysis of the dust are shown in Figure 1.

The data of X-ray diffraction analysis shows that
the substance of the dust sample is in the X-ray
amorphous state and the background of the
diffractogram is high.

It should be noted that iron in the dust is in
trivalent state and the harmful impurity silicon is
connected with magnesium.

The content of trace impurities and forms of
entrails in the dust of electro-smelting of ilmenite

concentrate was determined by electron
microscopy (Figures 2, 3). The presence of particles
of solid solution nFe,03mTiO, was established
(Figure 3).
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Figure 1 - Diffractogram of electric smelting dust of
ilmenite concentrate
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The phase which radiographically characterized
as Fe = Mn — TiO [13] system may be referred to
anosovite (Figure 2). It is noted that a part of
anosovite particles is in the cover from oxides of
silicon and zinc (Figure 3) and a part is in the cover
from oxides of silicon, zinc, and lead. In addition,
rare earth metal phosphates and particles of lead
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and zinc oxides are present in the electric smelting
dust of the ilmenite concentrate. The image
obtained in the secondary electrons showed the fine
dispersion of the object. The results of
physicochemical investigations of the dust of
electro-smelting of ilmenite concentrate showed
that part of titanium is bound in hard-to-recover
anosovite that can be enclosed in a shell of
amorphous silicon oxide.
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Figure 3 - Image and spectrum of anosovite particles in
Si02, ZnO, PbO cover

The fine dust condition should contribute to the
efficiency of the leaching of the injurious impurity,
silicon.

Effect of concentration of sodium hydroxide
solution. Study of the influence of concentration of
sodium hydroxide solution on the extraction of
silicon, chromium, manganese, zinc, and iron in the
solution was performed in the concentration range
of 50-130 g/dm3. The duration of the experiments
was 2 h, S:L = 1:5. The stirrer speed was 600 rpm.

Figure 4 shows curves of the degree of leaching
of controlled elements into the solution. It is seen
from the course of the curves that silicon leaches
into the solution most completely - 77.7 %. It is
explained by the good solubility of sodium silicate in
alkaline solutions.

Increasing the concentration of sodium
hydroxide in the leaching of electro-smelting dust of

ilmenite concentrate led to a decrease in the cake
yield (Figure 5).
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Figure 4 - Dependencies of the degree of leaching of
controlled elements into solution on the concentration
of sodium hydroxide
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Figure 5 - Dependence of cake yield on sodium
hydroxide concentration

The chromium leaching degree is considerably
lower — 44.4 %. Franklinite decomposes to form
hydroxo complex Zn(OH); [14]. Silicon and iron in
combined presence in the alkaline solution can form
different iron-silicon complexes. This fact increases
the solubility of iron in alkaline solution [[15], [16]].

The curves of solubility of metal oxides on alkali
concentration have ascending and descending
branches with a distinct maximum. Under the
conditions of current studies, the maximum is
reached at sodium hydroxide concentration of 110-
115 g/dm3.

Thus, it was experimentally determined that the
optimum concentration of sodium hydroxide for
leaching of electro-smelting dust of ilmenite
concentrate is 110-115 g/dm?3.

Effect of the leaching process duration. Effect of
duration of leaching of silicon, chromium, zinc,
manganese, and iron from electrical smelting dust of
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ilmenite concentrate was studied in the range of 15-
120 minutes, temperature 80 °C, S:L = 1:5, sodium
hydroxide concentration 130 g/dm3. The stirrer
speed was 600 rpm.

Figure 6 shows that even in the first 15 minutes
of leaching the degree of transition of silicon in an
alkaline solution reaches a significant value of 57.7
%. At the same time, the recovery of other
controlled impurities does not exceed 13-18 %.
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Figure 6 - Effect of leaching duration on the
extraction of silicon, chromium, zinc, manganese, and
iron in the alkaline solution from the electric smelting

dust of the ilmenite concentrate
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Figure 7 - Dependence of cake yield on the duration
of leaching of electrowinning dust of ilmenite
concentrate (80 °C, S:L = 1:5, NaOH concentration 130
g/dm?)

Increasing the duration of the dust processing
with an alkaline solution beyond 90 minutes does
not cause a significant effect.

With increasing duration of the process of
interaction of smelting dust of ilmenite concentrate
with alkali-soluble formations pass into solution and
cake yield decreases (Figure 7).
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Thus, the optimum duration of leaching of
electro-smelting dust of ilmenite concentrate with
sodium hydroxide solution is 1.5-2 hours.

Effect of temperature on leaching process. The
influence of leaching temperature on the extraction
of chromium, silicon, zinc, manganese, and iron in
solution was studied in the range of 40-95 °C. The
duration of the experiment was 2 h, S:L = 1:5, sodium
hydroxide solution concentration was 130 g/dm?.
The stirrer speed was 600 rpm.

It follows from the data in Table 2 that with
increasing temperature from 40 to 60 °C the silicon
extraction degree increases by 23 %, further
increasing of leaching temperature from 60 to 80 °C
leads to less considerable silicon extraction degree
increase - by 13 %. Dust leaching at 95 °C allowed
82.8 % of silicon to be transferred into a solution that
is only 5 % more than at 80 °C.

Table 2 - Effect of the temperature of the electric smelting
dust leaching process of the ilmenite concentrate on the
degree of extraction of the controlled components in the
solution, %

Temperature, Cake SiO, Cr203 Zn0O MnO Fe 03
°C yield,
%
40 88.2 41.8 3.8 6.5 1.0 3.4
60 74.4 64.7 32.8 19.4 | 16.5 17.8
80 61.6 77.7 39.3 36.8 | 36.3 36.4
95 51.4 82.8 42.0 43.8 43.5 41.1

The behavior of other controlled impurities is
similar to that of silicon when the temperature
regime of the leaching process is changed.

Therefore, the optimum temperature for
leaching of electro-smelting dust of ilmenite
concentrate is 80-90 °C.

Effect of S:L ratio on leaching process. The
research of influence of the ratio of smelting dust of
ilmenite concentrate to sodium hydroxide solution
was performed in the range 1:4+10 at 80 °C, time -
120 min, stirring speed 600 rpm, sodium hydroxide
solution concentration 130 g/dm3.

Analysis of the data presented in Table 3 showed
that changing the ratio of solid to liquid 1:5 or more
has little effect on the extraction of chromium, zinc,
manganese, and iron in the solution.

An increase in the volume of alkaline solution
per unit mass of dust from 1:3 to 1:8 leads to an
increase in the degree of silicon extraction into the
solution. A further increase in the sodium hydroxide
flow rate has practically no effect on the transition
of silicon into solution.
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Studies of the effect of solid to liquid ratio on the
efficiency of the leaching process of electrowinning
ilmenite concentrate dust have shown that the ratio
of 1:5 is optimum.

Table 3 - Effect of S:L ratio on the recovery of silicon,
chromium, zinc, manganese, and iron in solution, %.

Cake | SiO2
S:L | yield,
%
1:3 | 80.0 | 654 | 22.8 | 16.7 | 13.0 | 13.5
1:5 | 61.66 | 77.7 | 31.3 | 35.7 | 34.5 | 34.9
1.8 | 56.3 | 81.1 | 41.0 | 37.0 | 353 | 35.7

1:10 | 54.7 | 82.1| 424 | 37.7 | 351 | 354

Cr203 | ZnO | MnO | Fe203

Therefore, optimal conditions of leaching of
electro-smelting dust of ilmenite concentrate were
determined experimentally: temperature 80-90 °C,
duration 90-120 min, ratio S:L = 1:5, sodium
hydroxide solution concentration 110-115 g/dm?3.
The residue from dust leaching with the content of
46 % TiO,, 26.4% Fe,03, 3.6 %Si0;, is returned to the
technological process.

The experiments on fluorination of dust from
electric smelting of ilmenite concentrate were
performed with the help of specially made
installation that included argon cylinder or air,
manometer, flowmeter, horizontal tubular furnace,
refrigerator-condenser, a gas-sink system consisting
of two flasks filled with 10 % ammonia-water
solution.

As a result of the works the optimum conditions
for fluorination of electric melting dust of ilmenite
concentrate were determined: the temperature 260
°C, the duration 6 hours, the mass ratio of dust to
ammonium hydrodifluoride was 1:1. Under these
conditions, the sublimation degree of silicon fluoride
was 84.2 %.

According to X-ray phase analysis, the silicon-
containing sublime is represented by oxonium
hexafluorosilicate and to a small extent by
ammonium hexafluorosilicate (Table 4).

Table 4 - Phase analysis of silica-containing substrate (260
°C, 6 h, dust: NHsHF2 = 1:0.9)

The component Formula Contentin the
sample, %
Ammonium .
hexafluorosilicate (NHa)2SiFs 19
Oxonium .
hexafluorosilicate (H:0)aSiFs 98.1

Ammonium and oxonium hexafluorosilicates are
highly soluble in water at room temperature. To
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precipitate silicon oxide it is necessary to act with an
alkali, e.g. ammonia by reactions:

(NH4)SiFe + 4NH4OH = SiO2 + 6NH4F + 2H,0 (2)
(H30)2SiFe+ 6NH40H = SiO2 + 6NH4F +6H20 (2)

Precipitation of amorphous silicon oxide
according to thermodynamic calculations should be
performed in the temperature range of 25 - 100 °C
[16]. In a solution containing hexafluorosilicate ion
heated to 40 °C 10 % and in the second case 25 %
ammonia solution up to pH 7.5 - 8 were injected
under active stirring in portions in the first case.

During the investigation of influence of
ammonia solution concentration on amorphous
silicon oxide precipitation efficiency, it was noticed
that the preset pH value is reached in 20-30 minutes.
However, the formation and precipitation of silicon
oxide flakes require suspension soaking.

With 25 % ammonia solution- about 80 min; and
with 10 % ammonia solution -90 min (Figure 8). The
composition of the precipitated amorphous product
is shown in Table 5.

Table 5 - Contents of main components and impurities in
the precipitated amorphous product, wt %

SiO2 | NH4F Fe Cu Zn As Sr Pb other

81.6 12.9 0.045 | 0.005 | 0.025 | 0.014 | 0.003 | 0.017 5.4

-

Sedimentation rate.%

0 20 10 60 80 100

Duration, min

Figure 8 - Dependence of amorphous silicon oxide
precipitation

Table 5 shows that the product does not contain
any heavy metals or arsenic. The presence of
ammonium fluoride is due to its absorption by
amorphous particles and cannot be removed by
washing the sludge with water. Ammonium fluoride
is known to decompose on heating. In this
connection, a thermal analysis of the obtained
amorphous silicon oxide was performed. The result
is presented in Figure 9. The combination of

—— g4 ——
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exothermic effects with peaks at 310.9 °C and
1060.7 °C on the dDTA curve is an indication of
amorphous silica. The combination of endothermic
effect with extremum at 126.2 °C and exothermic
effect with a peak at 1233.1 °C on the dDTA curve
characterizes the melting of FeF, impurity. The
endothermic effect with the extremum at 1144 °Con
the DTA curve shows the release of previously
adsorbed gases. The weak endothermic effect with
the extremum at 1292.3 °C on the DTA curve reflects
the sublimation of aluminum fluoride impurity.

The analysis of the DTG curve showed that at
526.4 °C the weight loss of the sample increased due
to hydrogen fluoride removal. Therefore, the
temperature of 530-560 °C is adopted for the
pyrolysis of the product, the composition of which is
shown in Table 3. The effect of duration was studied
in the range of 20-80 min. The results are shown in
Figure 10.

The curve of Figure 10 shows that the pyrolysis
process duration of 60-80 min provides the
purification of silicon oxide from fluorine at 95-99 %.

The composition of the amorphous silica
obtained is shown in Table 6.

on process duration (1 —10 % NH4OH; 2 — 25 %
NH,OH).
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Figure 10 - Effect of pyrolysis duration on the degree of
hydrogen fluoride sublimation
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Table 6 - Contents of main components and impurities in
amorphous silica, wt.% (converted to oxides)

SiO2 F
96.3 ND

Fe203
0.14

AlbO3
0.16

Zn0O
0.02

Cao
0.03

TiO2
0.15

X-ray phase analysis of the obtained product
showed amorphous silicon dioxide monophase.

Therefore, the optimum pyrolysis regime for the
separation of fluoride and silicon oxide should be
considered as 530-560 °C and a duration of 60-80
min. The conducted studies have shown the
possibility of obtaining commodity amorphous silica
from waste dust of electric smelting of ilmenite
concentrate.

After alkaline hydrolysis of the residue in the
boat was obtained titanium-containing product
composition, wt. %: 42.5 TiO,, 26.0 Fe;03, 2.4 MnO,,
1.3 Si0,, 0.9 Al,03, 0.2 K;0, 1.2 ZnO, 0.014 Zr0O,, 0.9
PbO. The product can be returned to electromelting
together with ilmenite concentrate.

Conclusions

Physical and chemical study of electric smelting
dust of ilmenite concentrate has shown that a part
of titanium is bound in hard-to-recover anasovite
that can be enclosed in the shell of amorphous
silicon oxide. The finely dispersed state of the dust
should contribute to the efficiency of the leaching of
the harmful impurity - silicon.

Optimal parameters of sodium alkali leaching of
electric melting dust of ilmenite concentrate have
been determined: NaOH concentration - 110-115
g/dm?3; S:L- 1:5; temperature - 80-90 °C; duration -
90-120 min. The degree of extraction of silicon in the
solution was 77,7 %. The titanium-containing
product obtained after alkaline leaching of dust
contained 48 % TiO,, 26 % Fe;0s that can be
returned into the technological process.

The process of silicon sublimation from fine
dusts of electro-smelting of ilmenite concentrates
was investigated. The optimum conditions of
fluorination of smelting dust of ilmenite concentrate
were determined: temperature 260 °C, duration 6
hours, the mass ratio of dust to ammonium
bifluoride = 1:1. Under these conditions, the degree
of silicon fluoride sublimation was 84.2 %.

The conditions of amorphous silica precipitation
from the process duration at 25 % ammonia
concentration were studied. Amorphous product
with 81.6 % SiO,, 12.9 % NHi;F was obtained.
Optimum pyrolysis conditions that provide the
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separation of fluoride and silicon oxide: temperature
530-560 °C and duration 60-80 min have been
determined. The content of silicon oxide in the
product obtained was 96.3 %.

After alkaline hydrolysis of the cinder, a
titanium-containing product containing 48 % TiO,,
26,0 Fe;0O; was obtained that is returned to the
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MnbmMmeHUT KOHLEHTPATbIH TUPOMETANNYPIUANDBIK 6HAeyAe TY3inreH

KanpblKTapAaaH KpeMHUU AUOKCUAIH any aaictepi

! Yabrapakosa A.A., ! Kapwsbifa 3.6., ! Jloxosa H.I., 1 Haiiman6aes M. A.,

1Ecenrasues A.M., 2BGepHc . C.
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Makana kengi: 19 xenmokcaH 2021
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TYWIHAEME

MaKanaga unbMeHUT KOHLEHTPATTapPbIH 3NEKTPIK 6aNKbITy KE3iHAE Ty3iNreH Kanaplk WaHabl 6HAen, ofaH
KpemMHuigi cinTini »kaHe GpTopuAaTi aaicTepmeH any HolbIHLLIA 3epTTeyaep KepceTinreH. dNeKTpobankpiTy
LWaHbIH HAaTPUI TMAPOKCUAI epiTiHAINepIMEH WaliMmanay, HaTPU TMAPOKCU AT KOHLEHTPALMACBIHbIH, 9CepiH,
NPOLECTiH, Y3aKTbIfblH, aHe K:C KaTblHacblH 3epTTeyai NnbmeHut

TemnepaTtypaHbl KamTuApl.

KOHLEHTPATbIH 3N1eKTPOBANKpITy KesiHAeri TysinreH WaHabl LWalkmanayablH, OHTaWAbl LWapTTapsl
6enrineHgi: Temnepatypa 80-90 °C, y3aktbifbl 90-120 muH, KaTbiHackl K:C = 1:5, HaTpuii ruapoKcuai
epiTiHAICIHIH, KoHUeHTpaumaAckl 110—-115 r/ams. DnekTpobanKbITy WaHblH GTopaayablH OHTabI WapTTapbl
aHbIKTanapl, 6yn Kafganga KpemHun dTopuaiHii cybanmmaumsanaHy aspexeci 84,2% kKypagpl. AnblHFaH
KpemHuiii 6ap BO3roHAbl aMMMUaK areHTiHiH, KaTbiCybIMeH biAblpaTy bGoWbIHIIA 3epTTeynep Kyprisingi.
TepMuANbIK Tanaay »KaHe MPOLLECTiH, Y3aKTbIFbIHbIH, 9CEPiH 3epTTey HaTuxenepi 6oibiHWa ¢Topua neH
KPEeMHUI OKCUAiHIH, 6eniHyiH KamTamacbl3 eTeTiH MNUPONM3AIH OHTalAbl pexumaepi benrineHai:
Temnepatypa 530-560 °C kaHe y3aKTblk 60—80 MUH. ANblHFaH BHIMAEr KPEMHWUI OKCUAIHIH, menwepi
96,3% Kypaabl.

TyiiiH ce3pep: ycakamMcnepcTi WaHAaap, Wwamanay, HaTpuii rMAPOKCUAI, KpemHut guokeuai, dbropnay.
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Cnocobbl yganeHna KpemHe3sema 13 OTX040B NMPOMETANNYPrudecKoro
nepeaena WibMeHUTOBOrO KOHLEeHTpaTa

1 Ynbrapakosa A.A., ! Kapwbira 3.5., ! Jloxosa H.T., 1 Haliman6aes M. A.,
1Ecenrasues A.M., 2BepHc .

1Satbayev University, AO «MHcmumym memasnnaypauu u obozaweHus», Aamamel, KazaxcmaH
2 YHusepcumem Homp-Aam, «LjeHmp ycmolivugoli sHepeemuku» CLUA, Caym-berd, CLUA

AHHOTALMUA

B cTaTbe npeacTaBneHbl UCCNefoBaHNA NO nepepa60TKe OTBa/IbHbIX Mbliewn 3N1EeKTPOoNn1aBKN UIbMEHUTOBbLIX
KOHUEHTPATOoB C yAaleHUem U3 HUX KPpeMHUA WeNoYHbIM U d)TOpVI,EI,HbIM meTogamu. B nccneposaHue
BbllWeNnavynBaHMA nNblAU  3N1EKTPONNABKM pPaACTBOPaMKU €4KOro HaTpa BXO4AMNO WU3yyYeHUe BANAHUA
KOHUEHTpauuKn rmapokcuaa Hatpma, NPoAO/IKUTENbHOCTU npoLecca, TemnepaTypbl, cooTHoweHua T:XK.
YcTaHOBNEHbl  ONTMMAaNbHbIE YCAOBMA  BbILWENAYMBAHMA MbIAM  INEKTPONNABKM  UIbMEHUTOBOrO

Moctynuna: 19 dekabps 2021 KOHLeHTpaTa: TemnepaTypa 80-90 °C, npogonkutenbHocTb 90-120 muH, cooTHoweHue T:HK = 1.5,
PeueHsuposaHue: 18 pespansa 2022 KOHLEHTpaLMa pacTBopa ruapokcuaa Hatpusa 110-115 r/am3. OnpepeneHbl ONTMMasbHble YCAOBUA
MpuHAaTa B Nnevatb: 31 mapma 2022 TOPUPOBAHUSA MbIIU SNEKTPONNABKM, MPU KOTOPBIX CTENEHb BO3rOHKM GpTOpMAA KpemMHus cocTasuna 84,2

%. [poBegeHbl WUCCNEAOBAHUA MO PA3NOXMKEHUIO MOJYHYEHHOrO KPEeMHUIACOAEpIKallero BO3rOHA B
NPUCYTCTBUM aMMMAYHOTO areHTa. Ha OCHOoBE pe3y/bTaToB TEPMUYECKOTrO aHanW3a U UCCAeA0BaHUIA No
BMAHWUIO  NPOJO/IKUTENbHOCTM  MPOLEeCcca, YCTAHOB/IEHbl  OMTMMA/IbHble  PEXMUMbl  MUPOAN3a,
obecneunBatowero pasgeneHme ¢Topuaa M oKcMaa Kpemuusa: Temnepatypa 530-560 °C v npogon-
uTenbHocTb 60-80 mmH. CoaepikaHne oKCnaa KPeMHMUA B NOy4EHHOM NPoAyKTe coctaBuno 96,3 %.
Kniouesble cnoBa: TOHKOAMCNEPCHbIE MblKW, BbiWeNaunBaHNe, TMAPOKCUL, HAaTPUA, OUOKCUA, KPEMHUSA,
dTOpUpOBaHME.
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ABSTRACT

Currently, the production and use of military UAVs in the direction of robotic complexes is actively
developing. The purpose and use of military UAVs differ from civilian ones, based on two functions:
reconnaissance purpose and a carrier of a warhead. The specifics of military UAVs are their
invisibility to enemy radars and ensuring stable transmission of information from the command
post. For these purposes, first of all, the UAV material must have the properties of radio
transparency. For the production of UAV hulls, power elements, high-strength PCM are needed,
which include organoplastics, carbon fiber, fiber glass. The choice of materials for parts of
components and assemblies of aviation equipment depends on their operating conditions:
operating loads, material properties. Organoplastics (OP) fully meets these requirements among
polymer composite materials (PCM). OP have high strength properties along with low dielectric
losses (radio transparency) compared to other fiber composites. This paper presents an overview
of studies of dielectric and strength properties, as well as ways to improve the mechanical properties
of organoplastics. The analysis of the work has shown that for radiotransparent organoplasty, the
optimal frequency range of permittivity is 1kHz-12 GHz. The ultimate strength of organoplastics
varies in the range from 320 MPa to 1 GPa. The possibilities of increasing the strength of aramid
fibers and ways of modifying organoplastics epoxy resins are considered.

Keywords: unmanned aerial vehicles, fairing, organoplastics, permittivity, tensile strength.
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Introduction

low dielectric permittivity, low dielectric losses, and
high mechanical strength are required.

One of the most important structural elements
of an unmanned aerial vehicle (UAV), which
determines the aerodynamic characteristics, the
quality of radio signal transceiver with a command
post, and the accuracy of targeting, is the nose
antenna fairing [1].

A set of requirements is imposed on the
materials of UAV antenna fairing: high radio
performance, resistance to thermal shock, low
thermal conductivity, high strength, high impact
strength, low density — as a factor in weight
reduction. For these purposes, more advanced
radio-transparent and high-strength materials with

Organoplastic (OP) is the most promising
radiotransparent material that meets these
requirements. The use of organoplastic materials to
protect transceiver antenna devices placed on board
the UAV from external influences will ensure
maximum radio transparency, which will not
interfere with the transmission and reception of an
electromagnetic wave of a certain frequency. The
combination of high strength, fracture toughness
with low density puts organoplastics into the
category of materials that effectively work as
protective shock-resistant PCM.
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The relative permittivity of OP is much lower
than that of metal alloys and carbon fiber, which are
widely used in aircraft [[2], [3]].

Radio transparency is the ability of materials to
transmit radio waves in a wide frequency range with
low losses [4]. Radiotransparent materials (RM)
include organic and inorganic dielectrics that
provide transmission of electromagnetic radiation in
the radio frequency range of 10° — 10*? Hz. [5]. RM is
used mainly for the manufacture of antenna fairing
for high-speed aircraft. The transparency of these
materials for radio waves is ensured by the choice of
dielectrics with low dielectric characteristics
(dielectric loss tangent tgd < 0,02, dielectric constant
€=1,1-9,0) and the corresponding electrodynamic
calculation of the layer thickness [[2], [3], [6]]. In
other words, the lower the dielectric constant, the
more radio transparent the material. Such RM
provides minimal distortion of the electromagnetic
field in a given spectrum of operating frequencies.
For this reason, for epoxy composite structures used
in the construction of military UAV, the dielectric
properties of the materials are very important.

The study of the properties of radio
transparency and strength properties of epoxy
composites, as well as ways to improve the
mechanical properties of organoplastics, is relevant
for the scientific and military industries. This paper
presents the results of scientific work on the study
of the dielectric (radiotransparent) and strength
properties of OP, as well as ways to improve the
strength characteristics of the composite.

Dielectric (Radiotransparent) properties of
organoplastics

In the aerospace industry, especially in UAV,
lightweight materials are needed to increase flight
time, namely composites of glass, aramid, carbon
fibers. In particular, carbon fiber is the most suitable
material for UAV due to its high strength to weight
ratio. However, the use of carbon fiber composites
can interfere with the transmission of radar signals
during flight. This is due to its high dielectric
constant, therefore, to achieve the radio
transparency of the UAV body, the use of
composites of aramid and glass fibers are more
effective [[7], [11]].

In aviation and rocket and space technology,
radiotransparent fairings are used as protection
against external influences of transceiver antenna
devices. Their shape when placed on aircraft is
determined by the configuration of the antenna

devices and their location [12]. The operating range
of the UAV antenna systems depends on the
requirements for the communication channel
between the UAV and the ground control complex.
For communication systems of small UAV, the
decisive factors in choosing the frequency range are
the weight and dimensions of the airborne
transceiver and antenna-feeder device. It s
expedient to choose a range of microwave
frequencies. One suitable frequency band is the 2,4
GHz band. Also, a promising direction in the
development of communication systems with UAVs
is the use of frequency bands above 5 GHz [13].
Therefore, the UAV antenna fairing must be
radiotransparent at high frequencies and provide
minimal distortion of the electromagnetic field in a
given operating frequency spectrum, which can be
approached with low parameters of dielectric
properties. Therefore, for composite structures used
in electrical and aerospace applications, the
dielectric properties of materials can be important
as they directly affect the speed and energy loss
during signal transmission [14].

Over the past few decades, the dielectric
properties of composites have been widely studied
for layered composites [[8], [9], [15], [16], [17], [18],
[19], [20], [21], [22]]. For example, in the work [15]
the authors investigated the dielectric properties of
aramid, glass, carbon plates in the range of 8 — 12
GHz with vertical and horizontal polarizations. A UHF
sweep generator is used to generate the signal.
Vertical polarization is when the direction of the
electric field vector of the microwave signal is
parallel to the direction of the fibers, and horizontal
polarization is when the electric field vector is
orthogonal to the direction of the fiber. The test
results are shown in tables 1 and 2. As the test
results showed, the dielectric constant (DC) of
carbon composites is several times higher than that
of aramid and glass plastic.

As can be seen from tables 1 and 2, the
dielectric constant values of aramid plastic for
vertical polarization are slightly higher than for
horizontal polarization. The authors attribute this to
the electric field. In the vertical case, it is parallel to
the directions of the fiber, which results in more of
the signal entering the sample and gives a higher
permittivity. From a comparison of all composites,
the aramid composite has the smallest DC, and
carbon fiber has the largest DC. Organoplastic and
glass plastic showed good results in terms of radio
transparency.
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Table 1 — DC results for composite materials
(vertical polarization) [15]

Freq Dielectric Dielectric Dielectric
uency constant of constant of | constant of
(GHz) | aramid plastic glass carbon

plastic plastic

8.0 4.63 4.71 26.6

8.5 4.30 4.83 18.2

9.0 4.27 4.85 20.9

9.5 4.59 5.12 13.4

10.0 4.63 4.98 14.2

10.5 457 5.04 10.5

11.0 4.72 5.24 7.3

Table 2 — DC results for composite materials
(horizontal polarization)
Frequ Dielectric Dielectric Dielectric
ency constant of constant of | constant of
(GHz) | aramid plastic glass carbon
plastic plastic

8.0 3.40 5.19 29.4

8.5 3.42 458 22.8

9.0 3.61 4.50 21.6

9.5 3.53 4.52 17.6

10.0 3.42 4.32 15.1

10.5 3.62 4.57 11.5

11.0 3.50 4.54 10.5

Table 3 — Results of testing the strength properties of
composite materials

Compo Reinforce | Matrix Tensile Impact Dielectric
site ment conten | strength, | strength, constant
laying content, t, MPa J at 1000
type % % MHz
17C 61.5 38.5 504.2 1.76 4.9
3A11 | 575 42.3 540.4 1.67 4.4
C3A

5A7C | 56.1 43.9 472.8 1.63 3.9
5A

7A3C | 514 48.6 673.3 1.19 3.95
7A

17A 49.6 50.4 676.5 1.35 3.97

In the next work [16] were investigated for the
dielectric properties of organoplastics, glass plastic
and a hybrid of these composites (aramid/glass). For
the manufacture of plates, aramid fabric (Twaron
1000) manufactured by Akzo and E-glass EDR14 300-
778 manufactured by JushiGroup (Zhejiang, China)
were used. The resin system was ER 618 and
hardener Iminazole 5510 manufactured by Shanghai
Resin Company (China). In the manufacture of
composites, five types of three-dimensional
reinforcement geometries with 8 base layers and 9
fabric layers were adopted —17C, 3A11C3A, 5A7C5A,
7A3C7A and 17A. (A — AF and C — fiberglass). The
research results are shown in table 3. The dielectric
constant and dielectric losses of the composites
were obtained in the frequency range from 1 MHz to
1000 MHz.

It can be seen from table 3 that the DC of the
composites decreases as the AF content increases,
when the volume fraction of AF was lower than that
of 5A7C5A, then the opposite happened. This
indicates the low dielectric parameters of the AF,
which increases the radio transparency of the
material. A good DC result was shown by the 5A7C5A
composite, but with the lowest tensile strength of
472.8 MPa.

At present, there are various methods
developed in practice for determining the dielectric
properties of composites, including the waveguide
method, the free space method, the resonator
method and the coaxial method, etc. The waveguide
method is based on measuring the parameters of
the scattering matrix (S-matrix) of the waveguide in
which the sample is placed of the material under
study in the form of a plate filling the cross section
of the waveguide [17]. The DC of basalt/ER and AF
(Kevlar 129)/ER composites were studied in [18], as
well as fabricated intralayer three-dimensional
orthogonal fabric hybrid composites basalt/AF/ER
and measured their dielectric properties by the
waveguide method in the frequency range of 8-12
GHz. In the manufacture of composites, 4
geometries of reinforcement with six layers of base
and seven layers of filler were adopted, namely,
composites with intermediate hybrid, intralayer
hybrid, with basalt and with aramid type. In the
intermediate hybrids, AF or basalt yarn was placed
in different layers, while in the intralayer hybrids,
the two types of yarn were placed alternately in each
layer of the warp or filler. Measurements of the
dielectric properties were performed on an Agilent
8722ES vector network analyzer. The test results are
shown in figure 1.
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From the results, it was determined that the DC
of the basalt composite increases with increasing
frequency. The authors explain this as the
phenomenon of achieving electronic resonance. The
other three types of composites tend to slowly
decrease as frequency increases, which may be in
the range of dipole relaxation and electronic
resonances. It has been observed that the DC of the
AF composite exhibits a relatively faster downward
trend than that of the hybrid types, showing
unstable AF dielectric properties as previously
reported [16].

The free space method makes it possible to
measure the dielectric properties of a material
under various external influences. For example, the
authors of the study [[8], [19]] used this method to
characterize the effect of a damaged AF/ER
composite surface on the wave transmission
characteristics of radomes. In work [20], the authors
studied the dielectric parameters of a unidirectional
and quasi-isotropic AF/ER composite at various
strains. The tensile values of the composite are given
as, initial stage (IS), 0,001 D, 0,002 D, 0,003 D. The
resulting DC results are shown in figure 2. Figure 2a
shows the DC of a unidirectional AF/ER composite
that looks like a wavy line with different frequencies.
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Figure 1- Dielectric constants of four types of composites
(18]

in X-range up to the application of tensile loads, and
the maximum change DC with different
frequencies is within 0,061. When tensile loads are
applied, the shape of the DC curves practically does
not change. However, it has been shown that the DC
of the composite increases with increasing tensile
strain. The electromagnetic parameters of the quasi-
isotropic AF/ER composite were also measured
under various strains, which are shown in figure 2b.
Itis seen, that the dielectric constants increase when
the sample is stretched. According to the results of
the authors, the DC increases by 0,045 per 0,001
In addition, the DC of quasi-isotropic
composites is lower than that of a unidirectional
composite due to the different orientation of the
fibers within the composite.

The DC of epoxy composites increases with
increasing filler content (Kevlar 49) and
temperature. This conclusion was reached by the
authors of [21]. In their opinion, the permittivity and
losses of composites are mainly affected by
interfacial polarization, which occurs due to
inhomogeneities at the interfaces introduced by the
filler. In [22] compared the mechanical and dielectric
properties of OP based on AF Kevlar 49, Kevlar 49,
Kevlar 149 and ER with lamination geometry [0,90].
The best results were shown by an OP based on
Kevlar 149 with a DC of 3,9 at a frequency of 10° Hz.

Tables 4 and 5 present the dielectric properties
of the composites. Thus, according to the literature
data, OP reinforced with AF have low dielectric
constants in comparison with other fibrous
composites. According to the analysis, the optimal
frequency range for measuring dielectric properties
(radio transparency) is 1 kHz — 12 GHz. Because,
according to extensive studies in this range, they
show the best results of DC.
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Table 4 — Dielectric properties of aramid fabric reinforced
epoxy matrix composites at a frequency of 103 Hz [22]

Textile The dielectric constant Dissipation factor
Kevlar®29 4.51 0.0135
Kevlar®49 4.44 0.0131
Kevlar®149 4.14 0.0103

Table 5 — Dielectric properties of aramid fabric reinforced
epoxy matrix composites at a frequency of 106 Hz [22]

Textile The dielectric constant Dissipation factor
Kevlar®29 4.19 0.0171
Kevlar®49 4.14 0.0170
Kevlar®149 3.90 0.0142

Table 6 — Tensile strength of the obtained composites [29]

Composite Trial 1 Trial 2 Trial 3 Average value,
MPa

30% AF + 510 520 517 515

70% ER

35% AF | 545 547 548 546

+65% ER

45% AF + 534 531 526 530

55% ER

To achieve high dielectric parameters in the
composite, the aramid fabric layer should be one
layer larger than the base layer. In the above works,
the smallest DC, which is equal to 3,4, has an ER/AF
composite with six base layers and seven filler layers
[18]. In addition, the DC of quasi-isotropic
composites is lower than that of a unidirectional
composite due to the different orientation of the
fibers within the composite.

Strength properties of organoplastic

When designing UAV, the strength of epoxy
composites plays an important role [[23], [24], [25],
[26], [27]]. For ER reinforced AF is characterized by

high strength, it is insufficient compared to metals.
In a number of scientific papers [[28], [29], [30], [31],
[32], [33], [34]], the results of work related to the
change and increase in strength properties

depending on the composition of AF and ER, the
type of AF, the type of reinforcement, the number of
layers and the order of fabrics, as well as the
direction of the fibers are presented.

BenniF. et al. [28] conducted a comparative
study on the mechanical properties of the UAV skin
for AF, glass fiber E and glass fiber S, as well as their
hybrid arrangement, made using ER and a vacuum
infusion process. The authors used Renlam LY 5138-
2 and RenHy 5138 hardener (Huntsman, Indonesia)
as ER. EW 130 E-glass fiber and SW220B-90A, AF S-
glass fiber were used to reinforce the ER. In a typical
experiment, eighteen layers of fibers were arranged
and covered with a bag film that was connected to
the inlet and outlet streams of the tube. The ER in
the container was pumped through the tube to wet
the entire laminate. The sample was placed at room
temperature (25 = 2 °C) for 3 hours to cure. As a
result of complex analyzes, it was determined that
the specific tensile strength and specific modulus of
elasticity mainly depended on AF. However, AF had

little effect on the specific compressive strength,
while the E-glass excellently withstood the
compressive stress. The best tensile strength result
was shown by a sample with 9 layers of AF and 9
layers of S-glass fibers (321 MPa).

In [29], the mechanical properties of an AF
reinforced ER composite are studied by varying the
percentage composition. The three different
compositions of AF are 30 %, 35 % and 45 % by
weight. The aramid-epoxy composite was produced
by the vacuum method. The resulting composites
are then cured in a hot air oven for 180 minutes. The
results of the work are shown in table 6. The
composite with the composition of 35 % AF + 65 %
ER demonstrated the maximum tensile strength and
hardness due to the uniform distribution of ER and
the best interface between AF and ER.

The authors of [30] studied polymer composites
based on AF with increased shear strength for
aircraft products. The main task of the work was to
study the interlayer strength of aramid OP after
transverse reinforcement. The volume fraction of
reinforcing fibers in the cured OP was 52 — 55 %. OP
was obtained by layer-by-layer deposition of
prepregs, followed by compression of the package at
elevated temperature and pressure. The results
showed that the use of a unidirectional reinforcing
filler or a three-dimensional six-layer fabric
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Table 7 — Physical and mechanical properties of organotextolites [33]

Strength characteristics

Organotextolite based on fabric

Organotextolite based on fabric

Rusar NT Ruslan
Density, kg/m?3 1380-1390 1340-1380
Tensile strength, MPa 930/ 900+950 880/ 840+900
Tensile modulus, GPa 42 [/ 41+43 35/33+37

Compressive strength, MPa

210/200+230

210/ 190+220

Bending strength, MPa

570 / 560+590

470 / 450+500

Modulus of elasticity in bending,

34 /32+35

25/22+27

MPa

increases the interlayer strength of PCM by 22 %.
And the use of voluminous two-component fabrics
doubles them compared to conventional single-
layer fabrics. J. Wu and XH Cheng [31] prepared
aramid-epoxy unidirectional composites, in which
the content of AF F-12 was 65 % vol. for all
composite samples. The ratio between ERE-51 and
hardener 593 was 100: 25 by weight. The results of
interlaminar shear strength showed 54-60 GPa,
shear strength 3,8-4,0 GPa depending on the surface
treatment AF. M. Goodarz et al. [32] studied the low-
speed impact response of aramid-epoxy plastics
containing nano-layers of various thicknesses (17,5,
35, and 70 um) and various stacking configurations
(reverse, central, and two-sided alternation). The
composites
containing a 35 um spacer. The results show that the
inclusion of nanofibers at the interface allows the
composite to absorb significantly higher impact
energy compared to plates without any nanofibers.

The aim of the work [33] was the development
and manufacture of experimental reinforcing fillers
from Rusar NT aramid fiber, a textile thread with a
linear density of 14.3 tex, fabrics of a typical satin

best results were obtained on

weave, as well as evaluating the effectiveness of
NT AF for reinforcing aviation
organotextolite. Table 7 presents the physical and

new Rusar

mechanical properties of samples of organotextolite
based on fabric from the Rusar NT thread.

The article presents the results of a study of the
physical and mechanical properties and moisture
resistance of experimental organotextolites
reinforced with AF fabric. Organotextolites for
research were made from prepregs by autoclave
molding. For the manufacture of prepregs from a

solution of the binder EDT-69N(M), an impregnation
unit UPST-1000 was used.

In [34], the mechanical behavior of an epoxy
composite reinforced with unidirectional and fabric
fibers was experimentally studied. Fabric glasses,
aramid and carbon fibers, as well as unidirectional
glasses and carbon fibers were used in the
preparation of composite samples. Tensile,
compression and shear tests were carried out to
determine the mechanical properties of the
composites (table 8). From the test results, it turned
out that the mechanical properties of the reinforced
AF composite are higher than those of glass and
carbon fiber when we consider textile fiber types.

Thus, from the presented results it follows that
the strength range of the OP starts from 320 MPa to
1 GPa. It is worth noting that the mechanical
properties of the reinforced AF composite are higher
than those of glass and carbon fiber, if we consider
textile fiber types. High strength shows a composite
with aramid fiber Rusar NT with a monolayer
thickness in plastic of 0.11 —-0.12 mm, which is closer
to 1 Gpa [33]. AF have a promising reinforcing effect
on many resins, but the reinforcement mechanism
needs further study. Therefore, the question of how
to further enhance the interaction between the
fillers and the matrix is of great importance for the
application of this material in a wide industry,
including military UAV.

The study of ways to improve the strength
characteristics of organoplastic

Methods for modifying the surface of materials
can be divided into four categories: mechanical,

—— g4 ——
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Table 8 — Tensile strength of aramid epoxy composite [34]

Reinforcement| Fiber | Density | Modulus of Shear |Poisson's| Tensile Tensile Shear [Compression|Elongation at

type volume| [g/cm3] | elasticity modulus | ratio [-] | strength |strength /| strength |force [MPa] break
Vv [MPa] [MPa] [MPa] density MPa]

Glass fabric| 30 1.55 14 352 4728 0.24 220 141.9 119 96 0.016

Aramid 30 1.2 19 087 2585 0.38 357 297.5 53 64 0.019

fabric

Carbon 30 131 42 000 12350 0.32 340 259.5 180 118 0.009

fabric

Unidirectio | 30 1.55 18 300 3895 0.25 432 278.7 30 71 0.028

nal glass

(0°)

Unidirectio | 30 1.55 7940 3895 0.17 52 33.5 30 16 0.0096

nal glass

(90°)

Unidirectio | 30 131 78 715 2195 0.4 826 630.5 20 118 0.0100

nal carbon

(0°)

Unidirectio | 30 131 4930 2195 0.25 37 28.2 20 27 0.0130

nal carbon

(90°)

chemical, combustible and plasma. Since the increase physical contact with the resin matrix [35],

diameter of conventional fiber is several [36], [37].

micrometers, the use of mechanical methods and
methods of burning on fibers becomes almost
impossible to modify the surface of the fiber.
Chemical surface treatment of fibers has long been
widely used in industry. Another method that is
mainly used is the surface oxidation of the fibers.
However, chemical modification may have some
disadvantages. When the fibers are oxidized in
concentrated nitric acid, the equipment used must
have good corrosion resistance, and the acid
adsorbed on the surface of the fiber must be
properly removed. This takes a long time and in most
cases is accompanied by a decrease in fiber strength
[11].

In the modern literature, many works are
reported on the study of ways to improve the
strength characteristics of the OP, and at present,
the search for optimal technologies is underway. As
is known from practical work, the main task in the
manufacture of OP is to increase the strength
characteristics. Strength characteristics directly
depend on interfacial adhesion between fillers and
matrices [36]. To improve interfacial adhesion
between AF and ER matrices, various methods of
fiber surface modification are used, such as chemical
treatment (using binding agents and chemical
grafting methods), plasma treatment, and others.
The purpose of these surface modification methods
is to increase the concentration of reactive
functional groups or to roughen the fiber surface to

The formation of the fiber-resin interface is
largely influenced by the polarity and total surface
energy of the fiber surface. Thus, the addition of
polar groups has been proposed to increase
adhesion [38]. Various types of oxidative treatment
constitute the basic fiber surface modification
methodology, and these procedures cover: (1) gas
oxidative treatment; (2) treating the solution with
oxidation; and (3) electrochemical or electrolytic
oxidation treatment. These treatments simply
change the surface morphology of the fiber and may
also change the surface energy and chemical
composition. Naturally, changing the surface
roughness also affects the chemical composition of
the surface of the fibers. Lin J.S. [39] studied the use
of bromination and metalation to change surface
roughness and chemical composition. Very often, an
effective and severe surface treatment leads to a
deterioration in quality and a decrease in the
strength and stiffness of the fibers, although the
macroscopic properties of the composite may
remain at an acceptable level or even at a high level.
A typical surface treatment with solutions, namely
AF sizing, is the use of emulsified solutions.
Dimension based aqueous solutions of
epoxypiperazine were studied by delLange et al. [40]
and they reported improved adhesion.

In ways to improve the strength characteristics
of OP, the most common method is chemical
grafting. For example, Wu et al. applied the method
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of graft modification of AF in [31], [41]. In the works,
two types of fiber surface treatment were used to
improve the strength characteristics: solutions of
the modifier of rare earth elements (REE) and
epoxychloropropane (ECP). For the modified ECP
grafting treatment, F-12 aramid fibers were
immersed in a KOH (0,7 %)/alcohol solution at 30 °C
for 2 hours, then washed and dried. After that, these
fibers were grafted into ECP at 90 °C for 6 h, then
washed with distilled water and dried. For treatment
in REE solutions, F-12 aramid fibers were immersed
in a REE/alcohol solution at room temperature for 1
hour and dried in a vacuum oven at 110 °C for 4
hours. The results of [41] show that that both of
these methods can improve interfacial adhesion.
The REE surface treatment is superior to the ECP
grafting treatment in providing interfacial adhesion
between AF. The interfacial shear strength for the
REE treated sample is 30.2 MPa, while the ECP
grafted sample has 28.9 MPa. Meanwhile, the
treatment of REE had almost no effect on the tensile
strength of individual fibers.

The strength of the OP is increased by chemical
grafting of AF with amino-functionalized graphene
oxide [42] and supercritical carbon dioxide [[43],
[44]]. In the first case [42], in order to functionalize
the surface, AF 2 mm long was immersed in a buffer
solution (pH = 8.5), and then dopamine was added.
The above mixture was sonicated for 10 minutes and
kept under constant stirring for 24 hours at room
temperature. The coating was formed on the surface
of the AF by dopamine self-oxidative polymerization.
To obtain AF modified with amino-GO/dopamine,
fibers from self-polymerized polydopamine-aramid
were added to the amino-GO solution at 15 — 50 °C
for 12 — 24 h. Next, a mixture of ER E-51 and m-
xylylenediamine in a mass ratio of 100: 18.32 was
applied to one AF with the formation of a resin
microdroplet. The resin microdroplets were then
cured at 60 °C for 1 hour and at 100 °C for 2 hours.
The above process is shown in figure 3. The prepared
resin microdroplets were used to test the interfacial
properties of the modified fibers. As a result, at a
higher reaction temperature of 60 °C, composites
based on modified AF and ER showed an interfacial
strength of 35.21 MPa, which is 34 % higher than
that of composites based on pure AF/ER (26.31
MPa).

In [43] the mechanical and surface properties of
AF were simultaneously improved by grafting with
1,4-dichlorobutane in supercritical carbon dioxide
(scCOy). For this purpose, the AF was placed in a
stainless steel pressure vessel (1 |) where the

treatment was carried out. An appropriate volume
of 1.4-dichlorobutane was added to the vessel and
the ratio of mass to volume of fiber and reagent was
1:60. When the vessel reached the desired
temperature, CO; gas was injected through a high
pressure syringe pump. Thus, seven samples were
prepared in accordance with three conditions; the
details are presented in table 9.

Go.

& | Amination treatment

""]@A/ NHy
HO'

irmeagy) —
Tris-HCl PH=8.5 40°C or 60°C \/t S~
Pl /

AF PDA-AF

e

S

Figure 3. lllustration of the production process of
modifying AF [42]

Thus, the authors developed a new strategy for
improving the mechanical and surface properties of
AF by treatment with 1.4-dichlorobutane in scCO,.
After the modification, the interfacial strength of the
OP increased by 24.3 % from 51.29 t0 63.91 MPa due
to improved surface roughness and surface energy
(figure 4b). In addition, the tensile strength of AF
increased by 15.3 % from 3.14 to 3.62 GPa (figure
4a), which was attributed to improved crystallization
of AF under tensile forces. In a similar work [44], the
results show that the surface modification of AF in
scCO, was an effective method for improving the
adhesion characteristics between fibers and vinyl
epoxy resin. The flexural strength of AF treated with
scCO; vinyl epoxy composites was 18.1 % higher
than that of untreated AF. Also, after treatment in
scCO, with liquid isocyanate-terminated nitrile
rubber, the interlayer shear strength increased from
42.5 MPa to 54.8 MPa.

Table 9 — Treatment conditions with supercritical carbon
dioxide (scCO2) for modification of AF [43]

Sample |Pressure (MPa)| Time (min) |Temperature (°C)
1 9.0 90 40
2 9.0 90 60
3 9.0 90 80
4 7.5 90 60
5 10.0 90 60
6 9.0 40 60
7 9.0 60 60
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Figure 4 — Tensile strength of the fiber at tensile forces up to 15 N (sample 2 in table 2) (a) and interfacial
strength of the OP before and after treatment with scCO2 1,4-dichlorobutane at a static tension of 9 N. (0): untreated
fiber; (1-7): modified fibers of samples 1 — 7 in table 2 (b) [43]

Kevlar fiber was functionalized with phosphoric
acid of various concentrations in [45]. The authors
functionalized the fiber at room temperature with
10, 20, 30 and 40 wt.% phosphoric acid at 40 °C for
2 hours. It has been found that functionalization
significantly increases the bond strength between
Kevlar fiber and ER. The amount of surface oxygen
and hydroxyl groups in Kevlar fiber can be
significantly increased by functionalizing it with 40
wt.% phosphoric acid. As a result, the interfacial
shear strength of composites reinforced with Kevlar
fibers treated with phosphoric acid increases
significantly up to ~35 MPa.

The authors of [46] studied the effect of
modified aluminosilicates, including bentonite from
armenia modified with quaternary ammonium salts
(BAQAS) and phosphonium salts (BAQPS), on the
mechanical properties and morphology of Kevlar/ER
composites. Kevlar/ES composites containing 1.0 or
3.0 wt % modified bentonites were made using a
hand layup technique. Mechanical properties were
tested, including tensile strength, bending and in-
plane shear. The results showed that the mechanical
properties improved with increasing bentonite, as
shown in table 10. The best results were obtained
for composites containing 3 wt.% BAQAS, since most
of the mechanical properties were significantly
improved (tensile strength 302,9 MPa (+ 30 % ),
Young's modulus 16.3 GPa (+ 17 %), flexural modulus
23,4 GPa (+ 12.5 %), in-plane shear strength 22.8
MPa (+ 24.5 %) and in-plane shear modulus 677.2
MPa (+ 42 %)).

The next group of scientists use plasma
treatments to improve the strength characteristics
of OP. In particular, Brown and Mathys [47] applied
ammonia and oxygen plasma treatment and

reported improved performance of textolites in
terms of interlaminar shear strength. Shaker et al.
[48] used radio frequency (RF) plasma to modify
aramid fibers and achieved improved textolite
properties. The use of surface modifications to
provide mechanical interlocking has been proposed
by Palola et al. [49] and Wu et al. [50]. In [51], the
authors increased the interfacial adhesion of epoxy
composites reinforced with AF Il due to low-
temperature plasma treatment. Three technological
regimes of low-temperature plasma treatment have
been studied. Plasma treatment was carried out
using a low-temperature DC glow-discharge plasma
system (model HPD-280, Nanjing Suman Electronica
Co. LTD, China) with an interelectrode gap of 30 mm,
a reactor temperature of 20 °C, and a resonant
frequency of 20 kHz. Sixteen treatment groups with
various combinations of treatment power,
treatment time, and treatment pressure were
performed as shown in table 11.

Obviously, plasma treatment has an adverse
effect on the tensile properties of AF Ill, and the
detailed rates of reduction in tensile stress of AF Il
treated under different conditions. The results
showed interfacial adhesion increased by 35.5 % to
30.44 MPa under optimal conditions, which were
found to be a treatment power of 67.5 W, a
treatment time of 11 minutes and a treatment
pressure of 2500 Pa. After plasma treatment, the
interfacial adhesion of the AF llI/ER composites was
improved, as shown by fragmentation testing of the
monofilament composite material, but the tensile
stress of a single strand of AF lll was reduced. By
surface morphology, chemical composition, AF Il
wettability, and fractured monofilament composite
cross - sectional morphology, the interfacial
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Table 10 — Tensile strength of composites reinforced with Kevlar [46]

Material Tensile strength, Young's modulus, Elongation at break, %
MPa GPa
ER/Kevlar 233.9+125 139+1.2 1.6+0.2
ER+1% BAQAS/Kevlar 303.1+11.8 13.1+09 19+04
ER+3% BAQAS/Kevlar 302.9+17.7 16.3+3.0 1.6+0.5
ER+1% BAQPS /Kevlar 260.3+9.0 12.8+1.0 1.8+0.3
ER+3% BAQPS /Kevlar 285.7+19.6 15.5+0.2 1.7+0.3
Table 11 — Results of fiber tensile and fragmentation tests for various processing conditions [51]
No. o0(MPa) 6 ofMPa) Ie(pm) Tirss(MPa)
0 4724.70 17.02 5466.06 2092.00 22.47
1 4673.06 15.70 5476.22 2072.67 22.72
2 4593.64 15.02 5433.28 2008.67 23.26
3 4465.58 13.18 5492.79 1632.53 28.94
4 4354.59 12.08 5468.55 1595.60 29.47
5 4638.23 16.41 5431.13 1876.00 24.90
6 4500.38 15.29 5364.76 1703.33 27.09
7 4330.79 14.43 5254.64 1535.20 29.44
8 4351.82 16.69 5136.90 1569.47 28.15
9 4573.80 13.14 5586.19 1803.07 26.65
10 4451.74 11.09 5700.61 1610.53 30.44
11 4435.38 13.68 5419.92 1610.40 28.94
12 4283.74 16.97 5061.05 1475.73 29.49
13 4523.26 14.28 5443.86 1774.40 26.38
14 4498.71 11.59 5684.69 1660.27 29.45
15 4113.07 15.63 4939.56 1428.93 29.73
16 4071.60 11.42 5217.84 1471.33 30.50

reinforcement mechanism of plasma-treated AF Il
reinforced epoxy composites can be summarized as
four aspects:

1) van der Waals binding due to increased
surface area of AF lll;

2) mechanical adhesion of the rough surface AF
Il with the matrix;

3) good wettability of the AF Il surface by the
polymer;

4) chemical bond between oxygen-containing
groups on the surface of AF lll and the matrix.

In the literature, the work [52] is reported,
where the authors developed a fast and economical
surface treatment with a flame and treatment with
a silane binder in order to improve the adhesive
characteristics of light multilayer hidden fairing
structures. The flame treatment was performed

using propane gas, and the silane treatment was
performed with c-
methacryloxypropyltrimethoxysilane (c-MPS) and c-
aminopropyltriethoxysilane (c-APS) under various
processing conditions. The results of all treated
composites are shown in figure 5. Flame treatment
for 5 s and treatment with a silane coupling agent
with a silane concentration of 0,5 wt.% on the
surface of the OP had the highest bond strength of
10,9 MPa among all treatments.

Strength characteristics can be increased by
incorporating multi-walled carbon nanotubes into
aramid fabric-reinforced epoxy composites. The
results obtained showed that the addition of 0,3 wt.
% of multi-walled carbon nanotubes in aramid-
epoxy composites is the optimal value, which
significantly improves its mechanical properties [53].
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Figure 5 — Shear strength in relation to the
surface treatment of the aramid-epoxy composite [52]

The authors in [54] studied the properties of
epoxy compositions based on epoxy diano resin
brand ED-20 and PEPA hardener with the addition of
tricresyl phosphate (TCP) plasticizer. When using the
composition of 70 % ED-20 + 30 % TCP + 15 % PEPA,
the most optimal strength properties were
obtained. The physical and mechanical properties
are as follows: the impact strength increased from 9
to 14 kJ/m? compared to the composition without
TCP modification, the bending stress increased to 98
MPa. The study [55] developed compositions based
on ED-20 resin with TCP modifiers. PEPA hardener
was used as the resin hardener. The samples were
obtained in the form of compressed tablets with a
thickness of 1 mm containing 70 % by weight of ED-
20, 15 % PEPA, 30 % TCP. The tests were carried out
for strength characteristics and for gelation time,
epoxy curing time and temperature. The results of
the study showed that the introduction of the TCP
plasticizer into the resin composition improves
impact strength by 3 times (10 kJ/m2), bending by 3
times (57 MPa), and hardness by 59 % (197 MPa). It
also increases the gelation time from 24 to 60
minutes, the curing time from 39 to 115 minutes and
reduces the curing temperature from 125 to 44 °C.

Based on all of the above, we can conclude that
it is expedient to process AF and ER. Among the
above works, the AF/ER composite modified by
treatment with 1,4-dichlorobutane in scCO? (63,91
MPa) has a high interlaminar shear strength [43].

The use of methods for increasing the strength
characteristics of OP when creating PCM is an
important and significant process for improving the
interaction between the polymer matrix and the
filler. This, in turn, increases the strength of the
fairing material in UAV hulls, which brings it closer to
the stringent requirements for the design of aerial
vehicle.

Conclusions

According to the literature data, aramid fiber-
reinforced organoplastics have low dielectric
constants and high mechanical characteristics
compared to other fiber composites. According to
the analysis, the optimal frequency range for
measuring dielectric properties (radio transparency)
is 1 kHz — 12 GHz. To achieve high dielectric
parameters in the composite, the aramid fabric layer
should be one layer larger than the base layer. Based
on the results of the work, it follows that the
strength range of organoplastics starts from 320
MPa to 1 GPa. Mechanical properties of the
composite, reinforced aramid fiber higher than glass
and carbon fibers. Also, it can be concluded that it is
reasonable to aramid fiber and epoxy resin. In many
studies, surface treatment is achieved by increasing
interfacial adhesion, which greatly increases the
strength characteristics of the organoplastic. Using
these methods, it is possible to improve the strength
of epoxy composites by more than 30 %.

Thus, ways to improve the strength
characteristics of OP is currently an area of active
research and a topic for further study.
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TYWIHAEME

Kasipri yakbiTTa poboTTbl KeweHaep GafbiTbiHAA acKkepu YY¥A eHAipy KaHe KonaaHy benceHai
Jambin Kenepj. Ockepu YYA MakcaTbl MeH KONAAHbLIybl a3amatTblk (yHKUMANAPAAH eKi
byHKumMAra  GalinaHbiCTbl  epekweneHeai: 6apnay MakcaTbl K9HE COFbIC  3apAAbIHbIH,
TacbIMaNAaylWbicbl. OCKepyn ¥¥A epeKLleniri onapaplH, XKay pagap/apbiHa KepiHbeuTiHairiHae
YK9He KOMaHAaNbIK NYHKTNEH aknapaTTbiH, TypaKTbl 6epinyiH kamTamacsi3s etegi. Ocbl MaKcaTTap
YWiH, eH, anabimeH, ¥YYA maTepuanbl paguo MenAipAiriHiH, kacuetTepiHe ne 60/aybl Kepek.
KopnycTtapabl, YY¥A KyaT aneMeHTTepiH eHAIpY YLWiH »Kofapbl 6epikTiri 6ap MKM KaxeT, onapablH,
KaTapblHa OPraHOMMACTUK, KOMIPNAACTUK, LWbIHbINAACTUK Kipeai. ABMAUMANBIK TEXHUKaHbIH
TopanTapbl MeH arperaTTapbiHbiH, 66WeKTepi yWiH MaTepuangapabl TaHAay onapablH nanganaHy
WapTTapbiHa: KONAAHbICTaFbl XKYKTemenepre, MaTepuangbiH, kKacueTttepiHe 6aitnaHbicTbl 60naabl.
Byn Tanantap KOMNo3uumMaabiK Moaumepni Komnosuanbik, matepuangap (MKM), opraHonaactuk
(ON) apacbiHAa@ TonbIk, »kayan 6epegi. O 6acka Ta/lWbIKTbl KOMMNO3UTTEPMEH CanbICTbIpFaHAA
TOMEH AMINEKTPIK WhbIFbIHAAPMEH (Pagmo eTKI3riWwTiK) bipre )ofapbl 6epiKTiK KacueTTepiHe ve.
Byn KymbiCTa AM3NeKTPAiK KoaHe OepikTik KacueTTepiH 3epTTeyre WOy, COHAAMN-aK
OpPraHOMNNACTUKTIH, MEXaHUKaNbIK KACUMEeTTePiH apTTbipy aaicTepi KenTipinreH. MymbICTbl Tangay
KepceTKeHAeW, Pagmo OTKI3rill OpraHonIacTUK YWiH AMINEKTPAIK TyPaKTbINbIKTbIH, OHTaN/bI
JKUINiK AnanasoHbl 1kMy-12 My Kypaingpl. OpraHonacTuKTiH 6epikTik weri 320 MMa-gax 1 Ma-fa
AeliH e3repegi. OpraHONIACTUKTIH, 3NOCKA, WalbIPbIHbIH, MoAUbUKALMANAYAbIH, TaCINAEpPi KaHe
APAMMATIK TaNWbIKTaPbIHbIH 6EpiKTiriH apTTbipy MyMKIHAIKTEPI KapacTbipblnagpl.

TyiiH ce3gep: YLWKbIWCHI3 YWy annapaTtrapbl, afblH, OPraHOMNACTUK, OAMINEKTPAIK TypaKTbl,
6epiKTiK weri.
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AHHOTALMUA

B HacToAlee BpemA aKTMBHO pa3BMBaETCA NPOU3BOACTBO WU MpUMeHeHue BOeHHbix BIJIA B
HanpasieHUn pobOTU3NPOBAHHBIX KOMNAEKCOB. MpeaHa3HaYeHMe N NPUMeHeHMe BOeHHbIX BIJTA
OT/INYAIOTCA OT FPaKAAHCKMX, Ucxoaa M3 AByX (YHKUMI: pa3BeablBaTeNbHOE Ha3HayeHue U
HocuTenb 6oesoro 3apaga. Cneunduka BoeHHbIx BMJTA 3aknoyaeTca B UX HEBUAMMOCTU ANA
pafiapoB NPOTUBHMKA M obecneyeHns yCTOMUYUBOIM Npuemonepeaayum MHGOpPmMaLMM C KOMAHAHbIM
NyHKTOM. A 3TUX Uenel, B Nepsyto odyepenb, matepuan BIMJIA ponxkeH obnagatb cBoicTBAMM
paguonpospadyHocTM. [na nNpou3BOACTBA KOPMYyCcOB, CUMAOBbIX 3n1emeHTOB bBIJIA  HyXKHbI
BbICOKONpPOYHble [TKM, K 4nCay KOTOPbIX OTHOCATCA OPraHOMNACTUK, YINEnNacTUK, CTEKNONAACTUK.
Bblbop maTepuanos AnA AeTaneli y3sioB W arperatoB aBUALMOHHOMN TEXHWKMU 3aBUCUT OT MUX
YCNOBWIA IKCNIyaTaLmun: AeNCTBYIOLMX HAarpy3oK, CBOMCTB MaTepuana. 3Tum TpebosaHMAM NOAHO
oTBeYaeT cpeau KOMMO3ULMOHHBIX NoaMmMepHbIXx maTtepuanos (MKM) opraHonnactuk (OM). ON
061a4at0T BbICOKUMM MPOYHOCTHLIMU CBOWCTBAMM HApAAY C HU3KUMWM AWNINEKTPUYECKMMU
notepAmMM (PafMonNpo3payHOCTb) NO CPABHEHWUIO C APYTMMU BOJIOKHWUCTBIMU KOMMO3uUTamu. B
fAaHHol paboTe npeacTasneH 0630p UccnefoBaHNU AUINEKTPUYECKUX U MPOYHOCTHBIX CBOWCTB, @
TaKXe Crnocobbl NOBbILWEHUA MEXaHUYECKMUX CBOWMCTB OPraHOM/IacTMKoB. AHaM3 paboT nokasan,
4YTO A8 PaAMONpPO3Pa4yHOCTOrO  OPraHOMAACTMKa  ONTUMaNbHbLIA  AManasoH  YacToT
AV3NEeKTPUYECcKon NpoHULaemoctu asnsetca 1kMy-12 My, Mpeaen NpoYHOCTUM OpraHONAacTUKOB
Bapbupyetca B MHTepBane oT 320 MMa po 1 Ma. PaccmoTpeHbl BO3MOXHOCTU yBeNUYEHUA
NPOYHOCTM apaMUAHbIX BOSIOKOH M CNocobbl mogndUKaLmMm SNOKCUAHbBIX CMOI OPraHONIaCcTUKa.
KnioueBble cnoBa: 6GecnuioTHble feTaTeNbHble annapatbl, O6TeKaTesb, OPraHOMNACTUK,
AV3NEeKTpUYecKasa NPoOHULAEMOCTb, Npeaen NPoOYHOCTU.
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