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ABSTRACT

This article presents possible reasons for the low productivity of wells for coal methane
extraction and ways to resolve them using hydrochloric acid treatment of wells. A common
reason for the low productivity of wells is a decrease in the permeability of the bottom-hole
formation zone. Starch, calcium carbonate, and drilling rocks, which are part of the drilling mud,
change the filtration properties of the layer during the formation of a filtration crust and lead to
a decrease in the initial permeability. Hydrochloric acid treatment, during which clay rocks are
dissolved, is an effective method of increasing the productivity of wells. It is used to increase
pick-up and prevent contamination of the bottom-hole zone of the carbonate formation. The
parameters affecting the effectiveness of hydrochloric acid treatments were considered. The
results of the experience of the interaction of hydrochloric acid with a clay crust are presented
and analyzed using approaches to the mechanics of multiphase media. Dependences of the rate
of dissolution of clay rock on the concentration of acid solution are obtained. It is established
that the treatment of the productive intermediate layer of the well with hydrochloric acid in a
certain concentration, its use increases the technological and economic efficiency of wells. As a
result of experimental work, it was found that hydrochloric acid with an HCL concentration
above 18% has a negative effect on the internal equipment of the well when processing clay
shells.

Keywords: safety, coal mines, colmatation, wells, clay crust, hydrochloric acid.
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Introduction

emissions from coal seams is an urgent scientific
and practical task [[1], [2]]. Despite the existence of

The issue of creating safe ways of mining in coal scientific developments, the results of previous

mines has always been an important task in the
mining industry. Creating a way to intensify the gas
supply of coal seams on the basis of a complex set
of works may be the answer to the question of how
to reduce the number of human casualties and
increase the efficiency of drilling and cleaning
operations. Therefore, the intensification of gas

studies still do not solve the problem of increasing
the gas release of coal seams under the influence of
external forces.

Since 2015, JSC "KazTransGas" has conducted
geological exploration for gas production from coal
seams in the Karaganda region. For this purpose,
the planned work on drilling three core and four
experimental-industrial wells were carried out.
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The efficiency of well construction is directly
related to their productivity, and the latter is to
maintain the maximum permeability of reservoirs
and the duration of high-performance wells.

In recent years, the urgency of the problem of
maintaining the potential productivity of wells has
increased significantly, including due to the
involvement in the development of complex
deposits and fields with low permeability, with high
requirements for the quality of their opening [[2],
(311

The main negative factor in the completion of
wells, which significantly impairs the performance
of methane coal wells, is the contact of the drilling
fluid with the productive formation during drilling
[3]. In this case, the proximal part of the formation
is clogged with the solid phase of the drilling mud,
the conductive area is covered with the filtrate of
the drilling mud; physicochemical interaction of the
filtrate with both formations of fluids and rocks.
The adverse effects of the drilling mud filter
entering the formation may vary:

e causes swelling of clay particles in the
reservoir layer, resulting in a sharp
decrease in the permeability of the lower
well area;

e water-oil emulsions are formed, which in
some cases significantly reduce the
permeability of the lower well area;

e Capillary forces in the porous medium and
its partial displacement from the porous
channels can only be accompanied by a
significant change in pressure, which makes
it difficult for methane to move to the
bottom of the well, especially with low
conductivity reservoirs;

e As a result of the interaction of the drilling
mud filter with highly mineralized water,

insoluble residues may form in the
reservoir pores [4].
The penetration of polymers, starch, and

calcium carbonate, which is part of the drilling mud
into the productive layer of the drilled rock,
changes the filtration properties of the formation
during the formation of the filtration crust and
leads to a decrease in the initial permeability [5]. To
restore it, it can be treated with chemical
compounds such as acids and oxidizers.

Experimental part

Hydrochloric acid in different concentrations is
used in the productive intervals of the wellbore, to

solve this problem. Acid treatment of wells is
designed to clean the edges of clay deposits to
increase the permeability of coal seams. Under the
influence of hydrochloric acid, cavities, cracks, and
drainage channels are formed in rocks and coal
seams, as a result of which the permeability of the
productive layer increases, and, consequently, the
productivity of methane-coal wells increases.

Tests for the removal of clay with hydrochloric
acid were conducted in the laboratory of drilling
mud at Nazarbayev University. The easiest way to
remove the filter shell with acid-soluble
components is to install acid baths. Limestone,
siderite, celestine, etc. react with the acid,
effectively destroying the structure of the clay
crust, and facilitating its removal from the surface
of the collector [6].

Tests were carried out on the drilling mud used
during the drilling of wells in the Sherubainura area.
Drilling mud is prepared in accordance with the
design documentation and consists of the following
components such as Bentonite,
Carboxymethylcellulose (CMC), NaCOs;, polisol,
technical salt, POLIPAC UL, POLIPAC R, foam step,
Dyovis, DESCO / Burplast. The acid solutions to be
tested were prepared from 5 acid compositions
with a concentration of 12, 14, 16, 18, and 20%,
respectively, as shown in Figure 1.

Figure 1. Results of clay samples

Residues of clay suspension were washed with
water from the surface of the filtration crust before
acid treatment.

Filtration of the acid solution through the clay
crust was carried out by the vacuum method (6.9
bar) at a pressure difference.

The first stage is the "latent" phase of the
reaction, in which the rate of filtration of the acid
through the crust (the volume of the filtrate
detected in real-time) is directly proportional.

The second stage is the phase of active
interaction of the acid with the filtration crust,

— 6
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which is characterized by a deviation from the
vertical dependence of stage 1.

As the acid concentration increases, the
duration of the "latent" phase of the reaction
decreases. Thus, in the case of this experiment, the
latent reaction time for 20% hydrochloric acid is
about 5 minutes. For 12% acid, this period was 31
minutes [7]. According to the 5 tests performed,
the diagram of the dependence of the filtration
time on the concentration of the acid solution is
given (Figure 2) [8].

Duration of clay removal, t, minute

Figure 2. Diagrams of the dependence of the filtration
time on the concentration of the acid solution

y - concentration of hydrochloric acid, HCL, %; x
time of clay crust removal, t, min - a total of 25
samples were conducted.

The dependence of the start time of the
methane production process on the percentage of
hydrochloric acid treatment is in the form of cubic
regression (Figure 3).
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Figure 3. Approximation of a function of a single variable

Thus, an increase in the volumetric
concentration of acid increases the permeability of
the folds in the filter press, which is a direct
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indicator of the effectiveness of the destruction of
the clay crust [9].

It can be seen that the optimal acid
concentration in the processing of clay and
effective acid degradation is 18% HCL. Acid
concentrations are operatively justified, as low
concentrations increase the processing time (more
than 17 minutes), while high concentrations have a
strong corrosive effect on the equipment inside the
well used in drilling and production, especially with
a small difference in crust time (2.5 minutes) [10].

One of the main principles of choosing the
concentration of acid components in the acid
solution is to ensure the maximum amount of
soluble clay crust with a minimum amount of acid.
Numerous studies and applications show that the
optimum concentration of hydrochloric acid is 18%
in the main technologies transferred from different
regions of the country to the Sherubainura fields
[11]. This is convenient because industrial
hydrochloric acid contains 37% by weight of the
main substance, which allows you to easily prepare
the commercially diluted acid solution in half with
ordinary water and without any calculations [12].

According to experiments conducted in the
laboratory of Nazarbayev University, the melting
reaction of the clay crust is intensive at complex
concentrations of 12-18%, and when its
concentration is less than 12%, the crust does not
dissolve in time or does not react at all [13].

The low permeability of coal seams causes low
gas release. Therefore, in order to increase the
permeability of coal seams during hydraulic
fracturing, samples of K3 and K10 coal seams were
studied for the effect of 18% hydrochloric acid on
the desorption of methane in the laboratory
"Methane Energy" in the Mining and Metallurgical
Complex of Karaganda Technical University (Figure
2

Figure 4. Geokrak desorption unit
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The degassed gas from the sampling bottles
was degassed.

e The volume of gas released is 140 ml under

normal conditions;

e The detector recorded more than 80 levels
of methane %;

e 50 g of charcoal was removed and poured
50 ml of water at room temperature;

e After waiting for 10 minutes, the gas
medium was surrounded and no traces of
methane were found;

e Due to the small volume of coal, the coal
was refilled into test vacuum bottles and it
was decided to pour 200 ml of 18%
hydrochloric acid;

e After waiting for 5 minutes, they turned the
valve of the desorption unit and began to
correct the gas leak. The volume of gas
released at 11 minutes under normal
conditions was> 250 ml [14].

The exact concentration of methane in the
exhaust gas mixture was determined on an Agilent
7890V gas chromatograph.

According to the chromatograms, the
concentration of methane after exposure to 18% of
coal was 62%, and the remaining fraction was the
concentration of carbon dioxide formed as a result
of the decomposition of carbonates in the structure
of coal (Figure 5) [[15], [16]].
Polynomial (K10)

® K0 ® K3 —
v

Polynomial (K3)

400,00 |

g m

Volume of gas, m

650 700 750 800 850 500

Figure 5. Prediction of methane release by coal mass

Cite this article as: Rabatuly M, Musin RA, Demin VF, Kenetaeva AA, Usupaev ShE.

Research results and discussion

Thus, the 18% solution increases gas
consumption by an average of 17-19% due to the
increase in permeability and, consequently, the
diffusion of methane in the coal seams [[17], [18]].

Research has been conducted to achieve
maximum results in solving the problem of gas
emissions from coal seams.

The difference in the proposed work is the
intensification of gas release from coal seams on
the basis of a fundamental study of the viscosity,
strength, and density of the coal mass to identify
structural bonds and increase the permeability of
coal and methane [[19], [20]].

The result of the fundamental research work
was the intensification of gas separation of coal
seams by conducting a set of studies, including
testing of coal seam samples for viscosity, and
permeability of coal seams to identify structural
bonds and increase the permeability of coal and
methane.

The novelty of the research work:

e increase in gas emissions from coal seams
due to the optimal location of methane coal wells
in the establishment of regularity;

e intensification of gas release from coal
seams under the influence of external forces.

Conclusions

The results of the work will ensure the safety of
underground mining in coal mines and reduce the
greenhouse effect of methane emissions from coal
seams into the atmosphere.

Industrial regions of Kazakhstan, which do not
receive enough gas, can be fully self-sufficient
through the production of their own methane from
coal seams. First of all, we are talking about
Karaganda, Akmola, and Pavlodar regions [[21],
[22]].
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Kemip KabatTapblHaH MeTaH anyablH, TUIMAINIriH apTTbipy

Pabatynbl M, *Mycun P.A., NemuH B.®., *KeHetaesa A.A., 2 Ycynaes LLI.3.

L «A. CafblHOB aTbiHAafbl KapafaHabl TEXHWUKa/bIK YHUBepCUTETI», KaparaHabl, KasakcTaH
2 OpTanbik A3usa epai KongaHbanst 3eptrey MHCTUTYTHI (OAMK3M), Biwkek, Kbipfbi3 Pecnybamkachl

Makana kengi: 11 Haypei3 2022
CapantamagaH eTTi: 04 cayip 2022
Kabbinganabl: 04 winde 2022

TYWIHAEME

Byn makanaga Kemip KabaTtapblHHaH ra3 6eniHyiH apTTbipy apKblibl KEMIp LWaxTanapblHAa Tay-
KEeH KYMbICTapblH Kayinci3 »Kypridyai KamTamacbi3 eTy macenenepi Kapangpl. Kemip
KabaTtTapblHaH ra3 6eniHyiH KapKblHAATy MakcaTbiHga 6ip KaTap 3epTTeynep XKyprisingi.
YHfbIManapablH, TOMEH OHIMANIriHiH  bIKTUMan cebentepi »aHe yHfFbIManapabl Ty3
KbIWKbIIbIMEH ©HAEYAI KONAAHY apKblbl 0NapAbl WeLly XON4apbl KenTipinreH. ¥HFbimanapabiH,
TOMEH OHIMAINITIHIH, Wi KesgeceTiH cebebi — TOMeHri YHFbIMA alMafblHblH, OTKI3FiWTIriHiH,
TemeHzeyi. Kpaxman, Kanbumii KapboHaTbl, bypFbliay epiTiHAICIHIH, KypambiHa KipeTiH bypfbliay
MKbIHBICTAPbI CY3Y KbIPTbICTAPbIH Ty3reHae KabaTTbiH, Cy3y KacueTTepiH e3repTesi aHe 6acTtankpl
OTKI3FiWTIKTIH TemeHpgeyiHe oKenegi. Ca3fbl KbIHbICTapAbl E€PUTIH Ty3-KbIWKbIIMEH ©Haey
YHFbIMANapaplH, eHiMAiNIriH apTTbipyablH, TMiMAi agici 6onbin Tabblnagbl. Ty3 KbIWKbLIbIMEH
eHAEYAIH TuimginiriHe acep eTeTiH napameTpniep Kapactbipbingpl. Ken ¢asanbl opTaHbiH,
MeXaHWKacbl TacinaepiH KonAaHa oTbIpbIN TanfdaHfaH Ty3 KbIWKbIbIHbIH, ca3 KabblfbiMeH e3apa
SpeKeTTecy TaXIpUBECIHIH, HaTUKenepi KenTipinreH. Casapl XKbIHbICTbIH, epy XKbl1AaMAbIFbIHbIH,
KbILWKbIA epiTiHAICIHIH, KOHLEHTPaUUACbIHA TayenAiniri aHbIKTanabl. ¥HFbIMaHbIH OHIMAI apanblK
kabaTbiH 6enrini 6ip KOHUEHTPALMAAA TY3 KbILKbINbIMEH OHAEY YHFbIMANAPAbIH, TEXHONOTUANBIK,
TUIMAINITIH - apTTbIPaTbiHbl aHbIKTaNAbl. JKCMEPUMEHTTIK KYMbICTapAblH, HaTuxKeciHae 18%
JKOFapbl KOHUeHTpaumacbl 6ap HCL Ty3 KbiWwKbAbl ca3gbl KabblKTapabl eHAaey KesiHae
YHFbIMaHbIH iWwiHAeri »kabablKTapfa Tepic acep eTeTiHi aHbIKTanApl. 3epTXaHanblK Kafganaa
JKYPFi3iirfeH  SKCNEPUMEHTTEPAIH, HITUXKECIHAE  KblWKbIIAbIH,  ©HAeYAer  €H  OHTaWAbl
KOHLEHTPALMACHI KaHe ca3 KabblfblHbIH TUIMAI KbIWKbINABIK biabipaybl 18% HCL ekeHairi
aHbIKTaNgpl. DKCNEepUMEHT HaTuKenepi 6GoWbiHWaA 18% epiTiHAI OTKI3riWTiKTIH  apTyblHa
6alinaHbIcTbl ras 6benyai opta ecenneH 17%-fa aHe 19%-fa apTTbipaabl.

TyiiH ce3pep: Kayinci3gik, Kemip wWwaxTanap, KoJbmaTauus, YHFbiManap, ca3 Kabbifbl, Ty3
KbILWKbIbI.
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MosbiweHne 3¢ PeKTUBHOCTU U3BNIEYEHMUA METAHA U3 YroNbHbIX N1ACcTOB

pabatynbl M., *Mycun P.A., lemun B.®., 'KeHeTtaesa A.A.,%Ycynaes LLI.3.

1 KaparaHamMHCKUIM TeXHUYECKUI yHuBepcuTeT nmeHn A. CarmHoBa, KaparaHga, KasaxcraH
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AHHOTAUMUA

B faHHOM cTaTbe paccMOTpeHbl BOMPOChl obecneyeHns 6e30nacHoro BeAeHWs ropHbIx paboT Ha
YrO/IbHbIX LWAXTax nyTem NOBblLUeHMUs ra300TAaum YrosbHbIX naactos. C Lenblo MHTeHCUdUKaL MK
rasoBblAENEHNA YrO/IbHbIX MJIACTOB MPOBEAEH PAf WUCCNeAoBaHWM. lMpuBeneHbl BO3MOMHbIE
MPUYMHBI HWU3KOW MPOU3BOAUTENIBHOCTM CKBAKMH M MYyTU WX PELIeHMA C MCMOJ/b30BaHUEM
06paboTKM CKBaXKMH CONAHOW KMCNOTOW. Hanbonee YyacToi NpUYMHON HU3KOM NPOAYKTUBHOCTU
CKBAXXUH ABNAETCA CHUMKEHWE MPOXOAMMOCTM HUMKHEN 30Hbl CKBaXKMHbl. Kpaxmasn, KapboHart
Kanbuusa, OypoBble NOPOApl, BXOAAWME B COCTaB OypoBOro pacTBopa, W3MEHSIOT
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dWUNBTPALMOHHbIE CBOWCTBA NIacTa Npu 06pa3oBaHMK GUNBTPALIMOHHOW KOPKM U MPUBOAAT K
CHUXEHMIO HayanbHOM mpoHuuaemocT. O6paboTKka FAMHUCTBIX NOPOA, PAacTBOPUMONA CONAHOM
Kucnoton ssnsetca  3GGEeKTUBHbBIM - METOAOM  MOBbILEHUA MNPOAYKTUBHOCTM  CKBAMKMH.
PaccmoTpeHbl napameTpbl, BaAusOWMe Ha 3GPEeKTUBHOCTL NepepaboTKU CONAHOM KWUCNOTbI.
MpuBeaeHbl pesynbTaTbl OMbiTa B3aUMOLEUCTBUA CONAHOW KUCAOTbI C TAMHUCTOM 060/104YKON,

Noctynuna: 11 mapma 2022 aHa/ZM3MpyemMoro C NOMOLLbIO METOA,0B MeXaHWUKM MHOrodasHbIX cpes,. MonyyeHa 3aBUCMMOCTb
PeueHsuposaHue: 04 anpesns 2022 CKOPOCTM PacTBOPEHUA FIMHWUCTON MOPO/bl OT KOHLUEHTPaUWKM pacTBopa KMCAOTbl. YCTaHOBNEHO,
MpuHATa B Nevatob: 04 utona 2022 yTo 06paboTKa MPOAYKTMBHOTO MNPOMEXYTOYHOTO C/I0A CKBaXKMHbI CONAHOW KMCNOTOW B

onpeaeneHHOW KOHLLEHTPaLMK, ee UCNONb30BaHME NOBbILIAET TEXHOIOTMYECKYHO 3PHEKTUBHOCTL
CKBaXKWH. B pe3ynbTaTe sKcnepuMMeHTasIbHbIX PaboT ycTaHOBAEHO, Y4TO conAHaa Kucnota HCL ¢
BbICOKOW KOHLeHTpauwel 18% okasbiBaeT HeraTMBHOe BAMAHME Ha BHYTpeHHee obopyaoBaHue
CKBaXKWHbI NPM 06pabOTKe IMUHUCTBIX 060N04EK. B pe3ynbTaTe SKCNepUMEHTOB, NPOBEAEHHbIX B
NabopaTopHbIX YCNoBUAX, ObIIO YCTAaHOBNEHO, YTO Haubonee ONTUMaNbHAA KOHLEHTPALMA
KMcnoTbl B 06paboTke v apPeKTMBHOE KMCNOTHOE Pa3/IoKeHMe TIMHUCTON NAEHKN cocTaBnseTt
18% HCL.Mo pesynbTaTam akcnepumeHTa 18% pactBop yBennunBaeT ra3oBblaeneHne B cpegHem
Ha 17% 1 19% 3a c4eT yBeAMYEHNA NPOHNLLAEMOCTHU.

KntoueBble cnosa: 6e3omacHocTb, Yro/ibHble WaxTbl, KOJibMmaTaunA, CKBaXKUHbl, MUHUCTAA KOPKa,
CON1IAHAA KMCNOTa.
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ABSTRACT

The quality of the finished casting is largely determined by the quality of the mold. Currently, there
are a large number of variations in the composition of CHM (cold hardening mixes), differing both
in the nature of the main component and in the nature and ratio of binders and other technological
additives. As cleaning dust has a very developed surface due to technological reasons. According
to various estimates, the specific surface area of gas cleaning dust is from 8, 000 cm?/g and higher.
In order to verify this assumption, studies were conducted on the effect of the composition of the
mixture using SCF (sand-clay forms), on some of its properties. In conclusion, the conducted
studies have shown that in order to ensure the maximum performance of the technological
properties of CHM, the optimal content of SCF in the mixture should be 2.0 - 10.0 wt.% in the ratio
with orthophosphoric acid is not higher than 1.25.

Keywords: CHM, SCF, casting, properties, mixture, strength, surface.
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Introduction

The quality of the finished casting is largely
determined by the quality of the mold. In the
manufacture of castings from alloys with high hardness,
such as Nihard cast iron, such casting quality parameters
as surface cleanliness and compliance with geometric
dimensions are of particular importance, because the
high hardness, wear-resistance, and relative fragility of
these alloys complicate the machining of the finished
casting. Accordingly, in the manufacture of castings
from these alloys, it is necessary to strive for the
maximum possible surface cleanliness and accuracy of
geometric dimensions.

Casting in sand-clay molds (SCF) does not provide
these quality parameters, the use of other casting
technologies (investment casting, casting on gasified
patterns, coquille casting) is limited due to various
reasons: the complexity of the process, high cost, etc. In
this case, a good alternative to these methods is the
production of casting into molds made using cold-
hardening mixtures (CHM).

The essence of the CHM method is the approval of
a sand-resin mixture under the influence of a catalyst.
The main advantages of this method are high surface
cleanliness and accuracy in the geometric dimensions of
the castings obtained; the minimum number of casting
defects formed; there was the possibility of
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regeneration of the molding mixture. In addition, the
drying and heating stage of the mold is completely
eliminated, which leads to a significant reduction in the
time of the mold manufacturing process.

The main disadvantage of using the CHM method is
the toxicity of some components of the mixture and in
this regard, the need for special conditions for their
storage and use [1].

Currently, there are a large number of variations in
the composition of CHM, differing both in the nature of
the main component and in the nature and ratio of
binders and other technological additives [[2], [3], [4]].

For example, in the work of CHM [[5], [6], [7]], a
mixture is proposed that contains synthetic resins and
inorganic binders: liquid glass, cement, iron scale, iron
ore concentrate, magnesite, and chromomagnesite.
This CHM includes a refractory filler based on silicon
dioxide, a material based on iron oxides, and
orthophosphoric acid. Its peculiarity is that in order to
reduce crumbling, the mixture contains such a
technological additive as aminopropyltriethoxylane.
However, the cost of this additive is quite high, in
addition, this mixture has fairly low survivability (3 - 15
min) and low compressive strength (0.1-0.49 MPa).

Based on a brief information analysis, it can be
concluded that the composition of CHM should be
selected based on the optimal cost—property ratio. In
turn, this ratio will be determined by the availability and
availability of available raw materials.

In this paper, it is proposed to use a mixture as a
CHM, which consists of a refractory filler based on SiO,,
a highly dispersed component, and orthophosphoric
acid as binders and water. The purpose of introducing a
highly dispersed material into the composition of the
CHM is to increase the interaction surface between the
reagents, which should ensure a rapid reaction and
reduce the curing time.

Methods and materials

The composition of CHM is proposed for the
manufacture of molds containing a refractory filler, iron
oxides, orthophosphoric acid, and bauxite. The
disadvantage of such a mixture is the need for
preliminary preparation of bauxite before use in CHM
[8], namely grinding and drying. In addition, the
instability of bauxite in chemical composition
significantly affects the possibility and amount of
formation of iron phosphate ligaments. The
composition of CHM is given [9], including a material
based on oxide and iron oxide in the form of waste dust
from electric steelmaking, orthophosphoric acid and

chromium anhydride. The main disadvantage of this
mixture is the presence of a poisonous and carcinogenic
substance - chromium anhydride.

It is proposed to use aqueous solutions of phenolic
substances reacting with aldehydes and gaseous acetals
as a binder. In [[10], [11]], it is proposed to use a mixture
containing epoxy resin and furfuryl alcohol as a catalyst.

It should be noted that the variations in the
compositions of CHM concern not only binders and
technological additives but also the main component —
a refractory filler. For example, in [[12], [13], [14]] it is
proposed to use a material extracted from rice husks as
a refractory filler since it contains a large amount of SiO..

As a highly dispersed material, it is proposed to use
gas purification dust produced by ferrosilicon (SCF), the
average composition is given in Table 1.

Table 1 - Composition of gas purification dust produced by
ferrosilicon, %

SiO2 Fe203 Al,O3 MgO Ca0

80-95 0.2-4.5 1.8-8.6 1.3-15 0.4-2.6

It should be noted that gas cleaning dust has a very
developed surface due to technological reasons.
According to various estimates, the specific surface area
of gas cleaning dust is from 8, 000 cm?/g and higher
[[15], [16]]. Such a developed surface provides a high
degree of contact between reagents (silicon dioxide and
orthophosphoric acid) with the formation of a
compound of  silicon pyrophosphate  and
silicophosphate of variable composition of the type x
xSiO, *YP,0s. The formation of this compound causes
the mixture to harden, which ensures the formation and
properties of the mold.

Conducted studies and their results

In order to verify this assumption, studies were
conducted on the effect of the composition of the
mixture using SCF on some of its properties.

The mixture was prepared as follows. Refractory
filler (quartz sand) and highly dispersed filler (SCF) were
loaded into the paddle mixer and mixed for 5-10
minutes. Then orthophosphoric acid was added,
previously diluted with water to a density of 1.5-1.6 g/
cm3, and mixed for another 5-10 minutes. During the
manufacture of the mixture, the number of
components varied, the compositions of the mixtures
are shown in Table 2.
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Table 2 - Composition of the studied mixtures, %

Mixture Highly
Orthophosphori | dispersed |Water | Quartz
number | cacid filler sand
(SCF)
1 3 2 4 other
2 4 35 45 other
3 5 45 5 other
4 6 6.0 5.5 other
5 7 7.5 6 other
6 8 10.0 6.5 other

Samples were prepared from the finished mixture
to determine compressive strength, survivability, gas
permeability and crumblability. Compressive strength
was determined on the INSTRON device [17], crumbling
on the PP-1100 (02212) device, gas permeability on the
P04315-M device according to generally accepted
methods. The survivability of the mixture was
determined every 30 minutes for 3 hours. In this case,
survivability was understood as the minimum time
during which the strength drop is more than 30%. The
results of the research are shown in Figure 1.
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Figure 1 - Change of properties depending on the
amount of PGPF

As can be seen from the above figures, an increase
in the amount of SCF in the range of 2-10% has a positive
effect on such an indicator as the strength of the
mixture, but an increase in the amount of SCF over 6.5%
practically does not affect the strength. At the same
time, such indicators as survivability, crumbling and gas
permeability of the mixture are falling. According to the
requirements for the specified parameters, the
compressive strength should be at least 0.45 MPa after
1-hour exposure; survivability - at least 10 minutes; gas
permeability greater than 150 units; shedding less than
0.3% [[18], [19], [20]].

A comparative analysis of the results obtained with
the minimum requirements for the properties imposed
on the CHM allows us to draw the following conclusion.
The content of SCF in the composition of CHM in the
range of 2 - 10% provides the necessary indicators of the
mixture within the norm.

A further increase in the amount of SCF in the
mixture is impractical since an increase of more than 7-
8% practically does not affect the strength. However, at
the same time significantly reduces such indicators as
survivability, gas permeability and crumbling, which
leads to an increase in the cost of the mixture and is

— 4 ——
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economically impractical. A decrease in the amount of
SCF below the lower limit (3.0%) is also undesirable since
the contact surface created will not be sufficient for
active interaction of reagents, which leads to a
deterioration in strength indicators.

As can be seen from the data in Table 2, the content
of orthophosphoric acid increased with the content of
SCF. This is necessary in order to ensure the
completeness of the curing reaction and the formation
of the complex compound xSiO, *YP,Os. Figure 2 shows
the effect of the ratio of the amount of SCF and
orthophosphoric acid (OPA) on the strength of the
mixture.

As can be seen from Figure 2, with anincrease in the
ratio of SCF / OPA, the strength of the mixture increases,
but then when the ratio is reached equal to 1.25, the
strength of the mixture begins to fall. This indicates that
with an increase in the proportion of PGPF relative to
orthophosphoric acid in the mixture above 1.25, the
formation reaction of silicon silicophosphate practically
does not proceed, and the curing process does not
develop further. Accordingly, it is impractical to exceed
the specified ratio.
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Figure 2 - The effect of the ratio of SCF to OPA on the
strength of the mixture

Conclusion

Thus, the conducted studies have shown that in
order to ensure the maximum performance of the
technological properties of CHM, the optimal content of
SCF in the mixture should be 2.0 - 10.0 wt.% in the ratio
with orthophosphoric acid is not higher than 1.25. A
further increase in the ratio of SCF / OPA in the
composition of the mixture leads to a drop in the
strength of the mixture.

The proposed mixture has a high survivability (35 -
180 minutes), low crumbling (0.03 - 0.1%) and a wide
range of strength from 0.55 to 1.3 MPa with a required
minimum of 0.45 MPa, depending on the ratio of SCF /
OPA, and the content of SCF should be organic to the
specified limits. Consequently, by changing the amount
and ratio of SCF and orthophosphoric acid, under other
equal conditions, it is possible to regulate the
technological properties of the proposed CHM in a wide
range.

The studied mixture can be used for the production
of small, medium, and large molds and the manufacture
of rods of all five complexity classes in conditions of both
small-scale production and serial and mass production.
The preparation of the mixture can be carried out on
standard equipment, which does not require additional
costs for the purchase of specialized equipment. The
most important advantage of the composition of this
mixture is the use of waste from metallurgical
production, which contributes to the solution of two
tasks: reducing the cost of molds and rods and solid
waste disposal and, consequently, improving the
environmental situation of the region.
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Kocnanap) KypamblHAA KenTereH sapuauuanap 6ap. TasanaraH Ke3ge WaHHbIH TEXHONOMUANbIK
cebenTepre 6GalnaHbiCTbl ©Te JamblfaH b6eTi 6onagpl. OpTypni bGaranaynap 6olibiHWa ras
Ta3apTaTblH WaHHbIH, YECTiK ayaaHbl 8000 cm?/r skaHe oaaH Aa Ken. byn 6onxkamabl Tekcepy yLiH
KCK (Kymapl-casabl KanbinTap) KeMerimeH Kocna KypambliHblH, Kelbip KacueTTepiHe acepiHe
3epTTeynep Kyprisingi. KopbiTbiHAbINAK Kene, 3epTreynep KepcetkeHaew, CKK (cybikTai
KaTaATblH KOCMNanap) TEXHONOMMAMBIK KacMeTTepiHiH, MaKCMManabl eHIMAININH KamTamacbi3 ety
ywiH kocnagafbl KCK-HbiH, OHTainbl menwepi dochop KplwKbiAbiMeH 1,25 Kofapbl emec
KaTblHacbiHAa 2,0 — 10,0 macc. % 60nybl Kepek..

Tyiiin ce30ep: CKK, KCK, Kylima, KacneTTtep, Kocna, 6epikTik, 6eT.
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AHHOTauuA

KayecTBO roToBOW OT/IMBKM BO MHOFOM OnpeaenseTca KayecTtBom ¢popmbl. B HacToAlee Bpema
cywectsyeT 60blIoe KOAMYecTBO Bapuaumii coctaBa XTC (xonoaHo-TBEpAglOWME CMecw)
PasNNYaOLMXCA KaK MO NPMpPOoLe OCHOBHOMO KOMMOHEHTA, TakK U MO XapaKTepy U COOTHOLIEHUIO
BAXYLLMX U APYrUX TEXHONOTMYeCKUX [06aBoK. MpM OUUCTKE NblIb MMEeT OYeHb Pa3BUTyo
NOBEPXHOCTb MO TEXHONOFMYECKUM NPUUYUHAM. M0 pasHbIM OLLEHKaM yAe/IbHasA NOBEPXHOCTb MblAn
rasooumucTku coctasnset ot 8000 cm?/r v Bbiwe. [NA NPOBEPKM 3TOTO NPEAMNONONKEHUA 6blin
npoBeAeHbl UCCIeA0BaHUA BAUAHUA COCTaBa CMECU C Ucnosib3oBaHnem MNP (necyaHo-rAMHUCTbIX
bopm) Ha HeKoTopble ee CBOMCTBA. B 3aKntoueHWe NpoBeAEeHHbIE UCCNEL0BAHWSA NOKa3anu, YTo
AnAa obecneyeHnA MaKCMMasbHbIX NOKasaTenel TeXHONOTMYeckux csoicTe XTC onTMmanbHoe
copepaHue NP B cmecu fonxkHo coctasnaTb 2,0 - 10,0 mac.% B cooTHOLEHMM ¢ opTodochopHOit
KMCNOTOM He Bblwe 1,25.
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ABSTRACT

The complication of mining and geological conditions is associated with the involvement in the
development of areas and entire deposits with complex tectonics, an increase in the depth of
development, the manifestation of dangerous dynamic effects of rock pressure, which
necessitates the improvement of methods, systems, methods and means of supporting mine
workings, as well as improving the quality of materials used for support. Mining and geological
factors affecting the use of mining support include: the depth of occurrence, which determines
the magnitude of the vertical and horizontal components of the rock pressure; layer thickness,
developed deposit; bed angle; properties of the host rocks, structure and physical and mechanical
properties of rocks and minerals. The paper presents the conduction of the analytical modelling of
the rock mass stress-strain state around the active mine workings using the ANSYS software with
the assessment of the influence of its cross-section shape and the angle of the coal seam fall on
the value of the maximum stresses arising in the rock mass when the workings are supported with
the anchoring support depending on the thickness of the easily collapsible rock layer at different

lengths of anchoring.
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Introduction

Due to the high rate of drifting faces’ advance
and the strategy of mining operations’ development,
two mining areas require accelerated and timely
development of mine workings with intensive
technology of preparation workings.

The increase in the volume of underground coal
mining is possible only with the highly efficient
technology of carrying out and maintaining
preparatory mine workings.

As the level of mining depth increases, one of
the problems is to ensure the stability of mine
workings. Metal compliant support of arch type and
anchoring is used to maintain mine workings in the
mines of the Karaganda basin. The cost of money is
more than one thousand dollars at the expense of
metal-roll to conduct and fix 1 meter of mine

workings using arch support. The maintenance cost
is at least 10-15 % of the cost of mine workings. The
development of 5.0-5.5 km of mine workings is
required for 1 million tons of coal accepted in
practice systems, which defines essential expenses
for preparing mine workings.

More than 10 % of underground workers are
engaged in the repair of mine workings [[1], [2], [3],
[4], [5]]. Loss of the cross-sectional area of reservoir
workings reaches 60-70%. This leads to 20% of mine
workings being repaired and refastened annually.
The share of expenses on carrying out, fastening and
maintenance of mine workings reaches 15-20 % of
the cost price of coal mining.

The use of more significant profiles and
increased density of frame support considerably
increases the metal intensity of workings and labor
intensity of erection. Its operation has several
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serious drawbacks, which lead to significant
deformations of excavations: flattening of tops,
extrusion into the section cavity of lateral legs, and
failure of locking joints.

Improving the efficiency of maintaining the mine
workings’ stability can be achieved using progressive
anchoring technology.

The behavior of rocks of the coal seams’ roof in
the Karaganda basin is determined by their
composition, physical and chemical properties,
stratification and fracturing. The immediate roof of
the coal seams is most often represented by
mudstones, more rarely siltstones and by
sandstones in isolated cases; the main roof is usually
composed of sandstones. Argillites predominate in
the soil of coal seams [[6], [7], [8], [9], [10]].

The value of using the technology of anchoring
mine workings in 2021 in the mines of the Karaganda
basin reached 25%, and with the combined (metal-
anchored underlay and anchoring) - 48%. To
increase the volumes of using the anchoring
technology, it is necessary to estimate its application
depending on operating conditions and develop
typical effective driving and supporting workings
technologies [[11], [12], [13], [14]].

An urgent task of mining production is the study
of rock mass deformation peculiarities around
preparatory workings with anchoring at different dip
angles and anchoring depths, justification of
anchoring parameters and determination of the
rational area of its use [[15], [16], [17], [18]].

The experimental part

The research aims to develop effective
technology for supporting the contour rock mass
based on studying the technogenic stress-strain
state (TSSS). To implement it, a technology of
intensive and safe conduct of mine workings based
on the identified patterns of behavior of host rock
massifs adjacent to them, optimization of
parameters of technological schemes of preparatory
works was created.

One of the main directions of technical progress
in anchoring and maintenance of mine workings is
the use of resource-saving technology of
preparatory workings with the use of anchoring,
including in combination with metal arch support.

Thus, the urgent task of mining production is the
study of the deformation features of the rock mass
around preparatory mine workings with anchoring
at different angles of bed dip and anchoring depths,
justification of the anchoring parameters and
determination of the rational area of its use.

The excavation disturbs the equilibrium state of
rocks. It leads to the redistribution of stresses in the
surrounding massif, and the intensity of stresses on
the excavation contour is much higher than in the
disturbed massif. Increased stresses on the mine
workings lead to a zone of inelastic deformations
around them. The structure of the zone and the
nature of rock deformation depend on the
excavation depth, physical, mechanical and
technological properties of rocks, the size of the
excavation, the type and characteristics of the
mount, and the angle of the enclosing rocks.

The diversity of mining and geological and
mining conditions and the related mechanism of
interaction between rocks and supports have led to
various geomechanical mathematical models of the
rock mass state around mine workings.

Modelling is executed using the numerical
method of finite elements, the stress-strain state of
the massif around the active mine working. The
solution is carried out in the elastic statement due to
a comparatively short time of rock deformation in
the vicinity of the preparatory face during its
movement. In contrast to the known approaches,
the dimensions of the deformation propagation
zones are specified with the analysis of their
parameters [[19], [20], [21]].

Using the ANSYS software package, the
influence of the shape of the mine cross-section and
the dip angle of the coal seam on the value of the
arising maximum stresses in the rock massif when
securing the mine with the anchor support is
evaluated.

Figure 2 (for reservoir conditions of 4.0 m)
shows calculations of stress components: oy is
normal, ox is the longitudinal component of
supports. Vertical (Figure 1a), longitudinal (Figure 1
b), and tangential (Figure 1c) components increase
with formation dip angle, within its component
change from 100 to 400. For all cross-sectional
forms, the values of ox and o. are an order of
magnitude higher than ou for the same x, with high
Oyx, Oy characteristic of the arch form, the same for oy
(the tangential stress component).
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Figure 1 - Calculation scheme of the problem
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Figure 2 - Diagrams (at a = 100) of the maximum
normal stresses in the areas surrounding the mine
workings of the arch (a), rectangular (b) and polygonal
(c) cross-sectional forms

Figure 3 shows plots of maximum normal (a),
longitudinal (b), and shear (c) stresses in rock mass
at anchoring of arch (1), rectangular (2) and
polygonal mine workings with formation dip angle.
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Figure 3 - Plots of maximum normal (a), longitudinal
(b) and tangential (c) stresses in rock mass at anchoring
of arch-shaped (1), rectangular (2) and polygonal (3)
workings on the dip angle

The stress-strain state of the host rock layers
depending on the thickness of the easy-rock layer is
studied at different anchoring lengths. We
investigated the character of changes and
distribution of stresses in the roof, the ground and
the sides of the mine workings by the example of a
trapezoidal excavation of a cross-sectional form with
the following parameters of the claim scheme: the
dip angle of the formation is 15°; its thickness is 4,0
m; the depth of development is 500 m; the working
cross-section is 15.5 m?; the anchor diameter is
0.022 m.

The conducted research allowed us to establish
the following character of the behavior of lateral
rocks by zones of their location (Fig. 4, a and b).
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Figure 4 - Distribution diagram (a) and dependences
of changes in normal stresses (b) in the host rock with a
thickness of argillite layer 1-1m; 2-3,5m;3-5m,
on the depth of their anchoring at the anchor
length of 3,5 m.

The influence of the roof rocks (with increasing
the layer of easily collapsing argillite) at the
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trapezoidal form of the excavation cross-section is
studied. Parameters of the rated scheme: dip angle
15°, its thickness 3.8 m; excavation depth 400 m;
working cross-section 15.5 m?; anchor length 3.0 m,
its diameter 0.05 m.

Figure 5 shows the distribution of longitudinal
stresses around the trapezoidal excavation with a
claystone layer of 1 m along the length of the
boreholes. Significant stresses are subjected only to
the area of rocks at the extremities in the roof of the
boreholes, which requires increasing their density in
this area [4].
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Figure 5 - Distribution of longitudinal stresses
around the trapezoidal excavation with a layer of argillite
1 m on the length of the boreholes

Figure 6 shows the distribution of normal and
longitudinal stresses at the argillite layer of 7.5 m
along the contour of the mine workings.

Analysis of the stress distribution shows that
zones of unstable rock formations occur around the
excavation. The analysis of the stress distribution
shows that there are zones of unstable rock around
the excavation. The maximum value of normal
stresses is in the anchor, located on the top of the
excavation, in the rightmost anchor of the securing
point. The maximum value of longitudinal stress
occurs in the anchor on the right side surface of the
excavation (first from the bottom).

1 - zone of very unstable; 2 - zone of unstable; 3 -
zone of unstable; 4 - zone of medium stability; at the
minimum point - zone of stable

Figure 6 - Distribution of normal (a) and longitudinal
(b) stresses at argillite layer equal to 7.5 m

Conclusions

The revealed patterns of change in the stress-
strain state of coal massifs (displacements, stresses,
fracture zones) depending on the main mining-
geological and mining-technical factors make it
possible to set the optimal parameters anchorage to
increase the stability of preparatory mine workings
under particular operating conditions. This will allow
the development of new and improved technologies
for effective and safe anchoring of near-surface
rocks when conducting mine workings on flat and
inclined coal seams, adaptive to changing mining-
geological and mining-technical conditions of
operation.
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TYRIHAEME

Tay-KeH-reoNIoruANbIK XargannapablH KypaeneHyi KeH KasbanapbliH 6ekiTy agictepiH, )yenepiH,
Tacingepi MeH KypangapblH KeTingipyai, coHpai-ak  6ekiTy KesiHge naiganaHbinaTbiH
MaTepuanapablH, CanacbiH }KaKcapTyApl KaXKeT eTeTiH Kypaeni TeKTOHMKackl 6ap yyackenep meH
TYTac KeH OpbIHAAPbIH Urepyre TapTyMeH, urepy TepeHAiriHiH yafalobIMeH, Tay-KeH KbICbIMbIHbIH,
KayinTi AMHAMUKaNbIK CepiHiH KepiHyimeH bainaHbicTbl. Tay 6ekiTneciH nanganaHyFa acep eTeTiH
Tay-reonorvanblK GakTopnapfa MblHanap KaTagbl: Tay KbICbIMbIHbIH, TiK YXaHe KengeHeH
KYPayLUbINAPbIHbIH, WAMaCblH aHbIKTAaNTbIH TEPEHAIK; KeH LWOFbIPbIHbIH, UrepineTiH KabaTblHbIH,
KyaTbl; KabaTTbIH, XKaTy 6ypblLLbl; HEFi3ri Tay XKbIHbICTAPbIHbIH, KACUETTEPI, }KbIHbICTAP MEH NaiAanbl
KasbanapablH, KypblnbiMbl MeH GU3MKanbiK-MexaHUKanblK Kacuettepi. ANSYS 6araapnamanbik
KelleHiH KonfaHa OTbIpbIn, XYMbIC icTen TypfaH Kas3ba aiHanacbiHA@Fbl MACCUBTIH, KepHeyi-
AedopmaumanaHfaH KynMiH aHaUTUKANbIK MOAENbAEY, OHbIH, KONAEHEH KMMACbIHbIH, NilliHi MeH
KeMip KabaTblHbIH, Ky1ay BYpbILbIHbIH, 9P TYP/i aHKEP Y3bIHAbIFbI 6ap OHa 6y3bINaTbIH XbIHbICTAP
KabaTbIHbIH, KyaTblHa 6aitnaHbICTbl Ka3banapabl aHKepMeH BeKiTy KesiHAe Tay ¥KbIHbICTaPbIHbIH,
maccuBiHae naraa 60n1aTbiH MakcMManabl KepHeynepre acepiH 6aranait oTbIpbIn Xyprisingi.
TyiiiH ce30ep: maccuB, ka3ba, kepHeyni-gedbopmaunanaHFaH Ky, KepHey, aHKepik Konaay.
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KOHTYPOB ropHO# BblpaboTKM B 3aBUCMMOCTHU OT BAMAIOLMNX GaKTOPOB
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AHHOTALMUA

YCNnoXKHeHne ropHO-reoNorMyeckux YCNoBUI CBA3AHO C BOB/IeYEHME B OTPabOTKYy y4acTKoB U
LENbIX MECTOPOMKAEHWUIA CO C/AIOXKHOMN TEKTOHUKOW, yBenuueHunem rybuHbl paspaboTku,
NPOABNEHUA OMNACHBIX AWHAMMYECKMX BO3LEMCTBMI FOPHOrO AaBneHwus, yto obycnasnusaeT
HeobX04MMOCTb COBEPLUEHCTBOBAHWSA METOA0B, CUCTEM, CMOCOBOB M CPEACTB KPEMNIEHUA TOPHbIX
BbIPabOTOK, a TaKKe y/yyllaTb Ka4eCcTBO MaTepuUanos, UCNOb3yeMbIX NpU KpenaeHun. K ropHo-
reonornyeckum GakTopam, BAUAIOWMM Ha MCNONb30BaHME TOPHOIN Kpenu, OTHOCATCA: FrybuHa
3aneraHus, 4To onpegenseT BeNIMYMHY BEPTUKAZIbHOM U TOPU3OHTA/IbHOM COCTABAAIOLLMX FTOPHOTO
[JaBNEHNA; MOLLHOCTb MAacTa, pa3pabaTbiBAaEMON 3aneXu; yron 3aneraHvs naacta; CBOWCTBa
BMeLLAoWMX MNOpoa, CTPYKTypa M U3MKO-MexaHUyecknme CBOWCTBA MNOPOA M MOAE3HOro
MCKONaemMoro. BbINOSIHEHO aHaNWTUYECKoe MOAENMPOBaHUE HanpAXKeHHO-AedOPMUPOBaHHOE
COCTOAHME MaccMBa BOKPYr AeNCTBYIOWEN BbleMOYHOW BbIpaboTKM € MCNoOAb3oBaHUMEM
nporpammHoro komnsaekca ANSYS c oueHKol BAMAHWUA GOPMbl ee cevyeHusa U yrna nageHus
YroNbHOTO NJ1acTa Ha BEIMYMHY BO3HUKAIOLWMX MAaKCMMabHbIX HanpAXeHWn B MaccuBe ropHbIX
nopoa, Npu KpenneHuu BbipaboOTKM aHKEPHON Kpenbito B 3aBUCMMOCTU OT MOLLHOCTM Clof
NerkoobpyLIaoLmMXCca Nopoa, NPU PasHOW ANNHE ee aHKepOBaHMA.

KnioueBble cnoBa: maccus, ropHasa BblpaboTKa, HanpAXKeHHO-AedOPMUPOBAHHOE COCTOAHME,
HanpAXeHune, aHKkepHasa Kpenb.

AemuH Baadumup dedoposuy

NHpopmayusa 06 aesmopax:

JOKMop mexHuU4YecKux Hayk, npogeccop, KapazaHOUHCKUl mexHu4ecKkuli yHusepcumem umeHu
Abbinkaca CaeuHosa, np-m HypcynmaHa Hasapbaesa, 56, 2.KapazaHda, KaszaxcmaH. E-mail:
vladfdemin@mail.ru; ORCID ID: https://orcid.org/0000-0002-1718-856X

Mypoe Bumanuii Baadumuposuy

KaHOudam mexHu4ecKux HayK, Uu.0. OoueHmMa Kageopsl «Boicwaa mamemamuKka»,
KapazaHduHcKkuli mexHuveckul yHueepcumem umeHu Abbiakaca CazuHosa, np-m HypcyamaHa
Hasapbaesa, 56, e.KapaeaHda, KasaxcmaH. E-mail: zhurvitv@yandex.ru; ORCID ID:
https://orcid.org/0000-0002-4413-8584



mailto:vladfdemin@mail.ru
https://orcid.org/0000-0002-1718-856X
mailto:zhurvitv@yandex.ru
https://orcid.org/0000-0002-4413-8584
mailto:vladfdemin@mail.ru
https://orcid.org/0000-0002-1718-856X
mailto:zhurvitv@yandex.ru
https://orcid.org/0000-0002-4413-8584

KomnnekcHoe McnonbzoBaHne MuHepanbHoro Cbipbs. Ne1(324), 2023 ISSN-L 2616-6445, ISSN 2224-5243

References

[1] Rozenbaum MA, Demekhin DN. Opredeleniye deformatsionnykh kriteriyev ustoychivosti porod krovli i ankernoy krepi
[Determination of the deformation criteria for the stability of roof rocks and anchor support]. Fiziko-tekhnicheskiye
problemy razrabotki poleznykh iskopayemykh = Physicotechnical problems of minerals development. 2014;2:82-87. (in
Russ.).

[2] Otraslevaya instruktsiya po primeneniyu ramnykh i ankernykh krepey v podgotovitelnykh vyrabotkakh ugolnykh i
slantsevykh shakht [Branch instruction on the use of frame and anchor bolts in the preparatory workings of coal and shale
mines]. IGD them. A.A. Scochinsky, Moscow, 1985. (in Russ.).

[3] Ruppel U, Opoloni K. Features of the use of anchor support on high-performance production in the aspect of international

comparison. Glukauf. September, 2000;2(3):31-37.

[4] Daipal VSh, Brandari S, Prasat CD. The choice of technology and economically optimal roof anchoring system for the
implementation of developments in the coal mines of scientific approaches. Cole International. 2002;12:10-17.

[5] WalkerS. The system of fixing the mine workings. World Coal. August, 2003:17-22.

[6] Shaikhova GS. Explanation of the Cluster Structures Melting Mechanism and Their Influence on the Molten State’s Physical
and Chemical Nature. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2021;1(316):
62-68. https://doi.org/10.31643/2021/6445.08

[7]1 Firhouse R, Arentz A. A passage of a rectangular section drift with an anchor support in zones of increased rock pressure.
Glukauf. 2001;11:4-12.

[8] Karr F. Recent innovations in the anchoring of rocks at mines of the state coal management of Great Britain. Reports at the
symposium on anchorage. London. 1984:268-281.

[9] Ulrich L. Design basis of mining pressure control with combined support in reservoir drifts. Glukauf, March, 2002:16-20.

[10] Lushnikov VN, Eremenko VA, Sandy MP, Kosyreva MA. Vybor ankernoy krepi dlya vyrabotok. proydennykh v shakhtakh.
podverzhennykh gornym udaram [The choice of anchor support for workings, traversed in mines prone to mountain
impacts]. Fiziko-tekhnicheskiye problemy razrabotki poleznykh iskopayemykh = Physicotechnical problems of minerals
development. 2017;3:86-95. (in Russ.).

[11] Trushko VL, Protosenya AG, Matveev PF. and others Geomekhanika massivov i dinamika vyrabotok glubokikh gorizontov
[Geomechanics of arrays and dynamics of developments of deep horizons]. St. Petersburg Mining Institute, St. Petersburg,
2000 (in Russ.).

[12] Zhurov V.V. Sovershenstvovaniye metodiki rascheta parametrov krepleniya vyrabotok s uchetom gornotekhnologicheskikh
faktorov [Perfection of a technique of calculation of parametres of fastening of developments with the account of mining
technological factors]. The dissertation on competition of a scientific degree of the candidate of engineering science. KSTU,
Karaganda, 2010 (in Russ.).

[13] Demin VV. The choice of the construction of the support for fixing the rocks of the mine workings. In: RUDN university,
organizer. Proceedings of the sixth international conference "Resource-reproducing, low-waste and environmental
protection technologies of subsoil development". Moscow - Karaganda. 2007;121-123.

[14] Tutanov SK, Tutanova MS. Accounting for creep of the rock mass around the sides of the quarry. Kompleksnoe Ispolzovanie
Mineralnogo Syra = Complex Use of Mineral Resources. 2022;322(3):74-78. https://doi.org/10.31643/2022/6445.31

[15] Demin WF, Demina T |, Kaynazarov A S, Kaynazarova A S. Evaluation of the workings technological schemes effectiveness
to increase the stability of their contours. Sustainable Development of Mountain Territories. 2018;10(4):606-616.

[16] Gorbunov MS, Gorbunov IS, Demin VV. Geomechanical processes in host rocks during excavation workings. Proc. scientific-
practical conference "Actual problems of the mining and metallurgical complex of Kazakhstan", Karaganda. 2007;110-113.

[17] Demin VV. Investigation of technological parameters of the use of steel-polymer anchors in the mines of the Karaganda
basin. Scientific and technical support of mining. Proceedings of the DGP "Mining Institute.D. Kunaev". Almaty, Kazakhstan.
2007;74:179-185.

[18] Tutanov S K, Tutanov M S, Tutanova M S. A mathematical model for determining the influence of factors on the stability of
pillars and cameras. Kompleksnoe Ispolzovanie Mineralnogo Syra=Complex Use of Mineral Resources.2020;3(314):15-21.
https://doi.org/10.31643/2020/6445.22

[19] Diomin VF, Khalikova ER, Diomina TV, Zhurov VV. Studying coal seam bedding tectonic breach impact on supporting
parameters of mine workings with roof bolting. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu. 2019;5:16-21.
https://doi.org/10.29202/nvngu/2019-5/5

[20] Q Ye W jun Wang, G Wang, and Z zhen Jia. Numerical simulation on tendency mining fracture evolution characteristics of
overlying strata and coal seams above working face with large inclination angle and mining depth. Arabian Journal of
Geosciences. 2017;10(4). https://doi.org/10.1007/s12517-017-2856-9.

[21] Barton N. Some new Q-value correlations to assist in site characterisation and tunnel design. International Journal of
Rock Mechanics and Mining Sciences. 2002; 39(2):185-216. https://doi.org/10.1016/51365-1609(02)00011-4



https://doi.org/10.1007/s12517-017-2856-9

Complex Use of Mineral Resources. 2023; 324(1):24-33

ISSN-L 2616-6445, ISSN 2224-5243

M= Crossref
DOI: 10.31643/2023/6445.04

Earth Sciences

@creative
commons

Ways of Rare Earth Elements Migration and Transportation

to the coals of the Shubarkol Deposit

*Blyalova G.G., Kopobayeva A.N., Amangeldykyzy A., Askarova N.S., Ozhigin D.S.

Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan

* Corresponding author email: gulim_blyalova@mail.ru

Received: May 16, 2022
Peer-reviewed: June 30, 2022
Accepted: July 12, 2022

ABSTRACT

The article presents the results of studying the mineralogical and geochemical features of coals
and clay interlayers of the Shubarkol deposit. There were analyzed 71 samples of clay layers and
49 samples of coal using the instrumental neutron activation analysis (INAA), powder X-ray
diffractometry, and scanning electron microscopy. A comprehensive analysis of the geochemical
and mineralogical characteristics of coals and their enclosing clay interlayers was carried out. A
variety of geochemical criteria made it possible to establish the facts of the rare earth elements
(REE) migration, and the latest data of mineralogy made it possible to establish the ways of their
transportation to the paleobasin in the syn- and epigenetic periods of the Shubarkol deposit
formation. The data of the paleoclimate and water composition of the paleobasin of peat
formation are presented for the first time. Among other things, the analysis made it possible to
identify a number of independent sources and various mechanisms of REE accumulation in the
sediments of the Shubarkol deposit. The main patterns of the REE distribution that are expressed
in the predominance of light lanthanides over heavy lanthanides, were established, and the role
and composition of the rocks surrounding coal deposits in the concentration of REE were
considered. Aluminosilicates, sulfides, and sulfates with inclusions of microparticles of rare and
rare-earth REE elements were found in coals and clay interlayers.
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Introduction

In recent years, the issue of the nature of
impurity element accumulation in coal deposits has
been increasingly raised. Understanding the
patterns of accumulation of certain elements, and
dispersion of others is important for predicting
mineralization in coals formed in different blocks of
the earth's crust. To these issues, scientists have
already formulated theories that explain the

anomalous concentrations of various components,
the main sources of which are considered to be the
rocks of the feeding area of the coal accumulation
basin; volcanic-clastogenic inflow of pyroclastic
material into the paleopeat bog; hydrothermal
introduction of impurity elements into the
paleopeat bog or coal seam; hydrological factor, etc
[1].

Studying impurity elements, including rare
earth elements (REE) in coals and clay interlayers, is
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of scientific importance due to their static
geochemical characteristics, and are studied
indicators of the origination of coal [[2], [3], [4],
(511

But at present, there is not yet sufficient
geological information on accumulation and forms
of REE occurrence, as well as the mechanisms of
their concentration in the coals of Kazakhstan. The
Shubarkol deposit is one of the objects, where,
alongside a low ash content and a lower sulphur,
which makes the coal of the deposit a valuable fuel,
there are high contents of impurity elements that
often reach industrial significance.

The relevance of the work is due to the need to
determine the nature and accumulation of impurity
elements in order to obtain comprehensive
information necessary for the development of
predictive criteria in the future.

In order to elucidate the ways of migration and
the mechanism of concentration of impurity
elements in the Shubarkol deposit coals, clay
interlayers, and coals containing them were tried
and explored in detail.

A comprehensive analysis of the geochemical
and mineralogical characteristics of coals and their
enclosing clay interlayers was carried out. A variety
of geochemical criteria made it possible to establish
the facts of the rare earth elements (REE)
migration, and the latest data of mineralogy made
it possible to establish the ways of their
transportation to the paleobasin in the syn-and

epigenetic periods of the Shubarkol deposit
formation. The data of the paleoclimate and water
composition of the paleobasin of peat formation is
presented for the first time.

Experimental part

The basis for this work is the results of
analyzing impurity elements of 49 coal samples and
71 samples of coal-bearing rocks of the Shubarkol
deposit. The samples for studying were taken at the
Western and Central sections of the Shubarkol
deposit, in coal seams 2B, 1B1, 1B2, in sections 1-6
(sections 1 and 2 are located within the Western
section, sections 3-6 within the Center section)
(Figure 1). The sampling distance in the plots was
within 30-35 m. The composite samples weighing
200 g were made using the basic samples. In entire,
the group composition of 120 samples was
explored.

The samples were studied by the instrumental
neutron activation analysis (INAA) to determine the
average contents of 28 elements in the nuclear
geochemical laboratory of the Geoecology and
Geochemistry Department at National Research
Tomsk Polytechnic University (TPU) (analyst A.F.
Sudyko). To determine the mineral composition of
the samples of coal-bearing rocks and coals there
was used X-ray powder diffractometry, and
scanning electron microscopy.

Figure 1 — Total REE distribution (La, Ce, Sm, Eu, Th, Yb, Lu, Nd) in the Shubarkol deposit coals
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Discussion of the results

Compared with the REE content in the UCC
(upper part of the continental crust [6]), three
types of enrichment are distinguished: L-type
(Lan/Lun>1), M-type (Lan/Smn<1,) and H-type
(La n /Lu N <1).

In this work, the Lan/ Luy ratios of coal can be
seen as ranging from 0.44 to 14 (Table 1), which
indicates the characteristic predominance of light
lanthanides over heavy lanthanides in the coals of
the deposit.

The deposit-averaged value of the La/Yb ratio
significantly exceeds a unit. REE in coals has low
concentrations and is characterized by the distinct
L-type enrichment, the formation of which is

associated with the REE introduction into the coal
accumulation basins, mainly in the composition of
clay minerals and LREE-phosphates (Table 1).

Oxidized coal exhibits the H-type distribution of
rare earth elements. The normalized La/Yb ratio in
the roof coals: 13.8; 15.8; 5.8 - demonstrate a
strong relationship between rare earth elements
and inorganic matter, since high values of the La/Yb
ratio reflect the contribution of the terrigenous
(inorganic) component to the light rare earth
elements accumulation, as evidenced by significant
barium enrichment [7].

The results of the data obtained indicates the
existence of a series of unrelated sources and
different mechanisms of REE accumulation in the
sediments of the Shubarkol deposit.

Table 1 — Geochemical parameters of rare earth elements in the samples of coal and clay interlayers of the

Shubarkol deposit

Coal | Samp La,/ |S8Eu | 6Ce | Enric | Sample | SREE Lan/ 6Eu 6Ce
seam le SREE Lan/L | yp, hmen Ybn
Un t type
In coals In clay interlayers
6 11.14 |10.95 |13.84 | 0.8 0.3 L type 7 234 5.35 0.82 0.67
10 9.27 14.05 |15.80 | 0.6 0.3 L type 8 26.1 5.39 0.87 0.80
41 11.11 1.20 1.34 1.2 0.7 L type 9 14.5 5.83 0.68 0.46
50 17.01 4.38 5.39 0.9 0.5 L type 42 66.2 1.61 0.74 0.93
2B 59 19.81 4.68 5.84 0.8 0.5 L type 43 133.9 1.37 0.81 0.92
68 20.16 4.55 5.01 0.8 0.6 |L type 69 40.5 4.18 0.74 1.06
72 22.88 2.73 3.17 0.8 0.9 L type 70 40.5 4.13 0.76 0.99
76 13.59 2.42 2.88 1.0 0.5 L type 71 48.7 1.98 0.85 1.17
85 56.77 1.88 2.04 0.8 0.8 |L type 83 48.8 6.42 0.77 0.83
86 87.06 0.44 0.51 0.8 1.1 |H type 88 55.8 5.80 0.80 0.79
100 43.42 1.47 1.69 0.9 0.9 L type 89 40.0 4.76 0.84 0.91
104 50.39 1.08 1.14 1.0 1.1 L type 91 38.3 4.83 0.89 0.93
105 36.29 2.46 2.46 0.8 1.0 |L type 92 49.4 4.67 0.73 0.77
1B2 109 32.09 2.26 2.24 0.9 1.0 |L type 93 38.2 3.91 0.75 1.01
1B1 115 [14.21 [ 411 [ 475 |09 |07 [L type - - - - -
116 17.98 6.13 6.88 0.8 0.6 |L type - - - - -
117 12.03 8.18 9.87 1.0 0.5 L type - - - - -
118 18.00 4.23 4.68 0.9 0.5 L type - - - - -
119 17.87 5.61 6.08 0.8 0.7 L type - - - - -
120 |1547 [ 588 |6.45 |08 |07 |[L type - - - - -

Note. Alternation of: SREY = La+ Ce + Nd +Sm+Eu+Th + Yb + Lu; 8Eu = Eun/Eun* = Eun/[(Sm~ % 0,67)+ (Tb n x
0,33)],6Ce=Cen/Cen*=Cen/[(Lan x0,67+Ndn x0,33)].
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This can be explained by the strong enrichment of
the peat deposit with terrigenous suspension
within the period of transgression (of the reservoir)
[8].

Granitoids could be a source of rare-earth. A
certain contribution of acidic solutions enriched in
rare earth elements is also assumed.

Enrichment of peat with piles of earth could
occur during the acidic natural waters infiltration
within the epigenetic period, as evidenced by a
positive cerium anomaly. It is known that cerium
migrates well in acidic waters and precipitates in an
alkalized medium [9].

Table 1 also shows the appearance of a
negative cerium anomaly in layers 2B and 1Bl
(which fluctuate between 0.3-0.8), which is
explained by the presence of authigenic minerals
[7].

The Eu/Eu* value in clayey shales, silty
mudstones, and mudstones is also an indicator of
the composition of rock complexes eroded in
paleowatersheds. In our case, the samples have
moderate negative Eu anomalies (Eu/Eu*, the
average value is 0.85-0.9), which indicates the
predominance of Archean crystalline rocks or rocks
formed by juvenile material that has not undergone
significant transformation in the continental crust
[10].

The authors revealed the principal regularities
and features of the REE concentration in the
Shubarkol deposit.

Based on Figure 2 and Table 1, it can be
concluded that the elevated concentrations of all
the REEs are characteristic of clay interlayers and
oxidised coals. On this illustration, the La/Yb
reciprocality escalations up the section, indicating a
preponderantly clastogenic mechanism of REE
supply to coals. This REE distribution is explained by
the different sorption capacities of clay minerals.

The analysis of the lateral distribution of
lanthanides in coals (Figure 3) showed that the
contents clearly decreased from the periphery to
the center of the deposit; this fact indicates a
certain role of aqueous solutions in the
accumulation of REE in coals [11]. A similar pattern
of distribution is characteristic of carbonophilic
elements.

The content of impurity elements in the coals
of seams 2B, 1B2, and 1B1 of the Shubarkol deposit
is shown in Table 2. The degree of enrichment with
impurity elements of the Jurassic deposits of the
Shubarkol deposit is estimated respectively
compared with the clarke values for hard coals [12].
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Figure 2 — La and Yb vertical distribution in the section of
the Shubarkol deposit coal seams
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The elements with the highest enrichment are Sr
and Ba (ionic lithophiles) with the values of 10.1
and 21.7 (10<CC<100); slightly enriched are Th, Cr,
As, Br, Rb, Zn, Ta (transit) (CC<0.5). The
concentrations of other trace elements are close to
the average values for global coals (0.5 < KK < 2)
(Figure 4).

Apatite associations that can be obtained from
bauxites on a weathered basement in the area of
the sediment source have elevated contents of Sr
and Ba. In addition, REE enrichment was found to
be controlled by both groundwater and acidic
hydrothermal fluids based on REE genetic types
[13].

In this paper, the indicators of sensitive
studied for
reconstruct the paleoclimate.

elements were an attempt to

The Sr/Ba ratio is one of the most widely used
indicators for sedimentary rocks and coals [14],
which indicates paleolonetzicity and paleoclimate,
respectively.

Sr/Ba values > 1 and < 1 indicate, as a rule, arid
and humid climatic conditions, respectively [14].
The values of this ratio in the studied area range
from 0.3 to 2.4.

The formation of the Jurassic terrigenous
system took place under essentially constant
climatic and tectonic conditions, more precisely,
the one changing within a very narrow framework.
The climate, being generally humid, experienced
some shift towards aridization at the very end of
the system accumulation. This is evidenced by the
Sr/Ba values, as well as the appearance of red-
colored rocks and a slight increase in carbonate
content [15].

Table 2 — Impurity elements content in the Shubarkol deposit coal samples

No.
Sm Ce Lu U [th [Cr|Yb Hf Ba Sr Nd | As Ag Br Cs Tb Sc Rb Zn Ta Co Eu La Sb
2B 1.2 8.7 0.1 0.4 0.6| 6.0| 0.7 0.2 29.1 39.0 3.9 0.9 0.4 0.7 0.2 0.2 4.1 0.8 7.4 0.0 8.3 0.3 1.9 0.3
182 |34 [397 |01 |10|13[51]07 |09 |325.3/ 10109 21.2[ 11 |04 |08 |07 |04 |71 |29 [87 |00 |24 |09 |206]02
1B1 0.8 5.9 0.1 0.2| 0.1| 1.8| 0.7 0.1 7.1 39.0 3.0 [ 09 0.4 1.5 0.0 0.3 29 3.0 5.7 0.0 10.1 | 0.2 1.1 0.2
W.C. 2.2 23 0.2 19( 32|17 |1 1.2 150.0 100 12 9 0.1 6 1.1 031 3.7 18 28 0.3 6.00 | 0.43 | 11 1
Note. W.C. — world coal, according to [12].
100.0
10.0 !

ATy
0.1

0.0

SmCe Lu U Th Cr Yb

\u Hf Ba Sr Nd As Ag Br Cs Tb Sc Rb Zn Ta Co Eu La Sb
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Figure 4 — Element concentration coefficients (CC) in coals that are normalized based on the average

concentrations of microelements in hard world coals [12] and based on the classification of

microelement enrichment
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Based on the lithochemical features of clay
shales, the climate was defined as arid-humid. The
systematics of Sr, Ba, and Zr in clayey rocks
according to the data of the reference [16] made it
possible to establish that the sedimentation basin
was freshwater.

The ratios of a number of indicator elements
(Sc, Th, Eu) were also used to reconstruct the
features of the composition of rocks in the feeding
areas and a corresponding graph was built. The
sources of rare earth elements for the studied rocks
were both sufficiently mature rocks (presence of
clay minerals in the initial sediments) and less
altered petrogenic material of acidic composition
(enrichment of the K-feldspar protolith). Elevated
contents of Ba and Rb in the rocks are also indirect
evidence of the presence of K-feldspar.

The diagram (Figure 5) used to determine the
composition of rocks in the recharge areas shows
that the sources of impurity elements for most of
the studied samples were sedimentary formations
enriched in quartz, as well as igneous rocks of
medium acidic and basic composition.

Studying the REE occurrence forms plays an
important role in obtaining data on the ways of
their migration and concentration in coals and clay
interlayers, and they are also significant
geochemical indicators that make it possible to
assess the nature of REE accumulation in coals, to
consider the evolution of matter in the process of
coalification and other epigenetic transformations.

According to the studies carried out, it was
revealed that the mineral forms of finding rare, rare
earth elements in coals and rocks had uneven
distribution and differed in composition in the
deposit. At the same time, many of the identified

minerals were confined to areas of enrichment with
organic matter: at the contact of enclosing rocks
and coals, or in the coals themselves.

In coals, the bulk of the mineral matter is
represented by kaolinite which contributes to the
concentration of light REE. With kaolinite, the
supply of REE within the peat stage in the
composition of water and mineral nutrition should
be associated.

Quartz predominates in the composition of
petrogenic elements in coal seams in the studied
area, which indicates that the source of the
material can be mainly terrigenous fragments.
Since most of the quartz in coal is terrigenous, it is
transported by geological processes such as water
or wind to peat bogs and stored in coal seams [18].

Based on the results of microscopic studies of
the sample, there were found numerous inclusions
of barite (BaSO.) that had angular grains of
irregular shape in the form of plates (Figure 6a),
inclusions of sphalerite (Figure 6b) of a roundish
shape on the microcrack of the sample, well-cut
crystals of baddeleyite (Figure 6c) and zircon
(Figure 6d).

Fragments of zircon crystals, as well as
prismatic crystals, were found in the rocks.
Individual zircon grains are irregularly shaped; they
look either as rounded intergrown crystals or as
neoformations. Baddeleyite is rarer than zircon.
The shape of the grains is similar to zircon:
prismatic, or grains of irregular shape.

The forms of occurrence of rare earth elements
in coals in the form of aggregates of lamellar, foliar,
columnar crystals, and fragments of prismatic
crystals suggest the authigenic nature of their
formation.
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Figure 6 — Barite (a), sphalerite (b), baddeleyite (c), and zircon (d) crystals

Rare earth minerals in rocks are often found in
or near organic matter. These minerals are less
common in mudstone samples. Oxides form
needle-shaped crystals, their aggregates, plates,
and grains of irregular shape. This is turn points to
various ways of REE migration into coals and coal-
bearing rocks of the deposit.

Determining the degree of

detrital grains is important when assessing the

roundness of

porosity and permeability of rocks since increasing
the roundness of fragments (in cases of low cement
content) contributes to the formation of pores with
smooth walls, which in turn facilitates the migration
of hydrocarbons. The very fact of roundness
that the were
redeposited, but the range of transfer judging by
the poor processing, is small, or such a character

indicates mineral samples

indicates that the material was not transported by
water flows.

The impurity element migration occurred with
capturing denudation plains, stable processes of
peat accumulation, and

localization of useful

components in watercourses adjacent to the plains
[19].

Coal swamps/basins are generally low-energy
environments not subject to heavy input of clastic
materials.

Periodic geological

transgression/regression (cyclic rise/fall of sea level

cycles of

relative to land) can introduce clastic materials into
the basin between the coal layers. Finally, diapiric
emplacement (upward movement of igneous
material through the rock underlying the basin) can
introduce REE materials into the region of the
basin, where bound hydrothermal fluids can
mobilize REE until they find a suitable receptor
material such as kaolinite [20].

The weathering of rocks in the conditions of the
warm humid Jurassic climate in the territory of
Central Kazakhstan also entailed the movement of
elements into the dissolved state and their transfer
into water solutions. Carbonate rocks in the frame
structures led to the organization of alkaline and

subalkaline carbonate and hydrocarbonate waters.
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Conclusions
The analysis of the obtained complex
geochemical and mineralogical data made it

possible to identify various ways of REE migration
into coals and clay interlayers within the syngenetic
and epigenetic periods of the Shubarkol deposit
established  that
accumulation occurred under essentially constant

formation. It was peat
climatic and tectonic conditions, the climate was
generally humid, experienced some shift towards
aridization at the

accumulation, and the sedimentation basin was

very end of formation

freshwater.

It was revealed that the impurity element
migration occurred on denudation plains and in
watercourses associated with plains in stable
processes of peat

transportation took

accumulation. Clastogenic

place by alkaline and sub-alkaline carbonate and
hydrocarbonate waters from nearby rocks of the
framing: sedimentary rocks enriched in quartz,
terrigenous rocks, the initial ones that were basic,
medium-acid igneous rocks, including granitoid.
The addition also occurred with clay minerals.
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LLly6apken KeH OpHbIHbIH KEMipiHe CUPEK YKep 31IeMEHTTEPIHIH MUrpaLUAchl
YKOHe TacbiManAaHy *Konazapbli

bnanosa I'.l'., Konobaesa A.H., AmaHrengikbi3bl A., Ackaposa H.C., Oxkurux A.C.

d6inkac CarbiHO8 ambiHOaFbl KaparaHObl mexHUKaselK yHusepcumemi, KaparaHobl, KazakcmaH

TYWIHAEME

Makanaga LLlybapKken KeH OpHbIHbIH KEMIp »KaHe ca3 apasiblK KabaTTapbiHbliH, MUHEPANOrUANbIK,
JKOHE TeOXMMMUANDBIK, epeKWenikTepiH 3epTTey HaTukenepi bepinreH. Casabl KabaTrapgblH, 71
YATICi aHe Kemipaiv 49 yarici acnanTtblk HelTpoHabl 6enceHaipy Tangaybl (INAA), yHTaK,
PeHTreHAiK AudPaKTOMETPUA XKaHe CKaHepeyLLi 31eKTPOHAbI MUKPOCKOMUA apKbl/ibl TanaaHabl.

KemipnepajH,

reoOXMMUANDbIK X3HEe MMUHEPANOruAnblK CUnaTtTramManapblHa

XoHe onapabl

KOPLIaNTbIH ca3 apanblk KabaTTapblHa KeweHAi Tangay Kyprisingi. OpTypai reoXMMUAnbIK

Makana kengj: 16 mameip 2022
CapantamagaH eTti: 30 mayceim 2022
KabbingaHabl: 12 winde 2022

Kputepuitnep CMI-HiH Kewi-KoHbl Typanbl ¢akTinepai aHbiKTayFa MyMKIHAIK 6epai, an
MWHEPaNoruaHbIH, COHfbl AepekTepi LUy6apkesn KeH OpHbIHbIH, KanbIiNTacyblHbIH, CUH- YKaHe

3MNUreHeTUKaNblK KeseHaepiHae onapabliH, naneobacceiHre TacbimanaaHy »KoM4apblH aHbIKTayFa
MYMKIHAIK 6epai. TopdTbiH Ty3iny naneobacceiHHiH, NaseoKAnMmaTbl MeH Cy Kypambl Typasbl

ManimeTTep anfaw pet bepinrex.

CoHbiMeH KaTap, Tangay LUy6apken KeH OpPHbIHbIH,

WeriHAiNepiHAEe CUPEK Kep 3/NIeMEHTTEpPiHIH, }KMUHaKTanyblHbIH, BipKaTap Tayencis Kesaepi meH

apTypni

mexaHu3maepiH

aHbIKTayFa MyMKiHAIK  6epai. MeHin naHTaHuATepaiH, aybip

naHTaHuaTepaeH 6acbim  60NYbIMEH EpEKLIENEHETIH CUPEK Xep 3neMeHTTepiHiH, (CHK3)
TapanyblHbIH, HETI3M 3aHAbIbIKTapbl 6enrineHai, Kemip KeH OpblHAAPbIH Kopluan TypfaH Tay
JKbIHbICTAapbIHbIH, CHKI WoFblpNaHybiHAAFbI PeAi MeH Kypambl KapacTblpbligbl. Kemipnep meH ca3

apanblk  Kabatrapga

cupek

JKOHE CUpPEeK Kep 3/71eMEeHTTEepPiHiH MUKPObeLLeKTepiHiH,

KOCbIHABIIAPbI 6ap aNtoMOCUANKATTap, CyNbOUATEP KaHE cyNbdaTTap Tabbligbl.
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Tyiiin ce30ep: Kemip, LLIy6apKen, CUPeK Kep 31eMeHTTEPI, MUHEPANorus, reoXMmMus.
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Myt murpauum n TpaHCNopTUPOBKK P33 B yrin mecTopoKaeHus

LLy6apkonb

bnanosa I'.l'., Kono6aeBa A.H., AmaHrenbapbikbi3bl A., Ackaposa H.C., Oxurun 4.C.

KapazaHduHckuli mexHu4eckuli yHusepcumem umeHu Abslakaca CaeuHosa, KapazaHoa, KazaxcmaH

MNoctynuna: 16 maa 2022
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AHHOTALUMUA

B cTaTbe npeacTaBaeHbl pesynbTaTbl UCCAEA0BAaHUA MUHEPAIOrO-reOXMMUYECKUX 0COBEHHOCTe
yrnemn v TAVHWUCTbIX MpocnoeB mecTopoxaeHua LUybapkonb. MpoHanusuposaHbl 71 npoba
TAMHUCTBIX npocnoeB M 49 npob yrna  MeToaoMWM  MHCTPYMEHTAZIbHOTO  HEUTPOHHO-
aKTUBaUMOHHOro aHanusa (MHAA), NOpPOLIKOBOWN PEHTreHOBCKOM ANDPAKTOMETPUM, a TaKKe
CKaHUpYHOLLEeW 3N1eKTPOHHON MUKpOcKonuu. MpoBeaeH KOMMNIEKCHbIM aHaAn3 reoXMMUYEcKUX U
MWUHEpPasornyecKkmnx XapPaKTeEPUCTUK yrne17| n BMellaoLwmnx nx TNMUHUCTbIX npocnoes.
PasHoo6pasHble reoXMMUYECKME KPUTEPUM MO3BOIUAW YCTaHOBUTb GaKTbl 0 murpaumm P33, a
npvBeAeHHble HOBellwWe [aHHble O MWHEepanorMm Mo3BOIMAM  YCTAaHOBUTb MyTU  UX
TPaHCMNOPTUPOBKM B ManeobacceiiH B CUMH- W 3NUreHeTU4Yeckue nepuogbl GopmupoBaHus
MecTopoxKaeHus LLlybapkonb. Bnepsble npuBeseHbl AaHHbIE O NaseOKAMMaTe U BOGHOM COCTaBe
naneobacceiHa ToppoobpazoBaHuUA. B Tom umcie NpoBeAEHHbIM aHaM3 NOMOT ONpeaenuTb pasg,
HE3aBUCUMbIX MUCTOYHMKOB WU pPas/IMYHbIX MEeXaHU3MOB HaKoMN/aeHUsa P33 B OT/N0XEHUAX
mecTopoxaeHua LLlybapKonb. YCTaHOB/EHbl OCHOBHbIE 3aKOHOMEPHOCTW pacnpeaeneHvs
peaKo3emenbHbIX 3nemeHToB (P33), KoTopble BbipaXkeHbl B NpeobnagaHnm Nerkux NaHTaHouaoB
Hag, TAXKeNbIMWU, PAaCCMOTPEHA PO/ib U BbIB/IEH COCTaB Nopos, 06pam/ieHUs YroNbHbIX 3anexen B
KOHUEeHTpaumm P33. OBHapyKeHbl antoMoCuaMKaTbl, cyabduabl U cynbdatbl C BKAOYEHUAMMU
MWKPOYaCTUL, PeAKUX U peiKo3eMe/IbHbIX 31eMeHTOB P33 B yrnax v rUHUCTbIX NPOCNOAX.
Kntouessbie cnoea: yronb, LLly6apKoib, peaKo3emesibHblE 3NEMEHTbI, MUHEPANOTUsA, FEOXUMUS.

bnanosa Nyaum FaneimxcaHoeHa

UHdopmayus 06 aemopax:

dokmopaHm Kapa2aHOUHCKO20 ~MmexHUYecKoeo yHusepcumema umeHu Abbinkaca CazuHosa,
Maaucmp mexHuvecKux Hayk no cneyuasneHocmu [eonoeus u paseedka MIM, 100000, e.
Kapaza+da, Kazaxcman. Email: gulim_blyalova@mail.ru; ORCID ID: https.//orcid.org/0000-0001-
8801-8683

Konobaeesa AlimaH HbizamemosHa

dokmop PhD, cmapwuli npenodasamens Kagedpsl «leonoeua u pazeedka MITN»
KapaeaHOUHCKO20 mexHuU4eckozo yHusepcumema umeHu Abbinkaca CazuHosa, 100000, e.
KapazaHda, KazaxcmaH. Email: aiman_25.87@mail.ru; ORCID ID: https://orcid.org/0000-0002-
0601-9365

AMaHzenb0bIKbI3bl AambiHali

dokmop PhD, cmapwuli npenodasamens Kagedpsl «leonoeua u pazeedka MITN»
KapaeaHOuHCKo20 mexHuU4eckozo yHusepcumema umeHu Abbiakaca CazuHosa, 100000, e.
KapazaHda, KazaxcmaH. Email: amangeldykyzy@inbox.ru; ORCID ID: https://orcid.org/0000-
0002-6665-8804

Ackapoea Ha3zbim CpaxcaduHKbi3bl

dokmopaHm Kapa2aHOUHCKO20 MmexHU4ecKo2o yHusepcumema umeHu Abbinkaca CaeuHosa,
Ma2ucmp MmexHUYecKUx HAykK no cneyuaneHocmu [eonozus u passedka MIM, 100000, .
KapazaHda, KaszaxcmaH. Email: srajadin-nazym@mail.ru; ORCID ID: https://orcid.org/0000-
0002-2103-6198

OxcuzuH Amumpuii Cepzeesuy

dokmop PhD, cmapwuli npenodasamens kagedpsl «Maprwelidepckoe 0eno u zeode3us»
KapaeaHOuHcKo20 mexHuyeckozo yHusepcumema umeHu Abblakaca CazuHosa, 100000, e.
KapazaHda, KasaxcmaH. Email: ozhigin.dima@mail.ru; ORCID ID: https://orcid.org/0000-
0002-2443-3068



mailto:gulim_blyalova@mail.ru
https://orcid.org/0000-0001-8801-8683
mailto:aiman_25.87@mail.ru
https://orcid.org/0000-0002-0601-9365
mailto:amangeldykyzy@inbox.ru
https://orcid.org/0000-0002-6665-8804
mailto:srajadin-nazym@mail.ru
https://orcid.org/0000-0002-2103-6198
mailto:ozhigin.dima@mail.ru
https://orcid.org/0000-0002-2443-3068
mailto:gulim_blyalova@mail.ru
https://orcid.org/0000-0001-8801-8683
https://orcid.org/0000-0001-8801-8683
mailto:aiman_25.87@mail.ru
https://orcid.org/0000-0002-0601-9365
https://orcid.org/0000-0002-0601-9365
mailto:amangeldykyzy@inbox.ru
https://orcid.org/0000-0002-6665-8804
https://orcid.org/0000-0002-6665-8804
mailto:srajadin-nazym@mail.ru
https://orcid.org/0000-0002-2103-6198
https://orcid.org/0000-0002-2103-6198
mailto:ozhigin.dima@mail.ru
https://orcid.org/0000-0002-2443-3068
https://orcid.org/0000-0002-2443-3068

KomnnekcHoe McnonbzoBaHne MuHepanbHoro Cbipbs. Ne1(324), 2023 ISSN-L 2616-6445, ISSN 2224-5243

References

[1] Dai S, LuoY, Seredin VV, Ward CR, Hower JC, Zhao L, Liu S, Zhao C, Tian H, Zou J. Revisiting the late Permian coal from the
Huayingshan, Sichuan, southwestern China: enrichment and occurrence modes of minerals and trace elements. International
Journal of Coal Geology. 2014; 122:110-128. https://doi.org/10.1016/j.coal.2013.12.016

[2] Dai S and Chou CL. Occurrence and origin of minerals in a chamositebearing coal of Late Permian age, Zhaotong, Yunnan,
China. American Mineralogist. 2007; 92:1253-1261. https://doi.org/10.2138/am.2007.2496

[3]1 Dai S and Ren D. Effects of magmatic intrusion on mineralogy and geochemistry of coals from the Fengfeng-Handan
Coalfield, Hebei, China. Energy & Fuels. 2007; 21:1663-1673. https://doi.org/10.1021/ef060618f

[4] Bous’ka, V, Pes’ek, J and Sykorova, |. Probable modes of occurrence of chemical elements in coal. Acta Montana. Serie B
Fuel Carbon, Mineral Process, Praha. 2000; 10(117): 53-90.

[5] Dai S, Han D and Chou C-L. Petrography and geochemistry of the Middle Devonian coal from Luquan, Yunnan Province,
China. Fuel. 2006; 85(4):456-464. http://doi.org/10.1016/j.fuel.2005.08.017

[6] Taylor SR, McLennan SM. The continental crust: its composition and evolution. California: Blackwell Scientific
Publications. 1985.

[71 Kopobayeva AN, Blyalova GG, Bakyt A, Portnov VS, Amangeldikyzy A. The nature of rare earth elements accumulation in
clay layers and coals of the shubarkol deposit. News of the academy of sciences of the Republic of Kazakhstan. Series of geology
and technical sciences. 2022; 2(452):117-130. https://doi.org/10.32014/2022.2518-170x.164

[8] Seredin VV. Distribution and formation conditions of noble metal mineralization in coal-bearing depressions. Geology of
ore deposits. 2007; 49(1):3-36. https://doi.org/10.1134/51075701507010011

[9] Yudovich Ya. Neorganicheskoe veshchestvo uglerodistyh biolitov. Inorganic matter of carbonaceous bioliths. Uglerod:
mineralogiya, geohimiya i kosmohimiya: mater.mezhdunar. Konf. Carbon: mineralogy, geochemistry and cosmochemistry:
Proceedings of the International Conference, Syktyvkar, Komi Republic, Russia. 2003;169-175. (in Russ).

[10] Maslov AV, Fedorov YN, Ronkin YL, Alekseev VP, Lepikhina OP, Lepikhina G. Sistematika redkozemel'nyh elementov i
elementov platinovoj gruppy v tonkozernistyh terrigennyh porodah srednej i verhnej yury shaimskogo neftegazonosnogo rajona
[Systematics of rare earth and platinum group elements in fine-grained terrigenic rocks of the middle and upper jurassic of the
shaim oil and gas bearing region]. Zhurnal Litosfera = Journal Lithosphere. 2010; (2):3-24 (in Russ).

[11] Yudovich Ya, Ketris MP. Valuable trace elements in coal. Ekaterinburg. 2006.

[12] Ketris MP, Yudovich Ya. Estimations of Clarkes for Carbonaceous biolithes: World averages for trace element contents in
black shales and coals. International Journal of Coal Geology. 2009;(78):135-148. https://doi.org/10.1016/j.coal.2009.01.002

[13] Shangguan Y, Zhuang X, Jing Li, Baoging Li, Querol X, Bo Liu, Moreno N, Yuan W, Yang G and Pan L. Geological Controls on
Mineralogy and Geochemistry of the Permian and Jurassic Coals in the Shanbei Coalfield, Shaanxi Province, North China. Minerals.
2020; 10(2):138. https://doi.org/10.3390/min10020138

[14] Dai S, Bechtel A, Eble C, Flores R, French D, Graham I, Hood M, Hower J, Korasidis V, Moore T. Recognition of peat
depositional  environments in  coal: A review. International Journal of Coal Geology. 2020;(219):1-67.
https://doi.org/10.1016/j.coal.2019.103383

[15] Khasanov RR, Islamov AF, Bogomolov AK. Redkozemel'naya mineralizaciya v rannekarbonovyh uglyah Volgo-Ural'skogo
[Rare-earth mineralization in early carbonic coals of the Volga-Uralsky deposit]. Vestnik Moskovskogo universiteta=Bulletin of
Moscow University. 2014;(4):64-69. (in Russ).

[16] Maslov AV, Nozhkin AD, Podkovyrov VN, Letnikova EF, Turkina OM, Grazhdankin DV, Dmitrieva NV, Isherskaya MV,
Krupenin M T, Ronkin YL, Gareev EZ, Veshcheva SV, Lepihina OP. Geohimiya tonkozernistyh terrigennyh porod verhnego
dokembriya Severnoj Evrazii [Geochemistry of fine-grained terrigenous rocks of the Upper Precambrian of Northern Eurasial.
Yekaterinburg: Ural Branch of the Russian Academy of Sciences. 2008. (in Russ).

[17] Cullers R L. The source and origin of terrigenous sedimentary rocks in the Mesoproterozoic Ui group, southeastern Russia.
Precambrian Research. 2002; 117(3):157-183. https://doi.org/10.1016/S0301-9268(02)00079-7

[18] Luojing W,Dawei L,James C, Zhihui Zh,Munira R, JigenT,Liu Y, Gao J. Geochemical characteristics and paleoclimate
implication of Middle Jurassic coal in the Ordos Basin, China. Ore Geology Reviews. 2022; (144):1-14

[19] Sorokin AP, Konyushok AA, Kuz'minyh VM, Artemenko TV, Popov AA. Raspredelenie kajnozojskih metallonosnyh
uglenosnyh mestorozhdenij v zejsko-bureinskom osadochnom bassejne (Vostochnaya Sibir'): tektonicheskaya rekonstrukciya i
paleogeograficheskij analiz. [Distribution of Cenozoic metal-bearing and coal-bearing deposits in the Zeya-Bureya sedimentary basin
(Eastern Siberia): tectonic reconstruction and paleogeographic analysis]. Geotektonika. 2019;(2):33-45. https://doi.org/10.31857/
S0016-853X2019233-45 (in Russ).

[20] Ramakrishna Ch, Thenepalli Th, Nam, Seong Y, Kim Ch, Ahn JW. The brief review on Coal origin and distribution of rare
earth elements in various Coal Ash Samples. Journal of Energy Engineering. 2018; 27(2):61-69.
https://doi.org/10.5855/ENERGY.2018.27.2.061



https://doi.org/10.1016/j.coal.2013.12.016
https://doi.org/10.2138/am.2007.2496
https://doi.org/10.1021/ef060618f
http://doi.org/10.1016/j.fuel.2005.08.017
https://doi.org/10.32014/2022.2518-170x.164
https://doi.org/10.1134/S1075701507010011
https://www.sciencedirect.com/science/article/abs/pii/S0166516209000123#!
https://www.sciencedirect.com/science/article/abs/pii/S0166516209000123#!
https://doi.org/10.1016/j.coal.2009.01.002
https://doi.org/10.3390/min10020138
https://doi.org/10.1016/j.coal.2019.103383
https://www.sciencedirect.com/journal/precambrian-research
https://doi.org/10.1016/S0301-9268(02)00079-7
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/science/article/pii/S0169136822001561#!
https://www.sciencedirect.com/journal/ore-geology-reviews
https://doi.org/10.31857/S0016-853X2019233-45
https://doi.org/10.5855/ENERGY.2018.27.2.061

Complex Use of Mineral Resources. 2023; 324(1): 34-42 ISSN-L 2616-6445, ISSN 2224-5243

[=
g2 Crossref

DOI: 10.31643/2023/6445.05
Metallurgy

@creative
commons

Flotation processing of copper-containing technogenic raw materials using a

composite flotation reagent

*Semushkina L.V., Tussupbayev N.K., Turysbekov D.K., Narbekova S.M., Kaldybayeva Zh.A.

Satbayev University, Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan

*Corresponding author email: syomushkina.lara@mail.ru

Received: April 21, 2022
Peer-reviewed: May 4, 2022
Accepted: July 14, 2022

ABSTRACT

The article presents the results of laboratory research on the possibility of flotation processing of
copper-containing technogenic raw materials. Studies were performed using a sample of copper-
containing tailings obtained after the processing of copper ore from the Kazakhstan deposit and
a composite flotation reagent. The application of a combination of various collectors allows for
raising technological indicators of flotation. The purpose of the research is the increase
extraction of copper at flotation of copper-containing technogenic raw materials with the
application of a composite reagent. The studied sample of tailings contains 0.23% of copper. A
mixture of sodium butyl xanthate and thionocarbamate in the ratio of 1:1 was used as a
composite flotation reagent. Parameters of flotation of copper-containing tailings were worked
out: degree of regrinding, charges of sodium butyl xanthate, blowing agent T-92, and a
composite reagent. Composite flotation reagent was fed into the flotation process of copper-
containing tailings in the form of emulsion produced in a T 18 digital ULTRA-TURRAX dispersant.
The optimal emulsification time of the composite flotation reagent was 1 min. Without
emulsification in the composite reagent the percentage of particles smaller than 1.192 um is
55.047%. After emulsification of the composite reagent for 1 minute, the percentage of particles
smaller than 1.192 pum is 91.134%. In optimum basic mode the rough copper concentrate with a
copper content of 4.2% was obtained with the extraction of 61.56%. With the use of a composite
reagent, a blister copper concentrate with a copper content of 4.5% and a recovery of 66.54%
was obtained. Extraction of copper increases by 4,98%.

Keywords: copper-containing tails, flotation, flotation agent, emulsion, concentrate, recovery.
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Introduction

Technogenic  wastes from

highly profitable processing and use as secondary

raw materials.

mining  and Due to the depletion of the mineral resource

processing  plants, metallurgical plants, oil  p35e it is necessary to develop new and optimize
refineries, and enterprises to process the natural existing methods of extraction of valuable
minerals contain millions of tons of valuable metals components from ore materials [[1], [2], [3], [4]]. In
in sufficiently high concentrations suitable for their ~ recent vyears the task of localization and
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neutralization of technogenic and natural-
technogenic objects especially saturated with
harmful substances (mercury, radionuclides, oil
products, flotation reagents, etc.) has become
extremely acute. Such objects include tailing
dumps, sludge storages and waste dumps.
Anthropogenic formations may serve and have
served as sources of raw materials for the industry.
Being an important reserve for replenishing the
volume of mineral raw materials, technogenic
deposits or formations have a very aggressive
impact on the natural environment. Therefore, the
interest in their processing is caused not only by
commercial calculations but also by increased
environmental requirements [[5], [6], [7], [8]]. The
concentration of technogenic formations in areas
with a developed infrastructure and
communication network in the absence of the need
for stripping works serves as an additional factor in
reducing the energy and material charges of
mining. It is necessary to develop highly efficient,
fast-payback technological schemes for complex
processing, ensuring the creation of low-waste and
non-waste production, the implementation of
which will significantly expand the mineral resource
base without disturbing the subsoil and land [[9],
[10], [11], [12]].

Enrichment wastes are generated in the
processes of the same name, which are usually
intermediate between mining technologies and
their deep physical and chemical processing. A
significant part of them, about 80 percent, is used
for backfilling of mines and quarries as part of the
execution of industrial mining technologies. The
rest part of them, also considerable, is accumulated
in the tailing dumps of beneficiation plants.

The main difficulties are related to the
processing of the slurry part of the tailings, which is
to a great extent enriched with non-ferrous, rare
and precious metals [[13], [14], [15], [16], [17]].

In this regard, the use of modern approaches,
new flotation reagents and modernized equipment
for the beneficiation of technogenic raw materials
is important in creating promising innovative
technologies [[18], [19], [20], [21]].

The purpose of the research presented in this
article is to increase copper recovery during
flotation of copper-containing technogenic raw
materials with the use of a composite reagent/

Experimental part

Researches on studying the possibility of
flotation processing  of  copper-containing

technogenic raw materials with application of a
composite reagent were performed.

Researches were performed with use of the
sample of copper-containing tailings received after
processing the copper ore of the Kazakhstan
deposit and a composite flotation reagent
representing a mix of sodium butyl xanthate and
thionocarbamate (non-ionogenic collector with
thioamide group).

In the process of conducting research, various
methods were used using modern technological
and analytical equipment such as mineralogical and
dispersion analysis, X-ray phase, X-ray fluorescence,
electron-probe, particle size analysis, chemical
analysis, flotation.

For analysis, a Venus 200 PANalyical B.V.
spectrometer, a D8 ADVANCE X-ray diffractometer,
and a JEOL JXA-8230 scanning electron microscope
were used. Chemical analysis was performed using
an Optima 2000 DV optical emission spectrometer.

The initial tailings were regrind in a ball mill
40ML-000PS (40MJ1-000MC) to perform the studies.
Flotation was carried out on laboratory flotation
machines in open and closed cycles. The sample
weight for flotation was 0.5 kg. The scheme of
flotation included regrinding, rougher floatation,
control and three retreatment operations of the
rough copper concentrate.

Sodium sulfide was fed into the regrinding
process to sulfidize oxidized minerals. The rougher
floatation was performed for 15 min, the control
flotation for 10 min, and the refining operations for
6-8 min. In the basic mode the following reagents
were used as a collector - sodium butyl xanthate;
foaming agent - T-92.

Total consumption of basic reagents: sodium
sulfide (sulfideizer) - 400 g/t; sodium butyl xanthate
(collector) - 240 g/t; T-92 (blowing agent) - 120 g/t.
Sodium sulfide was fed into the grinding process in
a ball mill. Sodium butyl xanthate and T-92 were
fed into the flotation operation. The reclamation
operations were performed without addition of
reagents.

In flotation of tailings using the composite
flotation reagent it was fed to the rougher and
control flotations instead of the basic collector
sodium butyl xanthate. Composite flotation reagent
was a mixture of sodium butyl xanthate and
thionocarbamate in the ratio 1:1. Before flotation
the composite flotation reagent for reception of a
microemulsion was passed through the disperser T
18 digital ULTRA-TURRAX. The optimum particle
size of microemulsion for flotation of tailings was
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selected. The particle size was determined on a
laser particle analyzer Winner2000E.

After regrinding in a ball mill in the presence of
sodium sulfide, the mineral slurry was placed in the
chamber of the flotation machine. Then sodium
butyl xanthate (or composite flotation reagent) and
foaming agent T-92 were added to the flotation
machine. The mineral slurry was stirred for 0.5
minutes without air supply at a rotor speed of
1,300 rpm. After atmospheric air supply (3.5
dm3/min) pulp flotation was performed according
to the scheme of tailings processing. Foam product
of the rougher floatation was subjected to three
refinements with receiving the draft copper-
containing concentrate.

Discussion of results

The use of a mixture of various flotation
reagents makes it possible to increase the
technological parameters of flotation. Combination
of reagents, their dispersion and optimization of
composition (increase or reduction of length of a
hydrocarbon radical and its branching, introduction
of an additional component) leads to improvement
of foaming, collecting and other properties of used
flotation reagents [[9], [10], [11], [12], [13]].

In the present work efficiency of application of
sodium butyl xanthate and thionocarbamate
composition for flotation processing of copper-
containing technogenic raw materials is shown. The
combination of these reagents will not only
improve the quality of the resulting concentrates
due to the action of thionocarbamate, but also
increase the recovery of copper by improving the
flotation of slurry particles of sulfide minerals.

Mineralogical analysis of the initial tailings
showed that copper minerals are represented
mainly by chalcopyrite; secondary sulfides and
copper oxides account for about 15%. Tailings
contain about 20% of zinc oxide compounds. The
main amount of sulfides is open, about 15-20% of
copper and zinc minerals are present in the form of
intergrowths with pyrite and rock-forming minerals.
The surface of the sulfides is partially oxidized and
covered with iron oxide films.

The X-ray phase analysis has shown that the
main part of the initial sample of copper-containing
tailings of the beneficiation plant is represented by
rock-forming minerals, such as quartz (72.2%), illite
(11.2%), clinoferrosilite (5.9%), albite (4.3%),
muscovite (3.2%), microcline (1.9%), clinochlor
(1.3%) (Table 1).

Table 1 - Results of X-ray phase analysis of the initial
sample of copper-containing tailings

Compound Name, Formula S-Q
Quartz, syn, SiO2 72.2
lllite, KAI>SizAlO10(OH)2 11.2
Clinoferrosilite, syn, Fe(SiOs) 5.9
Albite, low, Na(AlSizOs) 4.3
Muscovite-2M1, KAl2(Si,Al)a010(OH)2 3.2
Microcline, intermediate, KAISizOs 1.9
Clinochlore (llb-4),
Mga.s82Fe0.22Al1.8815i2.96010(OH)s 1.3

According to the results of chemical analysis,
the analyzed sample of tailings contains 0.23%
copper. The results of X-ray fluorescence analysis
are presented in the table 2.

Table 2 - Results of X-ray fluorescence analysis of the
initial sample of copper-containing tailings

Item name Contents,%
(0] 51.468
Na 0.412
Mg 0.650
Al 6.621
Si 27.020
P 0.046
0.137
cl 0.012
K 1.146
Ca 2.810
Ti 0.393
\ 0.006
Cr 0.020
Mn 0.050
Fe 4.473
Cu 0.230
Zn 0.215
As 0.016
Rb 0.006
Sr 0.012
Zr 0.010
Mo 0.007
Pb 0.071

According to the results of X-ray fluorescence
analysis in the initial sample of copper-containing
tailings of the beneficiation plant, the content of
copper is 0.23%, molybdenum 0.007%. The main
mass is composed of silicon - 27.02%, oxygen -
51.468%, aluminum - 6.621%, iron - 4.473%,
calcium - 2.81% etc.
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A sample of the original tailings was analyzed
on a JXA-8230 electron probe microanalyzer (Figure
1).

Countsfx1 E43]

Figure 1 - Analysis of initial copper-containing tailings on
electron-probe microanalyzer
JXA-8230 by JEOL (chalcopyrite)

As a result of studies on a microanalyzer, it was
shown that copper is presented mainly in the form
of chalcopyrite and its content is less than one
percent. They are most often found as inclusions in
non-metallic minerals.

The grain-size composition of copper-
containing tailings with distribution of copper by
grain-size classes using sieve method was
determined. The results are given in table 3. The
results of the grain-size analysis showed that
68.94% of copper is in the class larger than 0.071
mm. This shows that it is necessary to include a
regrinding operation into the scheme of tailings
processing.

Table 3 - Grain size composition and grain-size classes
distribution of copper in source copper-containing
tailings

Grain-size Yield Cu Cu
class, pm % Content,% | extraction,%
+0.4 6.96 0.23 7.38
-0.4+0.2 29.93 0.21 29.62
-0.2+ 0.1 30.33 0.19 26.90
-0.1+0.071 8.3 0.13 5.04
-0.071+0.05 6.88 0.20 6.44
-0.05+0 17.58 0.30 24.62
Initial Tails 100.0 0.21 100.0

Dispersion analysis of the initial sample of
tailings was carried out on the FSH-6K photometric
sedimentometer, the results of which are shown in
Figure 2.
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Figure 2- Dispersion analysis of initial copper-containing
ore tailings on FSKh-6K

The dispersion analysis results show that in the
initial sample of tailings the grain-size classes in the
area of 70-80 um make up 40-45%, the fine grain
classes of 3-5 um make up 30-35%. Up to 20-25%
are the grain-size classes of 100-300 um.

Thus, the results of mineralogical,
granulometric, chemical and phase analyses of
copper-containing tailings of the beneficiation plant
indicate that part of the valuable components is
concentrated in coarse grain classes and is in the
form of aggregates. The regrinding process in the
technological scheme of tailings processing shall be
included to open such aggregates.

The initial coarseness of the flotation tailings of
the beneficiation plant by the class -0.071 mm was
31%. Studies to determine the optimal degree of
regrinding of the initial tailings lot were performed.
Regrinding of initial tailings in a ball mill 40M/-
000NC was performed from 10 to 30 minutes,
which corresponded to the degree of grinding
66.04-96.82% of class -0.071 mm.

It is shown that the best results were achieved
when tails were regrind up to 95% of class -0.074
mm (table 4).

A rough copper-containing concentrate
containing 2.60% of copper with the extraction of
30.05% was obtained without regrinding. At the
optimum degree of regrinding of 95% of class -
0.071 mm a copper-containing concentrate
containing 3.23% of copper was obtained with the
extraction of 48.75%.

The research results show that regrinding of
copper-containing flotation tailings of the
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beneficiation plant allows to increase in the
extraction degree of copper in the rough copper
concentrate by 18.7%.

Table 4 - Results of flotation of copper-containing
tailings using regrind

Product name Yield Cu Cu
% conte | extraction,
nt,% %
Without regrind
Rough Cu conc. 2.46 2.60 30.05
Intermediate product 1 3.14 0.37 5.44
Intermediate product 2 1.2 0.71 4.00
Intermediate product 3 0.66 0.88 2.72
Cont. fl. conc. 2.38 0.59 6.60
Final tails 90.16 | 0.12 51.19
Initial Tails 100.0 | 0.21 100.0
With regrind

Rough Cu conc. 3.10 3.23 48.75
Intermediate product 1 4.34 0.20 4.26
Intermediate product 2 2.24 0.33 3.57
Intermediate product 3 1.14 0.48 2.65
Cont. fl. conc. 2.52 0.37 4.54
Final tails 86.66 | 0.08 36.23
Initial Tails 100.0 | 0.21 100.0

For the flotation process, the optimal costs of
sodium butyl xanthate, foaming agent T-92, and
composite reagent were selected.

Optimal flotation conditions in the basic mode
with the use of sodium butyl xanthate as collector
are: regrinding of tailings to 95% of class -0.071
mm, NaS - 400 g/t; charge of butyl xanthate in the
rougher floatation is 160 g/t, T-92 is 80 g/t; charge
of butyl xanthate in the control flotation is 80 g/t;
T-92 is 40 g/t. In optimum basic mode in an open
cycle the rough copper concentrate with copper
content of 4,03% at extraction 51,9%.

The reagent mode of flotation of copper-
containing tailings using a composite reagent which
is a mixture of sodium butyl xanthate and
thionocarbamate in the ratio of 1:1 was
proccessed.

The composite flotation reagent was fed into
the process of flotation of copper-containing
tailings in the form of an emulsion generatedina T
18 digital ULTRA-TURRAX dispersant. The
consumption rate of the composite reagent in the
rougher copper flotation was 120 g/t, in the control
flotation - 60 g/t. Optimal time of emulsification of
composite flotation reagent was 1 minute.

Composite reagent without emulsification and
after emulsification studied on a laser particle size
analyzer Winner2000E (Figure 3-4).

The results showed that without emulsification
in the composite reagent the percentage of
particles smaller than 1.192 um is 55.047% (Figure
3). After emulsification of the composite reagent
for 1 minute, the percentage of particles smaller
than 1.192 pum is 91.134% (Figure 4).

The study of the particle distribution of the
proposed flotation reagent on a Winner2000E laser
particle size analyzer shows the need to obtain a
reagent in the form of an emulsion for its more
effective action during flotation. The flotation agent
emulsion enhances the hydrophobization of fine
copper mineral particles, contributing to an
increase in flotation performance.
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Figure 3 - Composite reagent particle distribution
obtained on the Winner 2000E without emulsification
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Figure 4 - Distribution of composite reagent particles
obtained on Winner 2000E after emulsification

Studies on the processing of copper-containing
technogenic raw materials using the proposed
composite flotation reagent were carried out in
comparison with basic flotation reagents.
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According to the basic mode with application of
sodium butyl xanthate, the rough copper
concentrate with copper content 4.2% with copper
extraction of 61.56% was obtained. Rough copper
concentrate with copper content of 4.5% and
extraction of 66.54% was obtained using a
composite reagent. Extraction of copper increases
by 4,98%.

The dispersion analysis of flotation tails of the
basic mode and the optimal mode of flotation with
the dispersed microemulsion of composite flotation
reagent was conducted in order to establish the
dependence of the degree of dispersion of the
emulsion of composite flotation reagent on the
extraction degree of slime particles of copper-
bearing minerals. Results of dispersion analysis are
given in the table 5.

Table 5 — Results of dispersion analysis of flotation
tailings of basic mode and with dispersed emulsion of
composite reagent

Product name Yield Cu Cu
% contents, distributio
% n,%
Flotation tailings in basic mode

-0.071+0.050 24.55 0.084 27.07
-0.050+0.030 17.9 0.060 14.10
-0.030+0.020 12.85 0.052 8.77
-0.020+0.010 26.9 0.067 23.66
-0.010+0 17.8 0.113 26.40
Initial Tails 100.0 0.076 100.0

Flotation tailings with a composite reagent

-0.071+0.050 28.95 0.083 33.29
-0.050+0.030 19.45 0.058 15.63
-0.030+0.020 10.25 0.031 4.40
-0.020+0.010 26.45 0.062 22.72
-0.010+0 14.9 0.116 23.95
Initial Tails 100.0 0.072 100.0

The dispersion analysis of flotation tails showed
that the use of dispersed emulsion of composite
reagent allows to increase the extraction degree of
slam particles of copper-containing minerals in the
rough copper concentrate. The flotation tailings
received in the basic mode contain 58.83% of
copper in the grain-size classes less than 30 um.
The flotation tailings received with the use of the
composite reagent contain 51,07% of copper in the
grain-size classes less than 30 um. The content of
copper in sludge classes (less than 30 um) in the
final flotation tailings is reduced by 7.76% when
using a composite flotation reagent.

Thus, results of researches show perspectivity
of application of a composite reagent to process
the copper-containing technogenic raw materials.

Conclusions

The influence of the composite flotation
reagent on flotation of copper-containing
technogenic raw materials was studied. As object of
researches the sample of mature tailings of
flotation of one of Kazakhstan beneficiation plants
with the contents of copper 0.23% was taken.

Composite reagent is a mixture of sodium butyl
xanthate and thionocarbamate in a ratio of 1:1.
Composite reagent in the process of flotation was
fed in the form of dispersed microemulsion.
Optimal dispersion time of the composite flotation
reagent was 1 min.

Microemulsion of a composite flotation reagent
allows to strengthen hydrophobization of slurry
particles of copper minerals, thereby to improve
their flotation and to increase technological
parameters of flotation.

The percentage of particles with a size less than
1.192 um in the emulsion is 91.134% at optimum
dispersion time as defined on the laser particle size
analyzer Winner2000E.

In optimum basic mode in a closed cycle rough
copper concentrate with copper content of 4.2%
was received at extraction of 61.56%. Rough copper
concentrate with copper content of 4.5% and
extraction of 66.54% was obtained with application
of composite reagent. Extraction of copper
increases by 4.98%.

Dispersion analysis of flotation tailings showed
that the use of dispersed emulsion of composite
reagent allows to increase the extraction degree of
slime particles of copper-containing minerals in the
rough copper concentrate.

The results of the research can be used at
beneficiation plants in the development of flotation
technology to process the thin-rocked technogenic
waste using microemulsion of flotation reagents.
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TYWIHAEME

MaKanaga MbICKypamapbl TEXHOTEHAIK LUKMKi3aTTbl GAOTaUMANbIK ©HAeY MYMKIHAir 6oWbIHWa
3epTXaHasblK 3epTTeynepiH, HaTUKenepi ycbiHbiAFaH. 3epTreynep KasakcTaH KeHOPHbIHAAfbI
MbIC KEHIH eHAeyAe anblHFaH MbICKYPaMAbl KanablKTapApblH, CbIHAMACBIH KIHE KOMMO3WUTTIK
bnoTaumANbIK peareHTTi KONAAHY apKblbl KYpPrisingi. 9p TypAai KUHafbllWTapAblH, KOCMACbIH
KONAaHy GnoTauMAHbIH, TEXHONOTUANBIK KepCEeTKIWTEepiH KaKkcapTyfa MYMKIHAIK Oepegi.
3epTTeyaiH, MaKkcaTbl KOMBUHUPAEHTEH peareHTTi KONAaHa OTbIpbin, MbICKYPaMabl TEXHOTEHAIK
WKKi3aTTbl dnoTaumanayaa MbICTbiH, 6enin any pgapexeciH apTTbipy 6onbin Tabblnagbl.
3epTTeneTiH KanaplKTapablH, CbiIHAMAcbiHAA MbICTbIH, yneci 0,23% Kypaihgbl. KombuHupneHreH
dnotopeareHT peTiHge 1:1 KaTblHAacbiHA@ HATPU BYTUA KcaHTOreHaTbl MeH TMOHOKapbamat
Kocnacbl KongaHblngbl. MbiCKypamapl Kanablktapapl ¢aotaumanay napamerpaepi aHblKTanabl:
KaWTa ycaKTay [apeeci, HaTpuit OyTun KcaHToreHaTbiHblH, T-92  KebiKTeHAipriwTiH,
KOMBUHUPNEHTEH peareHTTiH, LWbIFbIHAAPbl. KoMBUHMpAeHreH GNOTALMANBIK PEAreHT MbIC
KanablkTapbiH $aoTaumanay npoueciHe amynbcua TypiHae Kibepingi, amynabcua T 18 caHAbIK
ULTRA-TURRAX AucnepraTopbiHaa aNblHFaH. KombuHupneHreH dnoTtopeareHTTi
IMYNbCUANAYABIH,  OHTaMAbl yakbiTbl 1 MWHYTTBI Kypadbl. SMynbcuAfa ailHaAMaraHaa,
KOMBUHMpPAEHreH peareHTTe 1,192 MKM-aeH Kem 6enwekTepain, nabiapik menwepi 55,047 %
Kypaingpl. KombuHupneHreH peareHTTi 1 MWHYT amynbrupneyaeH KeiiH 1,192 MKm-OeH Kem
benwekTepaiH navbi3gbik menwepi 91,134% Kypanabl. OHTalNbl 6a3anbik pexumae epecken
MbIC KOHUEHTpaTbl anblHAbl, OHAAfFbl MbICTbIH, yaeci 4,2%, 6enin any paspexeci 61,56 %
Kypaigpl.KombuHupneHreH peareHTTi KongaHy 6apbicbiHA@ MbICTbiH, yneci 4,5 %, 6enin any
Aspexeci 66,54 % KypaliTblH ©PECKeN MbIC KOHLLEHTPaTbl anblHAbl. MbICTbIH, 66nin any gapexeci
4,98 % - fa apTaabl.
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AHHOTALMUA

B craTbe npeactaBneHbl pe3ynbTaTbl N1aboOpaTOpHbIX WMCCNeAOBaHUA MO BO3MOXHOCTU
dnotaumoHHOW nepepaboTKM  MeabcoAepIKalLero TeXHOTreHHOro cbipbA. WccnepoBaHua
npoBeAeHbl C MCNOAb30BaHMEM MpPObbl MeAbCOAEPHKaLLMX XBOCTOB, MOJIyYEHHbIX nocne
nepepaboTKM MeAHON  pyAbl  Ka3axXCTAHCKOrO  MeCTOPOMAEHWUA, U KOMMO3ULMOHHOIO
dnoTauMoHHOro peareHta. [pMEHeHWe COYeTaHUA pPas/iMuHbIX cobupaTeneit nossonsert
NOBbICUTb  TEXHO/NIOTMYECKME MOKasaTenn ¢notaumn. Lenbio wuccneposaHuin  aBnaetca
NOBbILEHNE M3BAEYEHUA Mean Npu GAOTaLMM MefbCOAEpPKaLLero TEeXHOTEeHHOro CbipbA C
NpUMeHeHVeM KOMMO3ULIMOHHOrO peareHTa. B uccnegyemoii npobe xsoctos cogepxutca 0,23 %
meau. B KayecTBE KOMMO3UUMOHHOrO dnoTopeareHTa MNPUMEHEHA CMecb 6yTMA0BOrO
KCaHTOreHaTa HaTpua W TUOHOKapbamata B cooTHoweHun 1:1. OTpaboTaHbl NapameTpbl
bnotaumm  mepapcofepKalMx XBOCTOB: CTeMeHb JAOU3MeNbyYeHusa, pacxogdpl byTtunosoro
KcaHToreHaTa HaTpua, neHoobpasosatena T-92, KOMNO3ULUUOHHOTO peareHTa. KOMNO3ULMOHHbBIV
dnoTopeareHT nogasanca B npouecc GAOTaLUN MeAbCOAEPKALUMX XBOCTOB B BUAE IMYNbCUM,
nonyyeHHou B aucnepratope T 18 digital ULTRA-TURRAX. OnTMManbHOE Bpems 3My/brMpoBaHus
KOMMO3ULMHHOrO ¢noTopeareHTa coctaBuno 1 muH. bes smynbrauym B KOMMO3WLMOHHOM
peareHTe MPOLEHTHOE COAEpPKaHNe YacTUL, KpynHOCTblo MeHee 1,192 mkm coctasnseT 55,047 %.
Mocne amynbrayMm KOMMO3ULMOHHOIO peareHTa B TedeHne 1 MUHYTbI NPOLEHTHOE coaepXKaHune
YyacTul, KpynHocTbio meHee 1,192 mkm coctasnset 91,134 %. B ontumanbHom 6a3zoBom pexunme
NoNyYeH YePHOBOMN MeAHbIN KOHLLEHTPAT C coaepKaHuem meam 4,2 % npu nssnedeHun 61,56 %.
C npMMeHeHMEM KOMMO3ULMOHHOIO peareHTa MO/JyYeH YEepHOBOW MeAHbI KOHLEHTpaT ¢
cogepaHvem megm 4,5 % npu nssneveHnn 66,54 %. N3sneveHne meam nosbiwaetca Ha 4,98 %.
Kntouyesbie cnoea: mefbcoaepsralume XBoCTbl, GnoTauma, GnotopeareHT, SIMyAbCUA, KOHLLEHTPaT,
n3BneyeHue.
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ABSTRACT

For the solvent extraction of copper from pregnant leach solutions, (PLS) a wide range of modern
extractants is currently offered on the market, and its choice is a very important issue in the
production of copper using the SX-EW (Solvent Extraction and Electrowinning) technology. The
purpose of this work was to determine the optimal copper extractant for processing productive
solutions of the Almaly deposit using the SX-EW. The studies were carried out with a productive
solution obtained by leaching copper ores from the Almaly deposit of composition, g/dm3: 1) Cu—
0.262, Fe—17.97, Si02-0.36. The results of copper extraction from model solutions showed that
the maximum extraction of copper (94%) is observed when using the extractant 5% Acorga 5640,
while the other extractants did not provide a high degree of extraction of 10% Lix984 - 93%; 10%
Acorga 5640 - 91%; 10% Acorga 5910 and 10% Acorga 5747 - 85% each. According to the results
of the retraction process, a high degree of copper extraction from the organic phase (90.2 and
more) was ensured when using extractants of 5% Acorga 5640, 10% Lix984, and 10% Acorga 5640,
the minimum - at 10% Acorga 5910 (88.2%). For the extraction of copper from the productive
solution of the Almaly deposit 5% Acorga 5640 was chosen as the optimal extractant.

Keywords: copper, SX-EW technology, Acorga 5640, extraction, selectivity.
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Introduction

numerous developments in the field of synthesis of
selective extractants for copper [[1], [2]].

In recent years, in the production of copper from
poor refractory oxidized and transit copper ores, dumps
and tailings of concentrating plants, the SX-EW
technology, which consists of the stages of leaching,
extraction and stripping, and electrowinning, has been
increasingly used. The share of copper produced using
SX-EW technology in the world has already reached 30%
of the total copper production, and this is due to

Currently, the development of the copper ore base
in the Republic is associated not only with the
commissioning of new rich deposits, but, first of all, with
the involvement in the processing of previously
unprocessed poor oxidized ores, dumps of substandard
ores, overburden mineralized rocks, enrichment
tailings, waste from metallurgical production etc. using
cost effective SX-EW technology. A typical example of
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refractory oxidized copper ores is the Almaly porphyry
copper deposit.

As the practice of operating plants using SX-EW
technology shows, productive solutions obtained by
leaching copper ores contain a number of elements,
compounds and suspended solids, some of which can
create problems during extraction [[3], [4]] and
electrolysis [[5], [6]]. The main constituents to be
constantly monitored are Cu2+, Fe3+ and/or pH [[7],
[8]]. The main undesirable impurities in the productive
solution are ions of iron, manganese [[9], [10]], silica
[10].

Currently, a number of extractants are offered
on the market that meets the highest technological
requirements [11], but in each specific case, they
must be selected on the basis of preliminary studies.
For the extraction recovery of copper at each
enterprise of a particular deposit, depending on the
composition of the productive solution [[12], [13],
[14]], it is first necessary to select the appropriate
extractant with high selectivity to copper [[15], [16],
[17]]. The purpose of this work was to study the
extraction properties of a number of reagents that
can be used for the efficient extraction of copper
from the productive solutions of the Almaly deposit
for the subsequent development of the SX-EW
technology.

Experimental part

Studies to determine the selectivity of reagents
were carried out with modified extractants of the
Acorga series (5747, 5910, 5640) and unmodified Lix
984N reagent. Lighting kerosene brand KO-30 was
used as a diluent. Productive solutions of copper
ores of the Almaly deposit were obtained by multi-
stage non-oxidizing sulfuric acid leaching.

In order to determine the selectivity of each type
of extractant, as well as a sample for comparing the
duration of phase separation, in addition to the
productive solution from the field, a model solution
was used. The specified concentration of copper in
the model solution was 1 g/l, total iron was 2.4 g/I
(Fe2+: Fe3+ = 1:1), the pH was adjusted to 1.7 with
sulfuric acid (according to pH = 1.7 in a productive
solution). To prepare a model solution, copper
sulfate CuSO4-5H,0 was used in terms of the
molecular fraction of copper (25%) - 4 g/| of copper
sulfate to achieve 1 g/l of Cu2+ ions. Iron salts were
dissolved in a similar way to achieve the specified
concentration of Fe**/Fe3*ions = 2.4 g/I. Sulfuric acid
and sodium hydroxide solutions were used to adjust
the pH of the solution. All reagents used to prepare

the model solutions were analytical grade. or
"h.ch.".!

The content of copper in the solution was
determined by iodometric titration, iron -
photocolorimetrically. The extraction of metals was
calculated from the balance of the distribution of
metals between the organic and aqueous phases. To
determine the dependence of copper extraction on
various parameters, 25 cm3 of a freshly prepared
solution of copper sulfate with a concentration of 4
g/dm3 were mixed for 5 minutes with 10%
extractants dissolved in kerosene [[18], [19], [20]].

Discussion of the results

Effect of phase separation time on copper
extraction one of the main stages of solvent
extraction is the separation or separation of phases
into an extract and refined [12]. Depending on the
composition of the extractant, the duration of
separation of the organic and aqueous phases may
be different. The larger it is, the more it can lead to
a decrease in the efficiency of the process. It is
recommended that for  hydrometallurgical
production of cathode copper using SX-EW
technology, the phase separation time should not
exceed 30 seconds. This test, under production
conditions, is carried out by taking a sample of a
mixture of organic matter and an aqueous phase
from the mixer chamber, followed by fixing the
moment of complete separation. The research
results are shown in Figures 1 and 2.

Studies on the extraction of copper were carried
out under the following conditions: the
concentration of extractants was 10%, the ratio of
the aqueous and organic phases O/W=1:1, the
duration of mixing of the organic and aqueous
phases was 5 minutes, the temperature was 20 °C,
pH was 1.7.

1b - model solution

1a - productive
solution

Figure 1 - Separation of organic and aqueous phases,
productive and model solutions in a separating funnel
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Figure 2 - Results of copper extraction with Acorga
5640 and Lix984N extractants

The studies carried out to determine the duration
of phase separation after extraction led to the
following results: the complete separation of the
aqueous and organic phases in productive solutions
(Fig. 1a) took a longer time (after more than 5-7
minutes), while the complete separation of phases
for model solution was reached in 20 seconds (Fig.
1b). In addition to a long phase separation, in the
productive solutions, the fuzziness of the interfacial
separation was also observed - in the upper layer of
the aqueous phase, there were noticeable traces of
the third phase, i.e. interfacial suspension "crud".

During the subsequent stripping of the organic
phase with a solution of sulfuric acid with a
concentration of 200 g/dm3 and regeneration of the
electrolyte by washing the organics with a 20%

solution of sulfuric acid, phase separation occurred
within the required duration of no more than 30
seconds. At the same time, the electrolyte obtained
by washing the organics after the extraction of the
productive solution differed markedly in color from
the electrolytes obtained by processing the model
solutions.

As you know, one of the main parameters
affecting the extraction performance is the
concentration of the extractant. Often, 10%
extractants in various diluents are used as organic
phases in production. Most 10% organic extractants
are able to accumulate more than 10 g/l of copper
and this leads to an increase in the viscosity of the
organic phase. Therefore, saturation of the organic
phase with copper is desirable not to produce more
than 5 g/I. As noted earlier, after stripping, washing,
a certain amount of metal will continue to be
constantly on the balance in the organic matter. The
results of solvent extraction experiments are shown
in table 1

Table 1 - Results of copper extraction with various
extractants

Extractant name
= = =
> b <
: ©
c © = = £
=) £ . 8 R
(=2 3 5 3 3
(@] (@] > i w
Acorga5910-10% | 255 | 45 0.1 88.2 75.0
Acorga5747-10% | 255 | 4.6 0.1 90.2 76.7
Acorga5640-10% | 273 | 5.0 0.1 91.6 83.3
Acorga 5640 - 5% 2.82 | 5.25 0.1 93.1 87.5
Lix984 - 10% 279 | 5.14 0.1 92.1 85.7

As the results of copper extraction from the
model solution show, the maximum extraction of
copper (94%) is observed when using the extractant
5% Acorga 5640, while the extractants 10% Acorga
5910 and 10% Acorga 5747 did not provide a high
degree of extraction - the extraction of copper does
not exceed 85% in both cases. 10% Acorga 5640 and
10% Lix984 showed relatively high copper recovery
of 91% and 93% respectively.

Stripping results

After each extraction stage, the process of
copper stripping from the organic phase followed
with a sulfuric acid solution with a concentration of
200 g/dm?3 at a ratio of 0:B=1:2, the total number of
stripping stages was 3. The results of experiments on
copper stripping are shown in Table 2.
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Table 2 - Results of copper stripping from various organic
phases

Table 4 - Results of extraction of the components of the
productive solution of the Almaly deposit with 5%
extractant Acorga 5640.

As the results of the retraction process show, a
high degree of copper extraction from the organic
phase (90.2% or more) was ensured when using
extractants 5% Acorga 5640, 10% Lix984 and 10%
Acorga 5640, the minimum - with 10% Acorga 5910
(88.2%). To select the optimal extractant, we
calculated the residual concentration in various
organic phases (Table 3).

Table 3 - Residual concentration of copper in the
organic phase after extraction and stripping processes

Resi Acorga Acorga Acorga .

dual | 5910 | 5747 :;:(;g_alo% 5640 - ;6’:284 )
Cuin | 10% -10% 5%

org.

Phas 0.3 0.25 0.23 0.195 0.22
eg/l

The data in tables 1, 2, and 3 demonstrate the
highest efficiency when using 5% Acorga 5640
extractant - the final transfer of copper from the
productive solution to the electrolyte is 87.5%, and
at the extraction stage, the extraction of copper into
the organic phase is 94%, during stripping - 93.1. For
a productive solution with a copper concentration of
1 g/l, the concentration of Acorga 5640 extractant
equal to 5% is the best in comparison with 10%,
which is due to the transfer mechanism.

Large-scale laboratory studies Studies on the
extraction of copper from a productive solution of
the composition, g/dm3: Cu-2.62, Fe-17.97, SiO,-
0.36, were carried out using the extractant 5%
Acorga 5640 in kerosene. The composition of the
productive solution included the following
components, g/dm3: copper - 0.262; total iron -
17.97, colloidal insoluble silicates - 0.36. The total
volume of the solution supplied for extraction was
5000 ml. The ratio O:B=1:1 was set using flows, the
number of extraction stages was 3, the pH of the
solution was 1.7. The results of the extraction
experiments are shown in Table 4.

Extractant name Ceu in o, Ceu in o, Ecu, % Ec, %
g/l g/l during through Element Ceua+ in
re- PLS Cres
extracti . Raffinat E, % D B
solution
on /I e, g/l
Acorga 5910 - 10% 2.55 4.50 88.2 75.0 8
Acorga 5747 - 10% 2.55 4.60 90.2 76.7 Cu® 0.26 0.006 97.7 43.33
_ 0,
Acorga 5640 - 10% 2.73 5.00 91.6 83.3 Fe3+/2+ 17.97 15.7 12.6 114 Cu/Fe _
Acorga 5640 - 5% 2.82 5.25 93.1 87.5 ’ 37.86
Lix984 - 10% 2.79 5.14 92.1 85.7 Si0, 0.36 0.26 27.8 138 Cu/Sio;
’ -31.30

The results of extraction studies showed a rather
high transition of iron ions and silicate compounds
into the organic phase. Despite the high copper
extractability of 97.7%, 12.6% of iron and 27.8% of
silicate compounds passed into the organic phase
from the productive solution.

Comparison of distribution coefficients shows
that the extractant has a sufficiently high selectivity,
the distribution coefficient of copper ions is high and
is 43, compared with iron and silicon (1.14 and 1.38,
respectively). Separation factors f (Cu/Fe) = 38 and
B (Cu/SiO,) = 31.

At the stage of stripping from the organic phase,
64% of iron passed into the electrolyte, with an iron
concentration of 7.26%. At the same time, the
residual concentration of iron in the organic matter
was 4.09 g/|. The silicate compounds extracted from
the productive solution subsequently also passed
into the electrolyte (38%), the rest (62%) polluted
the organic phase, forming an interfacial suspension
- krad. The residual content of silicate compounds in
organic matter was 0.31 g/I.

In addition to the accumulation of crud, an
incomplete transition of copper into the electrolyte
was also observed at the stage of stripping. This may
be due to the fact that part of the copper, along with
silicate and iron compounds, entered the formed
thief [13], the prevention and removal of which will
be studied by us further.

Conclusions

For the processing of productive solutions
obtained by leaching of refractory oxidized ores of
the Almaly deposit, the SX-EW technology is the
most suitable.

Effective extractants of copper from sulfate
solutions are the modified extractant Acorga 5640
and unmodified Lix984, from the productive solution
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of the Almaly deposit composition, g/l: Cu 2, 62; Fe
17.97; Si02 0.36 - 5% Acorga 5640 extractant.

The best selectivity for Cu2+/(Fe3+/Fe2+) ions is
shown by estragents of the Lix984 and Acorga 5640
series (5 and 10%). The use of the extractant - 5%
Acorga 5640 allows up to 93.1% to extract copper
into the organic phase and avoid the accumulation
ofironinit. As a result of 3-stage extraction and

stripping of copper from the productive solution
with 5% Acorga 5640 extractant, a
concentrated electrolyte was obtained with a
copper content of 9.12 g/I.

To prevent and remove the formation of the
third phase - steal, it is recommended to add various
modifiers, flocculants and additives, the effects of
which will be studied in the future.

more
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ANManbl KEHOPHbIHAAFbI MbICTbIH, CYMbIK, 3KCTPAKLMUACDHI YLWiH TMIMAi
3KCTpareHTTi aHbIKTay 60MblHLIA 3epTTeynep

‘YenywraHoBa T.A., :EcupkereHoB M.U., :Mambipbaesa K.K., :Mepkubaes E.C., zZHukonocku A.

1Cam6aes YHusepcumemi, Aamamel, KazakcmaH
2 Mépdok YHusepcumemi, [lepm, Aecmpanus

TYWIHAEME
MbIcTbl Walimanay epiTiHAinepiHeH 6enin any ywiH Kasipri yakbiTTa HapblKTa 3amaHayu
JKCTPAreHTTEPAiH, KEeH CNeKTPi YCbIHbINFAaH KaHe OHbl TaHaay MbICTbl SX-EW (Solvent Extraxtion
and Electrowinning, CyMbIKTbIK 3KCTPaKUMA >KOHE 3/N1EKTPO/U3) TEXHONOTUACBIMEH XKYMbIC
JKacalTblH ©HAIPY OpbIHAAPbIHAA ©Te MaHpbI3abl macene 6onbin Tabbliagpl. byn 3epTreyain,
MakcaTbl AManbl KEHOPHbIHbIH, BHIMA] epPITIHAINEPIH CYMbIKTbIK IKCTPAKLMUA TEXHONOTUACBIMEH
OHAEY YLWIH OHTalNbl MbIC 3KCTPAreHTiH aHbIKTay 60/bin Tabbinabl. OHIMA} epiTiHAi peTiHae
ANManbl MbIC KeHAEpPiH KOHLEHTPaUMACbI 25 /N KyKIipT KbllWKbibl epPiTIHAICIMEH TOTbIKTbIPYCbI3
Makana Kengj: 27 cayip 2022 Wwaiimanay HaTUKeCiHAE anblHFaH Kypambl Kenecigei epiTinai ansiHabl, r/am3: 1) Cu— 0,262, Fe—
CapantamagaH eTTi: 03 mayceim 2022
Kabbinpanabl: 15 winde 2022

17,97, Si02 — 0,36. Mogaenbai epiTiHAigeH mbicTbl 6enin any HaTukenepi Kenecigei 6onabl:
MbICTbl 6enin any aspekeci 5% Acorga 5640 3KCTpareHTiH NailganaHfaH Kesge MaKcMmanabl
6onatbiHbl (94%), an 6acka IKCTPareHTTep IKCTPAKUMAHBIH, YKOFapbl APEeXKeciH KamMTamacbi3
eTnenTiHiH KepceTTi: 10% Lix984 - 93%; 10% Acorga 5640 - 91%; 10% Acorga 5910 xaHe 10%
Acorga 5747 - apkaicbicbiHAa 85%. PeakcTpaKkumsa npoueciHib, HaTuxXenepi 6ombliHwa 5% Acorga
5640, 10% Lix984 >kaHe 10% Acorga 5640 aKcTpareHTTepiH NalifanaHfaH Kesge opraHuKasnbiK,
basagaH mbicTbl Benin anyablH Kofapbl gapexeci (90,2 aHe ofaH Aa Ken) KamTamachi3 eTingj,
an 10% Acorga 5910 »afpaiibiHga 6yn KepceTkiw muHuMangbl (88,2%) 6ongpl.  Anmansi
KEHOPHbIHbIH, OHIMAj epiTIHAICIHEH MbICTbl 3KCTPaKUMAMeH Benin any ywiH TMiMai sKcTpareHT
peTiHae 5% Acorga 5640 TaHaanapl.

TyiiiH ce30ep: mbic, SX-EW TexHonoruscol, Acorga 5640, 3KCTpaKUuA, CENEKTUBTINIK
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Mccnep,OBaHMa no onpegeneHnio onNnTUMaJibHOro aKCTpareHTa gnn
)KMAKOCTHOVI IKCTPAKUMUN mean mectopoxkaeHuma Anmanbl
‘YenywTaHoBa T.A., EcupkereHos M.WN., :Mambipbaesa K.K., :MepKubaes E.C., ZHukonocku A.

1Satbayev University, Aamamel, KazaxcmaH
2 YHusepcumem Mépdok, Mepm, Aecmpanus

AHHOTAUUA

[nA 9KCTpaKuMM MeAM M3 pPacTBOPOB BbIWEIAYMBAHUA B HACTOALLEE BPEMA HA pPbiHKE
npeanaraeTca 60bLWON aCCOPTUMEHT COBPEMEHHbIX IKCTPAreHTOB U ero BbI6Op ABAAETCA BECbMa
BaXKHOW npobnemoit B npousBoacTtee meam no TexHonormm SX-EW (Solvent Extraxtion and
Electrowinning; ¥uaKoCTHaA aKcTpakuma u dnektponus). Lienblo HacToswwel paboTbl ABMAOCH
onpefieneHne ONTUMAAbHOTO 3KCTpPareHTa Meau Ans nepepaboTKM NPOoAYKTUBHBIX PAcTBOPOB
MeCTopoXKAeHMA  Anmanbl.  WMccnepoBaHWs  NPOBOAWMAWCH — MPOAYKTUBHBIM — PAcTBOPOM,

Moctynuna: 29 anpena 2022 MONYYEHHbIN BbILLENAYMBAHUMEM MEAHbIX PYL MecTopoxaeHus Anmansl coctasa, r/am3: 1) Cu —

PeuensuposaHue: 03 utoHa 2022 0,262, Fe —17,97, Si02 — 0,36. Pe3ynbTaTbl 3KCTPaKLUMM MeAM M3 MO/E/bHbIX PacTBOPOB NMOKa3anu,

MpuHAaTa B nevatb: 15 urona 2022

4YTO MaKcMManbHoe ussnedyeHne meam (94%) HabnogaeTca NpU UCNONL30BAHWUM SKCTpareHTa 5%
Acorga 5640, Toraa Kak ocTasbHble 3KCTPareHTbl He 06ecrneynsin BbICOKYIO CTeneHb SKCTPaKLMK:
10% Lix984 - 93%; 10% Acorga 5640 - 91%;10% Acorga 5910 n 10% Acorga 5747 — no 85%. Mo
pes3ynbTaTam NpoLEecca PEKCTPaKLLMM BbICOKAs CTENEHb U3BNEYEHUA MeaU U3 OpraHUYecKon ¢asbl
obecneunBanacb Npu UCNONb30BaHWUM SKCTpareHToB 5% Acorga 5640, 10% Lix984 n 10% Acorga
5640, mmHumanbHoe — npu 10%Acorga 5910. [lnA aKcTpaKuMm meam U3 NpoAyKTMBHOIO pacTBopa
MeCTopoXKaeHMA AnNManbl B Ka4ecTBe ONTMMA/IbHOrO 3KCTpareHTa 6bin BbibpaH 5 % Acorga 5640,
NoKasaBsLM1 ydllne NoKasaTenu.

Kntouessle cnoea: meab, TexHonoruna SX-EW, Acorga 5640, akcTpakLma, CeNeKTUBHOCTb
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ABSTRACT

The article presents the research results on the electrothermal production of a ferroalloy from an
amorphous sedimentary rock tripoli. The studies were carried out by electric melting in a single-
electrode arc furnace using the second-order rotatable experiment planning (Box-Hunter plan).
The influence of the amount of coke and steel chips on the degree of extraction of silicon into
the alloy and the content of silicon in it is determined. It was found that silicon from tripoli to
ferroalloy passes by 49-90.6%, and the silicon content in the alloy is 28-48%. Ferrosilicon grade
FS25 (23.0-29% Si) is formed in the presence of 30-33.6% coke and 40.6-45.0% steel chips, grade
FS45 (41-46.6% Si) with 32.1-40.9% coke and 26.2-37.0% steel chips. The maximum degree of
silicon extraction (90.0-90.3%) in FS45 grade ferrosilicon (42.6-43.5% Si) is observed in a small
coke range (36.0-37.3%) and steel chips (33.0-35.2%). Using tripoli instead of quartzite in the
charge makes it possible to reduce the duration of the process by 1.2 times.
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Introduction

According to [1], the world reserves of tripoli, a
sedimentary rock containing up to 86% SiO,, are >
1.1 billion tons. The main part of tripoli consists of
opal-like silica and a small number of shells of
diatomaceous algae [[2], [3]]. Therefore, silica in
tripoli is mainly in an amorphous state, a
characteristic feature of which is an increased
reactivity in comparison with the crystal form [4].
Using this property of amorphous silica, in contrast
to the known methods of its application [[51, [6],
[71, 181, 91, 1011, it was proposed to use tripol as a
silicon-containing raw material to produce a
siliceous ferroallov [11] for the smelting of which
quartzite is used [[121, [131, [141, [151]. The article
presents the results of studiesto determine the
optimal parameters for the electrothermal
production of silicon ferroalloy from tripoli.

Experimental part

The studies were carried out on the setup
shown in Figure 1.

The main components of the installation
include an arc single-electrode electric furnace,
transformer, and short circuit. An electric furnace is
a unit lined with chrome-magnesite bricks. The
hearth of the furnace is made of a carbon-graphite
block, which served as the lower conductor. A
graphite electrode with an internal diameter of 9
cm and a height of 20 cm was installed on the
hearth. The space between the crucible and the
lining was filled with graphite chips with a particle
size of 0.1-0.3 cm. The upper current conductor
was made of a graphite electrode with a diameter
of 5cm.
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| - General view, Il - Electric melting
Figure 1- Installation for electric melting of tripoli

The furnace was equipped with a mechanical
device for moving the electrode. The installation
used a single-phase furnace transformer brand
TDZhF-1002. The transformer was equipped with a
thyristor power regulator. Maximum power 56kV-A.
The short net was made of aluminum tires. An
aluminum bus was connected to a graphite hearth
using three copper studs. The upper electrode is
connected to the aluminum bus by a flexible copper
cable 2 cm in diameter. In the upper part, a
detachable refractory cover 7 cm thick was
installed on the lining.

Before melting, tripoli was ground in a ball mill
to fractions <0.1 m and pelletized in the presence
of bentonite clay on a bowl granulator. Dried
granules 1-1.5 cm in size were mixed with coke and
steel shavings. The charge was melted in portions
(300-500 g each) in an arc furnace at a voltage of
20-50 V and a current of 400-500 A. The melting
time of the last charge was 30 minutes. After
melting, the crucible with the charge was removed
from the furnace and cooled for 4-5 hours. Then
the crucible was broken. Alloy and slag were
weighed. The content of metals in the alloy was
determined using Scanning electron microscopy. In
addition, the density of the alloys was determined
by the pycnometric method (P, g/cm?3), using which

the silicon content in the alloy was determined
from the expression [16]:

CSi=690.679-545.783-P+166.151-P*-17.467-P° (1)

The degree of extraction of silicon into the alloy
(aSi, %) was determined from the ratio of the mass
and metal in the alloy to the mass of metal in the
charge.
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Figure 2- DTA analysis

Figure 2 shows a tripoli derivatogram, which
shows that the heating of tripoli was accompanied
by two endothermic effects. The first at 50-220 °C
and the second at 600-830 °C. The first effect is
associated with the decomposition of magnesium
and calcium carbonates. The weight loss of tripoli
was 13.52%. Figure 3 shows the SEM analysis of
tripoli dried at 200-230 °C for 30 minutes.

|

Spectrum 1

Full scale 4749 imps. Cursor 0.000 keV

Element | C (0] Mg | Al Si K Ca

Weight, % 2.63 | 53.93 | 0.85 | 4.41 | 283 | 1.6 | 4.9

I- electronic image, Il- elemental composition
Figure 3-SEM analysis of tripoli
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It can be seen that in the original tripoli the Si
concentration is -28.3%, Al-4.4%, 0-53.93%. After
burning at 800 °C the tripoli contained mass %:
71.6% SiO,, 9.2% Al,0s, 7.5%Ca0, 1.5% MgO, 2.1%
K20, 4.9% Fe,0s3, 0.2% TiO,, 2.8% CO,, and coke,
mass %: 5.1% SiO,, 2.0% Fe,05, 1.8% Al,05, 1.5%
Ca0, 0.4% MgO, 0.8% S, 1.2% H,0, 85.8% C, 1.4%
others. In steel chips, Fe was -96.9%, C -1.5%, Si-
0.2%, Mn 0.3%, others (Ni, Cr, Cu) —1.1%.

The studies were carried out by the method of
planning experiments using a rotatable plan of the
second order (the Box-Hunter plan) [17].
Regression equations for the influence of
technological parameters on the degree of silicon
extraction into the alloy and the silicon content in
it, as well as a graphical representation of the
parameters for optimizing the determination,
respectively, according to the methods [[18], [19]].
As independent variables using the amount of coke
(C) and steel chips (St), % of the mass of tripoli. The
intervals of variation of independent variables are
shown in Table 1, and the matrix of experiment
planning and their results are shown in Table 2.

Table 1-Variable intervals

Table 2-Experiment design matrix and results

= Variables Technological

'°§" Coded Natural optimization parameters

—

8

S| X X2 C,% | St, Qs s Csi Csi

o«

2. % (exp), (distr), (exp), (distr),

= % % % %

1 1 -1 324 28 736 | 767 | 422 | 438

2 +1 -1 43.6 28 53.8 | 573 | 355 | 36.8

3 1 +1 324 42 69.2 | 687 | 324 | 320

4 +1 +1 43.6 42 59.3 | 59.2 | 29.1 | 284

5 + 0 46.0 35 495 | 47.7 | 28.0 | 27.8
1.414

6 - 0 30.0 35 69.3 | 68.1 | 36.0 | 35.3
1.414

7 0 + 38 45 69.8 | 70.8 | 30.8 | 318

1.414
8 0 - 38 25 792 | 752 | 479 | 46.0
1.414

9 0 0 38 35 83.8 | 89.3 | 42.0 | 424

10 0 0 38 35 89.9 | 893 | 415 | 424

11 0 0 38 35 89.0 | 89.3 | 42.8 | 424

12 0 0 38 35 83.0 | 89.3 | 426 | 424

13 0 0 38 35 89.3 | 89.3 | 432 | 424

Level Coded look Natural look
Coke Steel Coke Steel
shavings shavings
X1 X2 C % St., %
Zero level 0 0 38 35
Lower -1 -1 324 28
level
Upper +1 +1 43.6 42
level
Upper star +1.414 +1.414 46 45
shoulder
Lower Star -1.414 -1.414 30 25
Shoulder

Using the method described in [18,] and the
data in Table 2, the following regression equations
were obtained:

aSi=-696.16+34.52-C+9.012-5t-0.503-C?-
0.166-5t2+0.063-C-St; (2)

CSi=-179.25+11.92-C+0.965t-0.173-C2-
0.036-5t2+0.021-C-St. (3)

Figures 4 and 5 show volumetric and planar
images constructed in accordance with [19] of the
effect of coke and steel chips on the degree of
silicon into the alloy and the
concentration of silicon in it.

extraction

80
10

w

Steel shavings, %

[
L
\ 80 7
\

2550 0 0

34 k13 42
Coke, %

I- volumetric image, Il- planar image

Figure 4-Influence of coke and steel chips on the
extraction of silicon into an alloy

Figure 4 shows that the degree of extraction of
silicon into the alloy from 80 to 90% is observed at
32.1-41.2% of coke and 25.9-41.8% of steel chips
(shaded area in the figure), and from 90.0 up to
90.6% at 36.0-37.3% coke and 33.2-35.0% steel
chips (shaded area of Figure 4).

— 52



KomnnekcHoe Mcnonb3oBaHne MuHeparnbHoro Coeipbs. Ne1(324), 2023

ISSN-L 2616-6445, ISSN 2224-5243

Table 3 - Boundary values of technological parameters in
the production of ferroalloys from Tripoli

3 Point in Technological parameters
s b o the figure | Coke, %| Steelchips,% CSi,%| aSi, %
L g, - a 321 32.5 410 | 80.0
\\3%\}%“ 5| i o b 37.0 37.0 41.0 88.9
% i c 40.9 32.2 410 | 80.0
[ N d 36.3 26.2 466 | 80.0
I | X 30.0 40.6 290 | 583
Wi e h 30.0 45.0 230 | 477
t 333 45.0 29.0 62.5
| - volumetric image, Il - planar image o 36.6 34.0 43.5 90.3
e 36.0 34.5 43.0 90.0
Figure 5- Effect of coke and steel chips on the silicon s 37.0 35.2 42.6 90.0
content of the alloy p 37.3 34.5 43.0 90.0
r 37.0 33.0 44.0 90.0

A ferroalloy containing from 41 to 47% silicon
(ferrosilicon grade FS45 [20]) is formed in the nfyz
region (Figure 5), in which the amount of coke is
from 30.3 to 41.6%, steel chips - from 25 to 37%.
Low-silicon ferrosilicon (FS25) is formed in the xht
region in the presence of 30.0-33.3% coke and
40.6-45% steel chips. Figure 6 shows combined
information on the effect of coke, and steel chips
on aSi and CSi.

sk ‘
b5
/9 // 33
X
aof— A0 EX
Y/ k
o Ly
g /// e s
E 3
= j S el fpl
B 0 ai“ 907 c L
b 45 81
T/ \( \\//\
!
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2 145 d ),
3n 34 38

a2
Coke, %

Figure 6 - Combined information on the effect of coke
and steel chips on the extraction of silicon into the alloy
and the content of silicon in it

The choice of optimal conditions for obtaining a
ferroalloy from tripoli was determined based on the
accepted conditions: aSi 280% and CSi>41%. The
region abcd meets these conditions. Table 3 shows
the boundary parameters of the three regions in
Figure 6.

Table 6 shows that ferrosilicon grade FS45 is
formed from tripoli in the presence of 32.1-40.9%
coke and 26.2-37.0% steel chips. The degree of
extraction of silicon into the alloy is 80-90.6%.
Ferrosilicon grade FS25 is formed with a large
number of steel chips - 40.6-45.0% and less coke -
30.0-33.3%. However, the extraction of silicon into
the alloy, in this case, is only 47.7-62.5%. It is
necessary to dwell on the region espr, in which aSi
is 90.0-90.3%, and the concentration of Si in the
alloy is 42.6-43.5%. Such indicators are achieved
with 36-37.3% coke and 33.0-35.2% steel chips.

Figure 7 shows photographs of ferroalloys
obtained with various amounts of coke and steel
chips.

The numbers in the photographs correspond to the
melting numbers according to table 3
I- ferrosilicon FS25 (Si=29-32%), |I- ferrosilicon FS45
(Si=41.5-43.2%)
Figure 7-Photos of some ferroalloys obtained from tripoli

It should be noted that in comparison with
the conventional charge, which uses quartzite, the
smelting of ferrosilicon from tripoli is more
intensive. So, for experiment No.14, the duration of
melting of the last portion of the charge decreases
from 30 to 25 minutes, i.e. 1.2 times.
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Conclusions

Based on the studies carried out on the
production of ferroalloys by electric melting of
tripoli, the following conclusions can be drawn:

- silicon from tripoli into ferroalloy is extracted
by 49-90.6%, and the silicon content in the alloy
was 28-48%;

- ferrosilicon grade FS25 (23.0-29% Si) is formed
in the presence of 30-33.3% coke and 40.6-45.0%

steel chips, grade FS45 (41-46.6% Si) with 32.1-
40.9% coke and 26.2-37 % steel chips;

- the maximum degree of extraction of silicon
(90.0-90.3%) in ferrosilicon FS45 (42.6-43.5% Si) is
observed in a small range of coke (36.0-37.3%) and
steel chips (33.0-35.2%);

- in comparison with the standard charge, the
duration of the smelting of ferrosilicon from tripoli
is reduced by 1.2 times.

Cite this article as: Shevko VM, Mirkayev NM, Aitkulov DK. Electrothermal production of ferroalloy from tripoli. Kompleksnoe
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TpenenaeH ¢peppoKOPbITNAHbI 3/IEKTPOTEPMUANBIK TICIIMEH any

!lLllesko B.M., *"Mupkaes H.M., 2Ailitkynos A.K.

1 M.3ye308 ameiHdarsl OHMycmik Kazakcmad yHusepcumemi, LLleimkeHm, KazakcmaH
2 KasakcmaH Pecriyb6auKacelHblH MUHepanoblk WuKisaammel KeweHOi Kalima eHoey 1eHiHOeai yammublK opmanbifsl,
Anmamel, KazakcmaH

TYWIHAEME

MaKkanaga amopdTbl WeriHai Tay KblHbICTapblHaH - TpenengeH ¢eppoKoOpbITNAHbI
3/IeKTPOTEPMUANDBIK,  OHAIPYAI 3epTTey HaTuKenepi KenTipinreH. 3epTreynep ekiHWi peTTi
3KCNEPUMEHTTI poToTabenbaj ocnapaay aaiciH (Bokc-XaHTep »kocnapbl) KongaHa oTbipbin, 6ip
3NEKTPOATbI AOFafbl MewTe 31eKTpMeH 6ankbiTy apKpiabl Kyprisingi. Kokc neH 6onat
JKOHKANapPbIHbIH, MesLllepi KpeMHUINAIH KOpbITnafa LWbIFapblly A3peKeciHe >KaHe OHAafbl
KpPeMHUIA[H KypamblHa acepi aHblkTanabl. TpenengeH deppocnnaska KpemHuin 49-90.6% - fa
ayblicaZbl, an KopbITnagafbl KpemHuit menwepi 28-48% - abl Kypahabl. Kokc 30-36.3% KaHe
6onat oHkanap 40.6-45.0% KaTbicybiMeH deppocuanumini mapkansl PC25 (23-29% Si)
Kypblnagpl, Kokc 32.1-40.9% kaHe 60naT sKoHKanap 26.2-37% kesiHge beppocuanumii mapKkanbl
®C4A5 (41-46.6% Si) Tysineni. ®c45 (42.6-43.5% Si) mapkanbl dpeppocunnumiise KpemHuiai
anypplH, eH, »Kofapbl gapexeci (90.0-90.3%) warbiH Kokc MHTepBanbiHAa (36.0-37.3%) KaHe
6onaT KoHKacbiHAa (33.0-35.2%) 6aiikanaabl. KBapumMTTiH, OpHbIHA Tpeneaai KoaaaHy NpPoLecTiH,
»KanfacyblH 1,2 ece asanTtaabl.
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AHHOTALUMUA

B craTbe npuBOAATCA pe3ynbTaThl  MCCAELOBAHUNA  3/1EKTPOTEPMMUYECKOrO  MONydYeHUs
deppocnnaBa M3 amopdHOM 0CaAO4YHOW Mopoapl-Tpenena. MccnepoBaHusa NPUBOAWIUCH
3/71eKTPONNABKOW B  [yroBOM  OfHOS/NEKTPOAHOM Me4yn C  WCNo/Jb30BaHUEM  MeToAa
poToTabenbHOro MAaHWpPOBaHMA 3KCMepumeHTa BTOporo nopsaka (nnaH Bokca-XaHTepa).
OnpeseneHo BAUAHME KOIMYECTBO KOKCA M CTa/IbHOM CTPYXKKU Ha CTeneHb U3BEYEHWA KpemMHUA
B CMJ/IaB M COAEPNKaHWEe B HeM KpeMHus. HallieHo, YTo KpemMHuit 13 Tpenena B dpeppocnnas

Noctynuna: 29 mas 2022 u3BneKaetca Ha 49-90.6%, a coflepiKaHne KpeMHUA B CnnaBe cocTaBuao 28-48%; Gpeppocunnumii
PelieHsuposanue: 05 utoHa 2022 mapku ®C25 (23-29% Si) obpasyetca 8 npucytcteum 30-33.3% kokca u 40,6-45.0% cTanbHOM
MpuHaTa B nevatsb: 25 urons 2022 CTPYKKM, Mapkn ®C45 (41-46.6% Si) npu 32.1-40.9% Kokca U 26.2-37% CTaNbHOW CTPYXKKY;

MaKCMManbHas cTeneHb nssneverms kpemHua (90.0-90.3%) B deppocununumin ®C45 (42.6-43..5%
Si) oTMeyaeTcs B HebobLWOM UHTepBane Kokca (36.0-37.3%) v cTanbHOWM cTpyKKM (33.0-35.2%).
B cpaBHeHMM CO CTaHAAPTHOW LUMXTOM NPOAOKWUTENbHOCTb BbINAaBKM deppocuavuma us
Tpenena cokpauiaetca B 1,2pasa.

Kniouesbie cnoea: Tpenen, sSNEKTPONNABKa, TepMoAMHaMUKa, deppocnnasbl, deppocuanuuii
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Vacuum sublimators with a rheological displacement of the dispersed medium
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ABSTRACT

Based on the analysis of designs and technological processes carried out in vacuum electric
furnaces developed to date for the processing of dispersed materials by sublimation of volatile
components from them, and problems associated with technological processes, technical
solutions are proposed in the present work in which the movement of concentrate is carried out
due to rheological properties with direct heating by radiation from the heater to the surface of the
transported and mixing raw materials. During the development of the equipment, a concept was
adopted in which the movement of material in the sublimation zone of the furnace is ensured due
to rheological properties, which opens up the possibility of using materials inert to the sulfide
atmosphere and realizing heat transfer by radiation to open areas of dispersed material.
Technological tests on the sublimation of arsenic sulfide compounds from granulated concentrates
of Nezhdaninsky and Bakyrchik deposits have confirmed the prospects of such a constructive
design of sublimation processes. The application of the developed equipment in practice will
ensure the technical and economic efficiency of production in compliance with all environmental
requirements with minimal impact on the environment, which is currently a fundamental indicator
when choosing a particular technology.

Keywords: Rheology, dispersed material, electric furnace, heating, dearsenation.
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Introduction

Currently, there is a large number of deposits of
polymetallic sulfide ores and concentrate
productions that contain arsenic, antimony, and
mercury in the form of sulfides or other compounds
[[1]1, [2], [3], [4], [5]]. Extraction of valuable
components from these types of raw materials with

the help of classical methods is not safe from an
environmental point of view due to the significant
toxicity of accompanying elements [[6], [7], [8]].
The analysis of the studies performed in the field
of arsenic extraction technologies corresponding to
the current requirements enables us to make the
following conclusion. The arrangement of the
preliminary stage of arsenic extraction allows
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excluding its circulation in the processed products,
which, in its turn, contributes to the improvement of
the quality of the finished product. That is why the
most promising technologies are those which
provide for preliminary extraction of arsenic in the
form of low-toxic and low-soluble compounds [[9],
[10]].

For example, these methods include oxidation-
sulfiding roasting of granulated concentrate with
arsenic removal in a low-toxic form [[11], [12]], and
heating of arsenopyrite-pyrite-containing
concentrates in reducing or sulfur-containing media
with arsenic conversion to sulfide sublimates [[13],
[14]]. However, these methods have not found
industrial application due to the complexity of strict
control over the oxidative and sulfur potential of the
gas phase. This problem can be solved using a
vacuum-thermal method of arsenic removal [15] in
combination with traditional methods of extraction
of noble metals from the obtained cinders [16]. It
should be noted that the implementation of the
process in a vacuum, among other things, enables to
reduce the process temperature, and improve the
working conditions of the personnel of the
enterprise and the environmental situation in the
region as a whole.

The employees of the laboratory of vacuum
processes in the Institute of Metallurgy and Ore
Beneficiation JSC are engaged in the development of
vacuum-thermal and vacuum-distillation equipment
for the processing of various types of raw materials
for several decades [17].

To date, the movement of bulk solids in vacuum
apparatuses is provided forced, mainly by
fluidization of the directed vibration [18] and sucking
of gas flow through a dispersed material layer [19].

Vibro-vacuum electric furnaces are the most
advanced design of disperse material processing by
fluidization. They have been validated by a pilot and
industrial tests in the processing of gold-arsenic
concentrates [17]. The material is moved and heated
on a screw vibrating conveyor having an internal
cavity that is not communicated with the vacuum
furnace space. A furnace heater is placed in the inner
cavity of the vibrating conveyor.

The main disadvantage of this equipment type is
the process of heat transfer to the dispersed
material through the central steel tube of the
vibrating conveyor resulting in severe overheating
from the heater and residual deformations in it.

Analyzing the technical design of sublimation
processes during the vacuum processing of
dispersed raw materials, we can highlight some of
the difficulties affecting the quality of the resulting
product and the operating time of the equipment.
They include the following drawbacks:

— pressure reductions inherent
vacuum sublimation layer;

— increase in the process temperature during
heat transfer to the processed material;

— thermal and corrosion resistance of special
steels in vacuum vibro-vacuum furnaces.

It is required to conduct research in the field of
new, modern, effective, and environmentally safe
equipment for the dearsenation of mineral and man-
made materials by vacuum method to solve these
problems which is the purpose of this work.

for the

Experimental part

In this regard, we have developed two
equipment designs where the movement of bulk
materials in the sublimation zone of the furnace is
provided by rheological properties. This method of
movement opens up the possibility to use materials
that are inert in relation to the sulfide atmosphere
and to realize the transfer of heat by radiation to the
exposed areas of the dispersed material.

The scheme of the first version of the
sublimation unit intended to process dispersed
materials and the principle of its operation are
considered and given by us in [20]. Further design
developments were aimed to simplify the
manufacturing process of inclined surfaces, where
the processed material descends, their placement,
and mounting of the column in the sublimator
volume. In the first version, the inclined surfaces
were made in the form of a column of truncated
conical shells facing upwards with a large base. The
inclined surfaces in the new version are made in the
form of polyhedral truncated pyramids or inclined
plates assembled with inclined grooves in the form
of a vertical shaft (Figure 1).

The vacuum sublimator scheme with these
inclined surfaces is shown in Figure 2. The unit is a
sublimator (1) heated by an electric furnace (2),
inside which a shaft formed by truncated pyramids
(3) is placed. The pyramids are located with their
larger bases upwards with a slope angle of 60° that
significantly exceeds the natural slope angle of
almost all types of bulk materials.

The truncated pyramids are turned on half of the
face one relative to the other, and the larger base
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Figure 1 — Type of inclined surfaces in the form of
truncated pyramids or plates, forming a shaft in the

sublimator
=T
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1 — sublimator; 2 — electric furnace; 3 — inclined
surface; 4 — steam pipeline; 5 — condenser; 6 — pipe; 7 —
fabric filter; 8 — hopper for raw materials; 9 — vibrating
loader; 10 — intermediate vessel; 11 — a rod with cone
shutters; 12 — vibrating unloader; 13 — mouth; 14 —
receiving hopper residue; 15 — receiving hopper
condensate; 16 — vacuum wire.

Figure 2 — Schematic diagram of a vacuum
sublimation unit with a rheological displacement of
dispersed materials

corners touch the sublimator body that ensuring
their fixation in the column. The gaps are correlated
so that the material pouring out of the upper
pyramid or shell plate at the natural slope angle does
not "overflow" the upper edge of the larger base
below the pyramid or plate. The sublimator is
connected by a heated steam line (4) to a water-
cooled condenser (5). There is a water-cooled
coaxially mounted tube (6) inside the condenser
inside which a fabric filter for catching fine
condensate (7) is placed. The apparatus is equipped
with a hopper for raw materials (8) and a vibrating
feeder (9) for feeding the latter to an intermediate
vessel (10). The intermediate vessel is separated
from the sublimator space by a movable hollow rod
with a cone gate (11), inside which the
thermocouple is placed. A vibrating unloader (12) is
placed below the sublimator, which together with
the bulk material in the mouth (13) forms a gate that
separates the receiving hopper of the residue from
the processing (14) from the sublimator (1). Arsenic
sulfides crumbling from the walls of the condenser
accumulate in the hopper (15). The gases are
evacuated from the apparatus through a vacuum
conduit.

Technological tests of the unit were performed
on the model material. When they have performed
the dispersed material from the bunker for initial
raw materials was fed by means of the vibrating
feeder into the intermediate vessel above a
sublimator, from where they filled the internal cavity
of the shaft formed by truncated pyramids or plates.
The treated material was heated by radiation on the
exposed surface areas. Such areas are formed by
dispersed material due to natural oversaturation
and face the external heater.

The processing time of the bulk material (staying
in the sublimator) was regulated by the productivity
of the vibrating unloader, the plane of which is
located with a gap relative to the mouth. Dispersed
material in the mouth and on the unloader with
sides formed a gate, separating the sublimation
volume from the bunker space, which prevented
penetration and condensation of the sulfide vapor
phase in the latter. The vapor phase from the
sublimator through a steam pipeline was directed to
the solid-phase condensation of arsenic sulfides in a
cyclone-type condenser. The design shown in Figure
3 was developed to increase the performance of the
sublimator.

The technology for processing dispersed raw
materials containing volatile components is similar
to that for the sublimator presented in Figure 2. The
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difference is that the dispersed material in the
sublimator is located in a tube-shaped shaft formed
by an inner column of shells of smaller diameter,
with the slope of the formation downward, and the
outer column of shells of larger diameter, facing
upward with their large bases. The sublimated
steam exits inside the perforated tube where the
heater is located, and outside through the
perforated screen into the gap between the shell
and the screen, and then through the steam line to
the condenser. The external heater prevents the
condensation of steam on the sublimator body.
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1 - sublimator; 2 — condenser; 3 — steam pipeline; 4
— perforated tube; 5 — shells turned downward; 6 —
heater; 7 — collapsible cone; 8 — perforated screen; 9 —
shells with the larger base upward; 10 — the body of
sublimator; 11 — receiving hopper; 12 — mouth of the
receiving hopper; 13 — vibrating loader; 14 — hopper of
raw materials; 15 — mouth of collecting cone; 16 — shaker;
17 — sides of the vibration discharger plane; 18 — hopper
of the rest; 19, 20, 22 — heat-insulation; 21 — outdoor
heater; 23 — cooled condenser housing; 24 — cooled pipe;
25 — fabric filter; 26 - vacuum-pipe; 27 — receiving
condensate hopper.

Figure 3 — Scheme of the sublimator with a
rheological displacement of increased productivity
material

Discussion of results

Technological tests of the equipment on the
model material showed the fundamental possibility
of abandoning the forced movement of bulk
materials in the reaction zone of the sublimator by
imposing  directional  vibrations  with  the
achievement of high raw material dearsenation
parameters [[15], [16]].

The tests were conducted at temperatures in
the sublimator reaction zone of 600-700 °C. The
residual pressure in the system was 0.13 kPa. The
residence time of the material in the isothermal
zone of the furnace was regulated by changing
current loads on the electromagnet windings of the
vibration unloader, which, in turn, determined the
material unloading rate, and thus the volume of a
new portion of the material fed into the reaction
space. It was determined that the time when the
material was in the reaction zone of the furnace
could vary from 5 to 18 minutes. It should be noted
that no dust escape was observed in the used design
of the sublimation electric furnace with the model
material work which, in turn, excludes the additional
design of a heated system for rough cleaning of the
gas flow from the sublimator against fine dust.

The proposed rheological movement of the
dispersed material in the sublimation zone of arsenic
sulfides in combination with direct radiation heating
of the open surface of the treated material
confirmed the prospects of such a design of the
technological process. Sublimators of such design
can be used for processing both arsenic- and
mercury- and antimony-containing raw materials.

Conclusions

Several variants of equipment designs with the
rheological movement of the processed material
designed to process dispersed arsenic-containing
concentrates are proposed as a result of research
and design developments.

For practical use of research results, the authors
proposed a variant of design with external heating
of the sublimator body and the use of inclined planes
to transfer the material in the form of plates with
grooves, assembled in pairs in a certain way in the
form of a vertical shaft.

This sublimation electric furnace design provides
a more efficient transfer of heat to the material from
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the heated surfaces of the furnace, eliminating
mechanical stress on the elements of the furnace,
resulting from the imposition of directional
vibrational motions occurring in the vibration-
vacuum apparatus.

The main advantage of the proposed
sublimation electric furnace design is its simplicity
which is one of the most important aspects when the
equipment is used on an industrial scale.
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AHHOTALUMUA

Ha OCHOBaHMM aHanM3a KOHCTPYKUWUIA WM TEXHONOTMYECKMX MPOLECCOB, OCYLLECTBASEMbIX B
pa3paboTaHHbIX K HAaCTOALLEMY BPEeMEHM BaKyyMHbIX 31e€KTponeyax ans nepepaboTku gucnepcHbIxX
matepuanoB cybaumaumenn U3 HUX NETYYUMX COCTaBAAKOWMX, M npobniem, CBA3AHHbIX C
TEXHO/IOTMYECKMMM NPOLECccamu, B NPeacTaBAeHHOW paboTe NpeanosKeHbl TEXHUYECKME PeLLeHms,
B KOTOPbIX NEpeMeLLEHNE KOHLEHTPATA OCYLLECTBAETCA 3a CHET PEOIOTMYECKUX CBOMCTB C NPAMbIM
HarpeBoOM M3/lyYeHMEM OT HarpeBaTens K NOBEPXHOCTU MepemeLLaeMoro 1 nepemeLlvBatoLLerocs
cbipbA. Mpu pa3paboTke 060pyL0BaHUA NPUHATA KOHLEMNLWA, B KOTOPOI NepemelleHMe maTepuana
B cybAMMaLMOHHON 30He neyn obecneynmBaeTcs 3a CYET PeoNorMYEeCKMX CBOMCTB, YTO OTKPbIBAeT
BO3MOXHOCTb MCMO/Ib30BaTb MHEPTHbIE MO OTHOLIEHWIO K CynbduaHON aTmocdepe maTepuansl 1
peanu3oBaTb nepegavy Tenna W3Ny4eHMEM Ha OTKPbITble YYacCTKM AWUCNEepPCHOro maTtepuana.
TexHONOrMYeckne UCMbITaHWA Mo cybavmaumum  cynbOGUAHBIX  COeAUHEHWI  MblwbAKa U3
rPaHYNMPOBAHHbIX  KOHLEHTPATOB  HeXAaHWHCKOrOo M BaKbIPYMKCKOrO  MeCTOpOXKAeHUM
noATBEPAWUAN NEPCNEKTUBHOCTb NOAOBHOrO KOHCTPYKTUBHOTO OGOPMAEHUA CY6AMMALMOHHBIX
npoueccos. MpumeHeHWe paspabaTbiBaeMoro obopyaoBaHUA Ha MpakTMKe obecneynT TexHUKo-
3KOHOMMYECKYIO 3GPEKTUBHOCTb MPOM3BOACTBA C CODNIOAEHMEM BCEX IKONOTMYECKUX TpeboBaHUI
C MMHMMaNbHbIM BO34EWCTBMEM HA OKPYXKAMOLWYIO cpedy, YTO B HacTosllee Bpems ABAAeTCA
OCHOBOMOMAraloLWMMm noKasaTesiem nNpu BbIbope TON UM UHON TEXHONOTUN.
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ABSTRACT

The goal of this research is to prepare novel amphiphilic graft copolymers (nonionic) based on
hydrophilic poly (ethylene glycol) methyl ether (mPEG) and hydrophobic methyl methacrylate
(MMA) at room temperature and pressure. To generate P(mPEG-g-MMA) grafts, poly (ethylene
glycol) methyl ether (MPEG) was synthesized and grafted with varied ratios of methyl methacrylate
(MMA) in the existence of benzoyl peroxide as an initiator utilizing a macro-free radical initiator
procedure under the effect of heating in toluene. The research discussed in this paper looked at
the possibility of using the synthesized graft copolymer P(mPEG-g-MMA) as a nonionic demulsifier
in Petroleum Crude Oil Emulsions. The produced nonionic surfactants were assessed as water
demulsifiers in oil emulsions that were noticeable at varying oil: water ratios at 60°C. According to
the demulsifier chemical compositions as well as concentrations, the testing findings revealed that
the dehydration rate of the prepared demulsifiers reached 100%. The optimal demulsifier dose
was 300 ppm.

Keywords: Methyl methacrylate, Polyethylene glycol methyl ether, free radical polymerization,
demulsifier, catalyst.
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Introduction

The existence of higher than 80% water
throughout the production process on gas and oil
platforms is a major topic of concern for the
industry. This water originates from two natural
sources such as the injection and reservoir during
the extraction of the hydrocarbon [1].

Emulsified water mineralization and pH. The
mineralization and salt content of the aqueous
phase surely have an impact on the stability and kind
of oil emulsions. However, two characteristics
should be highlighted: This impact is indirect,
because of the production of chemical compounds

with polar oil components. Qil naphthenic acids, for
example, have strong surface-active characteristics
and can interact with ions such as Na*, K*, Mg?, Fe®*,
and AI** that are present in formation water. At the
same time, because naphthenates K and Na are
readily soluble in water, they contribute to the
production of oil/water (O/W) emulsions and impair
the stability of water/oil emulsions stabilized by
Resinous Asphaltene substances.

Unlike Na and K salts, Mg-, Fe-, and Al- salts of
naphthenic acids are more soluble in oil and can
stabilize the reverse kind of Water/Oil emulsion.
However, when combined with a resinous-
asphaltene natural emulsifier, its impact is
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weakened, most likely due to a reduction in the
forces of intermolecular contact between resinous-
asphaltene molecules.

As a result, all these compounds lead to
considerable problems in petroleum refineries, such
as corrosion in equipment and pipelines, fouling,
and catalyst toxicity in the upstream facility [[2], [3]].
Water-in-oil crude oil emulsions can be found at any
level of the petroleum production and processing
business. They are frequently undesirable in the
presence of water because they might result in high
pumping costs, pipeline damage, and higher
transportation costs [4].

As a result, emulsions should be separated into
two phases such as water and oil [5]. Crude oil
comprises aromatic molecules, alkenes, carboxylic
acids, phenols, naphthenes, and other hydrocarbon
chemicals. Asphaltenes are the mixture's heaviest
ingredients. Asphaltenes provide a protective layer
on the interfacial phase between the water and oil
phases, improving the stability of the interfacial film
[6].

Chemical flooding has been demonstrated to
improve oil recovery, and the injection of chemicals
such as surfactants helps with emulsion production
[[7], (8], [9]].

As a result, emulsion formation is a difficult task
for the petroleum industry. For O/W separation,
many demulsifiers, such as polymeric surfactants,
ionic liquids, and nanoparticles, have been produced
[10].

It is well understood that oil type and salinity
have a significant impact on the effectiveness of
surfactants used in theindustry. The authors of
publications [[11], [12]] studied the influence of oil
type on the performance of mixed surfactants. The
synergism of combinations of anionic, nonionic, and
cationic surfactants in various types of oil was
examined.

Natural surfactants (asphaltenes & resins)
present in the oil contribute to the stability of water-
in-crude oil emulsions. These components are
recognized as natural stabilizers of crude oil
emulsions because they adsorb spontaneously at
the water-oil interface and form an adsorption layer.
Because of their interfacial activity, asphaltenes and
resins are high molecular oil components that
provide a large structural-mechanical barrier at the
oil-water interface [[13], [14]].

Emulsion stability is the uniformity of emulsion
qualities throughout time. Simultaneously, the
emulsion is considered an unstable system from a
thermodynamic, and emulsion features fluctuate
slowly, as do several processes that occur during

emulsion property change, such as creaming,
flocculation, and Ostwald ripening, coalescence, and
so on. These instances, however, can occur in groups
or separately [15].

To create effective and relevant techniques for
oil separation, the stability of O/W emulsions has
been explored in several petroleum oil research
studies [16].

Already in our earlier work [17], the grafted
copolymer P(mPEG-g-MMA) so produced was
studied by 'H NMR, 3C NMR, FT-IR, DSC, TGA, and
SEM methods.

Experimental technique

Research materials. Toluene (ACS reagent,
reagent ISO, >99.7%) and hexane (HPLC grade) were
purchased from Sigma Aldrich. Methyl methacrylate
(MMA) (which contains 30 ppm of hydroquinone
monomethyl ether (MEHQ) as an inhibitor (99%).
Alfa Aesar supplied 97% (dry weight) dibenzoyl
peroxide, wet with 25% water. In the experimental
part, chemicals from table 1 were employed without
purification.

Table 1 — Chemicals used in the synthesis

Name Structure Source
Polyethylene glycol HsC OH Sigma Aldrich
methyl ether 0
n
e} Sigma Aldrich
HoCsy A - CHs
Methyl methacrylate CH,
o m/@ Alfa Aesar
Benzoyl peroxide Ej)k o
s Sigma Aldrich
Toluene @
Hexane HiCo~~cn Sigma Aldrich
3

The preparation of grafted copolymer P(mPEG-
g-MMA). The synthesis of the grafted copolymer
was carried out in accordance with the mechanism
reported in the reference [18].
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The grafted copolymers in various ratios were
synthesized in a 500 ml Syrris Globe reactor with a
condenser and constant stirring.

Figure 1 — Syrris Globe reactor used for synthesis
with doser

The first step was to dissolve mPEG in toluene,
followed by the addition of a catalyst (0.1% weight
of monomer). In free radical polymerization, benzoyl
peroxide was utilized as a catalyst. Benzoyl peroxide
was recrystallized, then dried in an oven at
temperature of less than 400°C and later in a
desiccator over silica gel to get rid of the water
content. The monomer (MMA) was injected into the
solution drop by drop in the second stage, and the
temperature was increased to 700°C for one hour.
Polymerization of mPEG with methyl methacrylate
in various ratios, such as 10:90, 20:80, and 30:70,
was carried out. A thermometer was used to record
the temperature, and the stirring speed was set at
around 100 rpm. For the last stage, the temperature
was raised to 850°C for 1 hour. The reaction product
was then precipitated out using hexane. The
precipitated copolymer was filtered and then dried
overnight at room temperature. The final dry
products were powders.

Table 2 — Composition of grafted copolymers

Name Samplel,g | Sample2,g | Sample3,g
PGME 5 10 15
MMA 45 40 35
Catalyst 0.05 0.1 0.15
Toluene 100 100 100
Hexane 100 100 100

Figure 2 — Synthesized P(mPEG-g-MMA) copolymers

Preparation of Water/Oil Emulsions. All the
emulsions were made in a total volume of 100 ml.
The crude oil-to-aqueous phase (sea water) ratio
was raised from 10-50%. (Vol.%). The emulsions
were made by combining them with an IKA T25
digital ULTRA-TURRAX homogenizer. The speed was
set to 1500 rpm for one hour.

The prepared emulsion was put into graduated
100 ml beakers. Starting with the second test flask,
the determined amount of demulsifier was added
and the emulsion was agitated for 1 minute. The
emulsion was then allowed to stand for 30 minutes
at the demulsifier's operating temperatures. The
water, in the first test flask, was allowed to stand
without any demulsifier. After that, the amount of
water was measured with an accuracy of 0.1 ml. The
demulsifier's effectiveness was determined by
dividing the volume of water released by the total
amount of water in the emulsion.

In this regard, the crude oil was stirred in a 100
mL beaker at 350°C (1500 rpm) while water was
slowly combined with the oil until the two phases
were completely homogeneous. At various oil
:water ratios, the emulsions were noticeable (90 :10,
80:20, 70 :30, and 50 :50).
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Figure 3 — Emulsion prepared in different ratios of oil
and water

Methods and techniques for
characterization of emulsifier efficiency

The international standard "Bottle-Test" was
used to assess the efficiency of new grafted
copolymer reagent-demulsifiers. The bottle test
technique is utilized in the production site to identify
demulsifiers by calculating water separation
performance on crude oil emulsions [19].

The tests involve determining the dynamics of
oil-water emulsion stratification in time as a result of
reagent-demulsifier and temperature action,
followed by determining the residual water and
chloride salts content.

At the dehydration step, we placed 70ml of oil in
a 100ml graduated test tube, carefully capped with
a cork, and placed in the thermostat for 5-7 minutes
to heat up to 60°C.

Adding reagent-demulsifier in the required
dosage (ppm), shaking vigorously for 1.5 minutes,
and placing in thermostat to determine the
dynamics of oil-water emulsion stratification in time
-0.5, 1, and 2 hours at 60°C: the volume of the
stratified water phase was measured in time.

After 60 minutes, the bottle test produced
approximately 50% water separation at a
demulsifier dosage of 300 ppm.

The method [20] was used to determine the
residual water content of an oil phase sample.

The full volume of the aqueous phase was
separated and discarded for the next step of testing.

Research Characterization

Differential scanning calorimetry (DSC), thermal
gravimetric analyses (TGA), scanning electron
microscopy (SEM), nuclear magnetic resonance (*H
NMR & 3C NMR), and Fourier transform infrared FT-
IR spectroscopies are used to evaluate the graft
copolymers P(MPEG-g-MMA).

Research Results and Discussion

The grafted copolymer P(mPEG-g-MMA) was
effectively made by free radical polymerization
utilizing benzoyl peroxide as an initiator. SEM, FT-IR,
H NMR, 3C NMR, TGA, and DSC were all used to
characterize the samples. NMR analysis revealed the
presence of all groups in the copolymers. According
to the thermal stability investigations, the grafted
copolymer has outstanding thermal stability and
may be employed in a variety of applications.
Furthermore, grafting and polymerization of the
grafted samples greatly enhance the rate of
breakdown. As a result, this copolymer has a wide
range of uses, including surfactants in chemical
technology.

Table 3 — Effectiveness of demulsifiers on needed time to
separate oil from water at room temperature

Name Amount, Time, min
ppm
P(MPEG-g-MMA) 10:90 100 18
P(MPEG-g-MMA) 10:90 200 14
P(MPEG-g-MMA) 10:90 300 9
P(MPEG-g-MMA) 10:90 400 8
P(MPEG-g-MMA) 10:90 500 5

Figure 4 — End of oil-water emulsion demulsification
process by grafted copolymer




Complex Use of Mineral Resources 2023;324(1): 64-70

ISSN-L 2616-6445, ISSN 2224-5243

Three different demulsifier ratios were
examined for the performance of water separation
at 30°C using the bottle-test experiment methods
outlined in the preceding section. The oil :water
ratio was chosen such as the emulsion sample, 70
:30, and P(MPEG-g-MMA) was chosen as the reagent
demulsifier, 10 :90. The results were collected for a
100 mL emulsion at 250°C and atmospheric
pressure. The maximum demulsifier dose is
established by the tests with the purpose of the
optimizing demulsifier dosage to optimize water
separation. As indicated in table 3, the reagent-
demulsifier with a concentration of 300 ppm
produced the best results compared to the others.
All three demulsifiers produced excellent water,
with no oil droplets on the bottle/tube wall and
clear, colorless water.

Conclusions
The grafted copolymer P(mPEG-g-MMA) was

effectively produced by free radical polymerization
utilizing benzoyl peroxide as an initiator. SEM, FT-IR,

nuclear magnetic resonance (**C NMR & *H NMR),
TGA, and DSC were all used to characterize the
samples. NMR analysis revealed the presence of all
groups in the copolymers. Based on the thermal
stability outcomes, the grafted copolymer has good
thermal stability and thus might be used as a
surfactant-demulsifier in the Crude Oil Petroleum
business. It has been established that the proper
dose will have an economic effect.
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TYWIHAEME

Byn XYMbICTbIH, MaKcaTbl KOpLUafaH OpTa TemnepaTtypacbiHAa XoHe KanbinTbl aTMOCd)epaﬂblK

KbiCbIMAa

rmapodunbaj

nonn(atuneHrankons) metun 3dupi (MPEG) aHe ruapodobTbl

metuametakpunat (MMA) HerisiHaeri »KaHa MOHAbIK, emec amouduabai conoanmepaepiH any
60s1bIN Tabblnaabl. Monu(atTuneHrnmkonb) metun adpupi (MPEG) apTypAai KaTbiHacTa 10:90, 20:80,

Makana kengi: 27 mameip 2022
CapanTtamagaH eTTi: 20 mayceim 2022
KabbingaHapl: 27 winde 2022

MyHal

30:70 metunmetakpunat (MMA) paiblHAANAbl KOHE WHWUUMATOP peTiHae 6eH30MN acKpblH
TOTbIFbIHbIH, KaTbICybIMEH XblJly acTblHAQ MaKkpobocpaguKkanapl MHUUMATOP daicimeH eringi.
P(mPEG-g-MMA) cononvmepnepid any ywiH tonyonga. OcCbl XYMbICTa YCbiHbIIFAaH 3epTTeysep
3MyNbCUANapbI

VLUiH MOHAObIK emeC Ae3Mynbratop peTin,e CUHTEe3genreH

TpaHCNNaHTaTTbIK conosumep P(MPEG-g-MMA) MyMKiH naiganaHy makcaTblHAA Kyprisingi.
[alibiHpanfaH noHAapl emec 6eTTik BenceHai 3atTap 60°C TemnepaTypaga apTypAai MyHal: cy
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KaTblHaCblHAA KepCeTiNreH Mmaigasbl Cy 3SMy/NbCUANAPbl YIWIH Ae3Mynbratopnap peTiHae
6aranaHapl. Taxipube HaTUKeci AaliblHAAFaH AE3MYNbraTopaapAblH, CYcbi3AaHy KblAAaMAabIFbl
[e3MyNbraTopnapAblH, XMMMANBIK Kypambl MeH KOHLUEeHTpauuAcbiHa 6ainaHbicTel 100%-fa
JKETETiHiH KepceTTi. leamynbratopAbiH OHTaiabl go3ackl 300 ppm 6ongpl.

TyiiiH ce3dep: nNONNITUNEHIINKONAb MeTUA  3bupi, MeTUaMeTakpunaT, 6oc paguKanabl
nonavmepney, KaTannsaTop, Ae3MyNbratop.
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AHHOTAUMA

Llenb gaHHOM paboTbl - MOAYYEHME HOBbLIX HEMOHOTEHHbIX amMPUOUAbHBLIX MPUBUBOUHbIX
COMO/IMMEpPOB Ha OCHOBe TMAPOPUNLHOTO NOAU(ITUNEHTAINKONL) MeTunoBoro adupa (MMN3M) n
rmapopobHoro metunmeTakpunata (MMA) npu TemnepaType OKpyKalowen cpegbl W
HOpMasibHOM aTMocdepHOM AaBneHun. Monun(aTuneHrnMKonb) metuaosbii adup (MPEG) 6bin
NoAroToB/IEH M NPUBMUT C Pa3/INYHbIMK cooTHoweHnammn 10:90, 20:80, 30:70 meTunmeTakpuaaTta
(MMA) B npucyTcTBMM Nepokcmaa 6eHsonna B KauecTse MHULMATOPA C UCNO/b30BaHNEM MeToAa

Moctynuna: 27 mas 2022 MaKpocBobOAHOPAAMKANbHOIO MHULMATOpa MNOA, BO3AEWCTBMEM HarpeBaHwWa B Toayone Ans
PeueHsunposaHue: 20 uroHa 2022 nonyyeHunsa cononnmepos P(MPEG-g-MMA). UccnenosaHus, npeactaBiaeHHble B AaHHOI paborTe,
MpuHaTa B Nevatb: 27 utons 2022 NPOBOAMANCE C LENbl0 BO3MOMHOTO MPUMEHEHWUA CUHTE3UPOBAHHOTO  MPWUBUBOYHOIO

cononumepa P(MPEG-g-MMA) B KayecTBe HEMOHOTeHHOro Aeamynbratopa Ana HeobTAHbIX
3MYNbCUIA. MpPUroTOBAEHHbIE HeWoHoreHHble MAB 6bliM OUEHEeHbl KaK Ae3Mynbratopbl ANA
amynbcuint "Boaa B HedpTn", KOTopble OblIN BbiPaKeHbl MPU PA3IUYHbLIX COOTHOLIEHUAX HedTb:
BOAa Npu Temnepatype 60°C. Pe3ynbTaTbl 3KCNEpPUMEHTA NOKa3aau, YTO CKOPOCTb AernapaTtauum
NPUroTOB/IEHHbIX Ae3Mynbratopos gocturaet 100% B 3aBMCMMOCTM OT XMMUYECKOro COCTaBa M
KOHLLeHTpaLMmM Aeamynbratopos. ONTMManbHas A03MPOBKa Aeamynbratopa coctasuna 300 ppm.
Kniouesbie cnosa: MEeTU/I0BbIN adup NONN3TUNEHTINKONSA, MeTUIMeTaKpuar,
cBO6OAHOPAAMKaNbHAA NOMMEPU3ALMSA, KaTaIM3aTOpP, AEe3MYbraTop.
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ABSTRACT
The effect of various binding agents based on aqueous solutions of nitric acid, yttrium nitrate and

orthophosphoric acid and yttrium hydroxide gel on the physical and mechanical properties of
casting molds based on Y03 has been studied. It is shown that the most promising binding agent
for yttrium oxide casting molds is a phosphate bond. The data describing the curing mechanism of
phosphate-bonded molding mass is presented. The influence of the concentration of binding agent
solutions on the strength characteristics of molding materials after curing and heat treatment is
shown. Information about the interaction of yttrium oxide powder molds with phosphate-binding
with titanium melt of VT1-0 and VT6 grades is presented. The obtained data allowed us to describe
the advantages and disadvantages of the developed molding compound. A method for producing
casting molds based on yttrium oxide powder with a yttrium phosphate-binding agent was
developed based on this research.

Keywords: molding mixture, yttrium oxide, binding agent, casting mold, titanium alloy

Chukmanova Marzhan Tursyngaliyevna

Information about authors:
Junior researcher, JSC "Institute of Metallurgy and Ore Beneficiation", Almaty, Kazakhstan. E-
mail: chukmanova_m@mail.ru, ORCID ID: https://orcid.org/0000-0002-9626-3205

Panichkin Alexander Viladimirovich

Candidate of technical sciences, Senior Researcher, JSC "Institute of Metallurgy and Ore
Beneficiation", Almaty, Kazakhstan. E-mail: abpanichkin@mail.ru; ORCID ID: https://
orcid.org/0000- 0002-2403-8949

Mamayeva Axaule Alipovna

Candidate of physical and mathematical sciences, JSC "Institute of Metallurgy and Ore
Beneficiation", Almaty, Kazakhstan. E-mail: ak78@mail.ru, ORCID ID: https://
orcid.org/0000-0002- 9659-8152

Kenzhaliyev Bagdaulet Kenzhaliyevich

Doctor of Technical Sciences, Professor, General Director-Chairman of the Management Board of
the JSC 'Institute of Metallurgy and Ore Beneficiation"”, Almaty, Kazakhstan. Email:
bagdaulet_k@satbayev.university, ORCID ID: https://orcid.org/0000-0003-1474-8354

Azlan M.N.

Physics Department, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris,
Tanjung Malim, Perak, 35900, Malaysia. Email: azlanmn@fsmt.upsi.edu.my; ORCID ID:
https://orcid.org/0000-0002-2792-4145

Introduction

Investment casting is one of the most efficient
and cost-effective manufacturing methods for
titanium alloys of various complexity and with
weights ranging from a few grams to tens of
kilograms. The manufacture of high-quality titanium
products with a minimum of surface defects is
possible only when using casting molds obtained
from refractory materials inert concerning titanium
melts. This requirement and the high melting point
of titanium alloys do not allow the use of most
materials traditionally used in the foundry of non-
ferrous and ferrous metals.

Forming material or its components, if they are
not sufficiently resistant to titanium melts, will

develop physical and chemical processes between
them, leading to the dissolution of the mold
elements, redox reactions, and wetting and capillary
phenomena when receiving the castings. These
processes lead to defects in the castings: burning,
formation of an alpha layer, porosity, and poor filling
of narrow channels with melt. This contributes to
higher machining costs and higher rejection rates
and makes it impossible to produce thin-walled
castings. A gas-saturated layer can lead to the
emergence and spreading of cracks, which reduces
the operational reliability of the titanium casting. For
this purpose, the initial refractory molding and
binder materials that are inert with respect to the
titanium melt should be used for casting.
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Mixtures based on fused aluminum oxide
(electrocorundum), magnesite, zirconium dioxide,
and graphite have been used in the industry for
casting titanium alloys. The low chemical activity or
inertness of refractory oxides MgO, ZrO,, Al,03, CaO,
and Y,0s for titanium melts and titanium alloys has
been shown in the works of of [[1], [2], [3], [4], [5],
[6], [7], [8], [9], [10], [11], [12], [13]]. HOowever, such
oxides react in varying degrees with the titanium
melt [14], which can cause burn-in and limit the wall
thickness of the castings. Y,03 interacts with the
titanium melt to a lesser degree than the above
oxides, and this can be explained by the fact that
their contact, due to the reduction of the titanium
oxide, produces metallic yttrium, which is extremely
insoluble in the melt. A barrier layer is formed,
reducing the rate of interaction between them.

REMET® UK offers a water-dispersed aluminum
oxide binder, Remal20, which has solution stability
in a certain pH range, to form the face layer of the
refractory shell for casting titanium alloys. It is
known that aluminum oxide interacts very actively
with the titanium melt, which will prevent the melt
from filling the thin channels. In addition, ceramic
layers obtained from zirconium oxide with Remal20
bonding are characterized by relatively low strength
and crack formation [15]. Tetsui et al. and Zhao et al.
(reference) found in experiments on casting
titanium alloys into molds made of various
refractory materials that the least oxygen
enrichment in titanium parts occurs when Y,0; is
used as the face layer [1]. Contamination studies of
directionally solidified alloy Ti46AI8Nb and other
titanium alloys in Al,Os, Y,03, and CaO crucibles were
performed [[16], [17], [18], [19], [20]].

Electrocorundum molds are widely used in the
aircraft industry to manufacture castings, which are
produced by investment models on an ethyl silicate
binder. However, this technology also produces a
surface layer on the surface of the titanium castings
that is saturated with impurities and negatively
affects the characteristics of the castings (alpha
layer). In addition, a significant disadvantage of
these binding agents is their high cost, low eco-
friendliness, and low survivability, which limits their
use for large castings from titanium alloys [20], [21].
One of the main problems in producing Y,0s3 casting
molds is the inability to use binding agents based on
silicon dioxide and aluminosilicates, which cause a
reaction with titanium alloys with the formation of
cracks on the casting surface and a very hard alpha
layer of 0.3-0.6 mm thickness [22]. The work [23]

ISSN-L 2616-6445, ISSN 2224-5243

shows the formation of an alpha layer with a width
of 0.45-0.55 mm, when used as the first layer of
ceramic shells of calcium oxide stabilized with
zirconium oxide or yttrium oxide stabilized with
zirconium oxide. This surface layer results from the
reaction of Ti with metal oxides of the ceramic shells,
which consists of brittle intermetallic compounds
that significantly impair the mechanical properties
of the castings. [24]. To overcome this problem,
titanium alloys should be embedded in special
ceramic casings that prevent or significantly reduce
this reaction.

Further research on the selection of a binding
agent for the production of ceramic molds from Y,03
for the manufacture of castings from titanium and
titanium-based alloys is necessary in this regard.
Reducing the thickness of the alpha layer when
producing castings from titanium alloys can only be
achieved by casting in molds made entirely or
partially (face layer) of materials that are inert in
relation to titanium. The development of such
materials will provide the required quality of the
casting surface, which will make it possible to
produce titanium castings with a relief surface. The
lack of research on the development of binding
agents inert to titanium melts for molds based on
yttrium oxide hinders the development of
technologies for casting titanium alloys. In this
regard, studies were performed to find binding
agents for the production of Y,0;3 casting molds by
the method of investment casting. The results of
these studies are given in this article.

Experimental part

It is necessary to develop molding materials
characterized by good fluidity, harden after model
pouring, and do not interact with titanium melts,
and provide high mold strength to obtain complex
configuration castings from titanium alloys using
wax models, including those made by additive
technologies.

We set the following requirements when
developing binding agents for Y,03; powders:

- the binding agent must be stable up to the
casting temperature of the titanium alloy, or at
decomposition, it must provide high strength to the
casting molds;

- the binding agent must interact weakly with
the titanium melt;

- the binding agent should be based on yttrium
compounds. Curing the molding mixture from Y,03
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powders should occur within an acceptable time
interval (from 0.25 to 24 hours).

The possibility of using compounds as binders is
considered:

-formed by the interaction of Y,03
solutions HNOs and Y(NOs)3

- forming yttrium hydroxide Y(OH); - yttrium
acetate Y(CHsCOO)3

- not decomposing when heated - yttrium
phosphate YPO,.

Recrystallization of yttrium oxide powders
increases their chemical resistance to both yttrium
nitrate and orthophosphoric acid solutions, and
titanium melts due to a decrease in surface energy.
The initial yttrium oxide used as a filler of the
molding material was subjected to heat treatment in
a tubular furnace in an argon flow to remove
hydrated water and decompose yttrium carbonate
which recrystallization of the powder developed. It
was found that the minimum temperature at which
recrystallization of chemically deposited yttrium
oxide powders begins is 1300 °C, this process
actively proceeds above 1500 °C, above 1700 °C
their sintering develops (Figure 1).

with

Figure 1 — Recrystallization of yttrium oxide powder
during annealing: (a) initial state; (b) 1500 °C, 2 hours;
(c) 1650 °C, 2 hours

Evaluation of the possibility of using solutions
of HNOs and Y (NO3)s. The conducted research has
shown that when Y,03; powder is mixed with an
aqueous nitric acid solution with a concentration of
0.5-2 mol/I or with an aqueous Y(NOs); solution with

a concentration of 2-10 mol/l at a T/L ratio of 2:1, an
interaction develops between them, which leads to
the solidification of the mixture. The curing speed
improves from 10 to 2 minutes with an increase in
solution concentration in the specified interval. The
hardened mixture at room temperature is
characterized by high strength, however, when
heated above 400 °C, such materials lose strength
and crumble. This makes it impossible to use HNO3;
and Y(NOs); solutions as binding agents in the
production of casting molds based on Y,03; powders.

Evaluation of the possibility of using yttrium
hydroxide Y(OH); as a binding agent in the
production of Y,0s-based molds. It is known that
the precipitation of yttrium hydroxide from
aqueous solutions of yttrium acetate
Y(CH3COO)s3 forms a gel. Separation of the gel
and ammonium acetate solution was performed
by dilution with water in a ratio of 1/1, stirring
and subsequent centrifugation at a centrifuge
spindle speed of 2500 rpm for 10 min with the
separation of the gel from the solution. It was
found that the water content in it is 73%, when
drying yttrium hydroxide gel at 180 °C for 1
hour. Only 10% yttrium oxide remained of the
initial gel mass after calcination of the remaining
material at 900 °C.

Three layers of yttrium hydroxide gel and
yttrium oxide gel were applied to the surface of
molding models in the amounts of 25 and 50 wt% to
evaluate the possibility of using yttrium hydroxide
gel as a binding agent for the first and subsequent
layers of molding materials. The model was dried for
1 day after applying each layer, and then the surface
was photographed. Figure 2 shows the structure of
the obtained shells on the surface of the models
after the application of 3 layers of the mixture.

High water content during drying causes
cracking of even thin gel films up to 0.2 mm,
applied to both smooth and rough surfaces of
the model (Figure. 2a). Mixtures of gel with
yttrium oxide powder in amounts of 50 and 75
wt% also crack when dried (Figures 2 b-c).
However, the number and width of cracks
decrease as the proportion of yttrium oxide
increases. But the high viscosity of such
mixtures requires their mechanical application
to the surface of the model and excludes the
possibility of spraying. High shrinkage with crack
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formation makes it impossible to use Y(OH)s gel
as a bond for yttrium oxide-based molding
materials.

Using as a concentrated binding solution (10%)
yttrium acetate does not provide the required level
of strength of the mixture with Y,0s in the ratio W/T
1:2 after drying. The layer of such material on the
model surface increases in thickness by at least 40%
due to Y(OH); gel formation during subsequent
ammonia drying. This causes the face layer to crack
and chip off the surface of the model during
subsequent drying, which makes the use of yttrium
acetate solution as a binding agent useless.

Figure 2 — Crack formation in hydroxide-based
shells: (a) Y(OH)s gel; (b) 50% Y(OH)s gel +50% Y20s3; (c)
2nd layer 25% Y(OH)s gel+75% Y203

Study of the possibility of using yttrium
phosphate as a binding agent. It is known that
yttrium phosphate is formed by the interaction of
yttrium nitrate and phosphoric acid in an ammonia
atmosphere in the following reaction:

Y(N03)3+H3PO4+3NH3*H20—)YPO4+3NH4N03+3H20 (1)

We used chemically precipitated yttrium oxide
powder with a dispersion of fewer than 10 um, an
aqueous solution of yttrium nitrate, and
orthophosphoric acid as the initial raw materials in
the experiments. It was found during preliminary
experiments that mixing yttrium oxide powders with
a mixture of yttrium nitrate and orthophosphoric
acid in a short time (up to 5 minutes) resulted in the
curing of the molding mixture, which did not allow

to fill the flask with the model and remove air
bubbles from it. The solution to this problem was to
pretreat the mixture of yttrium nitrate and
phosphoric acid solutions for at least 24 hours at
room temperature. The curing of mixtures of Y,03
with Y(NOs)s3+HsPO, solution followed from 10
minutes to 8 hours, depending on the concentration
of the solution. The temperature of preliminary
annealing of Y,0s, in this case, did not have a
significant effect on the curing rate of the molding
mixture.

Cylindrical samples with a mixture of pre-baked
yttrium oxide powder at 1300-1700 °C and an
aqueous solution of yttrium nitrate with a
concentration from 80 g/l to 333.3 g/l and
orthophosphoric acid from 14 g/l to 52 g/l were
prepared to determine the effect of the
concentration of yttrium nitrate and
orthophosphoric acid on the structure and strength
of the molding materials. We took a stoichiometric
ratio of Y(NOs); and H3PO, according to the reaction
equation (1). The ratio W/T was taken no more than
1:2. The mold with the samples was left at room
temperature for 24 hours to cure the mixture, then
the samples were removed from the mold and dried
in ammonia medium at room temperature for 1 day
and then in a normal atmosphere at 90-95 °C for 0.4
days. The ceramic forms were calcined in a
resistance shaft furnace at 600 °C and 900 °C for 3
hours. Heating to the target temperature was
performed at a rate of 3 deg/min. The purpose of the
heat treatment was to remove crystalline moisture,
decompose ammonium nitrate and yttrium nitrate
that did not interact.

Cylindrical samples made of yttrium oxide
molding mixture were tested in compression on a
Shimadzu AG 100kNx electromechanical testing
machine with a 1 mm/min loading speed.

Casting into ceramic molds was performed using
titanium alloys VT1-0 and VT6 in a UIPV-0.001
vacuum induction furnace with melt discharge
through the bottom.

We investigated the structure of the near-
surface and alpha layers of molding materials and
cylindrical castings obtained using the developed
molding materials by optical and scanning electron
microscopy (SEM) and microprobe analysis using a
JEOL JXA-8230 microprobe analyzer. The structure
was studied using the backscattered electron mode
(COMPOQ). The thickness of the alpha layer was
determined by measuring the microhardness from
the surface to the center of the casting using a PMT-
3 microhardness tester at a load of 50 g.
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Research Results and Discussion

The molding mixture had the consistency of
thick sour cream when the ratio of a yttrium oxide
powder to an aqueous solution by weight is 2:1, and,
when vibrations were applied, well filled the flask
with a model installed in it to obtain a shape with the
required wall thickness and surface relief. In this
case, air bubbles were well removed from the mold
cavity. The introduction of orthophosphoric acid
with a concentration of 21.5 g/l to 43.0 g/l into the
composition of an aqueous solution of yttrium
nitrate with 125 to 250 g/I provided a solidification
period of the mixture from 2 hours to 15 minutes.
Increasing the concentration of binders Y(NOs); and
HsPO4 more than 250 g/l and 43 g/I, respectively, led
to self-heating of the mixture and its rapid
hardening, which did not allow to complete the
molding process.

A graph of the dependence of the strength limit
of the molding compound on the concentration of
the binder Y(NOs); and H3PO,4 was drawn according
to the results of tests of the obtained cylindrical
samples. The analysis of the graph (Figure 3) shows
that with increasing binder concentrations of
Y(NOs); and HsPO, from 80 and 14 g/l to 167 and
28.7 g/l respectively, the strength of the molding
compound increases, and decreases with further
increase. This may be due to the fact that as the
concentration of these substances increases, the
proportion of binding agents formed becomes
higher. Curing time is shortened to a few minutes if
the concentration is above a certain value and air
bubbles are not effectively removed from the
mixture during vibration. This reduces the strength
of the material. The strength of the molding material
decreases after ammonia drying and heat treatment
at 600 and 900 °C. At the same time, the strength of
the molding material naturally grows with an
increase in the concentration of components in the
binding agent. A significant decrease in strength
after annealing at 900 °C is observed in the mixture
with concentrations of 333 and 54.7 g/l Y(NOs); and
HsPO,, respectively, the reason for which is the high
porosity of such material.

The curing mechanism of the molding mixture
based on yttrium oxide powder with a binding agent
based on an agqueous solution of yttrium nitrate and
orthophosphoric acid is considered based on the
analysis of the material structure after curing, X-ray
diffraction analysis and infrared spectra of the
material obtained during various stages of curing at
room temperature.
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Figure 3 — Dependence of the effect of the
concentration of Y(NOs)s in the binding agent and H3PO4
in aqueous solutions on the strength limit of the molding

compound

IR spectra of the sample obtained by mixing Y,03
powder with a binding solution of Y(NOs)3 and H3PO,
167.0 g/l and 28.7 g/l were taken immediately after
mixing and then after 1, 2, 3 hours and 3 days. The
images were taken on an Avatar 370 Csl FT-IR
spectrometer, in the spectral range of 4000-300 cm’
! from tablet preparations prepared by pressing 200
mg of KBr with 2 mg of sample. Experiment set-top
box is Transmission E.S.P.

As follows from the data obtained, regardless of
the exposure time, the spectra of such a sample
(Figure 4a) contain lines characteristic of the
following compounds:

yttrium oxide Y,0;—561, 464, 418, 399, 341, 310
cm™[25]; valence v(OH)-3405 cm™ ! and deformation
S8HOH-1635 cm™ ! vibrations of water molecules [26];
yttrium orthophosphate YPO, - 1040, 634 cm™ [25];
xenotime YPOy - 1076, 634 cm™[27]; group [CO3]*? -
1474, 1458, 839, 825 cm™[26, 29, 30]; group [NO3]
— 1763, 1384, 1346, 1040, 792 cm™ [[25], [29], [30],
[31]]. The band at 746 cm™ can be referred to
yttrium orthophosphate dihydrate YPO.-2H,0 [28],
a band in this range of the spectrum is also observed
in the spectra of nitrate hydrates of rare earth
elements [[29], [30]]. There is a band at wave
number 391 cm? in the range of Y-O valence
vibrations in the spectrum of the sample; this band
probably corresponds to the Me 3*-O bond in the
carbonate [32].

Comparison of the spectra taken immediately
after mixing, after 3 hours and after 3 days showed
changes in the intensity of the lines (Figure 4b),
indicating changes in the phase composition of the
sample. The following changes are observed:
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Figure 4 — Infrared spectra: (a) No. 1 suspension
immediately after mixing; (b) No. 1.1 - after 3 hours; No.
1.2 - after 3 days

1. Shift of the maximum of the valence band vs
of the [COs)% ion to the high frequency range (1-
1474, 1458 cm™®; 1.1 - 1504 cm®; 1.2 - 1508 cm™?),
and variation of the absorption intensity. The lowest
intensity of the valence vibration band v; of the
[COs]? ion was recorded in the spectrum of sample
1.1.

2. Varying the intensity of the valence band v; of
the [NOs] ion.
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3. Varying absorption intensities in the range of
Y-0 valence vibrations.

4. Displacement of the maximum of valence
vibrations v(OH):

sample 1- 3405 cm™ %; sample 1.1- 3495 cm %
sample 1.2- 3448 cm™ L.

This indicates that the processes of yttrium
phosphate formation develop before ammonia
drying and are associated with the reaction of
yttrium nitrate with yttrium oxide and phosphoric
acid.

X-ray phase analysis of such a molding
compound after curing for 3 hours indicates the
formation of vttrium nitrate hexahvdrate (Figure 5).
Its formation occurs due to the interaction of yttrium
oxide and nitrate. The lines characteristic of vttrium
phosphate does not appear on radiographs after
ammonia drving, indicating its formation in X-ray
amorphous form.

The data obtained indicate that the bond
between Y,03; powders is formed already at the
stage of mixture curing at room temperature (Fig.
6a). Lamellar crystals of yttrium phosphate are
formed after ammonia drying, intertwining with
each other and binding Y,05 particles (Figure 6b).
This structure is maintained during further heat
treatment (Figures 6¢c and d). It is likely that the
decrease in strength of the cured molding
compound after heat treatment can be explained
first by the decay of ammonium nitrate, and then at
900 °C by the beginning of recrystallization of
yttrium phosphate needle crystals.
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O vitrium Oxide - Y203 - S-Q 95.7 %
nYttrium Nitrate Hydroxide Hydrate - Y2(OH)5.14(NO3)0.86-H20 - S-Q 4.3

Figure 5 — X-ray diffraction pattern of the resulting mixture based on Y(NOs3)s + H3PO4 + Y203
without ammonia drying
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Figure 6 — Changes in the structure of molding
mixture based on yttrium oxide and binder Y(NO3)3 167,0
g/l H3PO4 = 28,7 g/l at different stages of treatment: (a)
after curing at room temperature; (b) after ammonia
drying; (c) after heat treatment at 600 °C; (d) after heat
treatment at 900 °C

It has been established, based on studies of the
effect of the concentration of yttrium nitrate and
phosphoric acid solutions on the strength of the
molding materials obtained, that the optimal
concentration of yttrium nitrate and
orthophosphoric acid solutions for producing Y,0s-
based molds is 167.0 g/l and 28.7 g/l, respectively.

Production of castings into molds based on
Y,0; and binder YPO,, Casting molds were made on
the basis of the developed molding mixture, into
which castings of titanium grade VT1-0 and titanium
alloy VT6 were obtained. Casting was performed in
a mold at room temperature and heated to 550 °C.
The diagram of the casting unit, the casting mold,
and the resulting casting are shown in Figure 7.
Metallographic, electron  microscopic, and
microprobe examinations were performed to study
the formation of an alpha layer and annealing layer
on the surface of the castings.

The formation of the alpha layer occurs primarily
due to the dissolution of oxygen, which titanium
releases, reducing or dissolving in itself the metal
oxides that make up the basis of the molding
materials. The formation of an alpha layer seriously
affects the mechanical properties, the structure of
the surface layer of the metal and the dimensional
accuracy of the castings. The thickness of such a
layer depends on the chemical stability of the mold
material and the contact period between the liquid
titanium and the mold. The structure and thickness

of the alpha layer must therefore be studied first
when examining the structure of the castings.

OO0

Figure 7 — Diagram of the melting unit of the UIPV-
0.001 vacuum induction furnace (a), casting mold (b),
casting of blanks of the femoral component of the hip

endoprosthesis, obtained from titanium alloy VT6 (c): (1)

titanium cylinder; (2) casting mold; (3) - tantalum foil; (4)

perforated graphite ring; (5) quartz glass body; (6) lining
of yttrium oxide powder

Figure 8 shows the microstructure of the burn-
in layer and the near-surface layer formed when
casting the alloy VT6 and titanium grade VT1-0 in a
mold based on yttrium oxide with a phosphate bond
at the mold temperature of 25 °C and 550 °C. The
analysis of the structure shows that with an increase
in the temperature of the mold, the thickness of the
burn-in significantly increases (from --60 pum to 300
pum). In addition, the surface topography is distorted
when casting in a heated casting mold. Microprobe
analysis of the burn-in zone indicates that when the
melt comes into contact with the mold material due
to wetting, titanium penetrates the channels and
reacts. Yttrium oxide reduction develops, after
which yttrium and oxygen diffuse into the near-
surface layer. Oxygen dissolves to form an alpha
layer, and yttrium, after crystallization of the melt, is
released as a separate phase along the grain
boundaries. Titanium surface is covered by a thin
oxide film in the air, so in microprobe analysis by EDS
and WDS analysis methods there is a big error of
oxygen measurement in the alpha layer. In this
regard, the most revealing way to determine its
thickness is to measure the microhardness along the
cross section from the surface deep into the casting.

— 77 —



Complex Use of Mineral Resources. 2023; 324(1): 71-82

The microhardness measurements performed
on the PMT-3 microhardness tester showed that
when casting titanium alloy VT6 into cold and hot
molds and titanium VT1-0 into a cold mold made of
yttrium oxide, the thickness of the alpha layer does
not exceed 550 um (Fig. 9). This allows us to
conclude that there is an insignificant change in the
properties of the titanium casting due to the
reaction interaction with the mold material. The
burn-in layer that forms on the casting surface is
poorly separated and can only be effectively
removed by sandblasting.

The main disadvantage of casting molds from
the developed molding material based on yttrium
oxide is the formation of single pores &<0.8 mm in
the alpha layer.
material, which underwent all stages of processing
at 900 °C, was performed to identify the causes of
porosity formation in the alpha layer. The studies
were performed on a synchronous thermal analyzer
TG-DTA / DSC STA449 F3 Jupiter® "NETZSCH". The
furnace space was evacuated before heating
(achievable vacuum level ~ 92%) and then purged
with inert gas for 5 minutes. Heating was done to ~
1500°C at a rate of 15°C/min. Cooling was performed
at a rate of 170 °C/min. The total volume of
incoming gas was kept within 90ml/min. The results
obtained with the STA 449 F3 Jupiter were
processed using the NETZSCH Proteus software.

Thermal analysis of the mold

Figure 8 — Cross-sectional structure of burn-in layer

and near-surface area of VT1-0 and VT6 titanium
castings, formed during casting in Y203 molds with
phosphate-bonding (x250): (a) VT6 mould heated to 25
°C; (b) VT6 mould heated to 550 °C; (c) VT1-0 mould
heated to 25 °C
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Figure 9 — Change in microhardness over the cross-
section of the alpha layer of castings from VT1-0
titanium and VT6 titanium alloy, obtained by casting
into molds from yttrium oxide with a phosphate binder

Figure 10 shows that when the molding
compound is heated to 1500 °C, the decrease in
weight is 0.25%. The main decrease in weight is
caused by the dehydration process, which develops
most intensively at 196.20 °C. Further weight loss
occurs gradually and is probably associated with the
processes of gradual decomposition of yttrium
phosphate. The mold material does not undergo a
phase transition when heated. Sintering processes
begin at temperatures above 1380 °C. This indicates
that the only reason for the formation of porosity in
castings can be the reaction of the phosphate bond
with the titanium melt. Presumably, the phosphorus
is reduced to its elemental state and evaporates to
form micro-cavities as a result of a series of
reductive reactions between titanium and YPO,
(Figure 8c). This may be due to the low solubility of
phosphorus in titanium, less than 0.3% at 1495°C.
Accordingly, a maximum reduction of yttrium
phosphate content in the yttrium oxide-based
molding mass is necessary.

In addition, it has been found that if the melt is
poured after the heat-treated mold has been
exposed to a normal atmosphere, the likelihood of
pores in the central part of the casting increases
significantly. This is due to the active absorption of
moisture and carbon dioxide by yttrium oxide from
the air.
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Figure 10 — Thermogram of heating the molding
compound based on Y203 and YPO4 binder

Conclusions

The use of nitric acid or yttrium nitrate solutions
as binding agents for yttrium oxide powders is not
promising due to the fact that the forms lose
strength after thermal decomposition of yttrium
nitrate hexahydrate.

Using a mixture of yttrium oxide and yttrium
hydroxide as a face layer is not promising due to the
fact that during drying the yttrium hydroxide gel
undergoes high shrinkage, which leads to the
formation of numerous cracks in the face layer.
Similarly, yttrium acetate solution cannot be used as
a binding agent for Y203 powder, due to the low
strength of such a molding compound and the
subsequent ammonia drying of the yttrium
hydroxide gel formation leads to significant swelling
of the resulting mold and its subsequent
destruction;

A new composition and modes of subsequent
processing of molding compound based on yttrium
oxide and binding agent from yttrium nitrate
solution and orthophosphoric acid, which allow to
produce casting molds for casting titanium and
titanium alloys with high strength level, have been
developed. The mechanism of solidification of the
molding compound is described by the following

ISSN-L 2616-6445, ISSN 2224-5243

processes: the formation of yttrium nitrate
hexahydrate in the first stage due to the interaction
of yttrium oxide and nitrate, which binds the filler
particles in the period from 0.25 to 3 hours after
mixing the components; conversion of yttrium
nitrate hexahydrate into yttrium phosphate with
needle-shaped crystals in a second stage after
ammonia drying. The molds of such a mixture retain
their strength after heat treatment at 900°C and do
not undergo polymorphic transformations when
reheated. Mass loss on heating to 1500C does not

exceed 0.25%.

Casting of VT1-0 and VT6 alloys into molds from
the developed mixture results in the formation of an
alpha layer up to 550 microns thick on the casting
surface, which is associated with the reduction of
yttrium oxide by titanium melt with subsequent
dissolution of oxygen in the reaction zone. The
microhardness increases naturally in this layer.
Single pores up to 0.8 mm in size are formed in the
alpha layer due to the interaction of titanium melt
with yttrium phosphate. A burn-in layver with high
adhesion is formed on the surface of the castings. It
can be removed by sandblasting. Titanium molds
must be cast directly after heat treatment or
measures must be taken to protect the molds from
interaction with the atmosphere due to the large
surface area of yttrium oxide powders and their
interaction with atmospheric carbon dioxide and
moisture.
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TYRIHAEME

Y203 HerisiHAeri Kyl KanbiNTapblHbiH, GU3MKa-MeXaHMKaNbIK KacMeTTePiHe a30T KbIWKbINbIHbIH,
UTTPUIN HUTPATbl MeH OPTOPOCHOP KbILLKbINbIHbIH, }KIHE UTTPUI TMAPOKCUA] FeNiHIH CY/bl epiTiH-
Ainepi HerisiHgeri apTypni 6alinaHbICTbIPFbIW 3aTTapAblH, acepi 3epTrengi. UTpuin okcuaiHeH
KyiMa  KanbinTapdpl any ywiH eH  nepcrnekTuBanblK — GainaHbicTbipfbiw  dochaTThl
6alinaHbICTbIPFbIW eKeHi KepceTinreH. PocdaTTbl 6arinaHbicbl 6ap KanbiNTay KOCbIIbICbIHbIH KaTalo
MEexXaHU3MiH cunaTTaiiTblH AepekTep 6GepinreH. Kanbintay maTepuangapbliHbiH, KaTalo KaHe
TEPMUANBIK BHAeyAeH KeWiHri 6epikTik cunaTTamanapbiHa 6alinaHbICTbIPYLWbl  epiTiHainep
KOHLLEHTPaLMACBIHbIH 9cepi KepceTinreH. UTpuii OKCUA| YHTaFbIHAH ¥KacafFaH Kyt KaabiNTapbIHbIH,
BT1-0 kaHe BT6 mapKanbl TMTaH H6ankpimackl 6ap dpocdatTbl bGaiinaHbICTbIPFbILINEH dpeKeTTecyi
Typanbl aknapat 6GepinreH. AnblHFAH ManiMeTTep 33ipAEHreH  KanbinTay KOCMaCbIHbIH,
apTbIKLWbIBIKTapbl MEH KEMLUINIKTEPIH cMNaTTayfa MyMKIHAIK 6epai. MyprisinreH 3epTreynepain,
HerisiHAe UTTPUIA OKCUAi YHTaFbl HerisiHge UTTpuin docdaTbiHbiH, 6altNaHbICTLIPFbIWbI 6ap Ky
Ka/NbINTapbIH XKacay aaici a3ipneHai.

TyiiiH ce30ep: KanbinTay Kocnacbl, UTTPUIA OKcuAj, 6ainaHbICTbIPFbIW, KYHO KaabinTapbl, TUTaH
KopbITMackl
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AHHOTALMA

MpoBeaeHbl McCNefoBaHWUA BAVAHWA Pa3/IMYHbBIX CBA3YIOWMX HAa OCHOBE BOAHbIX PacTBOPOB
a30THOW KWUCNOTbI, HUTPATa UTTPUA U OpTOGOCPOPHON KUCAOTLI, Frena rmapokcuaa UTTpUA Ha
DU3UKO-MEXAHNYECKME CBOWCTBA NUTENHBbIX Popm Ha ocHose Y20s3. MokasaHo, 4To Haubonee
NepCcrneKkTUBHLIM CBA3YIOWMM A1A MONYYEeHUA NUTelHbIX GOpM M3 OKCuAa UTTPUA ABAAETCA
docdaTtHan cBasKa. MNpuBeaeHbl AaHHbIE, ONUCHIBAOLLME MEXaHU3M OTBEPKAEHUA POPMOBOYHOWA
maccbl ¢ ¢pocdaTHOW €BA3KON. MOKa3aHO BAMAHME KOHLEHTPALMM CBA3YIOLWMX PacTBOPOB Ha
NPOYHOCTHbIE  XapPaKTEPUCTUKM  (OPMOBOYHBLIX MaTepuanos nocie 3aTBepAeBaHUA U
TepmoobpaboTku. MpeacraBneHa nHbopmauma o B3aMMOAENCTBUM IUTeHbIX GOpPM 13 MOPOLLKA
oKCMaa UTTpUA ¢ pocdaTHOW CBA3KOM C TUTAHOBLIM pacniaBom mapok BT1-0 u BT6. MonyyeHHble
[JaHHble NO3BOAUAM ONMUCaTb JOCTOUHCTBA U HeAOCTaTKMN pa3paboTaHHOK GOPMOBOUHONM CMecH.
Ha ocHOBaHMM NpoBeAeHHbIX UCCNefoBaHWUI pa3paboTaH cnocob Mo U3rOTOBAEHUIO IMTEMHBIX
bopMm Ha ocHOBe NOPOLLIKA OKCUAA UTTPUA CO CBA3YIOLLMM U3 pocdaTa UTTpuA.

Kntovesble cnosa: ¢opmMoeoyHas cmecb, OKCUO ummpus, ceasyoujee, aumeliHaa ¢opma,
mumaHosbili crnae
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ABSTRACT

The problem of stresses and displacements of an oblique-layered massif near a mine working, which is located
entirely in one of the rock layers, is considered when the mine is tested by the effects of cleaning works in a
coal seam. This effect is taken into account by specifying a system of normal and shear forces at the boundary
of the lower layered half-plane with a hole. The problem is solved by imposing the complex Kolosov —
Muehehelishvili potentials and Fourier integral transforms. Based on the method of Fourier integral
transforms in the theory of elasticity, a system of integral with respect to normal and tangential contact forces
is obtained for the case of two different layered half-surfaces. In this work, systems of integral equations are
obtained in solving the problem of the reference pressure on an obliquely buried coal seam near the mine
working. In this paper, the method of integral Fourier transforms in the theory of elasticity, obtained a system
of integral with respect to normal and tangential contact forces for the case of two different layered half-
surfaces.

Keywords: massif, drift, reference array, complex potential, slaughter, model, coal seam, integration nodes,
half- plane, Simpson's formula.
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Introduction

A new analytical description of the reference
pressure on the coal seam, taking into account the
variable ductility (stiffness) of the seam, which
decreases (grows) with distance from the bottom,
allows us to conduct research in the framework of
elasticity theory without resorting to
representations of the theory of plasticity.

The mechanism of the influence of the reference
pressure during the overwork of the coal seam with
pillars by the drop on the field drift differs
significantly from the mechanism during the
development of the seam along the strike; the
development and distribution of stresses in the
formation soil around the field drift are of a staged

nature, changing in the dynamics of the treatment
works.

Comprehensive studies of the stress state of
field workings in the dynamics of the manifestation
of reference pressure during the development of
strata by pillars by fall were carried out by B. B.
Atymtaev, the theoretical calculation of which was
based on the finite element method [[1], [2]].

These studies indicate that so far many
questions have not been fully clarified: the
mechanism of interaction between treatment and
preparatory workings during mining by pillars in the
fall.

In the work, systems of integral equations are
obtained when solving the problem of support
pressure on an oblique buried coal seam near the

mine. It is assumed that the inclined-layered
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mountain massif the rectangular mining length 2a
was carried out at the full capacity of the coal seam

hp (Figure 1). The top and bottom of the formation

are modeled by complex half-planes I-2 and 3-4,
representing heterogeneous rocks of different
thicknesses of the immediate.

Experimental part

Due to the geometric symmetry of the medium
relative to the axis, the problem can be divided into
symmetric and antisymmetric parts (compression
and shift at infinity). For a symmetric task ¥ > a, the

system of integral equations is as follows:

Sl k) + 2 ool - ] oL -

~a3[g° Ot + [ g° 0L, )it = L(y) -

P Y Y=a e a2yl Ly yyp
. a“LIHyAra In(y a)+2} CzKl(y)p, (1)

©
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T

Sl smlem+ o [ oo

y-t

+ = t)In
V4 '!g ® y+t

dt+ [ 9° (0L, (1, V)0t = L (y)

Here f®(y) g®(y), additional normal and

tangential contact stresses acting on the edges of
layered half-planes. Their behavior and size in the
vicinity of the mine is determined by the properties
of the coal seam, its compliance [[3], [4], [5]].

a;; ,K” - constant depending on the elastic

characteristics of the layers and the formation, K”
can go to zero. Ly;(t, ¥),L;;(Y) - smooth continuous

functions, decreasing with
K, (y),S;(Y) - monotonically decreasing continuous

functions characterizing the deformability of the
Winkler coal seam during compression and shear,

increasing variable.

respectively. po,z'o— constants characterizing the

basic stress state of the rocks.

Equations of type (1), containing a variable
coefficient in front of an unknown function, are
assigned to Fredholm integral equations of the 3rd
kind. For the reduced system, in which integration is
carried out on a semi-infinite interval, moreover,
with a variable lower limit, there are no studies in
the literature.

Relatively f ®(y) g®(y), we know that they

. -2
are continuous, at large they decrease as ¥, and

in the vicinity the production is limited. An exception
is a special case (the reservoir is absent or it is not

compressible) - then the stresses tend to infinity at
y—>a.

The authors' attempt to approximate f °(y)

g°(y) by Laguerre polynomials with subsequent
reduction (1) and the infinite system of linear
algebraic equations (BSLAU) did not lead to success.
Received BSLAU was poorly conditioned. This,
obviously, is explained by the fact that L (y)e™”

they are not very suitable for approximating the
desired functions.

System (1), therefore, was solved numerically by
the Krylov-Bogolyubov method, by piecewise
approximation of the desired functions by quadratic

trinomials. Unknown, accepted f ®(t,) g°(t,).
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Figure 1. The name of the figure model of the array with
sewage treatment

Integration nodes were assigned as follows. The
value of the extreme, largest nodet,,, ,, is chosen so
that it can be put with the accepted accuracy

f®(ty,,) =0, . The interval [t,,t,,.,](t, =a) is
divided into pairs equal and increasing in arithmetic
progression segments. [[5], [15]] Wherein

t,,=a+ukK +d@,

ty, =a+u1(K —%)+%(K 1 K =1, M,

where U, is the first member of the arithmetic

2M +1 _a_ulM its
(M -1)M

t
progression, and d= 2(

denominator.

Avariable step is necessary for anyone to ensure
uniform accuracy during integration. %t the

beginning of integration ¥, it's close to , the

—— g4 ——
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desired functions f°(t,) g®(t,) change quickly

and a smaller step is needed here than at a distance,
where they flatten out and decrease asymptotically

[[el, {71, [811.

Byl = mm—m—— E,=F
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Figure 2. The name of the figure plot of reference

pressure at different roof stiffness:
a) - uprising; b) - in the fall.

Replacing the integrals with sums according to
the Simpson formula for wunequal divisions
y,N=1LM and writing down each of the
equations for the nodes, we obtain a SLAE of order
4M with respect to unknowns, f°(t.),g°(t,).
When calculating the coefficients of the matrix of

the system, all the integrals containing the
logarithmic terms were calculated analytically,

taking into account the fact that, f ®(t,) g®(t,) on
the interval, they are approximated by quadratic

trinomials. Since the logarithmic singularity is
integrable, in the expressions obtained it is easy to
pass to the limit at those nodes where y, =1, .,

the singularity arises. In integrals with a variable
lower limit, if the lower limit fell in the middle of the

pair segmenty, , then the corresponding member

of the sum was also calculated analytically [[9],
[10],[11]].

Compiled a double precision calculation
program. The system of the hundredth order

(M = 25) was solved, while

t,,., =11a, a=1 u, =0,02

Kl(y) — aoefal(yfa) ,Sl(Y) — 50e751(yfa) (2)

In (2), for physical reasons, it is accepted,
a, =38, =100 . o, =0, =5 which corresponds to
the compliance of the crushed near the formation.

The system turned out to be well-conditioned.
She becomes vyrazhenny only for the mentioned
special case. Even for himt, =1,0005, putting the
received results coincided well with the exact
solution. At the nodes near the gap, where large
voltages coincided, the integers coincided, and with
increasing accuracy the accuracy increased - tenths
coincided, then hundredths coincided [[12], [13],
[14]].

It is appropriate to note here that in all cases the
conditions were checked during the invoice process:

wazjf%om,r%zjgwom

Integration was carried out according to the
Simpson formula to the node Lyy,1 . The coincidence

of such integral characteristics occurred to the
nearest hundredth.

Results and discussion

The described model of the net working out,
taking into account the elastic - plastic properties of
the coal seam, by introducing variable bed
coefficients of the Winkler base, taking into account
the angle of inclination of the layers and their
heterogeneity, after numerical implementation,
provided such values of the reference stresses that
are completely consistent with the physical concepts
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of reference pressure and qualitatively coincide with
field observations.

Figures 2 and 3 give support for the total normal
and tangential contact stresses obtained after the
numerical implementation of symmetric and
antisymmetric problems at an angle of inclination of

the layers ¢ = 30°.

v,=v,=025. E =E =E, =E,
E,=10°E, E, =E, 10E, 10°E,
hp =a=1,h =h,=20a.

The proposed model of the mine working, taking
into account the elastic-plastic properties of the
formation, the angle of inclination of the layers and
their heterogeneity, after numerical
implementation, gave such values of the reference
stresses that are in full agreement with the physical

ones presented about the reference pressure [[15],
[16], [17], [18], [19], [20]].
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Figure 3. The name of the figure plot of the
reference shear stresses of different reservoir flexibility:
a) - uprising; b) - in the fall.

Conclusions

These methods are purposeful to use, it is
necessary to link them with a specific system for
developing coal seams and methods for preparing a
minefield. Some conclusions on the choice of the
location of field drifts and their maintenance from
the point of view of the factor "stress state" are
recommended for implementation in mines
"Karagandaugol."

Thus, the developed model of drift embedded in
a layered medium, in the zone of influence of the
treatment space, allows one to fully study the
picture of the stress-strain state of rocks around the
drift up to treatment output.
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TYAIHAEME

Byn makanafa Llekapanblk kaHe 6acTankpl afganappa wrabenbdil, KyblCTapblHAafFbl OTTeriHiH, C
Kenemaik yneci MeH KemipAiH e34iriHeH Kpl3yblHbIH t TeMnepaTypacbiHa KaTbICTbl XKbly ¥KaHe ras aamacy
npouectepi eKiHwWi peTTi CbI3bIKTbl emec eki audbdepeHUManabik TeHaeynep KyheciMeH cunaTTanaTbiH
KeMIpAiH, e34iriHeH Kbi3yblHbIH, MaTemaTUKanbliK moaeni KenTipinreH. AubdepeHumanabik TeHgeynepai
KypacTbipy Ke3iHae wrabenbaeri Komipai, e34iriHeH Kbi3ybl XKaHe e34iriHeH XaHyablH, nanaa 60aybl, OHbIH,
ayameH kaHacy 6eTiHe »KaKblH OpHafacKaH XaHe OTTeriHiH acep eTy alimafbl Aen aTanaTblH KaTapAblH,
Me/IlepiMeH CanbICTbipFaHAA CanbicTbipManbl Typae a3 Kabatra balkanaTblHApIFbl eckepinegi. byn
MaTemMaTuKaNblK MOAENbAE KypacTbipy KesiHAEe KeMIpAiH OPHbIKTbIIbIFbIH CUNATTalTbiH @ - Xblay
WbIFAPYAbIH, MEHLIKTi KyaTbl MapameTpiHiH, KeMipAiH, ©3iHAIK Kbi3Ablpy npoueciHe acepi eckepingi.
OnddepeHumangplk TeHaeynepai KypacTbipy KesiHAe Temnepatypa MeH OTKisriwTik, auddysus
K03bPuUMeHTi, wWTabenbaeri KOMIPAiH MEHLUIKTI ¥blNy CbIAbIMAbINbIFbI, CYCbIMabl TbIFbI3AbIK, TOTbIFYAbIH,
by acepi, KaTapAaplH, 60C 60YbI, *KbiNy WbIFAPY KyaTbiHbIH IKCMOHEHLMANABI BCYiHIH TemnepaTypanbiK
KO3bPUUMEHTI cuAKTbI GU3MKaNbIK NapameTpaep KongaHbingpl. Ocbl mMaTemaTUKanblK Mogenbli icke
acblpy YWiH enwemci3 aiHbiMmanblnap eHrisingi, 6yn Top a4iciH KongaHyFa MyMKiHAIK 6epeai. AnbiHFaH
HOTWXKeNepai Tangay Keneci HaTMKenepai anyfa MyMKIHAIK 6epgi: yakbiT eTe Kene TemnepaTtypa
npoounbaepiHiH, e3repyi; KaTapZafbl OTTEri KOHUEHTPAUMACbIHbIH, NPOoGUIbAEpPiHiH, yaKbIT eTe Kese
e3repyi; Kby LWblFApyAblH, MEHLWIKTi KyaTblHbIH KaTapblHAafbl TemnepaTtypa npoduniHe acepi,
TEMNepaTypaHblH, KOFapbiNaybIMEH Kby LWbIFAPY KAPKbIHAbIbIFbIHbIH, 3KCMOHEHUMANABIK — ©CYiH
CUNATTalTbIH NapameTpaiH, TemnepaTypa npoduniHe acepi. JIbIKOBTbIH, Anbdy3usa KoadduumneHTiHe
nponopuuoHanabl Kputepuiinepi kaHe HyccenbTTiH, TUIMAI Kby OTKI3riWTIriMEeH XaHe KemipaiH, Tnimai
TemMnepaTypanblK  OTKI3riwTirimeH 6alNaHbICTbl  KpUTepUtnepi  KemipAaiH — ©34iriHeH  Kbi3yblHbIH,
AVHAMMKacblHA €eH, Ken acep eTeTiHi aHblKTanabl. A/bIHFaH HITUXKeNnep KaTapAblH, ©3iHAIK Kpi3ybl bip
)KafblHAH aya OTTeriCiHiH, KapKblHAbl €HYiMeH, an eKiHWi afblHaH a/CipereH Kblly KabbingafbillKa
6aliNaHbICTbl AeN alTyFa MyMKIHAIK 6epesi. O3iHAIK KbI3apIpy KaHe O3iHAIK Kbi3AbIpYyAbIH, OTKA aybICybl
MKbINY COKKbICbIHbIH, Kylletoi KesiHge naipa 6onatbliH TypbyneHTTi aAubdysusaHbiH naiga 6onybimeH
6aiinaHbICTbl, OHbIH, 9cepi WTabenbaiH 6eTiHe nepneHanKynap 6aFbITTa Kywenyi MyMKiH.
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AHHOTAUMUA

B HacTosAwei paboTe pacCMOTPEHa 3a4a4a O HANPAXKEHUAX U CMELLEHUAX HAaKNOHHO-CIOMCTOro Maccuea
B6/1M3M rOpHOI BbIPABOTKK, LLENMKOM PaCNONOKEHHOW B O4HOM M3 NMOPOAHbIX C/I0EB, KOrAa BblpaboTKM
MCNbITbIBAET BAMAHUA OYUCTHbIX PaboT B YrosbHOM nacte. ITO BAUAHME YYMTbIBAETCA MyTeM 3adaHus
CUCTEMbI HOPMA/bHBIX W CABUFAOWMX YCUIUM HA TPaHWLE HUMKHEN CAOUCTOM MNONYNAOCKOCTU C
oTBepcTMem. Llenb uccnenosaHusa: onpesenntb HanpsXeHHOe COCTOSAHWME CNOUCTOM MONYMAOCKOCTH,
ocnabneHHon OoTBepCTBMEM KPYroBoi GpOpMbl MPW 3a4aHHbIX Ha rpaHUUe MNPOU3BOJIbHBLIX HarpysKax,
OLEHUTb pacnpeaeneHne KOHTaKTHOrO HanpsKeHUa Ha Noynosiocax, PasBefeHHbIX BAONb NPOAO/bHOM
OCM M CXKaTbIX COUCTbIMMU MOAYNAOCKOCTAMM, HaWTM HaNPAXKEHHO COCTOAHWME aHU3OTPOMHOM MIOCKOCTM
86,1131 cBOBOAHOrO OTBEPCTUA MPOM3BOIbHOM GOPMbI NPU 33AaHHbIX HAMPAXKEHUAX HA BECKOHEYHOCTU 1
Ha KOHType C6/MMKEHHOr0 NpPOLONTOBATOrO OTBEPCTMSA, 33JaYya PELIAeTCA METOAOM HA/IOXKEHUA
KOMIMJIEKCHbIX NoTeHumManos Konocosa — MycxenuwwBuAM U MHTErpasbHbix npeobpasosaHuii dypbe. Ha
OCHOBE METOAa WHTerpanbHbiXx npeobpasoBaHuii dypbe B TEOPUM YNPYroctTu, MNojyyeHa cuctema
MHTErpasibHblIX OTHOCWUTENbHO HOPMaJIbHBIX M KacaTesibHbIX KOHTAKTHbIX YCWAWIA ONA Cayyae AByX
pasHapOAHbIX CNOUCTBIX MONYNOCKOCTEN. B paboTe Mo/y4eHbl CUCTEMbI UHTErPasIbHbIX YPABHEHWUI Npu
peweHnn 3agaum o6 ONOPHOM [aBJEHMM HA HAKAOHHO 3aneralowmin 3arnyb6eHHbIN YronbHbIA NAacT
B6131M OUMCTHOM BbIPAabOTKM.

Knrovyeeble cnoea: maccus, LUTPEK, HanpasKeHusa, 3a60i, MoAeNb, KOMMIEKCHbIN NOTeHLMasn, YroNbHbli
NNacT, y3/1bl UHTErPUPOBAHUA, NONYMIOCKOCTb, Gopmyna CumMcoHa.
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