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ABSTRACT

The study of the material composition of gold-bearing ores includes the determination of
guantitative chemical and mineral composition, forms of noble metals, granulometric
composition, and physical and mechanical properties to choose the direction for the
development of an effective technology of their complex enrichment. This work is devoted to the
study of the material composition of refractory gold-bearing ore of Aktobe deposit. It was
determined that the content of gold is 1.55-1.6 g/t, the mass fraction of silver is 42-43 g/t, and
the content of sulphur is low and is 1-1.1% respectively. Of non-ferrous metals, zinc 0.17%, and
lead 0.15% are present in insignificant amounts, and the content of harmful impurities antimony
and arsenic are insignificant and amounted to 0.01 and 0.05%. The ore sample has a relatively
uncomplicated mineral composition: rock-forming minerals represented by quartz, potassium
feldspar, calcite, and mica predominate significantly. Ore minerals are represented by pyrite up
to 10 %, limonite up to 0.5 %, galena 0.15-0.2 %, sphalerite 0.17-0.2 % and gold. Physical and
mechanical properties of the ore were determined. According to the category of crushability, the
ore belongs to the category of medium hardness. According to Bond's method, the "index of
network Wi" of ball milling was determined for the initial ore, which was 19.3 kW-h/t-um°3,
Based on the obtained data on the study of material composition, further research will be
directed to the study of gravity and flotation enrichment.

Keywords: gold, silver, chemical analysis, mineralogical analysis, granulometric analysis, physical
and mechanical properties.
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Introduction

The Aktobe deposit is located in the Moyinkum
region of Zhambyl province and is part of the

Within this field, relatively recently (1984-88)
performed prospecting works revealed 20 ore
occurrences and about 30 occurrences and points
of mineralisation of gold, 1 of silver, 9 of

Mynaral ore field. The Mynaral ore field differs
from other ore fields of the Chu-lli ore belt by its
peculiar history of geological development,
volcanism, magmatism and mineralisation. The
discovery of a significant number of occurrences
and points of ore mineralisation within its
boundaries, as well as a huge number of hypogenic
halos, allows us to reasonably distinguish the
Mynaral ore cluster as a gold-bearing territory.

molybdenum, 6 of lead, 3 of beryllium, 3 of
manganese and 2 of copper.

The prevalence of gold mineralisation over
other metals is overwhelming. This characterises
the manifested specialisation of the ore field for
gold.

Concerning the study, within the limits of the
ore field the conducted works revealed about 50
ore occurrences and manifestations of gold, 5 of
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which were most fully studied by mining and
drilling works, which gave the justification to
separate them into one deposit, called
Mynaralskoye, with reserves of 30.0 tonnes of gold
with an average grade of 12.0 g/t and vein
thickness from 1.0 m to 3 m. Currently, this deposit
has been mined to a depth of 240.0 metres from
the surface by underground mining. The remaining
45 gold occurrences remained poorly explored and
underexplored due to the collapse of the USSR and,
as a consequence, the cessation of state budgetary
allocations. In 2017, TOO "Mynaral Gold" and TOO
"Mynaral Resources", having obtained the subsoil
use right for the Mynaral ore field, explored the
Aktobe deposit of 4.7 tonnes of gold according to
the JORC system.

Based on the above, the question arose about
the study of the material composition of the
sample of gold-bearing ore of the Aktobe to choose
a further direction for the development of rational
technology of its processing.

Experimental part

This research was carried out in the non-profit
joint-stock company " K.I. Satpayev KazNITU" at the
Department of "Metallurgy and Mineral
Processing" under the grant project NcAP19680182
"Development of an effective technology of
complex enrichment and processing of refractory
gold-bearing raw materials of the Aktobe deposit".

The object of the study was the gold-bearing
ore of the Aktobe deposit of the Republic of
Kazakhstan.

Used methods of studying the material
composition of the ore sample:

- chemical composition [[1], [2], [3]] -
determined by spectral, chemical, and assay
analysis;

- mineral composition [[3], [4], [5]] -

determined by macroscopic study of samples under
a binocular loupe MBS-1 and microscopic study of
anschlifts on a polarising microscope Leica DM2500
M. For more detailed confirmation of the mineral
composition of the ore, X-ray diffractometric
analysis was made.

- physical properties [[6], [7]]:

Granulometric composition [[8], [9]] -
determined by sieve analysis;

Ore density - measured by pycnometer;

Bulk density of ore - measured by weighing in a
vessel of known volume;

Ore strength according to Protodiakonov [[10],
[11]] - is determined by the instrument of
determination of the strength of POC;

Bond grindability index - determined by Bond's
method [[12], [13], [14], [15], [16], [17], [18], [19]].

Sampling for the above analyses was carried
out using standard techniques recommended in the
study of minerals for enrichment, the meaning of
which is the relationship between the size and
weight of the sample taken, which with sufficient
reliability preserved all the properties of the
original process sample and the ore of the deposit.

Discussing the results
Chemical composition:
The results of the chemical composition of the ore

are summarised in Table 1.

Table 1 — Chemical composition of initial ore

Element Mass fraction
Gold, g/t 1.57
Silver, g/t 42.50
Quartz, % 64.50
Aluminium oxide, % 18.11
Calcium oxide, % 0.76
Iron, % 2.14
Sulphur (total), % 1.06
Copper, % 0.01
Lead, % 0.15
Zinc, % 0.17
Arsenic, % 0.05
Antimony, % 0.01

The results of atomic-emission semi-
quantitative spectral analysis are shown in Table 2.

According to the results of the assay, chemical
and atomic-emission semi-quantitative spectral
analyses, the average gold grade in the ore sample
received for testing was 1.57 g/t. The silver grade
was 42.50 g/t.

The iron and sulphur content of the ore was
2.14% and 1.06% respectively.

Copper content was minimal, lead 0.15 %, zinc
0.17 %.

The content of harmful impurities in the form
of arsenic and antimony is minimal.
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Mineral composition
The material composition was studied by X-ray

diffractometric

analysis

on an

automated

diffractometer DRON-3 with NuCa-radiation, PB-

filter.

Table 2 — Results of atomic-emission analysis of initial

ore
Element Concentra- Element Concentra-
tion, % tion, %
Au <0.0002 Ni 0.003
Ag 0.004 Mo 0.002
Al >>1.0 \" 0.005
Si >>1.0 Ga 0.0015
Fe >>1.0 Ge <0.0002
K >1.0 Sr 0.03
Mg 0.5 Bi <0.0002
Na 0.2 Nb <0.001
Mn 0.15 cd 0.001
Ti 0.3 Te <0.002
Ca <1.0 Tl <0.0005
Cu 0.003 Hg <0.003
Zn 0.1 Y 0.003
Sn 0.001 Yb 0.002
Cr 0.002 Be 0.00015
w <0,002 Ba 0.1
Pb 0.15 Ce 0.01
As 0.05 La 0.002
Sb 0.005 Co 0.003
Sc 0.002 Zr 0.01
Li 0.003 In <0.0005
P 0.15 Ta <0.01
Pd <0.0002 Re <0.0003
Pt <0.001 Os <0.001
Results of semi-quantitative X-ray phase

analysis (Table 3), diffractogram of the sample

(Fig.1).

Table 3 — Results of semi-quantitative X-ray phase

analysis
Mineral Formula Concentration, %
Quartz SiO2 79.1
Potassium KAISisOs 7.2
feldspar
Pyrite FeS: 6.0
Calcite Ca(CO0s) 4.6
Mica KAIl2(AlSi3O10)(OH)2 3.1

The ore sample has a relatively uncomplicated
mineral composition:  rock-forming  minerals
represented by quartz, potassium feldspar, calcite
and mica predominate significantly. Ore minerals
are represented by pyrite up to 10 %, limonite up to
0.5 %, galena 0.15-0.2 %, sphalerite 0.17-0.2 %,
gold and silver, which were determined by X-ray
diffractometric analysis and confirmed by
microscope examination of anschlifts.

Pyrite is observed in two generations, pyrite | -
in the form of intergrowths and phenocrysts of
individual idiomorphic grains up to 1.0 mm in size,
mostly cubic in shape (squares in the anschliff
section).
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Figure 2 - Diffractogram of a sample of initial ore
from the Aktobe deposit

Pyrite Il forms fine-grained inclusions in the
clastic material of the breccia, up to 0.014 mm in
size, the shape of grains is mainly pentagon
dodecahedra. Most of the pyrite is observed in
association with sphalerite and galena, which
intensively replace and corrode it (Figure 3).

Sphalerite forms continuous aggregates and
veins, anhedral grains with emulsion phenocrysts of
pyrite, from 0.05 to 1.2 mm in size, and often
replaces pyrite with the formation of loop
structures. Sphalerite is medium-grained, with
light-yellow internal reflexes (cleophane) (Figure 3).

Galena is less abundant, as a later mineral by
the degree of formation, it performs interstices in
non-metallic minerals, and forms veins and mesh-
like inclusions. It intensively replaces pyrite and
sphalerite. It rarely forms large accumulations
(Figure 3).

Limonite forms thread-like, net-like inclusions
around the grains of nonmetallic minerals, and iron
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hydroxides form crusts with concentric-zonal

structures along the cracks (Figure 4 b).

One inclusion of nugget gold, elongated in
shape, 0.035x0.01 mm in size, straw-yellow in
colour with high reflection was found in the cavity
of limonite leaching (Figure 4 a).

Figure 3 - a) sphalerite (Sf) intergrowth corroding pyrite
(Py) and galena (Gl), b) replacement of pyrite (Py)
by sphalerite (Sf) with formation of loop structure,

c) sphalerite (Sf) and pyrite (Py) intergrowth, pyrite is
corroded by galena (Gl) along cracks

Figure 4 - a) inclusion of nugget gold (Au) in the leach
fracture; b) filamentous limonite (Lim) efflorescence
enveloping grains of non-metallic minerals

Physical properties

The results of sieve analysis of a sample of gold-
bearing ore crushed to 3.3 mm with gold and silver
distribution by size class are presented in Table 4.

The sieve analysis results presented in Table 4
showed that the weighted average grade of gold in
the analysed ore was 1.56 g/t and silver 42.91 g/t.

The distribution of gold content by size class is
uneven. The gold content in the largest class of -
3.3+1.6 mm size class was 1.05 g/t and with
decreasing coarseness of classes increases up to
3.37 g/t.

The distribution of silver content by size class is
uneven. The silver content in the largest class of -
3.3+1.6 mm was 37.29 g/t and with decreasing
coarseness of classes increased to 78.75 g/t.

Table 5 shows the results of the determination
of the physical-mechanical properties of the ore
sample of the Aktobe deposit.

Table 4 — Results of sieve analysis of initial ore

Grain size | Output | Content, g/t Recovery, %

class, mm , % Au Ag Au Ag
-3.3+1.6 20.13 1.05 | 37.29 | 13.50 | 17.49
-1.6+1 31.83 1.07 | 35.17 | 21.77 | 26.09
-1+0.63 12.45 1.12 | 35.71 8.93 10.36
-0.63+0.32 13.45 2.07 | 40.17 | 17.86 | 12.59
-0.32+0.16 7.88 2.06 | 51.33 | 10.41 | 9.43
-0.16+0.074 4.92 2.33 | 60.17 | 7.36 6.90
-0.074+0.0 9.34 3.37 | 78.75 | 20.17 | 17.14
Total 100.0 1.56 | 42.91 | 100.0 | 100.0

Table 5 — Physical and mechanical properties of ore
sample

Indices Unit of Values
measurement

pt - specific weight g/cm?3 2.69
(density)
pb - bulk density g/cm?3 1.50
n - porosity % 44
f - Protodiakonov's -
coefficient of strength 12.12
Bond crushability index | kWh/h/t:mcm?®> 19.3

Ore hardness according to Protodyakonov was
12.12 - the ore is categorised as medium hardness
in terms of crushability. The bond crushability index
was 19.3 kW-h/t-um0.5, the ores of Aktobe deposit
are classified as medium crushable.

Comparison of the results of the study of the
material composition of gold-bearing ore of the
deposit "Aktobe" with the results of earlier studies
[[3], [20]], carried out on similar gold-bearing ores,
it is established that further research on the
development of technology enrichment of ore of
the deposit "Aktobe" is advisable to continue with
the study of gravity and flotation enrichment.

Conclusions

Based on the results of research on the
material composition of ore of the deposit
"Aktobe" the following main conclusions can be
made:
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- according to the results of assay analysis, the
average gold content in the studied ore was 1.57
g/t and silver 42.50 g/t;

- the main host mineral is quartz, potassium
feldspar, calcite and mica are also present;

- ore minerals are represented by pyrite up to
10 %, limonite up to 0.5 %, galena 0.15-0.2 %,
sphalerite -0.17-0.2 %;

- harmful impurities in the form of arsenic and
antimony are practically absent, as well as minimal
copper content;

- a microscope examination of the samples
revealed that the ore is represented by nested
disseminated aggregates of galena-sphalerite-pyrite
composition. The main ore mineral - pyrite is
observed in the form of anhedrals and phenocrysts,
individual idiomorphic grains, ranging in size from
0.02 to 1.5 mm in association with sphalerite and
galena, developing mainly along fractures. Nugget
gold is found in a void in brecciated, intensely
leached rock represented by limonite andiron

hydroxides. The grain is elongated, 0.035x0.01 mm
in size, straw-yellow in colour with high reflection;

- the main components in the ore of the
deposit "Aktobe", representing industrial value, are
gold and silver.

Based on the obtained data on the study of
material composition, further research will be
directed to the study of gravity and flotation
enrichment with the development of the optimal
technological scheme for the enrichment of gold-
bearing ore of the deposit Aktobe with the writing
of technological regulations.

Conflict of interest. On behalf of all authors,
the correspondent author declares that there is no
conflict of interest.

Acknowledgements. This research is funded by
the Committee of Science of the Ministry of Science
and Higher Education of the Republic of Kazakhstan
(grant #AP19680182).

Cite this article as: Barmenshinova MB, Motovilov IYu, Telkov ShA, Omar RS. Study of the material composition of refractory
gold-bearing ore from the Aktobe deposit. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources.

2024; 331(4):5-11. https://doi.org/10.31643/2024/6445.34

AKTO6€e KeH OpHbIHbIH, KypamMbiHAa anTbiHbl 6ap
KUbIH 6HAeNeTiH KeHAepiHiH 3aTTail KypaMblH 3epTTey

BbapmeHwuHosa M.b., Motosunos WU.10., Tenkos LLU.A., Omap P.C.

Camb6aes YHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME

KypambiHAa anTbiHbl 6ap KeHAepAiH 3aTTaii KypambiH 3epTTey, onapabl KeleHai 6aibiTyablH,
TMIMA] TEXHONOTUACbIH 33ipiey 6afbiTbiH TaHAAy MaKCaTbiHAA CaHAbIK XUMUAMBIK KaHe

MUHEpPanaplK,

Kypamaapapl,  acbln

MeTangapabiH,  KaHgah  Typge  6onaTblHAbIFbIH,

rPaHy/NIOMeTPUANBIK KypamblH, GU3MKa-MeXaHUKaNblK KacMeTTepiH aHbIKTayAbl KamTtuapl. byn
YMbIC AKTE6E KeH OpPHbIHbIH, KypambIHAA anTbiHbl 6ap KeHAEpPiHiH, 3aTTbiK KypamblH 3epTTeyre

Makana kengi: 2 KasaH 2023

CapanTtamagaH eTri: 13 kapawa 2023

Kabbinganapl: 12 xeamokca+ 2023
menwepi Wwamanbl

apHanfaH. ANTbIHHbIH, Menwepi 1,55 — 1,6 r/T, KymicTiH, maccanbik yneci 42-43 r/T, KykipT
Menwepi TemeH XaHe calikeciHwe 1-1, 1% Kypainabl. TycTi meTangapgplH, KypambiHAa a3
menwepae mbipbiw 0,17%, KopfacbiH 0,15%, cypbMa MeH MbIWbAKTbIH, 3UAHAbI KOCNanapbiHbIH,
0,01 xsHe 0,05% 6onagbl. KeH canbiCTbipManbl TypAe Kapananbim

MUHEpPanaplk Kypamfa Me: OHAA KBapL, Kanuini gana wnatbl, KasbUMT, COAA CUAKTbI Tay
JKbIHbICTAPbIH KypaWTbiH MUHepangap 6acbim. KeH MUHepangapbiHblH, KypambiHaa nuput 10%
AeniH, immonuT 0,5% aeinid raneHut 0,15-0,2 %, chaneput 0,17-0,2% kaHe anTbiH 6ap. KeHHiH,

¢M3MKBJ‘IbIK-MeXaHMKaJ‘IbIK KacmeTTepi aHbIKTaNAbl. ¥caTy KaTeropuAcol 6oiblHWa KeH opTala

KaTTbI/IbIK CaHATbIHA ¥KaTaapl. BoHA aaici 6oMbiHWA 6acTanKbl KeH YLWiH Wwap/bl YHTaKTayabliH, Wi
Tasa KyMbIC MHAEKCI " aHbikTangpl. On 19,3 KBT-caf/T-MKM®® Kypaabl. 3aTTbIK Kypamapl 3epTrey
6oibIHWA anblHFAH ManimeTTep HerisiHAe ofaH api 3epTTey/iep TrPaABUTALMANBIK, KaHe

dnoTaumanbik banbiTy 3epTTeynepiHe 6afbiTTanatbiH 6onaapl.
TyliiH ce30ep: anTbiH, KYMIC, XMMUAMbIK TanAdy, MUHEPANOTUAMbIK TanAady, rpaHy/IoMeTPUANbIK,

Tanzay, d1smnKa-mexaHuKanbIK KacueTTepi.
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Cambaes Kew. 22, Anmamel, KazakcmaH. E-mail: m.barmenshinova@satbayev.university
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N3yyeHune Bew,eCTBEHHOrO COCTaBa YNOPHOW 30/10TOCOAEp KAl et pyabl
mecTopoXkaeHua AKTobe

BbapmeHwunHoBa M.b., Motosunos WU.10., Tenkos LLU.A., Omap P.C.

Satbayev University, Aamamel, Kazaxcma

AHHOTALUMUA

M3yyeHne BELLECTBEHHOrO COCTaBa 30/10TOCOAEPIKALWMX pyh BK/AKOYAET onpegeneHue
KO/IMYECTBEHHOIO XMMMYECKOr0 U MWHEPasbHOro COCTaBoB, GOPM HaxoXAaeHua 6aaropoaHbIxX
METaNNoB, MPaHY/NIOMETPUYECKOTO COCTaBa, GU3MKO-MEXaHUUYECKUX CBOWCTB C LEenbio Bblibopa
HanpasieHus Ans pa3paboTku 3PpdEKTUBHOW TEXHONOrMM WMX KOMMJIEKCHOro oboralieHus.
[aHHasa paboTa NOCBALLEHA M3YYEHUIO BELLECTBEHHOrO COCTaBa YNOPHOM 30/710TOCOAEPIKALLEN
pyAbl MmecToposkaeHna Aktobe. OnpeaeneHo, YTo coaepskaHue 3oi101a — 1,55-1,6 r/T, maccosas

Moctynuna: 2 okmabps 2023 pona cepebpa coctasnsetr 42-43 r/T, copepskaHue cepbl HU3Koe W coctasafet 1-1,1%
PeueHsnpoBaHue: 13 Hosbpsa 2023 COOTBETCTBEHHO. M3 LBETHbIX METaN/IoB B HE3HAYMUTE/IbHbIX KONMYECTBaxX MPUCYTCTBYET LUUHK
MpuHATa B nevatb: 12 dekabps 2023 0,17%, ceuHey, 0,15%, copepikaHue BpeaHbIX NPUMECEN CypbMbl U MblLUbSKA HE3HAYUTENbHbIE U

coctasunau 0,01 1 0,05 %.Mpoba pyapl UMeeT CPaBHUTEIbHO HECNOXKHbIN MUHEPAsIbHbIN COCTaB:
CywectBeHHO npeobnafaloT nopoaoobpasyoume MUHepanbl, NpeacTaBleHHble KBapLem,
Ka/sIMeBbIM NO/NIEBBIM LUNATOM, KabLMTOM, CtOA0W. PyaHble MUHepPanbl NPeaCTaBAeHbl MUPUTOM
no 10 %, nmmoHuTom po 0,5 % ranenutom 0,15-0,2 %, cdaneputom 0,17-0,2 % n 3010TOM.
OnpegeneHbl GU3MKO-MexaHWYecKkue cBoicTBa pyapl. Mo Kateropum pgpobumoctu, pyaa
OTHOCWTCA K KaTeropuu cpegHeit TBeppoctu. Mo metoay BoHAa onpegeneH «MHAOEKC YMCTOWM
paboTtbl Wi» apoBOro MU3MenbyYeHUs A8 WCXOA4HOW pyabl, KoTopblit coctasun 19,3
KBT-u/T-MKM®>. Ha OCHOBaHMWM MO/YYEHHbIX AAHHbIX MO M3YYEHWUIO BELLECTBEHHOrO COCTaBa,
AanbHelwmne uccaeaoBaHuna byayT HanpasaeHbl Ha U3yYeHue rPaBUTaLMOHHON U GAOTaUMOHHOM
oboratumocTu.

Kniouesbie cnoea: 3010710, cepebpo, XMMUYECKMI aHaNM3, MUHEPasOrMYeckuin aHanus,
rpaHyNOMeTPUYECKUA aHanns, GU3MKO-MexaHUYecKne CBOMCTBA.
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Modified bitumen-polymer mastic to protect metal coatings from corrosion
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ABSTRACT

The protection of metallic structures against corrosion remains a pivotal challenge across
numerous industries. In recent years, the amalgamation of modified bitumen with epoxy resin has
emerged as a promising avenue in the pursuit of enhanced corrosion protection. This novel
composite material showcases exceptional potential in thwarting the deleterious effects of
corrosion, offering an innovative solution to safeguard vital infrastructure, industrial components,

Received: November 28, 2023 and diverse metallic substrates. The synergistic properties stemming from the combination of
Peer-reviewed: December 8, 2023 modified bitumen and epoxy resin present an intriguing prospect for superior durability, chemical
Accepted: December 14, 2023 resistance, and structural integrity, thereby fostering advancements in the realm of anti-corrosion

coatings. This scientific article endeavours to explore the efficacy, mechanisms, and potential
applications of this composite material as an effective barrier against corrosion, shedding light on
its transformative impact within corrosion mitigation strategies. In this study, bitumen was
modified using epoxy resin ELM-NG900Z and hardener in a ratio of 1.0: 5: 1.5 respectively. The
modified bitumen was further tested by mechanical tests and solvent tests. The samples of
modified bitumen successfully passed the tests and showed results better than the
reference(epoxy resin without bitumen).

Keywords: Bitumen-epoxy resin, Bitumen, epoxy, corrosion.
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Introduction petroleum, with epoxy resin, a thermosetting

polymer created by the reaction between epoxide

Bitumen-epoxy resin refers to a composite  compounds and hardening agents [[1], [2], [3], [4],
material formed by combining bitumen, a viscous  [5], [6]]. This amalgamation results in a hybrid
and hydrophobic organic substance derived from  material exhibiting enhanced properties, including
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improved adhesion, corrosion resistance, durability,
and flexibility, making it suitable for various
applications in anti-corrosion coatings, construction,
waterproofing, and infrastructure protection as
shown in Table 1 [7].

There are several advantages associated with
bitumen-epoxy resin combinations for anti-
corrosion coatings:

Enhanced Adhesion: The combination of
bitumen with epoxy resins creates coatings with
excellent adhesion properties,
bonding to various substrates, including metals and
concrete surfaces.

Superior Corrosion Resistance: This composite
material offers robust protection against corrosion
caused by moisture, chemicals, salts, and
environmental factors, extending the lifespan of
coated surfaces [[8], [9], [10]].

Improved Durability: Bitumen-epoxy
coatings exhibit enhanced durability, resisting
abrasion, impact, and wear, which is particularly
beneficial in high-traffic or harsh industrial
environments.

Chemical and Weather Resistance: The coatings
show remarkable resistance to a wide range of
chemicals, acids, solvents, and extreme weather
conditions, maintaining their protective qualities in
diverse settings [11].

Flexibility and Toughness: The combination
provides flexibility and toughness to the coatings,

ensuring strong

resin

Excellent Waterproofing Properties: Bitumen-
epoxy resin coatings create an impermeable barrier,
effectively preventing water ingress and protecting
against moisture-related corrosion [12].

Enhanced Structural Integrity: Coated surfaces
benefit from improved structural integrity, as these
coatings provide a strong barrier against corrosion-
induced deterioration, maintaining the integrity of
underlying structures.

Versatility in Applications: These coatings can be
applied to various substrates, making them suitable
for different industries, including roofing, pavement,
waterproofing, marine, and industrial flooring.

Cost-Effectiveness: The long-lasting protection
offered by bitumen-epoxy resin coatings can reduce
maintenance costs and extend the service life of
structures and components, resulting in cost savings
over time.

Environmental Benefits: Certain formulations
can be tailored to be low in volatile organic
compounds (VOCs), reducing environmental impact
during application while providing effective
corrosion protection [[13], [14], [15], [16]].

The combination of bitumen with epoxy resins in
anti-corrosion coatings presents a robust solution
that combines multiple advantageous properties,
making it a valuable choice for protecting a wide
array of surfaces prone to corrosion [[17], [18], [19]].

This paper aims to modify bitumen using epoxy
resin and hardener in a ratio of 3.5: 1.0. the

allowing them to withstand substrate movement  mechanical and chemical properties were
and deformation without cracking or compromising  investigated.
the protective layer.
Table 1 - Possible applications of bitumen-epoxy resin
Nature of Additives Utilization Ref.
hydrocarbon binder
Bituminous emulsion Anticorrosion paint 6
binders for gravel
Bitumen Waterproof paints; 7.8
sprayed paints
Bitumen, tar (CH3)2S04 Reinforced 9
(30-60%) anticorrosion paints
Bitumen Liquid polybutadiene Anticorrosion paint 10
Bitumen Styrene/butadiene/ Pavement coating 11
styrene copolymer
Bitumen- asphalt Moisture-proof coatings 12-15
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Main provisions

Bitumens are natural or synthetic, there are
various applications in industry. Itis a little bit cheap
product, that the physicochemical properties can be
modified. Among applications of bitumens are road
and building materials, roofs, and
coatings.

The interesting results were obtained by authors
[[20], [21]] who investigated the parameters of the
compatibility or incompatibility of epoxy resins with
a given bitumen. Thus, they modified epoxy resins
by using new aliphatic and cycloaliphatic epoxy
resins mixed with bitumen and compared their
performance when admixed with a hardening agent.
The results showed that the aromaticity and
aliphaticity of the epoxy resins were not the only
determined the homogeneity of the resulting
mixtures.

The authors [13] found that the compatibility of
a resin with a bitumen arose from the flexibility of
epoxy resins. The technique that provides the

pavements,

polarity of molecules in terms of
hydrophilic/lipophilic balance. This provides a
compatible model molecule that has been

synthesized on a large scale and has the following
structure of epoxy resins (Figure 1):

o

o CH
VAN I3 7/ \
CH2 - CH - CH2 -0 - ? - 0 - CH2 - CH - CH2
(o]

Figure 1 — Structure of epoxy resin

Other authors [14, 15] investigated the mixing
ratios of epoxy with bitumen to find compatible
ratios. They demonstrated that epoxy resins with
50%
characteristics of the same mixtures without epoxy

in the mixture increase the mechanical

resins and are considerable for highway
applications.
However, such applications developed for

various commercial activities as given in Table 1.
Table 1 lists a wide range of applications of bitumen-
epoxy resin blends. The improvement in the physical
and mechanical properties of resin and bitumen
using substituted phenols, such as t-butyl and nonyl
phenols, to the mixtures [[16], [17], [18], [19], [20],
[21], [22]].

Material and methods

To create a modified bitumen-epoxy coating,
waterproofing bitumen No. 24 from Technonicol,
Almaty, Kazakhstan. Epoxy resin ELM-NG900Z and
Hardener 1816: ELM-NG 34H from Elcos Marketing
LLP, Almaty, Kazakhstan.

The processes of coating are given in Figure 2.
Firstly, Metal plates were cleaned pre-washed using
water, and dried before coating. The preparation of
samples is an important factor to avoid any problem
during coating such as dirt or dust on the plates.

Secondly, the preparation mixture of bitumen
and epoxy resin in the presence of hardener. Epoxy
resin is a two-component substance. It necessarily
includes a hardener, which starts the process of
polymerization (hardening) of the composition.

6.5 grams of bitumen, 50 grams of epoxy resin,
and 15 grams of hardener were mixed very well at
room temperature.

Further, because of mixing the above materials,
a modified bitumen-epoxy coating was obtained and
applied to metal samples.

The bitumen-epoxy content was poured onto
the plate itself and evenly applied. The application
was carried out using a stainless-steel applicator to
obtain a more uniform coating Figure 3.

The mechanical properties of the coating films
including impact resistance, bending strength,
adhesion, and scratch resistance were investigated.
The names of tests Figure 4 shows the types of
equipment for tests mechanical properties.

Impact resistance test (Figure 4-a) — A coated
metal sample was placed between the upper part of
the die and a graduated vertical tube. The load was
lifted to a maximum height of 100 cm and dropped.
Next, the sample was extracted from the tester and
evaluated for damage to the coating and substrate.

The bending strength test (Figure 4-b) - was
carried out by bending the test sample at an angle of
180° around cylindrical or conical rods. There is a
bending lever with rollers on the frame, which is
adjustable in height, and a sliding vice for clamping
samples, which ensures perfect and uniform
bending of the test samples. The presence of
damage to the test sample (cracks, delamination)
was determined visually.

—— |4 ——



KomnnekcHoe Ucnonb3osaHne MuHepanbHoro Coipbs. Ne4(331), 2024 ISSN-L 2616-6445, ISSN 2224-5243

g S

—_—

L
_—

sample preparation

synthesis

TR

coating drying

coating
e

Figure 2 - the process of coating samples

Figure 3 — The coating process

Figure 4 — a) BGD 305 Tubular Impact Tester, b) BGD 564 Cylindrical Mandrel Tester,
c) BGD 504/6 Economic Cross Hatch Tester
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The resistance of the coating to scratches on the
surface (Figure 4-c) was determined by carrying out
two transverse notches on the coating with a multi-
blade cutting tool, after which the adhesive
resistance of the tape coating to separation from the
substrates was evaluated. The adhesive strength of
the adhesive tape is equal to 9.5 N for a width of 25
mm and is transparent, which ensures proper
adhesion to the coating.

Also, anticorrosive properties in solutions of 10,
20, and 30% NaCl, NaOH, and H,S04 were studied on
the obtained samples with bitumen-epoxy coating.

As a comparison, uncoated metal plates were
also immersed in the solutions. The samples were
kept in each of the solutions for 7 days (Figure 5).
After 7 days, the coatings were examined for
corrosion

Results and discussion

From the data given in Figure 6, the coating
based on bitumen-epoxy resin has passed all the
tests for the mechanical properties of the coating.

The results of the mechanical properties are
presented in Table 2.

Figure 5 — a) NaCl solution, b) NaOH solution, c) H,SO, solution

b)

Figure 6 — a) impact resistance test results, b) bending strength test results,
c) results of the coating's scratch resistance on the surface

Table 2 - The results of the mechanical properties

Sample Polymer Research Results
Metal plate Bitumen-epoxy resin Impact resistance test Passed
Metal plate Bitumen-epoxy resin Bending strength test Passed
Metal plate Bitumen-epoxy resin The resistance of the coating to Passed

scratches on the surface

passed = excellent, failed = bad

16 ——
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b)

Figure 7 — Metal plates with bitumen-epoxy coating, after 7 days in solutions with a concentration of 10%, 20%, 30%,
at room temperature a) NaCl, b) NaOH, c) H2SOy,

Figure 8 — Metal plates without coating, after 7 days in solutions with a concentration of 10%, 20%,
and 30%, at room temperature a) NaCl, b) NaOH, c) H,SOq4

Table 3 - The results of the anticorrosive properties

Sample Polymer Solution with coating without coating
10% 20% 30% 10% 20% 30%

Metal plate Bitumen-epoxy resin Nacl E E E P

Metal plate Bitumen-epoxy resin NaOH E E E P G G

Metal plate Bitumen-epoxy resin H,S0, E G G P

When submerged for 7 days, E = excellent, G = good, and P = bad.

As can be seen from Figure 7, metal plates with
bitumen-epoxy coating withstood all concentrations
of solutions of NaCl, NaOH, H,SO,4. However, in the
H,SO, solution, the coating itself peeled off in
solutions with 20% and 30% concentration. Whereas
all metal plates without coating are completely
corroded Figure 8.

The results of the study of bitumen-epoxy
coatings for anticorrosive properties in solutions of
10, 20, 30% NaCl, NaOH, H,SO, are presented in
Table 3.

Conclusion

The combination of modified bitumen with
epoxy resins offers a universal solution that
improves the properties of both materials. It
provides increased durability, flexibility, adhesion
and resistance to various environmental influences

and structural loads, which makes it a valuable
choice for various applications in construction and
infrastructure. Based on the results obtained and
the properties of coatings based on bitumen-epoxy
resins, it can be concluded that the coating based on
bitumen-epoxy resin has a wide range of
applications. The best ratio of epoxy resin to
hardener was 3.5% to 1.0% to enhance the
mechanical and chemical properties of bitumen.
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TYWIHAEME

MeTann  KOHCTPYKUMANAPbIH  KOPpOo3WadaH KOpfay KenTereH cananapga MaHpl3abl
MiHgeTTepaiH, 6ipi 6onbin Kana 6Gepepi. CoHFbl Kblngapbl moavduKauuanaHFaH 6UTyMmabl
3MNOKCUATI WakblpmeH BipiKTipy KOppo3uagaH KopFayabl apTTbipyAblH NepcnekTuBasnbl 6afbiTbl
6onapl. Byn KaHa KOMMO3MUMAALIK MaTePUan MaHbi3abl MHPPAKYPbLIbIMAbI, ©HEPKaCINTIK
Kypamaac 6eniktepai xkaHe apTypAi meTann cybcTpaTrapAbl KOpFay YLWiH MHHOBALMAbIK LWELLiM

Makana kengi: 28 kapawa 2023 YCbIHA OTbIPbIN, KOPPO3UAHDBIH, 3UAHABI dcepiepiMeH KypecyaiH epeKlue aneyeTiH KepceTesi.
CapantamagaH eTTi: 8 enamokcaH 2023 MopuduKaumanaHFaH 6UTYM MeH 3MOKCUATI WakblpAbl KOCYy apKblibl naiga 6onfaH
KabbingaHabl: 14 xceamokcaH 2023 CUHEPIUANDBIK: Y3aKKA *KapaMAbliblK, XMMUANbIK TO3IMAINIK KaHEe KypblbIMAbIK TYTacTbIK

CUAKTBI KacMeTTep »KaKcapadbl, OCblNalla Koppo3usafa Kapcbl KabblHAap canacbiHAa
JKeTICTIKTepre KON eTkisineai. byn 3eptrey KymbIiCbiHAQ OCbl KOMMNO3MLMANBIK MaTepuanabiH,
KOppPO3MAFa KapCbl TOCKAYbIA peTiHAe TUIMAINIT, MmexaHn3maepi MeH aneyeTTi KOAZaHblybl
KapacTblpblNblM, OHbIH, KOPPO3UAFa KapCbl cTpaTernanapaafbl TpaHcpopmaLmAnbIK acepaepiHe
KON awagbl. byn 3epTreyae 6uTym 3snokeuati wariblp ELM-NG900Z sxsHe 1,00 5: 1,5
KaTblHaCbIHAA KATaMTKpIWTbl KONAAHY apKbinbl e3repTingi. MexaHuKanblK CblHAaKTap MeH
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AHHOTaumMA

3almMTa METas/IMYeCcKUX KOHCTPYKLUUIA OT KOPPO3UM OCTAaeTcA OA4HOW M3 BaXKHeMWWX 3afay BO
MHOTMX OTPACAAX NPOMbIWIEHHOCTU. B nocnegHue roppl coeanHeHve MoandULMPOBAHHOTO
6UTYMa C 3NOKCMAHOM CMOJION CTaNo NEPCNEKTUBHBIM HaMNpPaB/ieHWEeM B Aefie YCUAEHUA 3aLLUTbI
OT KOPPO3MU. ITOT HOBbLIA KOMMO3UUMOHHbBIN MaTepuan AEMOHCTPUPYET MUCKNHOUUTENbHBIN
noTeHuman B 6opbbe c narybHbIM BO34elCcTBMEM KOPPO3UW, Npeaiaras MHHOBALMOHHOE pelueHne
ONA 33aLWMTbI YKU3HEHHO BaXKHbIX 06BEKTOB MHQPACTPYKTYPbI, MPOMbILLAEHHbBIX KOMMOHEHTOB U

Moctynuna: 28 Hoabps 2023 PasANYHbIX METANNNYECKUX NOANOMXKEK. CUHEpreTUYecKMe CBOMCTBA, 06YCNOBAEHHbIE COYETaHMEM
PeueHsnpoBaHue: 8 Oekabpsa 2023 MOANDULMPOBAHHOTO BUTYMa M SMOKCMAHON CMO/bI, OTKPLIBAIOT 3aXBaTblBatOLLME NEPCNeKTUBLI
MpuHATa B nevatb: 14 0ekabps 2023 ONA MOBLIWEHWUA AOATOBEYHOCTM, XWMMWMYECKOM CTOMKOCTM UM CTPYKTYPHOM LENOCTHOCTH,

cnocobcTBya TeM cambiM nporpeccy B 061aCTU aHTUKOPPO3MOHHBIX NOKPbITUIA. [laHHaA HayyHas
CTaTbA NOCBALLEHA U3y4YeHUI0 IPPEKTUBHOCTU, MEXaHU3MOB U MOTEHLMA/IbHBIX BO3MOXKHOCTEN
NPUMeEHeHWA 3TOro KOMMO3UTHOrO MaTepuana B KavectBe 3pdekTmBHOro Hapbepa npoTuB
KOppPO3MK, NPOAMNBAA CBET Ha ero npeobpasylollee BO3AENCTBME B paMKax cTpaTernin 60pbbbl ¢
Kopposuel. B pgaHHOM wuccneposaHun BuTym 6bin MOAMOUUMPOBAH C WUCMO/Ab30OBaHMEM
anokcuaHon cmonbl ELM-NG900Z v oTBepautensa B cooTHoweHuun 1,0:5:1,5 cooTBeTcTBEHHO.
MopuduumpoBaHHbIt  6UTYM 6bl1  NOABEPTrHYT AaNbHEWIMM WCMbITAHUAM C  NOMOLLbBIO
MEXaHUYECKMX MUCMbITaHUA U WUCMbITaHUIA € pacTBoputenem. O6pasubl MoandUUMPOBAHHOIO
6MTyMa yCneLIHO NPOLLIN UCNbITAaHUA U MOKa3aAu pesynbTaTbl y4lle 3TasIoHa (INOKCUAHAsA cmona
6e3 butyma).

Knioyesbie cnoea: BUTYMHO-3NOKCUAHAA cmona, BUTYM, aSNOKCMAHAA CMOa, KOPPO3KUA.
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ABSTRACT

The development of polyurethane materials and process optimization are currently the subjects
of extensive study. Polyurethane is characterized by high physicochemical and operational
properties. Polyurethanes have high wear resistance, and oil and gasoline resistance. They have
excellent thermophysical and elastic properties. This allows the use of polyurethanes in many
industries where materials with high-performance properties are required. Polyurethanes are
widely used in many industrial applications, protective coating manufacturing, and anti-corrosion
agent applications. A significant number of studies have been conducted to improve the physical,
mechanical, and operational properties of polyurethane polymers, in particular the anti-corrosion

properties of modified polyurethane coatings. The properties of polyurethane polymers for
Received: November 23, 2023
Peer-reviewed: December 8, 2023
Accepted: December 15, 2023

various applications can be improved by changing monomers and their ratios and the process of
preparations. Preparation of polyurethane polymers based on polyols and isocyanate monomers
using a polyaddition process in the presence of a catalyst as well as solvents including toluene,
xylene, and acetone. There are different factors affecting the physical and mechanical properties
of polyurethane polymers were investigated by different techniques. The factors were types of
isocyanates, polyols, OCN/OH ratios, solvents, catalysts, and temperatures. Generally, the polyols
are responsible for the flexibility of the polyurethane polymers and isocyanates are responsible
for the rigidity of the polyurethane polymer and crosslinking between the backbone of the
polymer. Because of the flexibility of its chemistry, they may modify the coating's characteristics
based on the intended use. The effects of different polyols and polyisocyanates' chemistry are
assessed. The hydrophobicity, thermal stability, and mechanical and anti-corrosion properties of
polyurethane polymers were investigated. As a result, the properties of polyurethane polymers
such as hydrophobicity, thermal stability, and mechanical and anti-corrosion properties were all
enhanced when all the above factors. An outline of the most modern, financially successful
methods for creating protective polyurethane coatings and using them as anti-corrosion agents is
given in this review article.

Keywords: Polyurethane, coating, anti-corrosion, polyols, polyisocyanates.
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Introduction

Several years ago, the coating industry used
various polymers to manufacture a wide range of
coating goods such as acrylic, epoxy, alkyds,
polyurea, and polyurethane. Polyurethane was
created via polyaddition polymerization of several
formulations containing isocyanates and polyols
[[1], [2], [3]]. Additives were also applied by the
method and product type. They were made without
solvent using different isocyanate monomers such
as aliphatic and aromatic, and different polyols such
as polycarbonate, polyester, and polyether since
their toxicity polluted the atmosphere and harmed
the ozone layer.

The primary purpose of this review is to screen
and adapt prepolymers based on aliphatic and
aromatic polyurethane polymers for industrial
coatings, particularly anti-corrosion coating. These
prepolymers will be environmentally sustainable
and have the greatest physical properties. The
project will focus on the development of anti-
corrosion coatings based on polyurethane
prepolymers, both aliphatic and aromatic. An

alternate isocyanate and hydroxyl ratio should
be studied to produce the desired product. When
combined with additives such as fillers, thickeners,
plasticizers, and crosslinking agents, the product
produces the appropriate anti-corrosion coatings for
pipeline applications. The current study aimed to
develop the technology and find the materials and
polymers that play important roles to reduce or

prevent the corrosion rate of metals.

Polyurethane

Polyurethanes (Pus) are one-of-a-kind polymeric
materials with a wide range of physical and chemical
characteristics that have been employed in a variety
of applications, including foams, coatings, adhesives,
and thermoplastic elastomers [[3], [4], [5], [6], [7],
[8]]. Material selection, polymer design, production
conditions, and application procedures can all be
used to create PUs. Polyurethane chemistry is based
on isocyanate reactivity toward hydroxyl and amine
groups. The

isocyanate group's reactivity s

attributed to the positive charge of the carbon atom
in the N=C=0 group's cumulated double-bond
system, as seen in Figure 1.

5 & & SR
R-N=C=0 <— R-N—C=0
I |
o @ I @ e
R=N—C=0 <—> R-N=C—0O

Figure 1 - Resonance structure of the isocyanate group

Isocyanates react with all molecules containing
"active" hydrogen atoms, including water, hydroxyl,
and amine groups, at temperatures ranging from 60
to 90
concentration [9].

°C depending on catalyst type and

The exothermic, reversible
process produces urethane. Polyurethane polymers
or polyurethane-polyurea polymers containing both
urethane and urea groups are used to make PUs,
which are created by polyaddition reactions of
polyols, polyisocyanates, and polyamines, as
illustrated in Figure 2. Polyisocyanate is a molecule
that has two or more isocyanate functional groups,
while polyol contains two or more hydroxyl groups
[10]. Because urea groups are known to interact via
they are good

bifurcated hydrogen bonds,

functionality for usage in hard segments of
thermoplastic elastomers. Compared to urethanes
and amides, they have a stronger hydrogen bond.
Poor melt processibility and insufficient solubility in
organic solvents are two disadvantages of these
elastomers, though. The temperatures at which urea
segments melt or soften are significantly greater
than their thermal breakdown temperatures due to
the extremely strong bifurcate hydrogen bonding

between urea groups.

As illustrated "active"

hydrogen atoms are present in the urethane and

in Figure 3, more

urea groups that are produced, and these groups
can react with isocyanate to produce allophanates
and biurets.
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ocN—]  }—NCO +  HOwAnAArsOH
diisocyanate Catzllyst diol
l
L
] N—!3|—O
o
polyurethane

Figure 2 - Polyaddition reaction between diisocyanate and diol

o]

H
[rethane

allophate

biuret

Figure 3 - Urethane and urea groups reacted with isocyanates

Polyols and additives like catalysts, cross-linkers,
and polyisocyanates—which produce the polymer's
hard segments—make up the raw ingredients for
polyurethanes. The polymer's soft segments are
inexorably formed by the transistor.

Polyisocyanates

The primary products needed to create
polyurethane polymers are isocyanates containing
two or more functional groups [11]. PUs' cost and
quality are determined by the kind of diisocyanates
used, such as aliphatic and aromatic dimethyl
cyanide. The bulk of diisocyanates produced
worldwide are aromatic isocyanates, despite their
low UV resistance. However, because of their strong
UV resistance, aliphatic and cycloaliphatic
isocyanates are also crucial for the production of

polyurethane materials for outdoor applications.
Aliphatic isocyanates are strongly advised. This is
because the reactivity of an isocyanate group with
an aromatic connection is much higher than that of
an aliphatic one. The lower cost of aromatic
isocyanates compared to aliphatic isocyanates is
another consideration. Isocyanates are
distinguished by the percentage of NCO content and
their functionality, which reflects the number of
NCO groups present in a molecule. Table 1 lists the

most regularly utilized isocyanates in the
manufacturing of polyurethanes.
The authors studied the properties of

segmented PU produced from various diisocyanates
[12]. Using 4,4'-diphenylmethane diisocyanate
(MDI), 2,4-toluene diisocyanate (TDI) and its
isomers, hydrogenated 4,4'-diphenylmethane
diisocyanate (HMDI), and 1,6-hexane diisocyanate
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Table 1 - The most prevalent diisocyanates used in the manufacturing of polyurethane

No. Chemical name Abbreviation Structure
CH1
. NCO
1 toluene -2,4 -diisocyanate o
NCO
2 Hexamethylene diisocyanate HMDI OCN — CgH 12— NCO
NCO
3 Isophorone diisocyanate IPDI o
HaC :
CHz  CH,NCOD
A 4,4"-Methylene bis phenylene MDI OCN —Ph —CH y—Ph — NOC
diisocyanates
5 Cyclohexane-1,4-diisocyanate CHDI W@ NCO
6 p-Phenylene -1,4 -diisocyanate FPDI OCN —Q—NCO
(HDI), they discovered that the diisocyanate polyols can be categorized as acrylic, polyester,

structure had a significant influence on the
mechanical characteristics of the PUR.

They explained that the hard segment's
symmetry and chemical makeup were to blame for
the impact. Based on variations in the interatomic
bond type, Caraculacu et al. [13] established a new
general categorization of many probable isocyanate
addition methods. Beginning with the most recent
developments in physicochemical techniques, new
information was discovered about the structure of
isocyanates and the various hydroxyl compound
relationships that resulted from additional
procedures. It was discovered that the symmetrical

diols' intramolecular hydrogen bonding
significantly influenced the two OH group
reactivities.

Polyols

Alcohols having several hydroxy groups are
known as polyols, and they are the main reactants
with  isocyanates. These  substances are
characterized by their hydroxyl number (OH
number, in mg KOH/g), which is inversely related to
molecular weight. Based on their chemical makeup,

polyether, or polycarbonate polyols. Polypropylene
glycol (PPG), polyethylene oxide, or polyethylene
glycol (PEG), and polytetrahydrofuran, or PTMEG,
are the three categories into which polyether polyols
fall. Polyols come in mixed aliphatic-aromatic and
aromatic forms, as well as in both aromatic and
aliphatic forms [14]. When compared to
isocyanates, polyols typically have relatively low
toxicity. The common polyol types are seen in Figure
4, with each type identified by its backbone
structure. Nowadays, polyethers form the basis for
over 75% of the polyols used to make polyurethane
[15].

The final product's characteristics, polyurethane
polymers, are greatly influenced by two essential
properties of polyols: functionality and equivalent
weight. The average number of functional groups
that react to isocyanate in each polyol molecule is
known as polyol functionality. The following
definition of polyol equivalent weight is applicable:

Equivalent weight = Molecular weight of
polyols/functionality of polyols = 56100/hydroxyl
number

The hydroxyl number (mg KOH/g) is the number
of milligrams of potassium hydroxide present in one

— 4 ——
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gram of polyols [16]. Acrylic polyols are typically
employed in high-performance applications that
need UV stability. Acrylic polyols are used in
polyurethane coatings for automobile finishes
because they are chemical resistant and long-lasting.
The chemical composition of the monomers
employed in acrylic polyol-based PU coatings has a
significant impact. Figure 5 is an example of an
acrylic polyol reaction preparation.

Polyols provide flexibility to the network chains'
backbone, which is why they are referred to as soft
segments or domains in PUs. Polyether polyols are
the byproducts of a reaction between alkali initiators
and monomers such as ethylene oxide and

0
0 H
Polyethylene glycol (C2 polyether polyol)

1

Polypropylene glycol (C3 polyether polyol)

o

Polytetramethylene glycol (C4 polyether polyol)

HoM NH
0

Amine-terminated polyether (ATPE)

7

OH \\

Polyhutadiene polyol

propylene oxide. Polyols utilized in polyurethane
production are hydroxyl-terminated long-chain
macroglycols with varying molecular weights [17].
The structure of polyol is an important aspect in
determining polyurethane characteristics.

Polyols can be made from epoxy resins that have
secondary hydroxyl groups [18]. Special silicone
resins are ideal for heat-resistant PU coatings. Vinyl
polymers, alone or in conjunction with other polyols,
can be utilized efficiently as polyols. Vegetable or
plant oils, such as castor oil, linseed oil, tall oil, and
others, can also be utilized as polyols. Because coal
tar includes many groups containing active
hydrogen, it may also be utilized to make polyols.

& Q

HU+R—‘O—C—R'—C—O+H

Polyester polyol
O

H{}%R—O—C—O%—R—DH

Polycarbonate polyol

H\U%Q\MD$H

Polycaprolactone polyol

1324

P C=c¢ Co5 <0l GO

Polyacrylate polyol (Acrylic)

Figure 4 - Common polyol types

o]
CH
H‘\O //\\/ . W
n
COOH  COOCH.CHaCH

Figure 5 - Preparation of acrylic polyol
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Polyester polyols can be made using a variety of
methods, including polycondensation of hydroxyl
acids or diacids and diol or ring-opening
polymerization of lactone. Polyester produced from
a combination of two or more diacids reacting with
various glycols is a popular commercial product
[[19], [20]].

The invention describes polyester polyols with
an average equivalent weight between 200 and
4,000. These polyols are made by reacting alpha and
omega dicarboxylic acids with butane 1,4-diol,
hexane 1,6-diol, propane 1,3-diol, or pentane 1,5-
diol. The resulting polyols with three to six hydroxyl
groups are then used to create PUR pourable
elastomers with enhanced resistance to hydrolysis
[21].

The molecular weight and structure of soft
segments also affect polyurethane shape. Typically,
soft segments with average molecular weights of
1000-5000 are used in the manufacturing of
thermoplastic polyurethanes. Phase separation is
greater in polyether urethanes than in polyester
urethanes due to the reduced compatibility of the
polyether soft segments with the polar hard
segments.

Both polyester urethane and polyether exhibit
changes in characteristics as soft segments'
molecular weight is increased. The impact of
increasing the molecular weight of the soft segment
on the microphase separation and viscoelastic
characteristics of polyester polyurethanes was
investigated by Velankar and Cooper [22]. DSC,
SAXS, and rheology were used to describe a range of
polyester urethanes with variable block lengths (soft
segment MW = 830, 1250, 2000, and 3000) and
constant composition (soft segment = 50 wt%). PUs
made with SS MW 830 and 1250 were single-phase
materials, according to DSC and SAXS data.

These two PUs exhibited rheological behavior
that was similar to homopolymer melts and
reasonably consistent with Rouse's theoretical
predictions. The amount of microphase separation
increased gradually with SS MW, according to DSC,
SAXS, and rheological study (Time Temperature
Superposition) for PUs with SS MW 2000 and 3000.
Furthermore, a substantial relationship between
soft segment length was observed for both the
relaxation time and the Newtonian viscosity.

Korley et al. [23] investigated the effects of
crystallinity in the soft segment phase, which is
made up of polyether soft blocks with varying
inclinations toward crystallization. The authors of
this work looked at the morphology and mechanical
behavior of a range of polyurethanes with different

hard segment contents that contained PEO (1000
and 4600 g/mol) and PEO-PPO-PEO (1900 g/mol)
soft segments. In comparison to polyurethanes
including PEO-PPO-PEO soft segments, it was shown
that toughness was enhanced and the storage
modulus of polyurethane below the Tm of the soft
block was raised by soft segment crystallinity in PEO
(1000 g/mol). The results of the study demonstrated
that organized soft segment areas, which dissipate
energy and contribute to the overall deformation
process, not only provide extensibility but also
reinforce the polyurethane matrix during the
process.

Strictly speaking, the urethane process is
catalyzed if the catalysts raise the rate of reaction
without getting consumed themselves. The most
often utilized catalysts are tertiary amines, such as
tetramethyl butane diamine (TMBDA) and 1,4-diazo

bicyclo (2,2,2)-octane (DABCO), and organo
compoundsound, such as dibutyl tindilaurate
(DBTDL).

A segmented structure with flexible, polyol
chains, and rigid segments, as well as segmental
length, crystallizability, intra- and inter-segment

interactions like hydrogen bonding, overall
compositions, and molecular weight, are the
characteristics of polyurethane resins [24].

Polyurethane has unique mechanical, thermal, and
elastomeric qualities because of its hydrogen-
bonding architecture. Because of its flexible chain
and lower glass transition temperature than room
temperature, the polyester section is referred to as
the "soft segment." Instead of a covalent bond being
chemically cross-linked, polyurethanes include a
large number of hydro gross linkages, which allow
them to rearrange upon mechanical deformation
[25]. After the tension is released, the hydrogen
bond reorganizes and regains its deformation
strength. Urethane coatings have a limited capacity
for self-healing due to intermolecular hydrogen
bonding. This characteristic makes it possible to
create polyurethanes that are resistant to solvent
swelling and abrasion. Foams, coatings, adhesives,
and thermoplastic elastomers are just a few of the
applications for polyurethane, a special polymeric
substance with a broad variety of physical and
chemical characteristics (1-10). Polyurethane holds
a prominent place in various applications,
particularly in the coating sector, due to its high-
quality coating layer that exhibits resistance to
solvents, weather stability, and mechanical
qualities. The polyurethane coatings industry
comprises two main systems. One is referred to as a
one-component (1K) system, where the substrate is
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physically cured after being covered with high
molecular weight polyurethane. The other system
consists of two components, hydroxyl functional
polymers, and polyisocyanate hardeners with an ng
NCO group.

To create monoglycerides, polyester polyol was
made using esterified soybean oil and a glycerol:1:3
molar ratio [26]. Polyester polyols were created
using a ratio-based reaction between the produced
monoglycerides and phthalic anhydride. To create
polyester—polyurethane coatings, PU prepolymer
(Figure 6) was created by polyaddition reaction of
diphenylmethane diisocyanate with polyester
polyols at NCO/OH ratios of 1.2, 1.4, and 1.6 using
toluene as a solvent. A high NCO/OH ratio is
generally considered typical since it results in

tougher, more solvent-resistant coatings. The
produced coatings exhibited attributes such as
chemical resistance, impact resistance, pencil
hardness, and flexibility. As the number of hard
segments in the sample increases, so do the
produced coatings' favorable attributes.
Velayutham et al. [[27], [28]] used polyester
polyols with varied oleic acid concentrations to
create PU coatings. To create PU coatings, the
polyols reacted with aromatic isocyanate (toluene
2,4-diisocyanate, or TDI). The  physical
characteristics of PU coatings on mild steel panels
were examined about different NCO/OH ratios and
polyols' oleic acid concentrations. Physical-chemical
characteristics such as solvent resistance, adhesive
qualities, drying time, pencil hardness,
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corrosion/chemical resistance determination, and
solvent resistance were described together with the
characterization of PU coatings using IR
spectroscopy analysis. The best overall coating
qualities are shown by the coatings made from
polyol with a 28% content. The mechanical and
anticorrosive capabilities of all the coatings
increased progressively as the NCO/OH ratio rose.

Niger seed oil (NSO) was used by Ranjeet et al.
[29] to create a PU covering (Figure 7). Niger seed oil
is amidated with diethanolamine to create
polyesteramide polyols, which are then esterified
with several biobased dicarboxylic acids (phthalic,
itaconic, and dimer) to add the necessary hydroxyl
group functionality. Hexamethylene diisocyanate
biuret (HDI-B) and synthetic polyesteramide polyols
are used to make the polyurethane coatings. The gel
content method is used to show the cross-link
density of PU coatings, and the saltwater immersion
technique is used to conduct the corrosion
investigation. By using differential scanning
calorimetry and thermogravimetric analysis, the
glass transition temperature (Tg) and thermal
stability of the PU coatings are also investigated.

Common polymeric coatings like polyurethane
offer surfaces in the food processing, marine, and
biomedical sectors flexibility, durability, and
resistance to abrasion (Figure 8). Because of its
adjustable chemistry, polyurethane has enormous
potential for materials of the future. Many studies
have been conducted on the modification of
polyurethane to provide it additional properties like
antibacterial, non-fouling, anticorrosive activity, or
high heat resistance. Traditional solvent-borne
polyurethane
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(PU) based on 4,4'-Methylenebis (phenyl
isocyanate) (MDI), which is often used in food
processing facilities, boat hulls, and floor coverings,
was produced by Rudlong and Goddard 2023 [30].
The polyurethane included 1%, 2%, and 3%
perfluoropolyether (PFPE).

Wetability and hydrophobicity were assessed
using a dynamic water contact angle. The addition of
perfluoropolyether blocks (PU-co—1PFPE 131.5¢ %
8.0, PU—co—2PFPE 130.9¢ * 5.8, and PU—co—3PFPE
128.8> = 5.2) significantly advanced the water
contact angle in comparison to the control
polyurethane (93.6° + 3.6). The surface orientation
of fluorine provided support for the lower critical
surface  tensions of PU—co—3PFPE-modified
polyurethane (12.54 mN m-1 as opposed to 17.19
mN m-1 for unmodified polyurethane).

Because of its superior mechanical and thermal
gualities as well as outstanding chemical resistance,
epoxy resins find extensive usage in the adhesive,
automotive, paint, and aerospace sectors.
Nevertheless, the overall impact resistance of these
materials is weakened following external impact due
to the propagation of cracks in epoxy polymers. As a
result, many impact modifiers have been created to
lessen epoxy polymers' brittleness. Polyurethanes
(PU) can increase the toughness of polymers by
acting as impact modifiers. While the fact that
polyurethanes (PUs) phase-separate in the polymer
matrix during curing is widely known, it has proven
difficult to reattach PUs to the matrix to improve the
mechanical characteristics of polymers.
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Figure 8 - A two-step prepolymer reaction of MDI (A), PPG (B), and PFPE (C) forms the prepolymer (D).
Chain extender (E) added to form final PU-co—PFPE polymer (F).
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Figure 9 - PU reaction strategy including the reaction of isophorone diisocyanate (FMEP-PU)
with hydrogenated epoxy polyol modified by fatty acids

Unlike previous research that concentrated on
changing capping agents to establish a network
topology between the polymer matrix and PU, Kim
et al.,, 2019 [31] included epoxy functional groups
into polyol backbones. By using gel permeation
chromatography, we were able to verify the
molecular weight of the produced PU. Additionally,
the produced material was mixed with the epoxies,
and the resultant materials' mechanical and thermal
characteristics were assessed. We also measured
impact resistance, flexural strength, and tensile
strength. The impact strength and mechanical
strength of the epoxy compositions were improved
and sustained up to 10 phr of PU by the addition of
PU (Figure 9).

In 2019, Zaimahwati et al. [32] polyurethane
(PU) nanocomposite that has been prepared using
castor oil and coated with montmorillonite
nanoparticles. After synthesizing polyols from castor
oil and organic montmorillonite nanoparticles,
polyurethanes (PU) were prepared, evaluated, and
used as coating materials for polyurethane
nanocomposites. Organic montmorillonite
nanoparticles were added to polyols to create a
polyurethane nanocomposite, which was then
combined with toluene diisocyanate. Using
thermogravimetric analysis (TGA) equipment, the
thermal properties of polyurethane nanocomposites
were used to evaluate their efficacy as heat-
resistant coatings. Subsequently, the adhesive
strength and morphological characteristics of the
material coating were assessed. The results showed
that the addition of montmorillonite improved both
the adhesive strength of the material coating
applied to the material's surface and the heat
resistance of the material's film surface layer.

The impact of diisocyanate symmetry and
hydrogen bonding on microphase morphology was
examined by Yilgor et al. [33]. Their investigation
into segmented polyether ureas and non-chain
extended polyether urethanes produced some
intriguing findings on the microphase separation of
these polymers. The researchers observed that
polyurethanes  prepared with  symmetrical
diisocyanates, namely 1,4-phenylene diisocyanate
(PPDI), 1,6-hexamethylene diisocyanate (HDI), and
1,4-cyclohexyl diisocyanate (CHDI), exhibited a
microphase morphology in which the soft segment
matrix was permeated by hard segments that
resembled ribbons. Conversely, polyurethanes
based on diisocyanates that are not symmetrical,
such as 1,3-phenylene diisocyanate (MPDI), 2,6- and
2,4-toluene diisocyanate (TDI), bis (4-isocyanate
cyclohexyl)methane (HMDI), and MDI, did not
exhibit microphase morphology at ambient
temperature. All polyether areas, in contrast to their
urethane counterparts, showed microphase
morphology at room temperature, irrespective of
the diisocyanate's structure or symmetry. Their
research demonstrates the critical influence that
hard segment symmetry has on polyurethane
microphase formation. PU coatings are available in
several varieties. Solvent-based coatings, or
conventional PU coatings, have dominated the
industrial coating industry in recent decades. More
restrictive laws about volatile organic compound
(VOC) emissions, however, nevertheless pose a
threat to this position. Because of this, producers of
paint and suppliers of raw materials are creating
substitute technologies that work just as well but are
more environmentally friendly.
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Coatings containing volatile organic compounds
(VOCs) are becoming more and more appealing
since they offer excellent protection and address
environmental issues. Eco-friendly polyurethane
coatings include a subclass known as polyurethane-
urea hybrid coatings [34]. The reason for the interest
in this kind of coating is that it has been claimed to
have better mechanical qualities than traditional
polyurethanes, which improves the organic film's
overall performance [35]. An important part of this
scenario involves high-solid systems. Hybrid coatings
made entirely of solid polyurethane and urea have
been created in this work. Different NCO/OH molar
ratios and methylene diphenyl diisocyanate (MDI)
were used in the preparation of the coatings. By
employing differential scanning calorimetry (DSC)
and electrochemical impedance spectroscopy (EIS),
the impacts of the structural properties on the
physical aging behavior and the electrochemical
responsiveness of the hybrid coatings were
assessed. The optimum combination of attributes,
including low sensitivity to physical aging and
excellent corrosion resistance, was demonstrated by
the coating with the greatest NCO/OH ratio,
according to the findings [36]. The kind of
diisocyanate and the NCO/OH molar ratio affect the
performance of polyurethane and polyurethane-
urea hybrid coatings [[37], [38]]. Mishra and
colleagues (2019) noted that increased NCO/OH
ratios also resulted in enhanced heat stability for PU-
based coatings. According to Negim et al. [39],
elongation at break and viscosity declined as the
NCO/OH ratio rose, while the tensile strength,

hardness, and rip strength of water dispersion
polyurethanes escalated. In addition to the
urethane/urea hard components, this behavior is
linked to the increased production of molecular
groups such as allophanate or biurate connections
[40].

Two-step solution polymerization was used to
create a variety of moisture-cured
polyurethane/polysiloxane (PUs) copolymers (Figure
10). Alkoxysilane was utilized as an end-capping
agent, and amine-terminated polysiloxane (PDMS)
and polyester diol were combined as mixed soft
segments to react with a 4,4'-diphenylmethane
diisocyanate (MDI). The impact of changing building
block structures, such as the NCO/OH ratio and
polyester diol structure, on the characteristics and
morphology of polyurethanes (PUs) were
investigated. Investigations were conducted into the
tensile, dielectric, thermal stability, surface, and
water-repellent qualities. The findings
demonstrated that differences in molecular
architecture had a significant impact on the
appearance and characteristics of PUs [41].

Without the use of a catalyst or solvent,
Prabhakar et al.,, 2005 [42] synthesized NCO-
terminated polyurethane of polypropylene glycol
(PPG)-1000 and isophoron diisocyanate (IPDI) with
an NCO/OH ratio of 1.2:1. The produced prepolymer
was structurally investigated using 1D and 2D NMR
spectroscopy. To provide a clear description of the
assessment of the urethane groups andto
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Figure 10 - Synthesis of the polyurethane/polysiloxane copolymer
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track the reactivity of isocyanate groups with the
hydroxyl function of PPG, 1H NMR spectra, and
dibutyl amine back-titration were employed. 13C
NMR spectroscopy was used to crosscheck the %
conversion data for the methanol end-capped
prepolymer in the urethane zone. The secondary
NCO group is more reactive than the primary group,
according to the findings.

In 2003, [43] Semsarzadeh and Navarchian
synthesized Poly(urethane-isocyanurate)s created
by reacting poly(propylene glycol) and toluene
diisocyanate at varied stoichiometric ratios (1-3)
with varying amounts of ferric acetylacetonate
(FeAA) and dibutyltin dilaurate (DBTDL). Using
Fourier transform IR spectroscopy, the impact of the
catalyst type and concentration, as well as the
NCO/OH ratio, on the degree of urethane and
isocyanurate synthesis were investigated. With a
rise in the stochiometric ratio or DBTDL
concentration, it was seen that the proportion of the
trimer group and the trimer/urethane content rose.
Thermogravimetric (TG) analysis was used to
examine the thermal breakdown of the
polyurethanes in an inert environment.

The TG curves showed three phases of
disintegration, with 355 to 385 °C serving as the
major degradation temperature. The effects of the
NCO/OH ratio, catalyst type and concentration, and
heating rate on the thermal stability of the
polyurethanes were determined. We estimated the
activation energies of thermal decomposition by use
of the Kissinger, Flynn-Wall, and Ozawa methods.
The swelling behavior of solid polyurethanes in
toluene showed that as DBTDL concentration and/or
NCO/OH ratio increased, the crosslink density
increased and the swelling ratio and average
molecular weight between crosslinks decreased. It
was demonstrated that the sol fraction of solid
polyurethanes decreased with an increase in the
stochiometric ratio or the amount of DBTDL.

Rummi et al. (2013) [44] studied that by reacting
a molar excess of diphenylmethane diisocyanate
(MDI) with polypropylene glycol (PPG) for two hours
at 60°C, polyurethane prepolymers were produced.
It investigated how different NCO/OH molar ratios
and polyol molecular weights affected the
polyurethane plaster cast's tack-free time, setting
time, diametral compression strength, percent
elongation, and tensile strength. When the NCO/OH
molar ratio increases, the cast's tack-free period and
setting time reduce but its diametral compression
strength increases. Using a universal testing

apparatus, tensile strength was determined to
increase as the NCO/OH ratio increased, even
though the percentage of elongation had the
opposite tendency. As the polyol molecular weight
rises, the cast's tack-free and setting times increase
while its diametral compression strength decreases.
The tensile and diametral compression strengths of
blended polyols, such as PPG 1000 and PPG 400
mixed in a 50/50 ratio, are equivalent to those of
their unblended equivalents. Compared to fiberglass
cast, polyester cast has a higher % elongation and
diametral compression strength.

Polyaniline/graphene  was used as an
anticorrosion filler by Kewen et al.,, 2016 [45] to
create a conductive coating based on aqueous
polyurethane. Potentiodynamic polarization curves,
electrochemical impedance spectroscopy (EIS), and
salt spray were used to evaluate the coating. The
maximum conductivity for polyurethane coating was
achieved with a polyaniline/graphene ratio of 0.75
wt% and a graphene concentration of 4 wt%.
Youtong Wu et al., 2019 [46] used SG-ZP mixtures as
an additive to create an aqua polyurethane-based
surface. Tafel curves and EIS analysis were used to
test the obtained coating. The 0.5 wt% sulfonated
graphene/zinc phosphate ratio produced
satisfactory results, with a corrosion current density
of 0.4252 yA/cm?2 and a charged transfer resistance
(Rct) of 10.937 103 cm2. Cui et al.,, 2020 [47]
investigated if smart anticorrosion coatings
outperformed traditional ones. The paper
introduced the linked ideas of self-healing and nano-
container development. The present issues, their
optimization, and potential future consequences
have all been explored.

Pei-Ying Tsai et al., 2018 [48] used a complex
PU/Gr coating with a ratio of 0,2,4, and 8wt.% for Gr.
The anti-corrosion and mechanical capabilities of
the mixture were evaluated using EIS, salt spray, and
cross-cut tests. At normal conditions, anti-friction
properties were evaluated using a tribometer and
the ball-on-disc technique. Complexes containing 4
and 8% gr. The friction coefficient data showed that
increasing the graphite (Gr) content to 8% reduced
the anti-friction qualities of the PU/Gr composite
coatings by 61% compared to the standard coating.

Thi Xuan Hang et al.,, 2015 [49] showed that
treatment with 2-aminoethyl-3-
aminopropyltrimethoxysilane (APS) resulted in the
precipitation of nanosized ZnO. ZnO-APS
nanomaterial characterization was performed by
UV-Vis, SEM, TEM, and XRD spectroscopy. Under
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QUV testing conditions, the degradation of
polyurethane coatings containing nano ZnO at a
weight percentage of 0.1 and nano ZnO-APS at two
weight percentages, 0.1 and 0.5 wt%, was assessed.
The findings demonstrate that the nano ZnO-APS
particle sizes range from 10 to 15 nm and have a
spherical shape. The polyurethane coating's UV
resistance was enhanced by nano ZnO, and its
effectiveness was further enhanced by surface
modification using APS. Notably, the UV resistance
of the polyurethane coating was markedly enhanced
by the addition of nano ZnO-APS at 0.1 wt%.

Huibin Zhu et al., 2020, [50] used a one-step
spray-coating approach to develop
superhydrophobic films with flexibility, mechanical
robustness, and thermal stability. The coatings,
which had a micro-nano structure and a Tg greater
than 221°C, kept contact angles over 150 degrees.
They were extremely flexible, with a friction value of
1.70. Electrochemical corrosion studies indicated
their extraordinary resistance (lcorr reaching 8.90 x
10-5 A cm-2 under particular conditions), making
them promising for harsh environment applications.

Yao Tong et al. 2017, [51] investigated the use of
graphite and graphene particles to improve the
specific conductance and anti-corrosion
characteristics of polyurethane (PU) coatings. In
terms of electrical conductance, a hybrid composite
including carbon nanotubes outperformed single
filler systems, with a significant advantage reported
at 5 wt% loading (0.77 S/m, whereas the single filler
system remained non-conductive). The conductive
mechanism has been discovered. Lower filler
loadings in the coatings increased anti-corrosion
properties. Resistance readings from
Electrochemical Impedance Spectroscopy (EIS) and
the four-point probe technique were compared and
discussed.

Mahmudzadeh et al. 2019, [52] investigated a
cost-effective and ecologically friendly approach for
decreasing graphene oxide in an hour using Urtica
dioica leaves extract at 90°C. The elimination of
oxygen functional groups was verified by Raman
spectroscopy. Even after accelerated weathering,
the decreased graphene oxide increased the
corrosion resistance of polyurethane coatings and
displayed remarkable protection efficacy, topping
99% in low-frequency impedance studies.

Xiaoyun Yea et al,, (2019), [53] demonstrated
the fabrication of zinc oxide (znO)
array/polyurethane (PU) nanocomposite coatings
on stainless steel substrates. ZnO arrays were grown

from seeds and then mixed with PU. The coatings'
structure, wettability, mechanical characteristics,
and corrosion resistance were all evaluated. The ZnO
arrays have a hexagonal wurtzite structure and are
somewhat more hydrophilic. Mechanical qualities
improved as ZnO concentration increased, and the
coatings demonstrated good corrosion resistance.
Infrared radiation performance improved slightly as
well. This innovative organic/inorganic
nanocomposite coating is a viable strategy for
creating functional coatings with improved
corrosion resistance and mechanical properties in a
variety of polymer systems.

Hui Wang et al., (2021) [54] investigated a novel
anticorrosive coating capable of self-healing in the
event of damage. Using Diels-Alder (DA) bonding, a
PU prepolymer is combined with a modified Ce02
furan to form this covering. These DA bonds are
efficient in preserving mild steel against corrosion
following coating degradation. The photothermal
characteristics of dopamine allow this coating to
self-heal in settings similar to infrared irradiation for
20 seconds. The mechanical and anticorrosive
properties of the coating remained nearly unaltered
after such self-healing. The proposed coating (PU
DA-d@CeNPs5)  exhibited good mechanical
properties (38.89 + 0.52 MPa), adhesion qualities (12
MPa), and an impedance modulus at 0.01 Hz
equivalent to 1.29 x 109-ohm cm?. Even after 100
days of continuous immersion, the impedance
modulus at 0.01 Hz can still surpass 107 ohms/cm2.

Polyurethane foam waste (PUR) was used and
treated with dicarboxylic acids (DA) by Godinho et
al.,, (2021) [55]. Using spectrum analysis, the ratio of
PUT and DA was regulated, and the findings
indicated that the recycled polyol (RP) has an
appropriate hydroxyl number and acidity to form a
new polyurethane (PU). This novel substance was
utilized to make polyurethane coatings for wood
(PUC). When compared to a typical polyol coating,
the coating generated from RP has a higher
hardness, but less gloss and more hydrophobicity.

Hui Yuan et al. [56] investigated the influence of
water-based polyurethane, silicon dioxide, and
fillers on the characteristics of modified silicate
coatings. Coatings containing 10% polyurethane and
4% silica demonstrated superior mechanical
qualities as well as resistance to heat and acids. The
changed coatings outperformed the unmodified
coatings in terms of strength, heat resistance, and
acid resistance by 25.1%, 34.1%, and 32.4%,
respectively. A thick microstructure with an
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interpenetrating network was revealed by
microstructural investigation. The coatings were
also found to be less permeable, which increased
their properties. Heat resistance at high
temperatures (250°C) was fulfilled by the modified
coatings.

Fengyuan Zhanga et al., (2020) [57] effectively
created water-based polyurethane composites
(WPC) containing functionalized graphene oxide
(PAFG) generated from polyethyramines. The
inclusion of nanoparticles at the optimum
concentration improved the characteristics of WPU
composites significantly. In comparison to pure
WPU, the contact angle with water and water
absorption in the WPU composite improved
significantly to 98.5°C and 3.01 wt.%, respectively,
from 70.5°C and 8.31 wt.%. Furthermore, there were
significant improvements in thermal stability and
mechanical qualities, particularly with the addition
of 0.05 wt.% PAFG. With a 10% mass loss, the
decomposition temperature of the WPU composite
climbed to 322°C, which was 29.3°C higher than that
of pure WPU. When compared to pure WPU, the
tensile strength of WPU containing 0.05 wt.% PAFG
improved by 130.92%. In terms of electrochemical
data, after 31 days of immersion, the |Z]| value at
0.01 Hz for WPU dropped, whereas WPU/PAFGO0.05
remained steady. This demonstrates that 0.05 wt.%
PAFG  significantly  improves the  barrier
characteristics of the WPU coating.

Jiahua et al., (2012) [58] used the sol-gel process
to construct fluorescent silica shells of varying
thicknesses on spherical carbonyl iron (CIP)
particles. For metal particle surface compatibility
with TEOS, hydrolysis, and condensation of
tetraethyl orthosilicate (TEOS) were combined with
the usage of gelatin B and 3
aminopropyltriethoxysilane (APTES). This results in a
protective silica shell with variable thickness. The
silica shell increases the particles' anti-corrosion and
heat resistance. SIP and CIP-silica self-healing
polyurethane coatings demonstrated increased anti-
corrosion and heat resistance.

Tuan et al.,, (2022) [59] researched a novel
anticorrosive coating that may self-repair when
damaged. This coating is made of polyurethane
acrylate (PUA) with lithium salt added as a polymer
electrolyte. UV radiation was used to approve PUA
and lithium salt mixtures, resulting in thin coatings
with high heat resistance and ionic conductivity. The
best conductivity was exhibited by PUA with a 25%
mass fraction of lithium salt. The coating's

mechanical and structural properties, as well as its
capacity to self-heal under near-infrared
illumination, were also investigated.

Cheng et al., (2020) [60] created and tested
ecologically friendly non-isocyanate polyurethane
(NIPU) anti-corrosion coatings. The synthesis and
formulation of these coatings employing several
materials, including amine terminated NIPU, TEOS,
and BPA epoxy, are the main emphasis of this work.
The study evaluates the anti-corrosion performance
of NIPU coatings with varying TEOS concentrations
and finds that the best anti-corrosion behavior was
shown by coatings containing 5% TEOS.
Spectroscopic and microscopy methods have
demonstrated that variations in anti-corrosion
performance are related to the organic/inorganic
micro-phase separation.

This research advances our understanding of
how TEOS affects the anti-corrosion properties of
NIPU coatings. Pavan et al., 2021, [61] investigate
the synthesis of bio-renewable materials such as
vegetable oils, outlining chemical changes and
prospective uses. The analysis also tackles the
obstacles and promising technology in the eco-
friendly transition of the coatings sector.

Aqgdas et al. (2015) [62] emphasize the benefits
of ecologically friendly waterborne polyurethane
(WPU) coatings, such as reduced VOC emissions and
desired characteristics. It goes over current
advances in WPU coatings, such as UV-cured and
hyper-branched polyurethanes. It also investigates
strategies to improve mechanical strength and flame
retardancy using additives such as nanoparticles and
fire retardants. By incorporating two commercially
available inhibitors, Ravindra et al., 2015, [63]
increased the anti-corrosive capabilities of
polyurethane coatings. The encapsulating technique
and its impacts on coating performance are
explored, and improved corrosion inhibition
efficiency is demonstrated.

Jing Li et al. (2016), [63] discovered that adding
the following chemicals to a waterborne
polyurethane matrix in the following order improves
the anticorrosive characteristics of polyurethane:
graphene oxide, moderately reduced graphene
oxide, and functionalized graphene. Impedance
Electrochemical Spectroscopy and salt spray testing
confirmed that the additives are anti-corrosive. The
chemical and dispersion states of graphene within
polyurethane, according to the findings, impact the
material's capacity to resist corrosion. The inclusion
of 0.2 wt% of reduced graphene oxide improves the




Complex Use of Mineral Resources. 2024; 331(4):21-41

ISSN-L 2616-6445, ISSN 2224-5243

anticorrosive capabilities of graphene-reinforced
polyurethane composite coatings. The findings of
the Electrochemical Impedance Spectroscopy
demonstrated that, after 235 hours of immersion in
a 3.5 wt% NaCl solution, there was no under-
painting corrosion and that the impedance modulus
at 0.1 Hz was constant at 109 U. This was true over
the whole 235-hour period, with very little variation
noted.

When 0.2 wt% reduced graphene oxide is added,
the anticorrosive properties of graphene-reinforced
polyurethane composite coatings are enhanced.
After 235 hours of immersion in a 3.5 weight percent
NaCl solution, the findings of the Electrochemical
Impedance Spectroscopy revealed that under-
painting corrosion did not occur and that the
impedance modulus at 0.1 Hz was constant at 109 U.
This was true throughout the whole 235-hour
period, with very little variation detected.

According to Ashraf et al. (2015) [64], a
Transmission electron microscopy image indicated
that zinc oxide nanoparticles generated by direct
precipitation have a pseudospherical shape and
diameter of roughly 20.0 nm. Zinc oxide
nanoparticles are uniformly disseminated in
polyurethane by ultrasonication at loading levels
ranging from 0.1 to 2.0 wt.% to improve polymer
characteristics. The coatings were shown to be
efficient at inhibiting both Gram-positive and Gram-
negative bacteria growth. When ZnO NPs are used,
the number of organisms growing on the coating's
surface decreases. Moreover, better mechanical and
corrosion resistance at lower concentrations was
obtained by increasing the weight % of ZnO NPs.
Scanning electron microscopy data served as the
foundation for the conclusions.

Pooneh et al. (2018) [65] showed that the
covalent functionalization of graphene oxide
nanosheets by 3-glycidyloxypropyl)
trimethoxysilane additions contributes to the
improvement of mechanical performance and
corrosion resistance. The study of nanomaterials
was conducted using Fourier transform infrared
spectroscopy (FT-IR), thermogravimetric analysis
(TGA), field emission scanning electron microscopy
(FE-SEM), and X-ray diffraction (XRD). The physical-
mechanical characteristics of the coating with
nanosheets were assessed by the use of tensile tests
and dynamic mechanical thermal analysis (DMTA).
In addition, the impact of GO and fGO nanosheets on
the surface fracture morphology of polyurethane
coating during tensile testing was investigated using

SEM analysis. The results of the study showed that
the addition of fGO nanosheets enhanced the
mechanical, anti-corrosion, and physical properties
of the PU coatings by fortifying the interfacial bonds
between the coating and the GO nanosheets. To
understand the mechanism of the trimethoxysilane-
polyurethane interaction, GO surface quantum
mechanics techniques were used.

According to research by Abhijit et al., 2020 [66],
polyurethane is a very versatile material that can be
created to order when additives and nanoparticles
are added. This enables a wide range of properties,
including soft-touch coatings and rigid construction
materials. The material's mechanical, chemical, and
biological characteristics may be adjusted to meet
specific needs, which has piqued the interest of
several businesses as well as the scientific
community. The chemistry of the constituent parts
of polyurethane is examined in this study, along with
recent advancements and applications in the
medical, automotive, coatings, adhesives, sealants,
paints, textiles, marine, wood composites, and
apparel sectors.

Xiaohua et al., 2013 [67] demonstrated that
LiprolTM, a bio-based polyol, was made using a
variety of vegetable oils. The oligomer dispersion
and chemical structures of these polyols were
investigated. The polyols were used to create
polyurethane coatings with a bio-based content of
about 60%. The coatings exhibited satisfactory
mechanical and thermo-mechanical properties. The
flax PU, which comes from oil that has a high
linolenic acid content, had the highest performance
because of its low solvent swelling, high glass
transition  temperature, strong  cross-linked
networks, resistance to abrasion and water, and
hardness.

The goal of this investigation was to determine
how various hardeners influenced the protective
properties of polyurethane coatings, as investigated
by Ewa et al. 2014 [68]. It was necessary to
comprehend any modifications to the mechanical
qualities, crosslink density, and chemical structure.
After being applied to mild steel panels, the wet
adhesion, abrasion resistance, and anti-corrosive
properties of unpigmented polyurethane coatings
with different hardener concentrations were
evaluated. The electrical and abrasion resistance of
coatings with a greater hardener ratio was
demonstrated by the findings. The coating with the
stoichiometric hardener ratio exhibited the least
degree of adherence. According to the FTIR data, the
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coatings' urethane group count dropped when the
hardener ratio dropped. The study concluded that
electrochemical impedance spectroscopy and DC
resistance are helpful methods for determining how
well the coatings will hold up over time.

The combination of poly (ethylene glycol) with
epoxidized vegetable oil has been researched by
Mandar et al., 2015 [69] to create novel polyester
polyols. A sustainable method of extracting oil from
cottonseed and karanja was used. The molecular
weight of the poly (ethylene glycol) was altered. The
polyols' spectrum properties and end groups were
looked at. These polyols were utilized to replace
dipen tene with xylene in ecologically friendly
polyurethane coatings. Along with their physical and
thermal characteristics, the resultant polyurethanes
were evaluated for adhesion, gloss, hardness,
impact resistance, and flexibility. These coatings
showed promise for industrial use.

Tsao-Cheng Huang and colleagues (2017) [70]
investigated the feasibility of ZrP/PU nanocomposite

films to ensure consumption security. The
electrochemical experiments confirmed the
improved consumption resistance of ZrP/PU

coatings on steel surfaces as compared with pure PU
coatings. The connecting of ZrP nanoplatelets into
the PU lattice further strengthened dampness
obstructing characteristics. Ying Liang et al. (2020)
[71] investigated the use of polydimethylsiloxane
and acetylated starch in the manufacturing of bio-
based polyurethane coating. The research was done
and it was found that an acetylated starch-based
polyurethane coating with a 0.5-3%
polydimethylsiloxane content has anti-corrosion
properties.

The enhancement of the anti-erosion
characteristics of aluminum (Al) coatings by the
creation of superhydrophobic surfaces was
examined by Xiuyong Chen et al. (2014) [72]. The
cycle involves using a suspension fire splashing
technology to save polyurethane (PU)/nano-Al203
composites by first curve showering Al coatings onto
steel substrates. The result is the successful
production of superhydrophobic PU/nano-Al203-Al
coatings with a large spectrum of consumption that
are safe. The super
hydrophilicity/superhydrophobicity of the coatings
may be adjusted by varying the concentration of PU
in the initial suspension. A specific layer with 2.0
weight percent PU exhibits excellent
hydrophobicity, with water droplets sliding at
around 6.5°C and making contact at about 151°C.

For maritime foundations, the PU/nano-Al203-Al
coatings with their solid enemy of consumption
capabilities and superhydrophobic qualities can be
employed as protective layers.

Four polyurethane saps—polyurethane (PU),
epoxy-changed polyurethane (EPU), fluorinated
polyurethane (FPU), and epoxy-altered fluorinated
polyurethane (EFPU)—were used to create natural
cement for the production of coatings with low
infrared emissivity, according to a review by Yajun
Wang et al. (2011) [73]. It is anticipated that the
investigation will examine how these various tar
networks affect the guarantee of low infrared
emissivity coatings' usage. A neutral salt shower test
has been employed to assess the goal, and coatings
have been examined using Fourier-change infrared
spectroscopy (FTIR) and scanning electron
microscopy (SEM). Remarkably, the natural glue
covering  consolidating EFPU  demonstrated
exceptional erosion resistance. The simultaneous
existence of epoxy aggregates and nuclear fluorine
in the EFPU fastener was attributed to this improved
presentation.

Fluorine-containing epoxy (FO) compounds that
were combined using 2,2,3,3-tetrafluoro-1-propanol
(TFP) and epichlorohydrin (ECH) in a single step were
investigated by Xia Wang et al. (2015) [74]. A
controlled sub-atomic weight fluorinated polyglycol
was produced by cationic polymerization.
Fluorinated polyurethane (FPO) and FO designs
were detailed using techniques such as gel pervasion
chromatography (GPC), FTIR, and NMR. Then, using
a room temperature relieving procedure, FPO and
methyl diphenylenediisocyanate (MDI) were
combined to make a two-part fluorinated
polyurethane coating. The concentration also
evaluated the film surface using SEM (filtering
electron microscope) imaging, as well as protection
against the salt spray and water resistance.

The combination and representation of silicone-
based covering materials that combine siloxane and
polyurethane/polyurea copolymer were studied by
Anna M. Mikhailova et al. (2012), [75]. Primary
study, subatomic representation, warm properties,
mechanical qualities, attachment, morphology, and
consumption execution are all covered in the
analysis, which reveals that aspects other than those
covered in the hard part have an influence on the
defensive and anticorrosion characteristics. To
evaluate these covering materials' defensive and
anticorrosion qualities, electrochemical impedance
spectroscopy (EIS) was used. Indeed, the assessment
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demonstrates that the hard part content does not
apply only to these qualities. FT-IR spectroscopy was
used to study the formation of the pre-blended
copolymer and the ensuing silicone-
polyurethane/polyurea copolymer (SPPU) with
varying hard fragment (HS) percentages.

In their study on the enhancement of
polyurethane-urea coatings, Yixing Zeng et al.
(2023), [76] emphasized the importance of the
isocyanate file in fitting the properties of
polyurethane-urea coatings, providing a methodical
approach to safeguarding metal and metal offices
while encouraging the practical application of
harmful to destructive materials. The coatings were
assembled using conductive mica particles as fillers
and aromatic isocyanate, amino-ended polyether,
polyol derived from castor oil, and polyaspartic pitch
as reactants. The review investigated how the
isocyanate file affected the polyurethane-urea
coatings' synthetic structure, static conductivity, and
consumption hindrance. Higher cross-connectivity
inside the covering was achieved by expanding the
isocyanate file, albeit at the expense of decreased
smallness and electrostatic conductivity. The
organization of carbon dioxide increases in the
overlying layer was blamed for this alteration. Salt
shower tests and electrochemical impedance
spectroscopy revealed that when the isocyanate
record increased, the covering's ability to counter-
consume on entire surfaces increased, but its
appearance in areas with abandons decreased.
Coatings with an isocyanate list of 1.0-1.1
demonstrated excellent electrostatic conductivity
and erosion resistance, making them suitable for
protecting metal and metallic workplaces.

To improve the enemy of consumption
properties due to hydrophobicity and obstruction
impacts, Mengting Moa et al. (2016) [77] developed
functionalized graphene-supported polyurethane
coatings with explicit surface surfaces. This resulted
in less water contact and further developed the
dispersion opposition of harmful substances. To
improve their adversary of consumption qualities,
the review focuses on the creation of PU
nanocomposite coatings supported by
functionalized graphene (FG). Its anti-erosive
characteristics were further enhanced by the PU
composite covering's surface and all-around
dispersed FG. Thisimprovement can be attributed to

the hydrophobic concept of the coatings, which
reduces water cooperation and increases the
pathway's convolution for the dispersion of harmful
media. The majority of these components
strengthen the ultimate FG/PU composite covering's
defense against erosion. Transmission electron
microscopy, examining electron microscopy, nuclear
power  microscopy, X-beam  photoelectron
spectrometry, Raman spectroscopy, Fourier change
infrared spectroscopy, and other techniques were
used to illustrate the main and morphological
characteristics of the PU composite coatings. The
coatings exhibited a unique round cone shape with
distinct characteristics (widths of 8 um distributed
eight, six, and four um apart, respectively).

Conclusions and Future Perspectives

There has been a steady and robust increase in
the need for materials based on polyurethane
throughout time. Particle filters (PUs) are widely
used as coatings to prevent corrosion on metals. A
chance to include new green PU formulations was
presented by the growing recognition on a
worldwide scale of the significance of environmental
and human health. As a result, there has been a lot
of interest in the design and development of highly
effective polyurethanes (PUs) that are less harmful
to the environment than their conventional
equivalents made from polyols and polyisocyanates
derived from petroleum. The current research on
the application of such green polyurethanes—
waterborne and bio-based polyurethanes in
particular—as protective coatings is gathered in this
review.
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TYWIHAEME

MonnypetaHabl maTepuangapibl 33ipaey KaHe TeXHONOTWUANbIK NpouecTepAi OHTakNaH4bIpy
Kasipri yakpblTTa ayKbimapl 3epTTeynepain, Takbipblbbl 60abin Tabbinagpl. MonnypeTaH *ofapbl
bU3MKa-XMMUANBIK KaHe naiganaHy KacueTTepimeH cunattanagbl. MonvypuTaHpap TosyFa,
Malifa aHe 6eH3unHre Tesimai. Onap Kepemert Kby GU3NKANbIK KaHE CO3bINFbIL KacueTTepre
ne. byn nonvypetaHaapApbl Kofapbl IKCNAYTaUMUANBIK KacneTTepi 6ap matepuangapapl Kaxer
eTeTiH KenTereH cananapga KongaHyfa MyMKiHAiK 6epegi. MonnypeTaHZap COHbIMEH KaTap
KenTereH cananapAa KOppo3uAfa Kapcbl areHT peTiHae KopfaFbiw »KabblHAapblH eHaipyae
KeHiHeH KonAaHbiagbl. [MonuypeTaHabl noaumepnepaid,  ¢uU3MKa-MexaHUKanblK  KaHe
JKCMyaTauMANbIK, ~ KacueTTepiH, atan  alTkaHAa  MopuduKauuanaHFaH — noanypeTaHapl
KabblHAAPAbIH, KOPPO3MAfa KapCbl KAacMETTEPIH KaKcapTyfa apHaNfaH KenTereH 3eprreynep
Kyprizingi. MonuypetaHabl nonumepnepaiH, apTypAai KoNgaHynapFa apHanfaH KacueTTepiH
MOHOMEpP/IEP MEH 0/1apAblH apaKaTbIHACbIH, COHAAM-aK OHAIPIC NPOLLECIHIH, ©3iH 83repTy apKblbl
»akcapTyfa 6onagpl. Monvongap MeH M3oumMaHaT MOHOMEPAEPIHe Heri3aenreH NoanypeTaHabl
nonnmepaepai any KaTannsatopAblH, KaTbiCybIMeH NOAUMeEp/ey MpoLeciHe Ae, TONYyon, KCuaon
JK9He aLeTOH CUAKTbI epiTKiWTepai KoNAaHyFa Aa Heri3genreH. 9pTypAi aficTepmeH 3epTTenreH
nonvypeTaHabl noaumepnepaid, Gusmka-mMexaHUKanblk, KacueTTepiHe acep eTeTiH bGipHelwe
dakTopnap 6ap. MyHaai dakTopiapra M3oumMaHaTTapAblH, NoavongapabiH, Typaepi, OCN/OH
KaTblHacbl, epiTKiWTep, KaTanusaTopsiap XaHe TemnepaTypa aTafbl. 94eTTe, Noavongap
noanypeTtaHapl NoAnMMepaepAaiH, vinriwTiriHve »ayan 6epepgi, an usouuaHaTTap noavypeTaHabl
NOAMMEPAiH KaTTbI/IbIFbIHA }KaHe NoANMEpPAiH Heri3ri beniriHin, 6ipiryiHe (TirinyiHe) »kayan 6epeai.
PeareHTTepAiH XMMUANBIK KypamMblH ©3repTy apKbiibl MaiganaHy makcaTtbiHa 6ainaHbICTbl
KabblHHbIH, cMNaTTamanapbl e3repTinedi. KopbITbIHAbI 9cep 2pTypai Noavongap MeH
NoAMU30LMaHATTapAbIH, XMMUANBIK KypambiMeH aHblKTanagpl. MonnypetaHabl Nnoavmepnepait
rMAPodO6TbINbIFLI, bICTbIKKA TO3IMAINIMN, MEXaHWKa/bIK KOHE KOoppo3usFa Kapcbl KacuetTepi
3epTTengi. HatukeciHae ruapodobTbinbIK, bICTbIKKA TO3IMAINIK, MEXaHUKANbIK KaHe Koppo3uaFfa
KapCbl KacueTTep CUAKTbI MOAMYypeTaHAbl MNOAMMEPEPAiH, KacueTTepi »ofapblAa aTanfaH
bakTopnapaplH, acepiHeH KaKkcapabl. Byn wony Makanacbl KOpfaHbIW NoAWypeTaHabl
KabblHAAPAb! ¥KacayablH KOHEe 0n1apAbl KOPPO3WAfFa Kapcbl areHT peTiHae naiAanaHyablH e,
3aMaHaym, KapblblK TabbICTbl 3aicTepiHe Kbickalla cunaTtrama bepegi.
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AHHOTauuA

PaspaboTka MOAWYpeTaHOBbIX MAaTepuanosB M ONTUMM3ALMA TEXHONOTMYECKMX NPOLECCOB B
HacTosAee Bpemsa ABAATCA  NpPeamMeTom  OOLWMPHbIX — McCNeaoBaHuin.  MoauypeTaH
XapaKTepusyeTcs BbICOKUMU  GU3MKO-XMMUYECKUMM U IKCNIYaTaUMOHHbIMM  CBOMCTBAMM.
MonunyputaHbl 061a4a10T BbICOKOM M3HOCOCTOMKOCTBIO, Maco- U 6eH30CTOMKOCTbI0. OHU UMetoT
npeKkpacHbiMM  Tennodu3nYeckne M 31acTUYHble CBOWMCTBA. ITO MNO3BOAAET MNPUMEHATb
noanypeTaHbl BO MHOMMX OTPAC/IAX NPOMBbIWNEHHOCTH, rae Tpe6y|0Tcs| mMmaTepuanbl C BbICOKUMU
3KCNYaTaUMOHHBIMU CBOMCTBaMU. MMoOAMypeTaHbl TaK¥Ke LUMPOKO MCMOMb3YIOTCA BO MHOTMMX
oTpacnfx MPOMbIWJIEHHOCTM NpPW  MNPOU3BOACTBE  3aLUMTHLIX MOKPbLITUA B KayecTse
aHTUKOPPO3UIMHBIX CPeacTB. Bbino NpoBeAeHO 3HAUMTENIbHOE KO/IMYECTBO WCCNEen0BaHUM,
NOCBALLEHHbIX  YAYYWEHUIO  GU3MKO-MEXaHWYEeCKUX UM IKCMJ/yaTaUMOHHbIX  CBOWMCTB
NoOANYPETaHOBbIX MOJIMMEPOB, B YAaCTHOCTU AHTUKOPPO3UMHbLIX CBOMCTB MOAUOULUPOBAHHbIX
NONMYPETaHOBbIX MOKPbITWIA. CBOMCTBA MNOJMYPETAHOBbIX MNONUMEPOB AN PA3/IUYHBIX
NPUMEHEHWUI MOTyT ObiTb YAy4leHbl MYTEM W3MEHEHWA WUCNO/b3YEMbIX MOHOMEPOB U WX
COOTHOLUEHUM, @ TaKXKe camoro npouecca noayydeHus. MoayyeHne NoanypeTaHoBbIX NOAUMEPOB
Ha OCHOBe TMO/AMONOB U  M30UMaHaTHbIX MOHOMEPOB OCHOBAHO KaK Ha mnpouecce
NOANMNPUCOEAMHEHMSA B NPUCYTCTBUM KaTann3aTopa, Tak v NPUMEHEHUMN PACTBOPUTENEN, TAKUX KaK
TONYON, KCWAON W aueToH. CywecTBylOT pasiuyHble GaKkTopbl, BAuAOWME Ha U3MKO-
MeXaHW4YecKue CBOMCTBA MONIMYPETAaHOBbLIX MOAMMEPOB, KoTopble 6blAnM  UccneaoBaHbI
pasnnyYHbBIMU MeToaamu. Takumu hakTopamm 6biAn TUMbI U30LMAHATOB, NOIMOI0B, COOTHOLLEHWUS
OCN/OH, pacTtsopuTenu, KaTaauMs3atopbl U TemnepaTypbl. Kak npasuio, NoAnO/bI OTBEYAlOT 3a
r’MBKOCTb NONNYPETAaHOBbIX NOMMEPOB, @ M30LMaHaTbl OTBEYAIOT 3a KECTKOCTb MOIMYPETaHOBOTO
NnoAnmepa U CLUMBKY MeXAy OCHOBHOM 4YacTblo nonumepa. bnarogaps rubkomy usmeHeHuto
XMMMWYECKOrO COCTaBa peareHToB OHU MOTYT U3MEHATb XapPaKTEPUCTUKM MOKPLITUSA B 3aBUCUMOCTH
OT Npesnoiaraemoro Ucnosb3oBaHUA. KoHeYHbI 3ddeKT onpeaenseTca XMMUYECKUM COCTaBOM
PasnUYHbIX  MOAMONOB W NO/AMM3OUMaHaToB. bbliM  uccnegoBaHbl  rMAPodOBHOCTD,
TEPMOCTOMKOCTb, MEXaHUYECKME U aHTUKOPPO3MIHbIE CBOMCTBA MOAWYPETAaHOBbLIX MOANMEPOB.
Kak pe3ynbTat, CBOWCTBA MO/NIMYPETAHOBLIX MNOAMMEPOB, TaKuMe KaK rMapodpobHOCTb,
TEPMOCTOMKOCTb, MEXaHUYECKME N aHTUKOPPO3UIHbIE CBOMCTBA, YAYYLIMANCH NOA BO3AeNcTBUEM
BblLenepeyncaeHHbix GpakTopos. B 3Toi 0630pHOI cTaTbe AaeTcs KpaTKoe onucaHue Hanbonee
COBPEMEHHbIX, GUHAHCOBO YCMELLIHbIX METOAO0B CO3AaHMUA 3aLUTHbBIX NOMYPETAHOBbIX MOKPbITUI
M UCNOIb30BAHMA UX B KAYECTBE aHTUKOPPO3UIHBIX CPEACTB.

Knrouessie cnosa: MNonunypeTtaH, NoKpbITUE, aHTMKOppO3VIVIHOE, noAnoNbl, NONNN30oUMaHaTbI.
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ABSTRACT

Rare earth elements (REE) are a set of 17 chemically similar metallic elements including 15
lanthanides, scandium and yttrium. The current status of REE as a global strategic commodity has
encouraged the identification of REE ore deposits. This research is carried out to identify the
mining feasibility of fluvial sediment REE and to understand the sediment's physical and chemical
characteristics and effects on the geochemical behaviour of REE in the longest river of Peninsular
Malaysia namely Pahang River. Surface sediment samples were collected along Pahang River
(n=44) in approximately 10 km distance intervals. The sediment samples were analyzed using XRF
to determine the major oxide content. Meanwhile, REE content in the sediment samples was
extracted using the Total Digestion method and analysed using ICP-MS. The results show the
average value of ZREE at surface sediments of the Pahang River is 42.58 ppm and can be
considered too low to be economically mined. Each area shows higher fractionation of light REE
than heavy REE with negative europium anomalies, suggesting sediments in this area were derived
from felsic rocks. The concentration of REE in Pahang River surface sediments was controlled by
the porosity and organic matter as showed by the correlation of ZREE with porosity (R=0.65) and
organic matter content (R?=0.71). In conclusion, this research's findings are generally useful for
further REE mineral exploration and fluvial sediment environmental monitoring.
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Introduction

Located on the east coast of Peninsular
Malaysia, the Pahang River (459 km) is the longest
and river in Peninsular Malaysia with a main bedrock
of granite and limestone; and sedimentary rock e.g.
shale, sandstone, respectively [1], it contributes

annual fluvial sediment fluxes of 20.4 Mt discharge
into the southern South China Sea [2]. Fluvial
sediments as the particles or grains eroded from
rocks and soils and then deposited on the river bed,
carry traces of the parent earth materials [[3], [4],
[5]], including rare earth elements (REEs) which are
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a group of chemically similar, naturally occurring
elements but present in trace amounts [6].

The current high-tech trend in the development
and miniaturization of electronic products, clean
energy generators, military systems, communication
systems, and satellites which rely on the magnetic,
luminescent, and electrochemical properties of REEs
has immensely induced the increasing demand for
REEs and economically making them a strategic
commodity [[7], [8]]. Studying the elemental
distribution via geochemistry in Pahang Rivers can
help us not only to understand the systems and
history of Earth, and inspect environmental
conditions but more importantly to explore mineral
deposits which are high anomalies of certain
commercial elements or minerals over appreciable
areas which are profitable to be mined [[9], [10],
[11], [12], [13]].

Recent research has reported the potential of
granite as an REE source [14], therefore, we expect
Pahang River with a major granitic background
might have the potential to develop fluvial REE
mining. In this research, REEs were traced along the
river sediments, as one of the geochemical mapping
methods in regional and detailed scales is to trace
the pathway of elemental movement and locate the
source of elements or minerals. There are limited
detailed studies available on the geochemistry and
mineralogy of the tropical rivers from the East Coast
of Peninsular Malaysia as previous studies were
focused on the near- and estuary area [[6], [15]],
therefore, geochemical studies focusing on REE from
upper to lower courses of tropical river sediment is
thus needed to decipher the broad view of the
sediment provenance. This study was performed to
characterize the chemical composition of Pahang
River sediments in terms of major oxides and
elements, minerals, and rare earth elements (REE)
and evaluate the geochemical behaviour of REE in
tropical Pahang Rivers.

Experimental part

Sample Collection

The surface sediments were collected at 0 to
20cm from the river bed along the Pahang River by
using an Ekman grab sampler, sealed in labelled
transparent polyethylene (PE) bag and stored at 4°C
for further processing. The coordinates of the
sampling locations were acquired by global
positioning system (GPS) Garmin GPSMAP 62s and
mapped by geographic information system ArcGIS
10.2, as shown in Figure 1 and Table 1.

Map of Surface Sediment Sampling Locations along Pahang River
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Figure 1 - Map of surface sediment sampling location
along the longest river in Peninsular Malaysia namely the
Pahang River

Table 1 - Coordinates of surface sediment sampling
locations along the Pahang River

f::::l‘i,r:‘gs Latitude Longitude
PRO1 04° 04' 19.20" N 102° 19' 08.40" E
PR 02 04°03'57.59" N 102° 19' 40.80" E
PR O3 04°02'56.40" N 102°19'33.59" E
PR 04 04°01'58.80" N 102°19'33.59" E
PR 05 04°00'46.79" N 102°19'44.39" E
PR 06 04°00'10.80" N 102° 20' 34.80" E
PRO7 03°58'47.99" N 102° 20' 56.40" E
PR 08 03°58'04.79" N 102° 21' 25.19" E
PR 09 03°58'30.00" N 102° 22' 22.80" E
PR 10 03°58'55.20" N 102° 23' 02.40" E
PR11 03°58'40.80" N 102° 23'38.40" E
PR12 03°58'01.20" N 102° 24' 46.79" E
PR13 03°57'50.39" N 102° 25' 33.60" E
PR 14 03°56'56.39" N 102° 25' 48.00" E
PR 15 03°55'33.60" N 102° 25' 55.20" E
PR 16 03° 54'36.00" N 102° 26' 02.39" E
PR 17 03°52'19.19" N 102° 26' 49.20" E
PR 18 03°44'16.80" N 102° 22' 22.80" E
PR 19 03°40'04.80" N 102° 24' 07.20" E
PR 20 03°37'51.59" N 102° 24' 32.40" E
PR21 03°34'51.60" N 102° 24' 43.20" E
PR 22 03°32'06.00" N 102° 26' 09.60" E
PR 23 03°27'07.19" N 102° 25'29.99" E
PR 24 03°23'56.40" N 102° 25'37.20" E
PR 25 03°21'14.40" N 102° 26'34.79" E
PR 26 03°19'30.00" N 102° 28'22.79" E
PR 27 03°21'46.80" N 102° 31' 08.40" E
PR 28 03°24'43.19" N 102°33'07.20" E
PR29 03°26'41.99" N 102°37'22.80" E
PR 30 03°29'31.20" N 102° 35' 56.40" E
PR31 03°30'35.99" N 103° 25' 51.59" E
PR32 03°31'04.79" N 103°23'20.39" E
PR33 03°33'57.59" N 103°20'31.19" E
PR 34 03°32'16.79" N 103° 14' 52.80" E
PR35 03°33'07.20" N 103°12'32.40" E
PR 36 03°30'32.39" N 103° 08' 45.60" E
PR 37 03°29'20.39" N 103° 05' 02.40" E
PR 38 03°27'53.99" N 103° 02' 05.99" E
PR 39 03°29'05.99" N 102° 57'39.59" E
PR 40 03°29'34.79" N 102° 54' 03.59" E
PR 41 03°26'49.20" N 102° 52' 55.20" E
PR 42 03°29'49.19" N 102° 50' 27.59" E
PR 43 03°29'49.19" N 102° 45'50.39" E
PR 44 03°31'58.79" N 102°41'31.19"E
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Analysis of Major Oxides and REE in the sediment
samples

The sediment sample collected was weighted
before and after being heated at 105°C with air
ventilation of 50% in the oven until a constant
weight was no longer reduced after repetitive
heating. The sediment particles with mesh size
below 250-um were selected to be homogenized
and pulverized to less than 45um in a laboratory ball
mill machine before sample digestion.

The samples were then analysed for major
oxides analysis using Energy Dispersion XRF (EDXRF)
which is outfitted with a rhodium (Rh) x-ray tube
that operates at a voltage of 40 kV, and a current of
30pA for integration times ranging from 60-600 sec.

For REE analysis, about 0.2 g of the pulverized
sediment sample was introduced into a 50-ml
polytetrafluoroethylene (PTFE) beaker. 68% nitric
acid (HNO3), 48% hydrofluoric acid (HF) and 50%
hydrogen peroxide (H202) with a volumetric ratio of
4:3:2 with a total of 27 ml were poured carefully into
the PTFE beaker and swirled to homogenize [[16],
[17]]. All REE excluding Pm, were analyzed by Perkin-
Elmer Elan DRC-e ICPMS at the laboratory of
Universiti Kebangsaan Malaysia.

Results and Discussion

Physical Characteristic and Organic Matter in
Pahang River Sediments

Pahang River sediments, as shown in Figure 2,
were mainly dominated by relatively clear grains
(PRO1-PRO5, PRO8-PR11, PR13-15, PR21, PR2S,
PR30-PR32, PR35, PR37-39) and other greyish
powdery coating grains instead of light brown of
Kelantan River surface sediments due to different
mineralogical composition and  weathering
conditions. Dry-bulk density of surface sediments
along Pahang River, as shown in Figure 3 had a X#s
of 1.44+0.45g/cm3® was least dense at PR42
(0.73g/cm3) and was densest at PR10(2.07g/cm?3).
Organic matter content (OM) of Pahang surface
sediments also had a fluctuated pattern with X+s of
3.23+3.19%, highest OM at PR40(10.05%), and
lowest OM at PR28 (0.20%) as shown in Figure 3.
Pahang River surface sediments OM shows a strong
positive with  porosity  (R?=0.87)
suggesting their OM were highly influenced by the
porosity as shown in Table 2.

correlation
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Figure 2 - Pahang River surface sediments under
stereoscopic at 5x magnification

Porosity of Surface Sediments along Pahang River
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Figure 3 - Porosity of surface sediments along Pahang
River

Organic Matter of Surface Sediments along Pahang River

Figure 4 - Organic matter content of surface sediments
along the Pahang River

Organic Matter (%)

Table 2 - Correlation between physical characteristics of
Pahang River surface sediments

Correlation Organic Matter ZZ;‘S;R Porosity (4)
Coefficient, rPR (%) 3y 4
(8/cm?)
Organic Matter (%) 1
Dry-bulk d;ensny -0.875 1
(g/cm?)
Porosity (¢) 0.875 -1 1

Major Oxide in Pahang River Sediment

The result of major oxides in sediments from the
Pahang River is shown in Table 3. Maturity of Pahang
river surface sediments was ranked as the following:
PRO8> PR24> PR30> PR10> PR21>PR02> PR28>
PR13> PR11> PR32> PR15> PR0O3> PR14> PR29>
PRO4> PR0O9> PRO1> PR34> PR31> PRO5> PR12>
PR36> PR35> PR17> PR25> PR37> PRO7> PR38>
PR16> PR41> PR18> PR33> PR39> PR20> PR19>
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PR40> PR42> PR22> PR44> PR27> PR0O6> PR23>
PR43> PR26. By applying the geochemical
classification proposed by Herron (1988) [18],
among 44 sampling locations along Pahang River,
there are 22 subarkose, 7 wacke, 6 arkose, 3
litharenite, 3 quartz arenite and 3 shale as shown in
Figure 5.

Table 3 - Major Oxides of Pahang River surface sediments

Map of Geochemical Classification of Surface Sediments along Pahang River

102°300°E

103°00°E

1037300°E

Location Major Oxide Percentage (%wt)

Al,O3 | CaO | Fe20s | K20 | MgO | MnO | Na;O | SiO2 | TiO2
PR 01 3.79 | 0.332 1.68 | 3.98 | 0.388 | 0.202 | 0.381 | 88.4 | 0.136
PR 02 3.4 |0.113 | 0.594 | 2.83 | 0.242 | 0.179 | 0.265 | 91.4 | 0.127
PR 03 3.54 0.16 | 0.665 3.4 | 0.269 | 0.162 91.6 | 0.165
PR 04 3.94 | 0.101 | 0.684 | 3.98 | 0.259 | 0.168 | 0.102 | 90.7
PR 05 4.37 | 0.102 | 0.769 | 4.69 | 0.265 | 0.109 89.5 0.1
PR 06 18.1 | 0.419 4.73 | 6.49 | 0.888 | 0.186 68 | 0.739
PR 07 9.73 0.25 2.11 | 5.74 | 0.377 | 0.121 81.2 | 0.302
PR 08 2.95 | 0.171 0.69 | 2.38 0.2 | 0.101 93.5
PR 09 3.99 0.28 | 0.721 | 4.05 0.27 0.18 90.4 | 0.105
PR 10 3.21 | 0.186 | 0.811 | 2.82 0.28 | 0.264 92.2 | 0.146
PR 11 2.83 0.538 | 2.97 0.19 | 0.216 93.2
PR 12 12.8 | 0.431 4.09 | 431 | 0.704 | 0.236 76.5 | 0.476
PR 13 3.14 | 0.125 | 0.812 | 2.89 | 0.236 | 0.105 | 0.214 | 92.3 | 0.102
PR 14 3.42 | 0.116 1.13 | 3.75 | 0.359 | 0.139 90.8 | 0.237
PR 15 3.19 | 0.162 | 0.594 | 3.35 | 0.176 | 0.212 92.3
PR 16 14.1 | 0.469 3.88 | 5.69 | 0.846 | 0.183 | 0.314 | 73.6 | 0.518
PR 17 6.47 | 0.131 1.41 | 5.58 | 0.447 | 0.117 | 0.336 | 85.1 | 0.225
PR 18 18.2 | 0.373 498 | 5.83 | 0.921 | 0.191 0.12 | 68.2 | 0.751
PR 19 15.7 | 0.295 3.83 | 6.34 | 0.705 | 0.128 72 | 0.649
PR 20 15.3 | 0.436 3.89 | 6.33 | 0.765 0.17 | 0.137 | 72.1 | 0.612
PR 21 3.3 | 0.175 1.17 | 2.83 | 0.271 | 0.125 92.1
PR 22 10.9 0.5 3|7.06 | 0.759 | 0.155 76.6 | 0.469
PR 23 17.2 | 0.519 5.97 | 6.54 | 0.725 | 0.159 67.4 | 0.708
PR 24 9.58 | 0.199 6.66 | 2.32 1.99 | 0.123 78.3 | 0.678
PR 25 14.4 | 0.277 3.56 | 5.18 | 0.643 | 0.148 74.9 | 0.538
PR 26 10.7 | 0.919 9.6 | 10.2 | 0.554 | 0.388 2.32 | 63.3 1.24
PR 27 16.7 | 0.527 4.64 | 6.47 | 0.807 | 0.238 0.48 | 68.8 | 0.725
PR 28 3.15 | 0.125 | 0.683 | 2.89 0.23 0.22 92.6 0.08
PR29 4.53 | 0471 1.54 | 3.63 | 0.348 | 0.153 | 0.376 | 87.8 | 0.265
PR 30 3.1 0.14 0.64 | 2.78 0.2 0.14 92.9 0.11
PR 31 5.79 | 0.117 1.18 | 4.31 0.195 88.2 | 0.141
PR 32 4.19 0.15 0.79 | 3.14 0.26 0.16 91.2 0.11
PR 33 13.2 | 0.474 4.12 | 6.25 0.85 | 0.206 0.65 | 72.9 | 0.583
PR 34 8.45 | 0.126 1.54 | 4.05 | 0.399 | 0.104 84.8 | 0.334
PR 35 1.91 | 0.387 1.77 | 5.83 0.187 89.1 0.09
PR 36 7.91 | 0.162 1.74 | 5.37 | 0.413 0.12 83.9 | 0.243
PR 37 2.02 | 0.413 1.71 | 6.19 0.25 0.88 88.4 | 0.102
PR 38 2.11 | 0.427 1.61 | 6.31 0.214 88.4 | 0.125
PR 39 2.27 0.41 2.05 | 7.46 0.271 86.5 | 0.105
PR 40 19.9 | 0.325 5.22 | 5.92 | 0.794 | 0.208 66.5 | 0.803
PR 41 18.9 | 0.241 475 | 5.78 | 0.783 | 0.119 | 0.117 | 68.2 | 0.751
PR 42 20 | 0.354 5.4 6 | 0.815 | 0.249 66 | 0.838
PR 43 5.4 | 0.532 3.41 | 10.5 0.224 78.5 | 0.565
PR 44 15.8 | 0.253 4.01 | 6.69 | 0.692 | 0.143 71.4 0.63

Distribution of REEs in Pahang River Sediments

Pahang River surface sediments had an average
total REE of 42.581 ppm, LREE of 34.531 ppm HREE
of 8.050 ppm as shown in Figure 6, and also in Table
4. PRO6 with LREE 95.789 ppm and HREE 22.888 ppm
contributing to a total REE 118.677 ppm was the

highest Pahang River

among other

surface

sediments, also having cerium being the main
contributor as shown in Figure 7. The enrichment
factor of each REE is also far below the economic
value as illustrated in Figure 8. The spatial
distribution of total REE was mapped in Figure 9.
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Figure 5 - Map of geochemical classification of Pahang
River surface sediments

HREE and LREE Composition of Surface Sediments along Pahang River
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Figure 6 - Total heavy rare earth elements (HREE) and
light rare earth elements (LREE) composition (without
decimal places) in Pahang River sediments.
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Figure 7 - REE elemental composition in Pahang River
surface sediments.
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Figure 8 - REE enrichment factor in Pahang River
sediments
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Table 4 - Total REEs of surface sediments along Pahang

River
Location JLREE YHREE Total REE

PRO1 18.527 4.537 23.064
PRO2 13.179 3.483 16.662
PRO3 15.603 3.218 18.822
PRO4 15.186 3.774 18.959
PRO5 17.262 4.664 21.926
PRO6 95.789 22.888 118.677
PRO7 54.641 11.623 66.264
PRO8 17.507 4.019 21.526
PRO9 18.267 4.078 22.345
PR10 20.073 4.540 24.613
PR11 14.224 3.138 17.362
PR12 70.406 18.264 88.670
PR13 22.864 5.155 28.019
PR14 36.535 6.113 42.648
PR15 10.441 2.283 12.724
PR16 54.835 13.399 68.235
PR17 30.536 6.607 37.143
PR18 55.736 14.441 70.177
PR19 74.311 17.805 92.117
PR20 36.394 10.611 47.005
PR21 10.932 2.748 13.680
PR22 53.841 11.751 65.591
PR23 84.791 19.595 104.386
PR24 39.846 9.363 49.210
PR25 75.970 18.828 94.799
PR26 55.253 14.164 69.417
PR27 65.230 15.349 80.579
PR28 15.749 3.930 19.680
PR29 21.958 3.461 25.419
PR30 16.463 3.450 19.914
PR31 15.127 2.968 18.095
PR32 14.000 2.794 16.794
PR33 44.104 11.074 55.179
PR34 24.546 4.700 29.246
PR35 10.375 2.684 13.059
PR36 21.726 4.715 26.441
PR37 4.922 1.153 6.075

PR38 8.928 1.938 10.866
PR39 11.005 2.394 13.399
PR40 42.858 9.908 52.767
PR41 49.740 11.509 61.249
PR42 62.832 14.393 77.226
PR43 26.182 5.285 31.467
PR44 50.676 11.393 62.069

Map of Total Rare Earth Elements Distribution in Surface Sediments along Pahang River
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Figure 9 - Maps of total REE in Pahang River sediments.
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Figure 11 - Correlation of Pahang River sediment
total REE and physical characteristics.

Geochemical behaviour of REE in Pahang River
sediment

The correlation of total REE in Pahang River
sediments was made with oxides as shown in Figure
10. The strongest and weakest regression of surface
sediment ZREE was with Al,O3 (R?=0.749) and Na,O
(r=0.0039) respectively. Aluminium minerals in
Pahang River surface sediments were thus inferred
to have a profound effect on the occurrence of REE.
Total REE in Pahang River surface sediment had a

moderate positive correlation with Al,O; (r=0.867),
Fe,0s (r=0.744), and TiO; (r=0.778), showing REE
concentrated in aluminium, iron, and titanium
minerals; a moderate negative correlation with
SiO,(r=-0.848) showing dilution effect of silicates in
REE concentrations. REE in titanite has been
proposed to interpret the growth of titanite [19].
Other than chemical influence, total REE also shows
some correlations with physical characteristics: dry-
bulk density and porosity (R?=0.652) and organic
matter (R?=0.7073) as shown in Figure 11. As bulk
density and porosity of sediments are mainly
controlled by grain size, shape, packing, and
distribution [20], it indicates grain size effect may be
a factor controlling REE distribution in Pahang River
sediments.

Conclusions

Surface sediments collected along Pahang River
had a total REE of 42.581 ppm, LREE of 34.53 ppm
and HREE of 8.050 ppm. The rivers' sediments
showed too low REE content and thus are not
economically feasible to mine. The chondrite
normalized REE showed a higher fraction of LREE to
HREE in this area. Our results show the geochemical
behaviour of REE in fluvial sediments was controlled
by porosity and organic matter content. In addition,
aluminium minerals in the Pahang River have a
profound effect on REE occurrence.
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Manaiisuapgarbl MaxaHr e3eHiHiH WeriHAiciHaeri cupek xep

dNeMeHTTepiHiH reOXMMUACDHI

!Chang S.C., “"Yusoff A.H., 2Mohamed C.A.R., **Liu S.F., ‘Shoparwe N.F., *Husain N.A, *Azlan M.N

Kenanman Manatizus YHusepcumemi, Axcenu kamnycel, 17600 rxenu, KeaaHmax, Manaiizus
2 KebaHecaaH Manalizua YHusepcumemi, 43600 baHau, Cenarzop, Manatizus

3 Taburu pecypcmap muHucmpsiei, LluHoao 266061, Keimali

4 L{uHOao yammoblK meHi3 FolabiMbl MEH mexHO02UACkl 3epmxaHacsl, LJuH0ao266061, Keimali
> MeHduraH CynmaH Ndpuc yHusepcumemi, 35900 TaHO#coHe Manum, Mepak, Manalizus

Makana kengi: 30 KasaH 2023
CapanTtamagaH eTTi: 2 weamokcaH 2023
KabbingaHabl: 27 xeamokcaH 2023

TYAIHAEME

Cupek xep anemeHTTepi (CHKI) — 15 naHTaHOMATaPAbl, CKAHAMIA XKaHe UTTPUIAAI Koca anfaHga, 17
XUMUANBIK YKCAC MEeTanAaplK 3N1eMeHTTEePAiH, MWbIHTbIFbl. CHI-HbIH KahaHAbIK CTpaTerusablK
Tayap peTiHaeri afbimaafbl MmapTebeci CHKI KeH opbliHAAPbIH aHbIKTayAbl biIHTaNaHAbIpaabl. by
3epTTey Manaisua TyberiHiH, eH, y3blH e3eHiHae, aTan aiTkaHaa MaxaHr eseHiHae weriHai CHKI
OHAIPYAIH OPbIHAbIIbIFBIH  AHbIKTAY JKHe LWeriHAinepAaiH, ¢U3MKanblK KaHEe XUMUANDIK,
cunaTTamanapbiHblib, Manaisua TyberiHiH, eH y3blH e3eHiHgeri CHKD reoxumuanbiK dpekeTiHe
acepiH TYCiHy ywWiH »yprisineai. ep ycTi weriHAinepiHiH, yarinepi MaxaHr e3eHiHiH, 60MblHaH
(n=44) wamameH 10 KM KaLWbIKTbIKTa }uUHanAbl. LLUeriHai yarinepi Heriari oKcna KypambiH aHbIKTay
ywiH POT kemerimeH TangaHabl. COHbIMeH KaTtap, weriHai yarinepiHaeri 2REE maHaepi Total
Digestion agicimeH anbiHFaH »aHe ICP-MS KemerimeH TangaHfaH. Hatuxkenep MaxaHr ©3eHiHiH,
6eTki weriHainepiHaeri IREE opTawa maHgepi munanvoHga 42,58 6Geniri faHa 6o0naTbiHbIH
KepceTesi KoHE OHbl SKOHOMMKA/bIK TYPFblAaH OHAIPY YWiH TbiM TOMeH. 9pbip alimak Tepic
eyponuii aHomanusanapbl 6ap aybip CHKI-re KapafaHaa KeHin CHKI PppaKLMACBIHbIH, XOFapbIpak,
eKeHgjriH KkepceTeai, 6yn ocbl alMaKTaFbl WOriHAINep KbILKbIN KbIHbICTAPAAH anblHagp!. MaxaHr
e3eHiHiH, 6eTki weriHginepiHaeri CXKD  KOHLEHTPALMACHI KEYeKTiNIKNEH KIHEe OpraHuKanblK
3aTTapMeH aHblKTangpl, 6yn IREE KeyekTinirimeH (R2=0,65) KaHe OpraHWKanblk 3aTTapAblH,
menwepimeH (R2=0,71) Koppenaumsa apKbiabl KepceTinreH. KopbiTa KenreHae 6yn septreyaiH,
HaTuxenepi CHDI muHepangapblH ogaH api 6apnay KaHe e3eH LWeriHainepiHe 3KOAOMUANbIK
MOHWTOPVHT ¥Kacay YWiH nanigansl.
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AHHOTALMA

PeakosemenbHble anemeHTbl (P33) npepctanatoT coboit Habop M3 17 XMMMYECKM CXOXKMX
METaNINYECKMUX SNIEMEHTOB, B TOM Yncie 15 naHTaHOMAOB, CKaHAMA U UTTpUA. TeKywuii cTaTyc
P33 Kak rnobanbHOro cTpaTerMyeckoro ToBapa cnocobcTBOBa BbIABNEHUIO MECTOPOXKAEHUI P33.
370 uccnepoBaHWE NPOBOAUTCA AR ONpeAeNeHNA BO3MOXKHOCTU A06bIUM PEUHbIX OTNIONKEHWUIA
P33 1 noOHUMaHWUA BAMAHUA OU3MYECKMX W XMMMYECKMX XapPaKTEPUCTUK OT/IOXEHUIN Ha
reoxumuyeckoe nosegeHve P33 B camoi A/IMHHOWM peke nosyocTpoBa Manaiisus, a UMEHHO B

Moctynuna: 30 okmaAbpa 2023 peke MaxaHr. Mpobbl NOBEPXHOCTHbIX OTNOXEHUI Bbln cobpaHbl BAOAb peKkn MaxaHr (n=44) Ha
PeueHsvpoBaHue: 2 dekabpsa 2023 pacctoaHun npumepHo 10 Km. O6pasLbl OTN0XKEHUI BblAKM NPpoaHaNN3MPOBaHbI C NOMOLLbI0 POA
MpuHATa B NevaTtb: 27 0ekabps 2023 AN onpegeneHns coaep)KaHua OCHOBHOMO OKcuaa. Tem BpemeHem cogepikaHue P33 B npobax

OTNIOKEHWUW ObINO IKCTPArMpoBaHO METOAOM MOJIHOrO paclienieHnAa U NPoaHaNU3MpPoBaHoO C
nomoubto ICP-MS. PesynbTaTbl NOKasbIBAlOT, YTO cpeAHWe 3HadeHuAa 2REE B noBepXxHOCTHbIX
OTNIOXKEHUAX peKu MaxaHr cocTasnatoT 42,58 yacTelt Ha MUANNOH, U UX MOMKHO CYUTATb CAULLKOM
HU3KMMM ONA IKOHOMMYHOW A06bluM. Ha Kaxaom yuvactke Habntogaetca 6onee BbicOKoe
dpakumoHMpoBaHue nerkux P33, yem TaxKenbix P33, ¢ oTpuLaTeNIbHbIMU aHOMANUAMW eBPOMNUS,
YTO MO3BONAET NPEANOIOKNUTb, YTO OT/IOKEHMUA Ha 3TOM Y4acTKe MPOU3OLAN U3 KUC/bIX MOPOA.
KoHueHTpauma P33 B NOBEPXHOCTHbIX OTJIOXKEHUAX pekn MaxaHT KOHTPOANPOBaaacb MOPUCTOCTbIO
M OpPraHMYecKMM BELLECTBOM, O YEM CBMAETENLCTBYET Koppenauma P33 ¢ nopuctocTbio (R2=0,65)
M coaepaHuem opraHuyeckoro BewectBa (R2=0,71). B 3aknt04eHME MOXKHO CKasaTb, YTO
pesynbTaTbl 3TOr0 WCCAEAOBAHUA B LENOM MOME3Hbl ANA AanbHellwel pasBeAKM NONEe3HbIX
nckonaemblx P33 1 9KONOrMYECKOrO MOHUTOPUHIA PEYHbIX OTIOKEHWIA.
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OpraH1yecKoe BeLecTBO

Ungpopmayus o6 asmopax:

LokmopaHm, IOxHas KaponauHa, LleHmpa mexHOn02u4ecko2o npednpuHuUMamenscmeda e
Chang S.C obsacmu 3010ma, pedKux 3emesb U Mamepuanos, hakynbmem 6UOUHHEHePUU U mexHono2ul,
YHusepcumem Manalizuu KenaHmat, 17600 [xcenu, KenaHmaH, Manadsus.

Email: chang.shenchang@yahoo.com

JdouyeHnm LleHmpa mexHonpednpuHUMamenscmaa Mo 3o0710my, pPeodKo3emMesnbHbIM U
mamepuansHelm  mamepuanam (GREAT), ¢akynbmem 6GuouHMceHepuu U mexHosao2ud,
YHusepcumem Manadtizuu KenaHman, 17600, KenaHman, Manadizus. Email:
hafidz.y@umk.edu.my

Yusoff A.H

lMpogeccop nMpozpammel MOPCKUX HAYK (haKysbmema Hayk o 3emse u okpyxcaroujel cpedsl
Mohamed C.A.R ¢akynemema Hayku u mexHonozuli YHusepcumema Manalsuu KebaHecaaH, 43600 baHeu,
CenaHeop, Manatizus. Email: carmohd@ukm.edu.my

HayuHeili compyoHuk [lepgozo uHcmumyma okeaHoepaguu MuHucmepcmea npupoOHbIX

Liu S.F
’u pecypcos, LuHdao, Kumaii. Email: liushengfa@fio.org.cn

Lokmop, dupekmop LleHmpa mexHonpeonpuHUMAamenscmaa o 3040my, peoKo3emesnbHoIM U
mamepuansHeim  mamepuanam (GREAT), dakynemem 6uouHMceHepuu U mexHosnozud,
YHueepcumem Manatizuu Kenaumad, 17600 /[wenu, KeanaHmaH, Manatlizus. Email:
fazliani.s@umk.edu.my

Shoparwe N.F

JokmopaHm  LleHmpa  mexHOsi02U4ecKo20  NpeonpuHUMamenscmeda Mo 3070my,
pedKo3zemesbHbIM Memannam u mamepuanam, ¢axkysemem OUOUHMCeHepuu U mexHosozud,
YHusepcumem Manalisuu Kenanmat, kamnyc [xcenu, 17600 [wenu, KeanaHmaH, Manalisus.
Email: nazirahawang98@gmail.com

Husain N.A

Lokmop, cmapwull npenodasamesns Gakyabmema ecmecmeeHHbIX HAyK U mMamemamuKku
Azlan M.N YHusepcumema MeHdudukaH CyamaH Mdpuc, 35900 TaHdxoHe Manum, lepak, Manatizus. Email:
azlanmn@fsmt.upsi.edu.my

References

[1] Department of Survey and Mapping Malaysia (JUPEM). Keluasan Malaysia (Malaysia Area). Retrieved on November 18,
2023. (in Malay.). http://www.data.gov.my/data/ms_MY/dataset/keluasan-malaysia

[2] Sathiamurthy E. River discharge characteristics of major east coast rivers of Peninsular Malaysia into South China Sea. 15t
International Workshop on the Fluvial Supply to the South China Sea, Shanghai, China. 2008;

[3] McLennan S, Murray R. Geochemistry. Springer: Dordrecht, Netherlands, Germany. Geochemistry of sediments. 1998, 282-
292.

[4] Boggs S. Principles of sedimentology and stratigraphy. 4th ed. Pearson Prentice Hall: Upper Saddle River, New Jersey, USA.
2006.

[5] Nichols G. Sedimentology and Stratigraphy, 2" ed. Wiley-Blackwell Malden: Massachusetts, USA. 2009.

[6] Wu K, Liu'S, Kandasamy S, Jin A, Lou Z, Li J, Shi X. Grain-size effect on rare earth elements in Pahang River and Kelantan
River, Peninsular Malaysia: Implications for sediment provenance in the southern South China Sea. Continental Shelf Research. 2019;
189:103977. https://doi.org/10.1016/j.csr.2019.103977

[7]1 Balaram V. Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and environmental
impact. Geoscience Frontiers. 2019; 10(4):1285-1303. https://doi.org/10.1016/j.gsf.2018.12.005

[8] Kragh H. Chemical Sciences in the 20th Century: Bridging Boundaries. in Reinhardt C(Ed.). John Wiley & Sons: Weinheim,
Germany. From geochemistry to cosmochemistry: The origin of a scientific discipline. 2008; 1915-1955:160-192.

[9] Scott S. Treatise on Geochemistry in Holland H, Turekian K. (Eds). Elsevier: Italy. Volume Editor's Introduction. 2014; XXIlII-
XXV.

—— 49 ——


mailto:bagdaulet_k@satbayev.universitychang.shenchang@yahoo.com
mailto:hafidz.y@umk.edu.my
mailto:carmohd@ukm.edu.my%20%20%20@ukm.edu.my
mailto:liushengfa@fio.org.cn
mailto:fazliani.s@umk.edu.my
mailto:nazirahawang98@gmail.com
mailto:azlanmn@fsmt.upsi.edu.my
http://www.data.gov.my/data/ms_MY/dataset/keluasan-malaysia
https://doi.org/10.1016/j.csr.2019.103977
https://doi.org/10.1016/j.gsf.2018.12.005

Complex Use of Mineral Resources. 2024; 331(4):42-50 ISSN-L 2616-6445, ISSN 2224-5243

[10] Yusof NN, Abd Azis MN, Yusoff NM. Exploring the Impact of Plasmonic Nanoparticles on Photoluminescence of Er®* - Doped
Sodium Zinc Tellurite Glass for Solid-State Laser Applications. Kompleksnoe Ispolzovanie Mineralnogo Syra. 2023; 330(3)85-91.
https://doi.org/10.31643/2024/6445.32

[11] Volodin V, Tuleushev Y, Kenzhaliyev B, Trebukhov S. Thermal degradation of hard alloys of the niobiumcadmium system at
low pressure. Kompleksnoe Ispolzovanie Mineralnogo Syra. 2020; 312(1):41-47. https://doi.org/10.31643/2020/6445.05

[12] Shaari HR, Azlan MN, Azlina Y, et al. Investigation of Structural and Optical Properties of Graphene Oxide-Coated
Neodymium Nanoparticles Doped Zinc-Tellurite Glass for Glass Fiber.) Inorg Organomet Polym. 2021; 31:4349-4359.
https://doi.org/10.1007/s10904-021-02061-7

[13] Azlan MN, Hajer SS, Halimah MK, et al. Comprehensive comparison on optical properties of samarium oxide (micro/nano)
particles doped tellurite glass for optoelectronics applications.) Mater Sci: Mater Electron. 2021; 32:14174-14185.
https://doi.org/10.1007/s10854-021-05961-z

[14] Shafiee NS, Bahar AM, Ali Khan MM. Potential of Rare Earth Elements (REEs) in Gua Musang Granites, Gua Musang,
Kelantan. 10P Conference Series: Earth and Environmental Science. 2020; 549:012027. https://doi.org/10.1088/1755-
1315/549/1/012027

[15] Shaari H, Nasir QM, Pan HJ, Mohamed C, Yusoff AH, Khalik WW, Anthony EJ. Sedimentation and sediment geochemistry in
a tropical mangrove channel meander, Sungai Kerteh, Peninsular Malaysia. Progress in Earth and Planetary Science. 2020; 7(46).
https://doi.org/10.1186/s40645-020-00362-y

[16] Yusoff AH, Mohamed CAR. Natural Radionuclide of 230Th in Malaysian Harbor Sediments. International Journal of
Advanced Science and Technology. 2019; 28(18):65-71.

[17] Wu K, Liu S, Shi X, Lou Z, Kandasamy S, Wu B, Mohamed CAR. Distribution of rare earth elements in surface sediments of
the western Sunda Shelf: Constraints from sedimentology and mineralogy. Continental Shelf Research. 2020; 206:104198.
https://doi.org/10.1016/j.csr.2020.104198

[18] Herron MM. Geochemical Classification of Terrigenous Sands and Shales from Core or Log Data. Journal of Sedimentary
Petrology. 1988; 58(5):820-829. https://doi.org/10.1306/212F8E77-2B24-11D7-8648000102C1865D

[19] Scibiorski E, Kirkland CL, Kemp AS, Tohver E, Evans NJ. Trace elements in titanite: A potential tool to constrain polygenetic
growth processes and timing. Chemical Geology. 2019; 509(8):1-19. https://doi.org/10.1016/j.chemgeo0.2019.01.006

[20] Flemming BW, Delafontaine MT. Encyclopedia of Estuaries. Encyclopedia of Earth Science Series in Kennish MJ (Ed.).
Springer:Dordrecht. Mass Physical Sediment Properties. 2016.



https://doi.org/10.31643/2024/6445.32
https://doi.org/10.31643/2020/6445.05
https://doi.org/10.1007/s10904-021-02061-7
https://doi.org/10.1007/s10854-021-05961-z
https://doi.org/10.1088/1755-1315/549/1/012027
https://doi.org/10.1088/1755-1315/549/1/012027
https://doi.org/10.1186/s40645-020-00362-y
https://doi.org/10.1016/j.csr.2020.104198
https://doi.org/10.1306/212F8E77-2B24-11D7-8648000102C1865D
https://doi.org/10.1016/j.chemgeo.2019.01.006

KomnneKkcHoe Mcnonb3oBaHne MuHepansHoro Coipbs. No4(331), 2024

ISSN-L 2616-6445, ISSN 2224-5243

[=
g2 Crossref

DOI: 10.31643/2024/6445.38
Earth sciences

@creative
commons

Analyzing geodetic leveling and subsidence of benchmarks: data and conclusions
for Zhezkazgan and GEV-Lermontovo villages

* Zhunussova G.E., *Igemberlina M.B., 2Abekov U.E.

1 Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan
2 Karaganda casting and engineering plant, Karaganda, Kazakhstan

*Corresponding author email: lena_gulya@mail.ru

Received: November 1, 2023
Peer-reviewed: November 20,
2023 Accepted: January 4, 2024

ABSTRACT

This article analyzes geodetic leveling data at sites in the villages of Zhezkazgan and GEV-
Lermontovo for the period from 2014 to 2020 using correlation matrices, statistical tests, and box
plots. Using the rock displacement data on benchmarks along selected profile lines, detailed
analyses were conducted in two groups (Group "A" with the data from 2018 to 2020 and Group
"B" with the in-depth study of subsidence levels since 2014). In group "A", correlation matrices
were analyzed and statistically significant relationships were determined between the levels of
subsidence of the benchmarks. Group "B" was aimed at studying changes in the level of subsidence
along the three profile lines for different periods. Using box plots, the distribution and variability
of subsidence levels were visualized, anomalies were identified and potential problem areas were
identified. The results indicate significant subsidence on profile line 115 caused by mining activities
in the area of the Lermontovo hydraulic fracturing site. These studies are valuable information for
geodesists and geologists and can be used to manage urban development, infrastructure stability,
and environmental protection in the region. The results obtained are of interest for further studies
and can serve as the basis for the development of appropriate strategies and remedial measures.
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Introduction
Monitoring, defined as the systematic

observation of dynamic environmental conditions
for control, analysis, and the prediction of changes,
plays a pivotal role in assessing alterations in the
natural world, often stemming from both natural
phenomena, such as lithospheric plate movements
and changes in weather conditions, and human
activities, including soil reclamation and river
channel modifications [1]. The progression of this
field can be traced back to the 1990s when the
widespread availability of Global Navigation Satellite
Systems (GNSS) and the proliferation of GPS
satellites enabled geodesists to meticulously track
the Earth's crust movements with millimeter-level
precision. This technological advancement shed light
on the influence of seasonal shifts on tectonic
movements and catalyzed investigations into
surface load dynamics [2]. Nevertheless, satellite
gravimetry exhibited certain limitations in the realm

of geodesy. These restrictions stemmed from its
temporal constraints, as despite the possibility of
continuous online monitoring, the frequency of
observations remained restricted to a few times a
year. The expansion of observations through this
method was further hindered by the intricate use of
offshore platforms that combined geodetic
positioning through GNSS and acoustic distance
measurements [3]. As a response to these
challenges, high-precision digital levels were
developed for geodetic monitoring. Although their
theoretical significance is well-established, their
practical utility necessitates additional research and
a thorough error analysis. Contemporary literature
predominantly centers on the implementation of
information technology in the analysis of data
obtained from digital leveling methods, GNSS, and
3D sensors [4]. However, there remains a notable
paucity in the discourse about the process of
scrutinizing the acquired data through robust
statistical metrics.
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To address this identified gap in the literature,
this study focuses on the analysis of instrumental
observations in the Zhezkazgan and GEV-
Lermontovsky districts since 1997. The data
procured was categorized, evaluated for
correlations, and trends, and juxtaposed against
established benchmarks. The analytical framework
is built upon the utilization of the R programming
language. The study aspires to uncover insights into
the connections between subsidence levels,
discernible trends, and deviations from standard
subsidence patterns across distinct lines. The
credibility of the findings is underpinned by rigorous
statistical modeling and the computation of p-
values.

Experimental

A program for monitoring the subsidence of the
earth's surface is being actively implemented at the
Zhezkazgan field. The main measurement method
used in this program is geodetic leveling used to
analyze changes in surface level by accounting for
differences in elevation.

Discussing the results

The measurement process is carried out along
the network of 148 profile lines with a total length
of 48 kilometers. The process of instrumental
measurements includes the leveling of ground
benchmarks located on profile lines No. 78, 79, 80,
and 81. Benchmarks are placed above the areas
where field development work has been carried out
and are oriented by the main streets of the central
and southern parts of the village. Instrumental
observations cover profile lines No. 33 Bis 166, 77,
78,76,79, 80, 81, and 169, the total length of which
is 4.39 kilometers. The integrated monitoring and
measurement approach provides the necessary data
to thoroughly assess the impact of resource
extraction on the land surface and utilities [5].

The geodetic points established on the earth's
surface and used for observations were usually
placed near profile lines to ensure collecting the
necessary data on the boundaries of the
displacement area and key parameters of the
process of deformation of the earth's surface. For
observations, working and auxiliary geodetic
benchmarks were used, including short-term driving
ones. Such benchmarks were made of bar or drill
steel and had a length of 1.5-2.0 meters and a
diameter of 15 to 20 millimeters. When laying

geodetic benchmarks in areas of the earth's surface
where there was a risk of mechanical damage, the
centers of the benchmarks were placed in special
burials or holes [[6], [7]].

Observations of benchmarks at the geodetic
station were carried out using a digital level. Such
steps as Leica DNAO3, lined invar slats, cast iron
shoes and included the following:

1. Implementing planned and altitude reference
reference points to the starting points and periodic
monitoring of their immobility during observations.

2. Carrying out initial observations to determine
the position of benchmarks at the observation
station in the horizontal and vertical planes.

3. Measuring distances between benchmarks
along profile lines.

4. Leveling all the
observation station.

5. Repeated observing the position of
benchmarks at the observation station to determine
the magnitude of their displacement.

6. Periodic surveys of cracks, failures and areas
of collapse of the earth’s surface [8].

Measurements in each period were performed
in 2 series of observations. The information received
was processed and the leveling of classes | and Il was
equalized by the requirements of the instructions
[9]. Corrections are calculated with an accuracy of 1
mm. Their values are written with their signs above
their corresponding excesses [10]. Collected over
many years, multi-faceted data from different lines
provides the completeness and reliability of the
information needed to assess the impact of
underground mining on the earth's surface and
engineering infrastructure.

To identify the main relationships between the
various geodetic profile lines, the lines were divided
into two subgroups based on the available
information. The first subgroup (“A”) included
profile lines with data from 2018 to 2020, while the
second group (“B”) focused on a more in-depth
study of subsidence levels since the 2014s.

With the analysis of data available in group “A”
for the period from 2018 to 2020, the priority task
was to evaluate the correlation matrices. Correlation
is a key concept in this statistical analysis that
examines the relationship between variables in the
context of their degree and direction [11]. The
Pearson correlation coefficient, typically ranging
from -1 to 1, indicates the strength and nature of the
relationship between variables. A positive value
means a positive correlation, indicating that as one
variable increases, the other also tends to increase.
Conversely, a negative value means a negative

benchmarks at the
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correlation, where increasing one variable
corresponds to decreasing another. A correlation of
0 implies that there is no linear relationship between
the variables [12]. This type of analysis was aimed at
quantifying the strength and direction of
connections between pairs of profile lines and was
justified by the temporal proximity of the selected
period, which made it possible to reduce the effect
of external factors on the data, making the analysis
more targeted and reliable [13].

In addition to identifying relationships, the key
objective of this analysis was also to determine
which pairs of profile lineages exhibited statistically
significant associations. For this purpose, the
generally accepted “p” value was used, which
represents the probability of observing a strong
correlation calculated under the condition that
there was no actual relationship between the
variables. When the p-value is below a
predetermined significance level, which in scientific
studies is set at 0.05, the correlation is considered
statistically significant, rejecting the null hypothesis
and proving that there is a 95% chance that the
trend found is not due to chance [[14], [15]]. To
apply this statistical test, the following hypotheses
were used:

e Null hypothesis (HO p<= 0.05): There is no
relationship between the levels of subsidence of
benchmarks from different lines.

e Alternative hypothesis (H1 p> 0.05): The
relationship between the levels of subsidence of
benchmarks from different lines is present and is not
an accident based on statistical calculations.

Studying internal correlations in group “A” is of
paramount importance, as it allows for identifying
connections between the data that could be
affected by common factors or events in a given
period, which is valuable for making informed
decisions and future forecasting [16].

Group “B” includes the data for three time
intervals: 2014-2015, 2015-2018 and 2020-2024
The intervals were selected with the expectation
that longer time periods could reveal broader and
cyclical trends in the data [17]. These findings will be
significant for long-term planning and identification
of non-obvious patterns that might be missed in
shorter intervals, such as in group “A”.

In addition to separate analysis by groups, a
general statistical assessment of all the profile lines
was also carried out. For each data line study, both
minimum and maximum values were determined
according to all available information. This synthesis
study, which is necessary to assess the spread of
data and identify extreme values, can help establish

control criteria and determine the limits of expected
values in the future [18].

To demonstrate visually the distribution and
variability of subsidence levels in each row, a box
plot diagram method will be used. Box plots provide
a condensed view of the distribution of data,
showing the quartile mean and possible anomalies
[19].

The overall line-by-line analysis process is
presented in Table 1. All the analysis processes were
carried out in the R programming language.

Table 1 — Research methodology

Characteristics Group A Group B
of profile lines
Profile lines | 76. 77. 78. 169. | 79. 80. 81
(Nos) 33.166. 64. 195.
115.60
Period 2018-2020 2014-2020
Analytical Correlation Identifying long-
method matrices and | term
statistic test for | regularities:
significance cross analysis

General analysis for all the profile lines, building box
plots

Group A. In this study, we used the “corrplot”
package in R to visualize the correlation matrix of the
processed data [20]. The correlation matrix was
calculated using rock displacement data on
benchmarks along selected profile lines, organized
using the order and eigenvalue method. The
resulting correlation matrix shown in Figure 13,
provides a graphical representation of the
relationships between variables: each cell in the
matrix corresponds to the correlation coefficient
between two variables, and the colors represent
their intensities. And circular shapes are used to
visually represent the strength and direction of
these associations. This visualization technique
allows quick and intuitive evaluating the
relationships between variables, helping to identify
potential patterns or relationships that may be of
interest for further investigation. To the left of the
cells is the color scale based on the Pearson
correlation coefficient.

To highlight statistically significant relationships
between variables, an additional correlation matrix
plot was created (Figure 1b). This plot displays only
statistically significant correlations based on the p
value level <=0.05, and non-significant associations
are represented by empty cells. Correlation
coefficients are presented as numeric values in the
upper triangle of the matrix, with black text and
rotated 90 degrees to improve readability.
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Figure 1 — Correlation matrices based on the analyzing
profile lines in the group A: general values (a) and
statistically significant correlations (b)

In total, of the 45 possible combinations, 28
showed any linear relationship between benchmark
subsidence levels between 2018 and 2020, of which
only five pairs showed statistically significant
correlations sufficient to accept the alternative
hypothesis. The presence of nonsignificant
correlations highlights the selectivity of these five
major pairs of variables in the context of our study.

Firstly, there was observed a moderate negative
correlation (r=-0.27) between profile lines No. 74
and No. 64, which indicatess the inverse
relationship. This correlation suggests that as the
values in line No. 74 increase, the values in line #64
tend to decrease.

The same inverse relationship is reflected in the
correlation between profile lines No. 79 and No. 169,
where a similar negative correlation was revealed (r
= -0.27). On the other hand, a strong positive

correlation (r=0.68) was evident in the case of profile
lines No.78 and No.166, confirming a strong linear
relationship. In this scenario, as the values in line No.
78 increase, the values in line #166 show a
corresponding increase. At the same time, the
connection between line No. 169 and line No. 166
was characterized by a significant negative
correlation (r=-0.56), which indicates a pronounced
inverse relationship. In this case, the increase in
values on line No. 169 is associated with a decrease
in values on line No. 166.

Group B. The data represent changes in the level
of subsidence of benchmarks along profile lines No.
79, 80, and 81 for three separate periods. To begin
with, each line will be considered separately, then a
comparative analysis will be carried out.

Overall, on line No. 79 (Figure 2), the data shows
a noticeable downward trend in altitude at most
control points over the three periods. The rate of
decline varies, with some indicators showing greater
changes than others. Data for the period 2014-
2015. show aninitial decrease in height. At the same
time, benchmark No. 13 demonstrates the most
significant subsidence at the level of -85 mm.
Likewise, most benchmarks continue their negative
trend during 2014-2018. At the same time,
benchmark No. 13 demonstrates a noticeable
decrease of -10.5 mm. During the period 2014-
2020, the pattern continues, however, it is
noteworthy that during this period there was a
sudden subsidence of -13.1 mm at benchmark No.
32. In general, the most significant changes occur in
the period 2014-2018, and in 2014-2020 this trend
continues.
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Figure 2 — Plot of benchmark subsidence on profile line
No. 79

On line No. 80 (Figure 3) the data shows short-term
fluctuations in benchmark levels. These fluctuations
suggest local variations in decline or rise that are not
part of a broader long-term trend.

Throughout the period from 2014 to 2020, the data
shows a stable pattern or a slight increase and a very
gradual stabilization. In the initial period (2014—2015),
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most indicators showed positive values, indicating a
general trend of slight growth or stabilization. However,
in the future, there was a noticeable variation on
benchmark No. 10, where from 2014 to 2018 there was
a significant decrease (-4.9 mm) in comparison with
indicators No. 20 and No. 23, which showed positive
levels of stabilization in the period from 2014 to 2020
Indicating the rise in the surrounding area. It is
noteworthy to emphasize that signs about benchmarks
Nos. 10, 22, and 24 exhibits more marked variations,
suggesting the necessity for additional investigation into
possible local issues. Conversely, such benchmarks as
those Nos. 20 and 9 show consistent, albeit gradual,
uplift, which may reflect regional geologic factors. In
addition, Benchmarks Nos. 1, 2, and 7 show consistent
patterns of uplift or slight subsidence over many years,
which can provide valuable information to surveyors.
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Figure 3 — Plots of benchmark subsidence on profile line
No. 80

Examination of the line No. 81 data set (Figure 4)
shows a consistent pattern of subsidence over three
periods. At the same time, a significant decrease in
height is recorded at control points. This subsidence
pattern can have far-reaching consequences for the
structural stability of buildings and infrastructure in the
area. Benchmark No. 6 stands out as the most
pronounced subsidence, decreasing by -6.8, -31.8, and -
38.6 units over the corresponding time intervals. The
other benchmarks also show a consistent decline in
height, although not as steep as Benchmark No. 6.
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Figure 4 - Plots of benchmark subsidence on the profile line
No. 81

In conclusion, the data set shows varied patterns
of elevation change along lines 79, 80, and 81. While
lines 79 and 81 consistently exhibit subsidence, line
80 exhibits variations in elevation with temporary
stabilizations, likely due to local geologic conditions.
These results highlight the need for in-depth
geodetic and geological studies to identify the root
causes of these changes and their potential
implications for urban development, infrastructure
stability, and environmental management in the
affected regions.

General analysis. A box plot, also known as a
box-and-whisker plot, is a graphical representation
used to display the distribution and summary
statistics of a numerical variable such as benchmark
settlements. It consists of a rectangular “box”
enclosing the interquartile range (IQR), which
represents the middle 50% of the data. Within the
box, a vertical line or "whisker" represents the
median, which is the average value when sorting the
data. The bottom and top edges of the box represent
the first quartile (Q1l) and third quartile (Q3),
respectively that divide the data into four equal
parts. The whiskers extend from the edges of the
rectangle to the minimum and maximum values
within a certain range, usually calculated as 1.5
times the IQR. Any data points outside this range are
usually shown as individual points and are
considered outliers. The boxplot provides a visual
summary of the data's central tendency (median)
scatter (IQR) and the presence of outliers. This is a
valuable tool for comparing the distribution of a
“linear” variable across different categories or
periods, revealing potential patterns, skewness, and
extreme values [21].

Among the identified results (Figure 5a, b), the
boxplot for line No. 151 between 2018 and 2020
showed the greatest variability, as evidenced by a
relatively wide interquartile range (IQR) with total
variation starting from a maximum subsidence level
of -50 mm. However, in comparison with other
benchmark levels, no anomalies were identified in
the case considered, while line No. 166 had the least
variability during the same period. However, on a
certain benchmark, an unusually low indicator was
observed that did not fit into the maximum rate of
change according to the average value along the
profile line. The largest number of such emissions,
indicating significant fluctuations in benchmarks
within this category, was traced for line No. 80. All
detected anomalies had a positive value. The
changes indicated that certain benchmarks should
be studied in more detail since they fall outside the
typical range. The boxplot for profile line No. 33
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Figure 5 — Box plot diagram for group A (a) and
box plot diagram for group B (b)

showed the lowest variability with a relatively
narrow IQR, suggesting that the rate of benchmark
settlement remained more consistent and clustered
around the median along the entire line.

In general, the geometric leveling paths laid at
this site correspond to accuracy classes | and Il. In
the analysis carried out, from the results of
instrumental observations carried out along the
profile lines of the village Zhezkazgan and GEV-
Lermontovo for the period from 2014 to 2020 there
was revealed the greatest subsidence of the
benchmarks along profile line No. 115, which ranges
up to 50 mm. This is due to the fact that most of the
territory of the village. The Lermontovo hydraulic
fracturing site has been worked out, and the
adjacent areas, in accordance with the deposit-by-
deposit mining plans, are undergoing both primary
and repeated development of reserves for different
deposits, and there are also zones of multiple
overlaps of mined-out areas.

Conclusion. As a result of the study based on the
analysis of geometric leveling data in the village
Zhezkazgan and GEV-Lermontovo for the period
from 2014 to 2020, important conclusions were
obtained significant for further geodetic, geological,
and engineering research.

Firstly, a noticeable subsidence of the
benchmarks was discovered in the areas under

consideration, especially on some profile lines. This
indicates the possible effect of underground geology
and mining on the structure of the land in these
areas. Such changes have significant implications for
the safety of residents and infrastructure, so
systematic monitoring and analysis is required to
effectively control and manage risks.

Secondly, correlation matrices made it possible
to identify both statistically significant and
insignificant relationships between subsidence
levels on different profile lines. These results
highlight the complexity of the relationships
between different variables and the need for a deep
understanding of the factors influencing land
surface changes.

Thirdly, box plots made it possible to visualize
the variability of data over different time periods
and along different profile lines. The identified
anomalies indicate the need for further in-depth
research to accurately determine the causes of such
deviations and develop measures to prevent
possible negative consequences.

Based on these findings, additional geological
and geodetic studies are recommended, considering
regional geological features and mining history. This
approach will help to accurately identify the factors
influencing benchmark settlement and plan
effective measures to address potential risks to the
structural stability and safety of site occupants. Only
such efforts will ensure sustainable development

and guarantee the long-term safety of
infrastructure.
Final results
1. The in-depth analysis of instrumental

observations along profile lines in the Zhezkazgan
and GEV-Lermontov areas since 1997 made it
possible to identify significant fluctuations in the
levels of benchmarks subsidence on various profile
lines within the period under review.

2. A significant part of the village area in the
Lermontovo hydraulic fracturing site is subject to
overworking, and there are also zones of multiple
overlaps of mined-out areas, which causes
significant fluctuations and anomalies in the levels of
benchmark subsidence, exceeding the maximum
rate of change.

3. Box plots constructed for Group A and Group
B showed varying levels of variability and shifts in
benchmarks depending on the profile lines,

p—— 56 p—
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indicating the need for additional research and
monitoring in these areas.

4. The analysis of benchmark subsidence using
digital levels and correlation matrices made it
possible to identify statistically significant patterns
and trends, which confirms the need for constant
monitoring and control of the state of the earth's
surface in these areas.

5. The development of observation programs at
stations and the analysis of error sources are the key
points to ensuring the accuracy and reliability of the

data when carrying out geodetic measurements and
leveling on the specified profile lines.

These findings highlight the need for a
systematic and comprehensive approach to
monitoring and analyzing benchmark subsidence,
especially under conditions of increased tectonic
activity and geological changes in the studied areas.
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Feope3unanbik HUBeNUPAEeY KIHe penepnepaiH WweryiH Tanaay: XesKasfaH KaHe
FBK-/lepMOHTOBO KeHTTepi 60iiblHLWIA MaliMeTTep MeH KOPbITbIHAbINAP

! yHycosa I'.E., ' Uremb6epnanna M.B., 2A6ekos Y.E.

136inKac CarbiHO8 ambiHAarbl KaparaHObl mexHUKansiK yHusepcumemi, KaparaHobl, Kazakcmax

2 KaparaHObl Kyto-MawuHa xacay 3aysimel, KaparaHobl, Kazakcmax

Makana kengi: 1 kapawa 2023
CapantamagaH eTti: 20 Kapawa 2023
Kabbingauabl: 4 Kahmap 2024

TYWIHAEME

Makanaga 2014-2020 »Kblnpgapfa apHanfaH KeskasfaH oHe [BK-/lepMOHTOBO KEHTTEpiHiH,
yyacKenepiHiH, reoMeTpuANbIK OpHanacybl Typajbl M3NIMETTep KOoppenauuanbik matpuuanap,
CTAaTUCTMKAbIK CbIHAKTap XaHe Kopan AuarpaMmacsl apKblibl TangaHfaH. TaHganfaH npodunbai
CbI3blKTap 6OMbIHLWA penepaepae Tay *KbliHbICTAPbIHbIH, XbIKYbI Typanbl AepeKTepai naaanaHa
OTbIPbIMN, ENKEN-TENKENNI Tangaynap eki Tonta Xxyprisingi («A» 10661 2018 xbingaH 2020 »binFa
JeWiHri aepeKkTep xaHe 2014 xblngaH 6actan wery AeHreli TepeH, 3epTrenreH «b» T106b1). «A»
TOBbIHAA KOPPEeNALMANbIK MaTpuLanap TaniaHAapl KaHe 3TanoHAbIK Wery AeHrernepi apacblHaa
CTATUCTUKaNbIK MaHbI3abl 6ainaHbicTap aHbikTangpl. «b» Tobbl apTypni KeseHaepaeri yw
npodunbaik cbi3blk 6oNbIHWA penepnepaiH, wery AeHreviHaeri e3srepicTepdi 3epTreyre
6afbiTTanfaH. Kopan guarpammanapbiH NafanaHa oTbipbin, Wery AeHreinepiHib, Tapanybl MeH
e3repmeniniri BU3yanapl TYPAE KOPCETiNAI, aybITKyNap KaHe bIkTUMan npobaemanbik aiMakTap
aHblKTanabl. HaTuese JlepMOHTOBO FMAPABAUKANbIK Kapy alMarblHAQ Tay-KeH KYMbICTapbliH
Kyprizy HaTuxKeciHae Ne 115 npodunb cbi3bifbl 6OMbIHILA aiTapAbIKTal wery 6aikanaapl. 3eptrey
[epeKTepi mapKlueiaepnep MeH reonortapfFa KyHAapl aknapaT bepepi aHe COHbIMeH KaTap
aliMaKTaFbl KanaHbl AambITy, WHOPAKYPbIIbIMHbIH, TYPaKTblIbIFbl MEH KOpLlUafaH OpTaHbl
KOpFfayapbl 6ackapy ywiH nainganaHblnybl MyMKiH. ANbIHFaH HITUMKeNep KeniHri 3epTreynep yiiH
KbI3bIFYLLUbIIbIK TyAblpaAbl XaHe Tepic cangapnapApl ot 6oMblHWa THICTI cTpaTernanap meH
Wwapanapabl a3ipaey ywiH Heri3 6o1a anagpl.

Tyiiin ce30ep: acnanTblk 6aKblnaynap, reofesvsanblk MOHUTOPWHI, reofes3uns, HWUBENUpney,
npodubaj Cbi3bIKTap
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AHanus reoae3nyecKoro HUBeIMPOBAHUA U OCeAaHUA PenepoB: AaHHbIe U
BbiBOAbI ANnA ¥e3KasraHckoro v MPl-J/lepmoHTOBO NOCENKOB

! yHycosa I'.E., ' Uremb6epnuna M.B., 2A6ekos Y.E.

1 KapazaHouHcKuli mexHuveckuli yHusepcumem umeHu Abbiakaca CaeuHosa, KapazaHda, KazaxcmaH
2 KapazaHAuHCKul numeliHo-mawuHocmpoumesnoHsili 30800, KapazaHda, KazaxcmaH

AHHOTAUMA
B faHHOM cTaTbe NpoBefieH aHaIn3 AaHHbIX FeOMETPUYECKOro HUBENMPOBaHMA Ha 06bEKTax B Moc.

eskasraH u [PM-SlepmoHTOBO 33 nepuog ¢ 2014 no 2020 rr. c MCNONb30BaHWEM
KOPPENALMOHHBIX MAaTPULL, CTaTUCTUHECKMX TECTOB M KOpobyaTbix Anarpamm. Mcnonb3ya AaHHble
0 CMelleHWM nopof Ha penepax Mo Bbl6PaHHbIM NPOPUABHBLIM NUHUAM, BbliM NpoBesAeHbI
AeTanbHble aHanu3bl B ABYX rpynnax (rpynna "A" ¢ aaHHbimu ¢ 2018 no 2020 roabl 1 rpynna "B" ¢
yraybneHHbIM U3yyeHmem ypoBHA oceganuii ¢ 2014 roaga). B rpynne "A" 6bin npoBegeH aHanus

Moctynuna: 1 Hoabps 2023 KOPPENALUMOHHBIX MaTpuL, U OnpeseneHne CTaTUCTUYECKU 3HAUMMbIX CBA3EW MEXKAY YPOBHAMM
Peuensuposanue: 20 Hoabpa 2023 ocepaHuit penepos. Mpynna "B" 6bina HanpaBneHa Ha U3yyeHWe U3MEHEHUI YPOBHA OCeaaHui
MpuHATa B NeYaTs: 4 AHeaps 2024 penepos BAOAb TPex NPOGWUAbHLIX AWHUIA 3a pasanyHblie nepuogpl. C MCnonb3osaHMEM

KopobuaTbix AuarpamMmm 6bl10 BM3Yanu3MpPOBaHO pacnpefeneHne U U3MEHYUBOCTb YPOBHSA
0CEflaHWii, BbIABNEHbI AHOMANUW W YCTAHOB/EHbl MOTEHUMANbHbIE MPO6GAEMHbIE YYaCTKU.
Pe3ynbTaTbl yKa3biBaOT Ha 3HAUUTE/bHbIE OCEAAHUA, HA NPOPUABbHOMN AMHUM Ne115, Bbi3BaHHbIe
ropHoiMv pabotamu B paitoHe [PM-SlepmoHTOBO. [aHHble W3y4YeHUA SBNAIOTCA LEHHOW
UHpopmaLmelt ANA CNeLmnasmcToB-reofesncToB 1 reosioros, a TakKe MoryT 6biTb MCNONb30BaHbI
ONA  YyNpaBieHUA TOPOACKMM pasBUTMEM, CTabUIbHOCTBIO WMHOPACTPYKTYPbl M OXpaHoM
OKpY)KatoLLelt cpeabl B JAHHOM pervoHe. MonyyeHHble pesyibTaTbl NPeACTaBAAOT UHTEPeC ANA
npoeeAeHVA AaNnbHEWLWMX WCCNeAO0BaHMI U MOTYT MOCAYKUTb OCHOBOM ANa pas3paboTku
COOTBETCTBYIOLLMX CTPATEIMIA U MEP MO YCTPAHEHWIO HEraTUBHbIX NOCNEACTBUN.

Knrouesvie cnoea: WUHCTPYMEHTa/IbHble Haﬁ}'llOﬂ,eHMﬂ, FEO,CI,GSVIHGCKMI‘;I MOHUTOPUHT, reogesua,
HUBeNnpoBaHue, I'IpOd)M}'Ibele JINHUN
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ABSTRACT

The article shows the possibility of involving man-made formations in the pyrometallurgical
production of copper in the form of slag and clinker-zinc production for the purpose of
comprehensive extraction of non-ferrous and precious metals from them at Almalyk MMC
JSC. Clinker, a technogenic waste from zinc production, contains a significant amount of reducing
elements in the form of metallic iron and carbon, as well as gold in the amount of 2.3 g/t and silver
250 g/t. In research, clinker works as a reducer of magnetite contained in the converter slag during
its depletion and in the process of depletion (reduction) of the converter slag, noble metals are
extracted into matte, and then into blister copper up to 95-98%. Converter slags from copper
production of Almalyk MMC JSC contain 2.0-3.5% copper, and they, as a circulating product, are
depleted in a reverberatory furnace with copper extraction of 75%. To increase the yield of copper
from converter slag in Vanyukov furnaces, it is necessary to first deplete the converter slag in
reduction processes and then transfer it for processing. It was found that using clinker, a
technogenic waste from zinc production with a particle size of +5 - -10 mm, the recovery of
converter slag in a converter from magnetite to wustite using the developed technology in 10-15
minutes exceeded more than 50.0% (the amount of magnetite decreased from 21.9 % to 9.8%).
As a result of processing recovered converter slags in the Vanyukov furnace, it was possible to
reduce the copper content in converter slags of copper production from 2.2-3.5% to 0.58-0.72%
in waste slag. To increase the yield of copper from converter slag in the reverberatory and
Vanyukov furnaces, it is necessary to first deplete the converter slag in reduction processes and
then transfer it for processing.
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Introduction

As is known, when choosing a method for
processing copper sulfide concentrate, autogenous
furnaces began to be chosen. The advantage of
autogenous smelting processes is that it obtains
sufficient heat for melting and physical and chemical
processes, slag and matte formation in the furnace,
due to the oxidation of metal sulfides, it is possible
to work without the consumption of external fuel, all
the necessary heat for metallurgical smelting is
provided exclusively through exothermic reactions
in such processes as: “Outokumpu”, “JMCO”,
“Ausmelt”, “Isasmelt”, CFP, smelting in Vanyukov
furnaces, and others. Analyzing various

pyrometallurgical methods for processing sulfide
copper-nickel concentrates at enterprises in many
foreign countries, today the most promising
technology for their processing is smelting in a two-
zone Vanyukov furnace to produce copper-rich
matte . At the same time, these furnaces still have
additional advantages such as high productivity and
the production of process gases rich in SO 3 content fOr
the production of sulfuric acid [[1], [2]].

At Almalyk MMC JSC in 2016. The Vanyukov
autogenous furnace was built and put into
production; a second larger furnace and a flash
smelting furnace are being designed.

It should be noted that in the world's ore
deposits, reserves of high-quality copper and iron
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ores are significantly reduced, as well as the
emerging danger to the environment during their
processing, associated with the removal of a huge
amount of metallurgical technogenic waste, in the
form of slag and tailings of the processing plant. An
analysis of the forecast for raw materials in the
mining and metallurgical industry shows that the
raw material reserves of quarries and stockpiled
ores do not meet the needs of the processing plant
as early as 2020; a dilemma arises: either reduce
production or attract resources with reduced
consumer characteristics. In this regard, the
possibility opens up for their effective use as
secondary sources of iron, copper and noble metals.
In the slags of the copper industry, the elemental
proportion of iron was about 35.4%, and from the
literature it is known that an iron content of at least
25% is economically feasible [[3], [4], [5], [6], [7]].

The dumps of the Almalyk MMC JSC plant have
accumulated more than 1 billion 500 million tons of
technogenic waste from the processing plant, 8.5
million tons of dump slag, and they contain more
than 1.4 million tons of copper. In zinc production,
clinker is a technogenic waste from Waeltzing zinc
cakes; today more than 450 thousand tons of it have
accumulated in dumps; it contains gold in the
amount of 2.7-3.5 g/t and silver 160-250 g/t [[8], [9],
[10]].

However, converter slags containing copper
obtained by converting copper matte in the
Vanyukov furnace itself are not processed; the
technology does not allow it due to the oxidizing
atmosphere in the reaction zone of the furnace; they
are shipped to the enrichment plant, to the head of
the enrichment process, and together with the ore
undergo re-enrichment (crushing, grinding,
flotation) to obtain copper sulfide concentrate. Of
the total volume of converter slag produced during
copper production at Almalyk MMC JSC, 30% is
processed in reverberatory furnaces, and 70% is
transferred to the plant’s processing plant.

In order to reduce (dissolved, mechanical) losses
of metals, in the production of copper by
pyrometallurgical means in autogenous and classical
furnaces , they adhere to the main task - the need
for the copper content in the slag to be minimal,
however, in the slag the high concentration of iron
oxides, especially in the form of magnetite, on the
contrary, sharply increases his. This occurs due to
the fact that, being in excess, magnetite is able to
separate from the dissolved state into the solid state
and form an additional heterogeneous phase. In
turn, the solid phase of magnetite during melting in

a reverberatory furnace forms a magnetite deposit
in the bottom part (bottom) of the furnace, and
when melting in the Vanyukova furnace, it bubbles
(circulates) in the volume of the furnace in the form
of a suspension-dirt, disrupting the production
technology [[11], [12], [13], [14]].

Scientific research is being conducted around
the world to reduce the excess magnetite content in
iron silicate slags of copper production, its reduction
to wustite in processes during pyrometallurgical
copper production, using carbon (coke), natural gas
or man-made waste containing reducing elements.

It has been substantiated that the recovered
converter slag to a residual magnetite content of 18-
28% to 8-10% can be loaded in liquid and solid form
into melting furnaces without a negative impact on
the smelting process and without fear of magnetite
release into the solid phase [[15], [16]].

The concentration of magnetite-oxide of ferric
iron in slag can be quite high and range from 5% to
24%. An increased content of magnetite during the
smelting process can lead to disruption of the
smelting technology, which in turn leads to an
increase in copper losses with waste slag. In the
pyrometallurgical production of copper, one of the
important points when melting sulfide copper
concentrates in smelting furnaces is the reduced
content of magnetite in the waste slag. For example,
in a reverberatory furnace, magnetite in an amount
of 2-9% can be supplied with the concentrate [[17],
(18], [19], [20]].

Magnetite content of 2-9% may be present in
concentrates as shown in Fig. 1 - Fig. 4 thin sections
of ore from the Kalmakir mine of the Almalyk MMC
made at the State Enterprise IMR.

The reduction of iron oxide from the ferric state
is possible when it is reduced to ferrous oxide. The
converter slag magnetite reducer can be not only
coke, natural gas, metallic iron, but also technogenic
raw materials that contain these elements. Such
technogenic raw materials, which contain carbon
and iron, can be clinker, as well as noble metals Au
and Ag.

Selection and justification of research objects.
The main objects of research were industrial

converter slags of Almalyk MMC JSC, the
chemical composition of which is given in Table 1.
Both stale, accumulated and freshly formed
converter slags were subjected to chemical analysis.

To conduct laboratory studies and clarify the
main reactions occurring during the reduction
process during conversion, the clinker composition
was used, which is given in table. 2.
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Fig. 1 - Fragments of samples containing 1-chalcopyrite, 2-magnetite (magnification x200)

Fig.3 - Fragments of samples containing 1-chalcopyrite, 2-pyrite, 3-magnetite (magnification x200)
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Fig.4 - Fragments of samples containing 1-hematite, 2-magnetite, 3-chalcopyrite (magnification x100)

Table 1 - Chemical composition of Almalyk MMC converter slags

Content, wt. %
No.
slag .
Cu Zn Pb Fe Fes04 SiO2 Cao Al203 S
1 2.94 1.95 1.3 47.0 20.7 22.5 1.95 3.20 1.0
2 3.57 1.75 1.1 46.9 21.1 19.1 1.57 3.11 0.90
Table 2 - Chemical composition of clinker from the zinc plant of Aimalyk MMC
Clinker content , wt. %
No.
samples Cu Pb Zu Si02 S C Fe Au Ag
1 2.72 1.32 2.05 19.00 - 25.20 22.00 2.35g/t 185 g/t

The process of recovering magnetite from
converter slag composition: Cu-2.94; Zn-1.95; Pb-
1.3; Fe-47.0;Fe304-20.7;Si02-22.5;Ca0-1.95;AI1203-
3.20;S-1.0 clinker occurs in solid and liquid phases,
since the process takes place at a temperature of
1250 °C, and the melting point of iron is 1539 °C,
carbon 3527 °C.

With such a content of magnetite in the
converter slag, it becomes possible to mix it with
concentrate and load it even into the Vanyukov
autogenous furnace. In order to deplete converter
slag as a recyclable product, tests were carried out
on its preliminary recovery in the Vanyukov furnace.
As a reducing agent for magnetite - ferric iron of the

iron silicate melt of copper production, clinker was
used - a technogenic solid residue from the Waeltz
process of zinc cakes from zinc production,
containing more than 50% of reducing elements in
the form of metallic iron and carbon.

Discussion of the research results

It was settled (fig.5) that using clinker size +5 -
-10 mm when reducing converter slag in a converter
from magnetite to wustite using technology (Fig. 6),
more than 50.0% was restored in 10-15 minutes (the
amount of magnetite decreased from 21.9% to
9.8%).
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Table 3 - Operation of the Vanyukov furnace in normal mode when smelting copper sulfide concentrate without the

addition of converter slag concentrate as part of the charge.

Date N:Ir;'\gehc:)flzaterial Cu $i0, Fe Cao
01.12.2022 0.64 28.84 50.11 2.80
02.12. 2022 0.73 26.40 49.27 2.63
03.12.2022 0.65 28.52 51.63 291
04.12.2022 0.54 29.92 51.08 2.80
05.12.2022 0.62 29.16 50.11 2.86
06.12.2022 0.56 32.52 46.64 2.57
07.12.2022 0.63 29.74 48.44 3.64
08.12.2022 0.60 28.86 52.60 2.46
09.12.2022 0.55 31.00 48.58 2.69

Table 4 - Copper content in the dump slag of the PZHV, for 10 days from 10 — 19 December 2022 when processing

recovered converter slag.

Date N:I;ngehooflzaterial cu 5i0, Fe Cao
12/10/2022 0.65 34.20 51.83 2.58
11.12. 2022 0.58 29.08 49.86 2.74
12/12/2022 0.59 27.56 50.27 2.35
12/13/2022 0.65 29.30 52.66 2.35
12/14/2022 0.69 30.24 52.35 2.69
12/15/2022 0.59 29.80 51.86 2.40
12/16/2022 0.61 29.40 50.58 2.24
12/17/2022 0.59 29.20 51.97 2.80
12/18/2022 0.68 29.12 52.05 2.40
12/19/2022 0.72 29.70 51.72 2.55

The amount of copper sulfide (semi-sulfide
copper) has significantly decreased from its initial
content from 3.6% to 1.96

In December 2022 The second stage of industrial
testing of the processing of recovered converter slag
from copper production in the liquid bath furnace
(LBA) - the Vanyukov furnace - was continued in the
conditions of Almalyk MMC JSC. Table 3 shows the
operation of the Vanyukov furnace in normal mode
from 12/01/2022 to 12/09/2022, with copper
content (standard for PV) in the matte: 45 - 50%.

Heat compensation from loading cold solid
converter slags (metal oxides) from the dump occurs
by loading clinker due to the exothermic reaction of
oxidation of carbon and iron present in the clinker —
a technogenic waste from the Almalyk MMC JSC ACP
plant.

In table 4 shows the copper content in the waste
slag during the processing of recovered converter
slag.

The data in Tables 4 show that the copper
content in the dump slag when operating in the
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PZhV mode for 10 days from 12/10/2022 to
12/19/2022 with the loading of recovered converter
slag is 0.58% - 0.72%. They do not exceed the data
on the copper content in the waste slag of the PZhV
furnace (Vanyukov furnace) without loading
converter slag.

Conclusions

It was established and recommended that the
use of clinker - technogenic waste from zinc
production with a particle size of +5 - -10 mm when
restoring converter slag in a converter from
magnetite to wustite using the developed
technology in 10-15 minutes decreased from 21.9%
to 9.8%, with this contents can be loaded into the
Vanyukov oven.

In the process of smelting sulfide copper
concentrate and solid recovered converter slag from
copper production in the Vanyukov furnace, no
changes in technology indicators were observed.

The lack of heat during the smelting process in
the Vanyukov furnace when loading reduced

converter slag in a cold state is compensated by
additional clinker blending of technogenic waste raw
materials from the zinc plant AGMK, which is a
coolant (an exothermic oxidation reaction of
metallic iron and clinker carbon), as well as
additional raw materials of noble metals.

A two-stage technology for processing
technogenic raw materials in the form of converter
slag has been developed in copper production, in the
first stage by restoring it in a converter, and in the
second stage, after its recovery, it is mixed when
melting sulfide copper concentrates in a single-zone
Vanyukov furnace. Clinker-zinc production is used as
a reducing agent; the iron and carbon contained in it
reduce the excess part of magnetite, and 95% of
noble metals are extracted from it. As a result, it was
possible to deplete the converter slags of copper
production in copper from 2.2-3.5% to a waste level
of 0.58 - 0.72%, which is the goal of this technology.
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«Anmanbik, TMK» AK nupomeTtannypruanbik MbiC @HAipici Ke3iHae BaHIOKOB
newiHAaeri KOHBEPTOP/bIK WAAKTAPAbI KaNAbIKTapFa WbiFapy.

Yakubov M.M., Yoqubov M.M., 2Kholikulov D.B., 2Maksudhodjaeva M.S.

L«Anmansik KanacbiHdarel MISIS ¥ammoiK 3epmmey mexHoA02UAAbIK yHUsepcumemi» Aamansik gunuansl, ©36ekcmaH
2TawkeHm MemMaekemmixk MmexHUKasbIK yHusepcumemiHiy Aamanelk ¢unuasnsl, 636ekcmax

TYWIHAEME

Makana kengi: 6 Kapawa 2023
CapanTtamagaH eTTi: 4 wenamokcaH 2023
Kabbinganapl: 4 kaHmap 2024

Makanaga «Anmanbik TMK» AK-pa TexHoreHgik Tysinimaepai onapfaH TYCTi »KaHe acbin
MeTangapapl KeweHAi TypAe any MaKcaTblHAA LWAAK KOHE KAMHKEepP-MbIpbIW TypiHAEr MbiC
NUPOMETANNYPIUANBIK BHAIPICIHE TaPTYy MYMKIHAIr KepceTinreH. MblpblLl 6HAiPICIHIH TEXHOreHAK
KanablkTapbl 60/bIN TabblnaTbiH KAMHKEP KYPaMblHAA METaNAblK TeMIP KaHe KemipTeK TypiHaeri
TOTbIKCbI3AAHABIPFLIL 3EMEHTTEPAiH, alTap/bIKTal Mesiepi, COHbIMeH KaTtap 2,3 r/T anTbiH
»aHe 250 r/T Kymic 6ap. fbiibiMM 3epTTeynepae KAMHKEP KOHBEPTEP KOMbiHAa 60s1aTbiH
MarHeTUTTIH, YKyTaHAaHybl Ke3iHAe »oHe KOHBepTep KOXbIHbIH, yTaHAaybl (peayKumacbl)
npoueciHAe TOTbIKCbI3AAHAbIPFbIW PETIHAE XKYMbIC iCTeIA), acbln MeTanaap WTenHre, CoaaH KewiH
95-98% paeiiH TazanaHb6araH mMbic anbiHagpl. "Anmanbik TMK" AK mbic eHAipiciHiH, TypaeHAaipriw
KOXAapbliHaa 2,0-3,5% mbic 6ap KoHe onap akHaAbiM eHimi peTiHae 75% MbIC anbiHATbIH
LIAFbINLICTBIPFLIW NewTe )yTaHaanagsl. Analiga, BaHIOKOBTbIH, aBTOreHAiK newTepiH eHrisymeH
(onapaa KoHBepTep KOXKAAPbl OHAENMEN) MbIC BHAIPY YLLiH KOHBEpPTep KoXAapblHbIH, 6ip 6eniri,
KOMBUWHATTbIH, TEXHOTEHAIK LWIMKI3aTbiHA aiiHana OTbIPbIN, KEH LUMKI3aTbiH BaibITy npoueciHae,
KOHBEPTEP KOMbIHAH Ta3asaHbafaH MbICKQ TOMEH eTneni 3KCTpakumackl 6ap cynbduaTi mbic
KOHLLEHTPATbIH any ywiH 6alibiTy pabpukacbiHa KalTapbinagpl. LLafbinbiCTbIpFbill KaHe BaHOKOB
newTepiHAaeri KOHBEPTOP/bIK LAAKTapAaH MbIC WbIFbIMbIH apTTbIPY YLUiH anabiMeH KoHBepTep
KOYbIH TOTbIKCbI3AaHAbIPY NpoLecTepiHae XyTaHaaTbin, coAaH KeiiH enaeyre bepy Kepek.

KOHUEHTpaT.

TyiiiH ce30ep: MbIC, LWNAK, KOHBEPTEP/IK KO, KYyTaHAaTy, marHetut, 6enin any, KAuHKep,
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OcB060KAEHME KOHBEPTEPHbIX LLIAKOB B 0TX0Abl B Neuyn BaHioKoBa npwm
nMpomeTanaypruieckom npoussoacrse meaum Ha AO «AnmanbiKcku FMK»

Yakubov M.M., 'Yoqubov M.M., 2Kholikulov D.B., 2Maksudhodjaeva M.S.

L«HayuoHanbHbIli uccnedosamensckuli mexHonozuveckuli yHusepcumem MUCUC 8 Anmaribike» AnmanslKckul ¢uauars, Y3bekucman
2AnmansiKckuli hunuan TaWKeHMCKo20 20CydapcmeeHH020 MeXHUYECKo20 yHusepcumema, Y36ekucmas

AHHOTALMUA

B cTaTbe nOKasaHa BO3MOMHOCTb  BOB/IEYEHMA  TEXHOTEHHbIX  06pasoBaHut B
nMpomMeTannyprmyeckoe npousBOACTBO MeAW B BMUAE LWAAKOB M KJAWHKEPHO-LMHKOBOro
NPOV3BOACTBA C Lie/Iblo KOMMIEKCHOTO U3B/IEYEHUA U3 HUX LIBETHbIX M 61aropoAHbIX MeTannoB Ha
AO «AnmanbiKcknii TMK». KNMHKep — TEXHOrEHHbIN OTXO4 NPOW3BOACTBA LMHKA — COAEPHKUT
3HauMTeNIbHOEe KOANYEeCTBO BOCCTaHAB/IMBAIOLWMX 3/1EMEHTOB B BMAE META/NZIMYECKOro xenesa 1
yrnepoaa, a Tak:e 3010T0 B Konuuyectse 2,3 /T u cepebpo 250 r/T. B nccneaoBaHuax KAMHKep

Moctynuna: 6 Hoabpsa 2023 paboTaeT KaK BOCCTAaHOBWUTE/Ib MarHeETUTa, COAEPIKAaLLeroca B KOHBEPTEPHOM LWAAKe, MPU ero
PeueHsupoBaHue: 4 Oekabps 2023 obegHeHun u B npouecce obeAHEHWA (BOCCTAaHOBNAEHMA) KOHBEPTEPHOrO LWiaka W3B/leveHue
MpuHATa B Nneyatb: 4 AHeaps 2024 61aropoAHbIX METANNOB B LUTEMH, @ 3aTem B YepHOBYIO Meapb 0 95-98 %. . KoHBepTepHbIe Wnaku

megHoro npounssoacTsa AO «Anmanbikckuii TMK» cogepikat 2,0-3,5% meau 1 ux, Kak 060poTHbIN
NPOAYKT, 06e4HAIOT B OTpaKaTeibHOM neyun ¢ ussiedeHnem meam 75%. OgHaKo € BHeApPEHMEM
aBTOreHHbIX neuyelt BaHOKoBa (B HWMX He nepepabaTbiBalOTCA KOHBEPTEPHble LWAaKW) Ans
Npov3BOACTBa MEAM 4YaCTb KOHBEPTEPHbIX LWNAKOB, NPEBPALLlafcb B TEXHOrEHHOE Cbipbe
KombWHaTa, BO3BpaljaeTcs Ha oboraTuTesbHyto Gabpuky B npouecce oboraweHus pyaHOro
Cblpbsi, ANA NOAYYEHUA CYNbOUAHOTO MEAHOrO KOHLEHTPATa C HU3KMM CKBO3HbIM M3BJIeYeHneM
M3 KOHBEPTEPHOTO LWNAaKa B YePHOBYIO Mefpb. [Ina yBennyYeHus BbIXO4a MeAU U3 KOHBEPTEPHOTO
lWNaKka B OTpaskaTeNbHbIX MNeyax W nevax BaHiOKoBa HeobXoaMmo CcHavana o06efHATb
KOHBEPTEPHbIN LWAK B BOCCTAaHOBUTE/IbHBIX MPOLLECCaX, a 3aTemM NnepeaasaTb ero Ha nepepaboTky.

Knioyeeble cnoea: mefnb, WNaK, KOHBEPTEPHbIN LWAAK, obegHeHUE, MarHeTuT, W3B/eyeHue,
K/IMHKEp, KOHLEHTpaT.
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ABSTRACT

One of the main directions for assessing the prospects of oil production is the study of ails. In this
regard, modern geochemical studies are widely used in forecasting the oil and gas potential of the
subsurface, occupying an important role in the question of the origin and source of hydrocarbons.
The study is aimed at a comprehensive analysis of the geochemical characteristics of the South
Torgai sedimentary basin in order to identify and assess the prospects for oil and gas potential.
Comparing the composition of oils from different deposits makes it possible to determine the oil
source strata, zones of oil formation and oil accumulation. The compounds in oils that are most or
least susceptible to changes under the influence of factors such as water leaching, biodegradation
and thermal transformation are subject to comparison. The relative content of individual classes
of compounds in the oils of the Aryskum trough, the geological characteristics of oil samples and
the distribution of normal alkanes are presented. In this work, a comparative analysis of previously
conducted geochemical studies was carried out to determine the composition and genesis of oils
in the Aryskum trough. Biomarkers in oils, which make it possible to restore the genetic properties
of oils and determine the conditions of sedimentation of oil-generating organic substances,
indicate the presence of suboxidation conditions, redox potential and predominantly oxidative
environment in the process of sedimentation of organic substances. The results obtained are
important for understanding the processes of oil formation and generation, as well as for further
forecasting the oil content of the South Torgai sedimentary basin.

Keywords: oil and gas content, organic matter, oil, biomarker analysis, graben-syncline, gorst-
syncline.
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Introduction

One of the main directions for assessing the
prospects of oil production is the study of oils.
Modern geochemical studies are widely used in
predicting the oil and gas potential of the
subsurface, occupying an important role in the
question of the origin and source of hydrocarbons.
Comparing the composition of oils from different

deposits makes it possible to determine the oil
source strata, zones of oil formation and oil
accumulation. The compounds in oils that are most
or least susceptible to changes under the influence
of factors such as water leaching, biodegradation
and thermal transformation are subject to
comparison.

Geochemical research methods, which are
based on the analysis of the chemical composition
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and properties of oil and gas, as well as related rocks,
play an important role in the study of the origin of
oil. It is important to note that the effectiveness of
geochemical methods can be significantly increased
with their combined use. This allows to get a more
complete and accurate solution to the task.

The data on the composition of hydrocarbon
biomarkers represented in oils by such compounds
(n-alkanes, isoprenoids), arenes
(naphthalenes, phenanthrenes, etc.) and polycyclic
naphthenes (heylantanes, steranes, gopanes) allow
us to judge the source of oils, the conditions of
accumulation and transformation of the initial
organic matter [1]. These biomarkers can provide
valuable information about the origin of oil,
including the types of organisms that were present
during its formation and environmental conditions.
They may also indicate specific geological processes
that led to the formation of oil. All these data are
important for understanding the processes of oil
formation and can help in identifying potential oil
deposits.

as alkanes

Thus, Botwe Takyi and others in their work,
referring to the studies of the authors Alberdi M. [2]
and Avbovbo A. [3], subjected saturated substances
to gas chromatographic mass spectrometric analysis
(GC MS) for the presence of steranes, isoprenoids
and n-alkanes, as well as chromatograms of the
biomarkers triterpanes and gopanes. The
composition of the biomarkers of the studied oils
indicates low-oxygen and lowering environmental
studied samples, which
corresponds to the marine delta deposition
environment. The study [4] shows that oils are
associated with a mixture of terrestrial and marine

conditions for the

organic substances with a relatively high content of
terrestrial and a lower content of seaweed [4]. In the
work of Rabiatu Abubakar et al. [5], gas
chromatographic mass spectrometric (GC-MS) and
gas chromatographic (GC) analyses were used to
characterize biomarkers obtained from organic
matter (oil and rock extracts) to determine the
source of organic matter, deposition medium and
maturity. 16 oil samples and 98 rock samples from 7
wells were examined. The study [5] showed that the
distribution of these biomarkers suggests that the
Cretaceous period oils were obtained from a mixed
source of kerogen (marine and terrestrial) deposited
conditions  of

in anoxic or suboxygenic

paleodeposition. The ratios of CPI, Ts/Tm and C29
BB/(BB + aa) steranes, based on the ratios of C29
20S/(20S + 20R) steranes, indicate that the studied
samples have a relatively low or medium maturity
level [5]. In this regard, it is important to note the
importance of a set of studies, which suggests that a
more detailed understanding of the origin of oil can
be obtained using the results of biomarker analysis
of oil from all fields in combination with other
methods such as carbon isotope analysis or oil
fingerprinting.

Experimental part

According to the «Map of prospects for oil and
gas potential of Kazakhstan», the South Torgai
sedimentary basin belongs to the Eastern oil and gas
geological region (Figure 1) and is part of the Turan
epigercine plate [6].

The basin is the youngest sedimentary basin in
Kazakhstan, it consists of three blocks: the
Zhilanshik, Aryskum troughs and the Mynbulak
saddle between them (Figure 2). Sandy-argillaceous
Mesozoic deposits are one of the main oil and gas
bearing complexes in the section, within which the
Lower Cretaceous (Aryskum horizon), middle-upper
Jurassic and Lower Jurassic complexes are
distinguished, in addition to of which the Upper
Paleozoic promising oil and gas complex has also
been identified [7].

The prospects of pre-Mesozoic formations are
based on the presence of manifestations of
hydrocarbons from weathered basement rocks up to
industrial oil inflows (Kyzylkiya, Karavanchi, Kenlyk).

To date, 52 oil and gas fields and structures have
been discovered in the South Torgai basin in total
(Figure 2), the depletion of the initial recoverable
reserves of some of them is quite high, for example,
the depletion of the Kumkol field is 83% [8]. Due to
the decrease in the residual recoverable oil reserves
of almost all fields, the determination of the origin
of oil and the forecast of the direction of
hydrocarbon migration are an urgent topic for
justifying deep drilling to the Paleozoic.

Despite the fact that significant studies have
been conducted in the South Torgai basin using
various methods and exploration work continues
[[8], [9], [10], [11]], there is no single agreed opinion
on the origin of oil.
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Figure 1 - The scheme of the position of sedimentary basins of Kazakhstan [6]
| — Caspian; Il — Ustyurt-Bozashy; Il — Mangystau; IV — Aral; V — Syrdarya; VI
VIl — North Kazakhstan; IX — Teniz; X — Shu-Sarysu; XI

—South Torgai; VIl — North Torgai;
XV —Zaysan; XVI —

West-Ili; XII — East-lli; XIll — Balkhash; XIV — Alakol;
Irtysh; XVII — Karaganda; XVIIl — Tekesko-Karkarinsky
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Figure 2 - Placement of oil and gas fields in the South Torgai oil and gas region [9]
Graben-synclines: | — Aryskum, lll — Akshabulak, V — Sarylan, VII — Bozingen. Gorst-anticlines: Il — Aksai,

IV — Aschisai, VI — Tabakbulak. Deposits: 1 — Maybulak, 2 — Aryskum, 3 — Doschan, 4 — South Doschan, 5 — Southeast
Doschan, 6 — North Konys, 7 — Konys, 8 — South Konys, 9 — Bektas, 10 — North Ketekazgan, 11 — Zhylankyr, 12 — South
Rovnoye,13 — Bukharsai, 14 — South Karabulak, 15 — Karabulak, 16 — Eszhan, 17 — northwest Kyzylkiya, 18 — Kalzhan,

19 - Kenlyk, 20 — Kyzylkiya, 21 — Aktau, 22 — North Khairkeldy, 23 — Karavanshi, 24 — North Nuraly, 25 — Akshabulak

North, 26 — Khairkeld, 27 — Nuraly, 28 — South Khairkeld, 29 — Taur, 30 — Aksai, 31 — East Akshabulak, 32 — Central
Akshabulak,33 — Akshabulak, 34 — South Aksai, 35 — West Tuzkol, 36 — Zhanbyrshy, 37 — Tuzkol, 38 — Kumkol, 39 — East
Kumbkol, 40 — South Kumkol, 41 — Karakol, 42 — Tabakbulak, 43 — Maikyz, 44 — Sorkol, 45 — Kainar, 46 — Aschisai,
47 — Sarybulak, 48 — South Sarybulak, 49 — Blinovskoye, 50 — Arysskoye, 51 — North Priozernoye, 52 — South Arysskoye
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The separation and identification of the alkane
composition carried out by gas-liquid
chromatography on gas-liquid chromatographs
«Chromatograph» (Model 3700) and Perkin-Elmer
Sigma 2B using a flame ionization detector, helium
was used as the carrier gas.In order to determine the
genetic relationship between the
characteristics of their oil source rock, Seithaziev E.
Sh. et al. [12] conducted a biomarker analysis on 39
oil samples on an Agilent 7890B chromatography-
mass spectrometer in SIM mode.

The geochemical studies of oils carried out by
different authors [[13], [14]] were carried out with
an insufficient number of samples and less reliable
methods. In this regard, it is important to combine
and compare existing previously conducted studies
and the results of their analyses. This will allow you
to see the big picture, identify possible patterns and
trends, and identify possible gaps in data or
methodology. This approach can lead to a more
accurate interpretation of the data, improved
research methodology and, ultimately, a deeper
understanding of the origin of oil.

was

oils and

Results and Discussion

In general, the relative content of individual
classes of compounds in the oils of the Aryskum
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trough is presented in Table 1. Thus, the studied oils
are represented by such compounds as alkanes (n-
alkanes, isoprenoids), polycyclic naphthenes
(heylantanes, steranes, gopanes) and arenes
(naphthalenes, phenanthrenes, etc.).

Normal alkanes, representing one of the main
classes of hydrocarbons, are one of the most
common classes of biogenic organic compounds in
oil (Figure 3) [[16], [17]], the content of which among
the identified compounds in the oils of the Bosingen
and Akshabulak graben-syncline is 92-94% and will
increase in the oils of the Aksai mountain anticline to
98% (Figure 4) [15].

Source hydrocarbon rocks are deposited in
different conditions (marine, lacustrine, deltaic), in
which certain microorganisms and biomass exist
[13], the comparison of which makes it possible to
decipher the genetic properties of oils. Biomarkers
in oil retain information about these source
organisms, and their analysis is used to determine
the conditions of sedimentation of source rocks [18].

It is known that the ratio of pristane/phytane
increases from oils formed by marine sapropel
organic matter to oils generated by mixed and
continental humus organic matter. But first of all,
the ratio of pristane/phytane depends on the redox
conditions in the sedimentation basin, given in Table
2 [15].

O a o ar T e

Aks-K1 Aks-Pz

ABs - n-alkylbenzenes

Dsts - diasterans

Figure 3 — The relative content of certain classes of compounds in the oils of the Aryskum trough
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Table 1 - The relative content of certain classes of compounds in the oils of the Aryskum trough [15]

0il Index Boz-J1 Aksh-K1 Aksh -PR | Aks-K1 | Aks-Pz
Group of compounds * Content, % relative

Alks (m/z 57) 94.2 93.5 93.0 98.1 98.3
ABs (m/z 92) 0.35 0.22 0.24 0.11 0.09
Nfs (m/z 128 +142+156+170) 3.05 2.40 3.24 1.01 0.97
Ps (m/z 178 +192+206+220) 1.27 0.91 1.29 0.23 0.24
PCTs (m/z 191) 0.93 2.70 1.98 0.44 0.35
Dsts (m/z 217) 0.08 0.09 0.09 0.04 0.03
Sts (m/z 217) 0.09 0.18 0.17 0.04 0.03

* Alks — alkanes, ABs — n-alkylbenzenes, Nfs — naphthalenes, Ps — phenanthrenes, PCTs — pentacyclic triterpanes, Dsts —

diasterans, Sts — regular steranes.

Content, % relative

—#= Aksh-K1
Aksh-PR
Aks-Pz

—w Aks-K1

s Boz-J1

Distribution of n-alkanes

Figure 4 — Distribution of normal alkanes [13]

Table 2 - Dependence of the pristan /phytane ratio on
redox conditions

The pristan Redox conditions

/phytane ratio

Pr/Ph <1.0 Sharply reducing sedimentation
environment

Pr/Ph1.0-1.5 Reducing environment

Pr/Ph1.5-2.0 Weakly reducing environment or
sub-oxidative sedimentation
conditions

Pr/Ph >2.0 Oxidizing conditions

According to biomarker analysis [12], to

determine the conditions of sedimentation of
organic matter, a graph of the dependence of the
ratio of pristan to phytane on the ratio of C29
sterane/ C30 gopan (Figure 5) and a trigonogram of
terpane was used, according to the results of which

it was found that sedimentation of organic matter of
the studied oils occurred in a predominantly
oxidizing environment.

In the study [19], the same signals indicated in
the previous work were used to diagnose saturated
hydrocarbon fractions [12], and for aromatic
fractions, the signals m/z 178, 184, 192 were
selected to detect phenanthrenes, dibenzotifenes
and methylphenanthrenes. This analysis was
performed to characterize the oil source rocks of the
studied oils: sedimentation conditions, lithology,
thermal maturity and age of the oil source rocks.

According to the graph of the dependence of the
ratio of pristan to phytane on the ratio of C29
sterane/ C30 gopan, which determines the
conditions of sedimentation, the organic matter of
the oils was formed in a lacustrine and oxidizing
environment (Figure 6).
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Table 3 - Geological characteristics of oil samples

Oil Index

Boz-J1

Aksh-K1

Aksh -PR

Aks-K1

Aks-Pz

Structural element

Bosingen graben-
syncline

Akshabulak graben-syncline

Aksai graben-syncline

Age J1-2 kr, J1-2ds Klnclar PR Klnclar Pz
Deposit Sorkol Akshabulak | Akshabulak Kenlyk Kenlyk
Pristane/phytane 3.1 1.6 1.8 2.6 2.7
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According to the data in Table 3, it is known that
in the oils of the Aryskum deflection, the value of the
pristane /phytane ratio is higher than 1 and varies
slightly within individual structures. In the
Akshabulak graben-syncline, the values range from
1,6 to 1,8, while in the Aksai gorst-anticline from 2,7
to 2,6, which may indicate the formation of the
initial organic matter that produced the oils of the
Akshabulak oils under suboxidizing conditions, and
the Aksai gorst-anticline under oxidizing conditions.
The relatively increased value of pristan/phytane
(3,1) in oil from the Lower Jurassic of the Bosingen
graben-syncline indicates a higher redox potential
[20].

Lithological studies of Jurassic sediments [11]
indicate a lacustrine environment for the Aryskum
graben-syncline. The lithology of source rocks also
affects the composition of biomarkers in oil during
its formation. No biomarker parameter is able to
accurately identify the type of lithology of source
rocks, however, it allows us to distinguish between
clay or carbonate source rocks. Low C29/C30 gopan
(29H/30H), low values of the homogopan index on
the mass fragments of terpanes (m/z 191) of all
studied oils [11] indicate the clay content of their
source rocks [19].

Conclusions

In this work, a comparative analysis of
previously conducted geochemical studies was
carried out to determine the composition and
genesis of oils in the Aryskum trough. Studies have
shown that the oils of this region are represented by
the main classes of hydrocarbons, such as alkanes,
polycyclic naphthenes and arenes. The content of
normal alkanes in the studied oils ranged from 92%
to 98%.

According to the analysis, it is known that
biomarkers in oils, which allow to restore the genetic
properties of oils and determine the conditions of
sedimentation of oil-generating organic substances,
indicate the presence of suboxidation conditions,
redox potential and predominantly oxidative
environment in the process of sedimentation of
organic substances. The results obtained are
important for understanding the processes of oil
formation and generation, as well as for further
forecasting the oil content of the South Torgai
sedimentary basin.
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OHTYCTiK TopFaii WeriHai anabblHbIH, MYHalira3ablbiFbIHbIH, 60N1aLLaFbI

Yaxuosa A.A., Maguwesa P.K., Ackaposa H.C., AgunxaHos P.K., eKkceHb6aeBa .M.

KEAK 96inkac CarbiHo8 ambiHOaFbl KaparaHObl mexHUKanblK yHuUsepcumemi, KaparaHosl, Kasakcma

TYWIHAEME

Makana kengi: 23 senmokcaH 2023
CapanTtamagaH eTTi: 3 kaHmap 2024
Kabbinganapl: 10 kaHmap 2024

MyHanbINbIKTbI GaFanayaplH, Herisri 6afbITTapbiHbIH, 6ipi MyHalabl 3epTrey 60nbin Tabblnagbl.
OcblifaH 6alNaHbICTbl Kasipri reOXMMUANBIK 3epTTeyiep KOMipCyTeKTePAiH, WbIFy Teri MeH KalHap
Ke3i Typasbl macefieie MaHpi34bl P aTKapa OTbIPbIM, Kep KOWHAYbIHbIH, MyHalrasablibifbiH
b6oskayaa KeHiHeH KonAaHbinagbl. 3epTrey MyHaWrasgplnblKTblH, KenelweriH aHblKTay MKaHe
bafanay makcaTbiHaa OHTYCTIK Topfail wweriHAi anabblHblH, reOXMMMANBIK CUMATTaManapbiH
KeweHai Tangayfa OafbiTTanfaH. IPTYpAi KEH OpbiHAAPbIHbIH, MYHAWNapbiHbIH, KypamblH
CaNbICTbIPY MyHal Ke3aepiHiH, KabaTTapblH, MyHaW Ty3ily aliMaKTapblH XaHe MyHaNAabIH,
JKMHaKTaNyblH aHblKTayFa MYMKiHAIK 6epegi. CanbiCTbipyFa cyaplH Wanblaybl, buogerpagaums
KOHE TEPMUANBIK TYPAEHAIPY CUAKTbI GaKTOpAapAblH, dCepiHEH e3repicTepre eH, Ken Hemece eH,
a3 yWbIPalTbiH MyHaWiAaFbl KOCbINbICTap XaTaabl. by }ymbicTa ApbICKYM MWinici MyHalibiHAAFbI
KOCbI/IbICTAapAblH, KEeKesnereH KnacTapbliHbIH, CafbiCTbipManbl  Kypambl, MyHaW YATINEpiHiH,
reoNIoTMANbIK  CUMATTaMachl KaHe Ka/biNTbl afNKaHOapAblH, Tapanybl YCbiHblIFAaH. MKaHe
ApbICKYMAAFbl MYHaWUbIH KYPambl MEH reHe3WCiH aHbIKTay YLWiH BYpbIH XKyprisinreH reoxXMmuanbik,
3epTTeysepre CanbiCTbipMasbl TanAay *Kypri3ingi. MyHaiablH, reHeTUKanbIK, COMKECTIrH KaanblHa
KenTipyre »kaHe MyHall Ty3eTiH OpraHuKanblK 3aTTapAblH, LIery KafAannapbiH aHblKTayfa
MYMKIHAK 6epeTiH maitnapaarsl GUomapKepaep opraHuKablK 3aTTapAblH, TYHAbIPY NpoueciHae
CyOTOTBIKTBIPFbILW  XKaFAaliNapablH, TOTbIFY-TOTbIKCbI3AaHy MOTEHLMA/bIHbIH, KaHe 6Hacbim
TOTbIKTbIPFbIL OPTaHbIH, 60NaTbiHbIH KepceTeai. ANblHFaH HATUXKeNep MyHalabl KanbinTacTbipy
JKOHE OHAipy npouecTepiH TyCiHy VYWiH, coHAan-ak OHTYCTiK Topfai weriHai anabbiHbiH
MYHaWbIbIFbIH 0faH 9pi 60/1Kay YLIiH MaHbI3abl.
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TyliiH ce30ep: myHalirasabliblK, OpraHUKanbIK 3aTTap, MyHai, 6BuomapKkepnik Tangay, rpabeH-
CUMHKAMHaNb, FOPCT-CUHKAUHAD.
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MNepcnekTnsbl HedpTerasoHocHocTu KOXKHO-Topraiickoro
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Yaxuosa A.A., Maguwesa P.K., AckapoBa H.C., AgunxaHos P.K., }ekceHbaeBa .M.

HAO KapazaHduHckuli mexHuuyeckuli yHusepcumem umeHu Abbiakaca CaeuHosa, KapazaHda, KazaxcmaH

Moctynuna: 23 dekabps 2023
PeueHsnpoBaHue: 3 aHeaps 2024
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AHHOTAUMA

OfHMM M3 TNaBHbIX HANPaBNEHWUM OLEHKM NEPCNeKTUB HedTEHOCHOCTU ABNAETCA U3ydeHue
HedTel. B 3TOM CBA3KM LUMPOKOE MNPAKTMYECKOE MPUMEHEeHWe Mpu NPOrHO3UPOBAHUM
HedTerasoHOCHOCTM Heap HAxXOAAT COBPEMEHHble TeOXMMWYECKME WCCNef0BaHMA, 3aHWMasn
BaYKHYIO PO/Ib B BOMPOCE O MPOMUCXOXAEHUM U 06 UCTOYHMKE yrnesogoponos. MccnegosaHune
HamnpaB/fieHO Ha KOMMJIEKCHbIM aHafM3 reoXMMMYECKMX XapaKTepucTuk HOxHo-Topraiickoro
ocagoyHoro 6acceiiHa C UENbl0 BbIABAEHMA M OLEHKM NepCrneKkTUB HepTerasoHOCHOCTU.
ConoctaBneHne cocTaBa HedpTeil M3 Pas/IMUHbIX 3aneel AaeT BO3MOMKHOCTb OnpeaenuTb
HedpTemaTepUHCKME TONWM, 30HbI HedTeobpasoBaHUA U HedTeHakonneHun. CpaBHEHWUIO
nognexar coegmHeHunn B HedTAxX, KOTopble Hanbonee UM HaMMeHee NoABEPIKEHbI U3MEHEHMUAM
noa BAMAHWEM TakMX (GAKTOPOB, KaK BbiMblBaHWE BOAOW, Buogerpajauma M TepmUyeckoe
npeobpasosaHue. MpeacTaBNeEHO OTHOCUTE/IBHOE COAEPKAHUE OTAENbHbIX KNaCCOB COEAUHEHUM
B HedTAX ApbICKymcKoro nporuba, reosornyeckas xapaktepuctuka obpasuoB HedTen w
pacnpegeneHve HopMasbHbIX aKkaHoB. B gaHHOM paboTe 6bln NpoBeaeH CpaBHUTENbHDBIN aHaIU3
paHee MNPOBEAEHHbIX FEOXMMUYECKUX WCCNefOBaHUI A8 onpefeneHus cocTaBa U reHesuca
HedTeit B ApbICKYMCKOM npornbe. Buomapkepbl B HedTAX, NO3BONAIOLLIME BOCCTAHOBUTbL
reHeTUYecKMe MNPUHASNEKHOCTM HedTet W onpeaenuTb YCAOBMA  OCaAKOHAKOMAEHUA
HedTereHepMPYOLWMX OPraHUYECKMX BELLECTB, CBUAETENbCTBYIOT O HAaIMYMMN CYBOKUCAUTENbHBIX
YCNOBWIA, OKUCIUTENBHO-BOCCTAHOBUTE/IBHOM NOTEHLMANE U NPEUMYLLECTBEHHO OKUCAUTENBHOM
cpefie B Npouecce 0CafKOHAKOMAEHWUA OPraHUYecKmxX BelecTs. MoayyYeHHble pesynbTaTbl UMeT
Ba)KHOE 3HaYyeHMWe AN NOHUMaHWA NPOLECcoB GOPMUPOBaHMA U reHepauun HedTH, a TakKe s
OanbHenwero NporHo3mMpoBaHua HepTeHoCcHOCTU KOXKHO-Toprackoro ocago4yHoro baccerHa.
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Yaxuosa AayxcaH AlimnaeeHa

WHpopmayusa o6 asmopax:

MaaucmpaHm kagedpel «leonozusa u pazsedka MIMN» HAO KapaeaHOUHCKO20 mexHUYecKo20
yHusepcumema umeHu Abbiakaca CazuHosea, np. H.Hazapbaesa 56, 100000, KapazaHoa,
KasaxcmaH. Email: ayauzhan.uakhiova@mail.ru

Maduwesa Puma KonbocbiHKbI3bI

Jokmop PhD, u.o. doyeHma Kagedpsl «leonozua u pazsedka MIMN» HAO KapazaHOUHCKO20
mexHU4YecKo2o yHusepcumema umeHu Absinkaca CazuHosa, np. H.Hasapbaesa 56, 100000,
KapaeaHda, KazaxcmaH. Email: rimma_kz@mail.ru

AcKaposa Ha3bim Cpax<aduHKbi3bl

Jokmop PhD, npenodasamens Kagedpsi «[eonozus u pazeedka MIMN» HAO KapazaHOUHCKo20
mexHU4YecKo2o yHusepcumema umeHu Absinkaca CazuHosa, np. H.Hasapbaesa 56, 100000,
KapaeaHda, KazaxcmaH. Email: srajadin-nazym@mail.ru

AdunxaHoe PycnaH Kalibipeanuesuy

JokmopaHm Kagedpel «leonozua u pazsedka MIMN» HAO KapaeaHOUHCKO20 MexHUYecKo20
yHUsepcumema umeHu Abbinkaca CazuHosa, np. H.Hasapbaesa 56, 100000, KapazaHoa,
KazaxcmaH. Email: rkbnm82@mail.ru

MekceHbaesa 'yamupa MeduHaesHa

JokmopaHm Kagpedpsi «leonoeus u pazsedka MIMN» HAO KapazadHOUHCKO20 mMexHUYecKoz2o
yHusepcumema umeHu Abbinkaca CazuHosa, np. H.Hasapbaesa 56, 100000, KapazaHoa,
KasaxcmaH. Email: gulmira_zh91@mail.ru

— 76



KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipba. No4(331), 2024 ISSN-L 2616-6445, ISSN 2224-5243

References

[1] Peters KE, Walters CC, Moldowan JM. The biomarker guide I. Biomarkers and isotopes in the environment. 2nd ed.
Cambridge: Cambridge University Press. 2005; 1:474.

[2] Alberdi M, Lopez L. Biomarkers 18(H)-oleanane: A geochemical tool to assess Venezuelan petroleum systems. Journal of
South American Earth Sciences. 2000; 13(8):751-759. https://doi.org/10.1016/50895-9811(00)00055-9

[3] Avbovbo AA. Tertiary Litho-stratigraphy of Niger Delta. American Association of Petroleum Geologists Bulletin. 1978;
62:295-300.

[4] Botwe Takyi, Selegha Abrakassa, Udom GJ, Koffi Eugene Kouadio, Frederick k. Bempong & Eric Brantson Thompson. Source
of organic matter and paleoenvironment of deposition of crude oils from the Niger Delta Basin. Petroleum science and Technology.
2022; 40(12):1479-1491. https://doi.org/10.1080/10916466.2021.2024229

[5] Rabiatu Abubakar, Kofi Adomako-Ansah, Solomon Adjei Marfo, Judith Ampomah Owusu & Clifford Fenyi. Origin and
depositional environment of oils and sediments in the Cretaceous Deep-Water Tano Basin, Ghana: Constraints from biomarkers.
Petroleum science and Technology. 2022. https://doi.org/10.1080/10916466.2022.2143804

[6] Fishman IL. Geodinamicheskiye modeli Aralo-Kaspiyskogo regiona [Geodynamic models of the Aral-Caspian region]. Almaty.
2016, 156. (in Russ.).

[7] Ozdoyev SM, Madisheva RK, Seylkhanov TM, Portnov VS, Isayev I. O neftegazonosnosti kory vyvetrivaniya skladchatogo
fundamenta Aryskumskogo progiba Yuzhno-Torgayskogo basseyna [On the oil and gas content of the weathering crust of the folded
basement of the Aryskum trough of the South Torgai basin]. Neft i gaz = Oil and gas. 2020; 1(115):17-32. (in Russ.).

[8] Aydarbekov KD. Istoriya otkrytiya i osvoyeniya mestorozhdeniya Kumkol [The history of the discovery and development of
the Kumkol deposit]. Neft i gaz = Oil and gas. 2020; 3-4:(117-118, 180-186). (in Russ.).

[9] Turkov OS. K voprosu o glubinnoy nefti Yuzhno-Torgayskogo basseyna [On the issue of deep oil in the South Torgai basin].
Neft i gaz = Oil and gas. 2020; 5(119):70-83. (in Russ.).

[10] Zholtayev G, Zhylkaydarov SE. Otsenka prognoznykh resursov uglevodorodnogo syria. Respubliki Kazakhstan v 3-kh knigakh.
Kniga Il. Tekst otcheta (neft, gaz, kondensat), otchet po Programme 46 [Assessment of the projected hydrocarbon resources of the
Republic of Kazakhstan in 3 books. Book II. Text of the report (oil, gas, condensate), Program Report 46]. Almaty. 2003. (in Russ.).

[11] Bolat E. Usloviya formirovaniya i zakonomernosti razmeshcheniya skopleniy nefti i gaza v Yuzhno-Turgayskom basseyne
[Conditions of formation and patterns of placement of oil and gas accumulations in the South Turgai basin] Dissertatsiya na soiskaniye
uch. st. kand. geologo-mineral. nauk, Rossiyskiy Gosudarstvennyy geologorazvedochnyy universitet imeni Sergo Ordzhonikidze =
Dissertation for the degree of Candidate of Geological and Mineral Sciences, Sergo Ordzhonikidze Russian State Geological
Exploration University, Moskva. 2020, 1-97. (in Russ.).

[12] Seytkhaziyev Esh, Uteyev RN, Mustafayev MK, Lyu Sh, Sarsenbekov ND, Dosmukhambetov AK. Fingerprinting i
biomarkernyy analiz nefti Akshabulakskoy gruppy dlya opredeleniya tipov neftey [Fingerprinting and biomarker analysis of oil of the
Akshabulak group to determine the types of oils]. Vestnik neftegazovoy otrasli Kazakhstana = Bulletin of the oil and gas industry of
Kazakhstan. 2021; 4(9):93-110. (in Russ.).

[13] Madisheva RK. Issledovaniye geodinamicheskoy obstanovki osadkonakopleniya i formirovaniya neftegazonosnosti
doyurskogo kompleksa Aryskumskogo progiba [Investigation of the geodynamic situation of sedimentation and formation of oil and
gas potential of the pre-Jurassic complex of the Aryskum trough]. Dissertatsiya na soiskaniye stepeni doktora filosofii, Karagandinskiy
tekhnicheskiy universitet = Dissertation for the degree of Doctor of Philosophy, Karaganda Technical University, Karaganda. 2020, 1-
68. (in Russ.).

[14] Golyshev SI, Padalko NL, Madisheva RK, Ozdoyev SZh, Portnov VS, Isayev VI. Izotopnyy sostav neftey Aryskumskogo progiba
(Yuzhnyy Kazakhstan) [The composition of biomarkers and the origin of oils of the Aryskum trough (South Kazakhstan)]. Izvestiya
Tomskogo politekhnicheskogo universiteta, Inzhiniring georesursov = Proceedings of Tomsk Polytechnic University, Georesource
engineering. 2020, 80-89. (in Russ.). https://doi.org/10.18799/24131830/2020/3/2533

[15] Madisheva RK, Serebrennikova OV, Isayev VI, Portnov VS, Ozdoyev SM. Sostav biomarkerov i proiskhozhdeniye neftey
Aryskumskogo progiba (Yuzhnyy Kazakhstan). [The composition of biomarkers and the origin of oils of the Aryskum trough (South
Kazakhstan)]. lzvestiya Tomskogo politekhnicheskogo universiteta, Inzhiniring georesursov = Proceedings of Tomsk Polytechnic
University, Georesource engineering, 2020; 331(7):116-130. (in Russ.). https://doi.org/10.18799/24131830/2020/7/2724

[16] Tissot BP, Welte DH. Petroleum formation and occurrence. NewYork: Springer-Verlag. 1984, 699.
http://dx.doi.org/10.1007/978-3-642-87813-8

[17] Murillo WA, Horsfield B, Vieth-Hillebrand A. Unraveling petroleum mixtures from the South Viking Graben, North Sea: a
study based on 613C of individual hydrocarbons and molecular data. Organic Geochemistry. 2019; 137:103900.
https://doi.org/10.1016/j.orggeochem.2019.103900

[18] Seytkhaziyev Esh, Uteyev RN, Mustafayev MK, Lyu Sh, Sarsenbekov ND, Dosmukhambetov AK, Dzhumabayev TE.
Primeneniye biomarkerov i fingerprintinga nefti dlya rasshifrovki geneticheskoy prinadlezhnosti nefti i prognozirovaniya puti migratsii
nefti na mestorozhdenii Nuraly [The use of biomarkers and oil fingerprinting to decipher the genetic affiliation of oil and predict the



https://doi.org/10.1016/S0895-9811(00)00055-9
https://doi.org/10.1080/10916466.2021.2024229
https://doi.org/10.1080/10916466.2022.2143804
https://doi.org/10.18799/24131830/2020/3/2533
https://doi.org/10.18799/24131830/2020/7/2724
http://dx.doi.org/10.1007/978-3-642-87813-8
https://doi.org/10.1016/j.orggeochem.2019.103900

Complex Use of Mineral Resources. 2024; 331(4):69-78 ISSN-L 2616-6445, ISSN 2224-5243

migration path of oil at the Nuraly field]. Vestnik neftegazovoy otrasli Kazakhstana = Bulletin of the oil and gas industry of Kazakhstan.
2021; 2(7):61-75. (in Russ.). https://doi.org/10.54859/kjogi89490

[19] Seytkhaziyev ESh, Dzhumabayev TE, Latipova AM, Dosmukhambetov AK. Otchet geokhimicheskiye issledovaniya prob nefti
mestorozhdeniya Nuraly (v ramkakh proyekta «Pereschet zapasov nefti, gaza, kondensata i poputnykh komponentov
mestorozhdeniya Nuraly) [Report on geochemical studies of oil samples from the Nuraly field (within the framework of the project
"Recalculation of oil, gas, condensate, and associated components of the Nuraly field)]. Atyrauskiy filial TOO KMG Inzhiniring = Atyrau
branch of KMG Engineering LLP. 2021, 1-88. (in Russ.).

[20] Madisheva RK, Portnov VS. O neftegazonosnosti Aryskumskogo progiba Yuzhno-Torgayskogo osadochnogo basseyna [On
the oil and gas potential of the Aryskum trough of the South Torgai sedimentary basin]. Neft i gaz = Oil and gas. 2022; 5(131):65-76.
(in Russ.). https://doi.org/10.37878/2708-0080/2022-5.04



https://doi.org/10.54859/kjogi89490
https://doi.org/10.37878/2708-0080/2022-5.04

KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipba. No4(331), 2024

ISSN-L 2616-6445, ISSN 2224-5243

P Crossref
DOI: 10.31643/2024/6445.41
Metallurgy

@creative
commons

Calculation of the thermoplastic beryllium oxide slurry
molding with ultrasonic activation

! Zhapbasbayev U.K., *'Ramazanova G.I., 2Terekhov V.l., 3Sattinova Z.K.

1Satbayev University, Almaty, Kazakhstan
2 Kutateladze Institute of Thermophysics SB RAS, Novosibirsk, Russia
2L.N. Gumilev Eurasian National University, Astana, Kazakhstan

“Corresponding author email: g.ramazanova@satbayev.university

Received: October 5, 2023
Peer-reviewed: November 5, 2023
Accepted: January 11, 2024

ABSTRACT

The article presents the results of assessing thermal shrinkage during the formation of beryllium
oxide ceramics using the hot casting method. The thermoplastic slurry is a composite system with
a dispersion medium (binder) that has a very low thermal conductivity compared to the dispersed
phase (beryllium oxide). Ultrasonic treatment reduces the viscosity of the slurry and improves its
casting properties. The formation of beryllium oxide slurry is carried out without disrupting the
integrity of the system and depends on the casting speed and temperature factors. The combined
influence of these factors determines the casting properties of the slurry. Cooling - solidification
of the slurry in the casting mold occurs in stages in the liquid, amorphous states with a phase
transition, and in the viscoplastic state of the casting. The cooling rate of the casting at all stages
depends on the cavity design, the rheological properties of the slurry, and the casting process
parameters. It is important to maintain the integrity of the casting due to temperature shrinkage.

Keywords: thermoplastic slurry, formation, shrinkage, casting properties, beryllium oxide,
ultrasonic treatment.
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Introduction

5) Heat pipes in cryogenic engineering, where
thermal conductivity at temperatures ranging from

Currently, products made from beryllium oxide 45 to 50 K can reach tens of thousands of W/(m-K).

(BeO) ceramics, obtained through the slurry casting
technology, are widely used
applications [[1], [2], [3], [4], [5], [6]]:

1) Refractory material for crucibles used in
melting metallic beryllium, uranium, and precious

metals.

2) Insulators and heat sinks, substrates for
transistors, and microchips in the electronics, radio,

and electrical industries.

3) Windows and insulators for microwave

(MW) technology.

6) Material for the heat-generating matrix

in the following  element in nuclear reactors.

7) Neutron reflectors as part of neutron filters,
with additives (such as boron) for protection against
neutrons of various energies.

Beryllium oxide ceramics possess high chemical,
thermal, and radiation resistance [[1], [2], [6]].
Unlike other types of oxide ceramics, it can absorb
and reflect neutrons of various energies [[1], [2],
[6]]. It has exceptional thermal conductivity, up to

4) Dielectric discharge tubes, resonators, and 320 W/(m-K) [[1], [2], [3], [4], [5], [6]], and a sound
hollow dielectric waveguides in gas lasers coveringa  velocity of over 12,000 m/s [2]. Without the addition

wide spectral range.

of impurities, BeO ceramics exhibit high electrical
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resistance and mechanical strength [[1], [2], [6]].
They are effective at transmitting various forms of
electromagnetic radiation [[1], [2], [6]]. With the
addition of TiO2, they can be used in powerful
microwave energy absorbers [[2], [6]]. Beryllium
oxide ceramics have a melting temperature of
around 2843 K, while ceramics based on Al,O3 melt
at only 2323 K [[2], [6]]. When cooled to 50 K, the
thermal conductivity of BeO monocrystals sharply
increases to 13,500 W/(m-K), which
characteristic of BeO ceramics [[2], [3]].

The process of forming ceramics through hot
casting involves several stages [[2], [6], [7], [8], [9],
[10], [11]]: movement and heat exchange in the
liquid state; movement and heat exchange in the
amorphous state; movement and heat exchange in
the solid-plastic state.

The hydrodynamics of the slurry in the casting
mold fall into the category of physical processes
related to flow and deformation. The slurry retains
its configuration after exiting the feeder.
Experimental findings indicate that within the range
of possible casting speeds, the slurry's movement in
the casting mold is laminar [[6], [7], [8], [9]]. The
slurry enters the casting mold at temperatures of 75-
80°C and cools down to 35-40°C, allowing the casting
to be removed from the mold without warping [[6],
[7], [9]]. During the stage of filling the mold cavity, it
is crucial to ensure maximum disruption of the
structure to obtain a homogeneous suspension [[2],
[6], [9]]. This is achieved through ultrasonic
treatment [[6], [11], [12], [13]].

During the cooling - solidification process, there
is a change in the volume of the slurry, which results
in shrinkage occurring in three stages: in the liquid,
amorphous, and solid-plastic states [[2], [6], [8]]. The
main technological problem solved at this stage is to
achieve compensation of internal shrinkage [[6], [8],
[13]]. The importance of this operation lies in the
fact that the absence or incomplete compensation
of internal shrinkage can lead to internal defects
(cracks, porosity) in castings and products [[6], [8],
[13]]. During solidification, it is necessary to
minimize friction against the mold walls and
maximize plasticity without disrupting the newly
forming structure of the casting [[6], [8], [13]].

In the previous works of the authors [[7], [9],

is also

[15]], the results of experiments and calculations of
the motion and heat exchange of beryllium oxide

slurry with ultrasonic activation were presented. The
experimental results established the process of
forming a liquid slurry with a transition to a
viscoplastic state. It was shown that the calculated
and experimental data are in agreement and
confirm the physical validity of the proposed
mathematical model of the forming process [[7], [9],
[15]].

This study presents calculations of the impact of
casting speed and temperature factors on shrinkage
during the formation of beryllium oxide slurry with
ultrasonic activation.

Forming Process
Experimental Setup
The schematic of the ultrasonic casting setup is
shown in Figure 1.
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Figure 1 - Schematic of the experimental ultrasonic setup

The setup comprises a heated slurry tank 1 with
an attached acoustic-technological system (ATS),
consisting of a longitudinal waveguide 2 with a
magnetostrictive transducer 3 of the PMS type, a
three-loop filer 4, and a mechanism for controlling
the movement of the billet 6.
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The ultrasonic generator USG2-4 was used as
the power source for the acoustic systems. The main
parameters of the setup are provided in Table 1.

Table 1 - Technical Characteristics of the Ultrasonic
Casting Setup

Parameter Name | Value
General Information
1. Power consumed by the equipment, kW 6.0
2. Operating voltage, V 220/380
3. Working tank volume, | 8
4, Casting speed (productivity), mm/min 10-120
Ultrasonic Equipment Data
5. 5. Ultrasonic generator parameters:
USG power, kW 4
6. Operating frequency, kHz 18+1.35
7. Operating voltage, V 220444
8. Bias current, A 1843
9. AFC accuracy, Hz 50
10. Radio interference level According to
GOST 23450-
79
Utility product data
11. Pressure, MPa 0.2
12. Water flow rate, m3/h 1.0
13. Water temperature, °C
for the hot circuit of the die and slurry tank 80
- for the warm circuit of the die 56
- for the cold circuit of the die 40
14. Compressed gas pressure, MPa Upto 1.0

The die of the casting setup

The formation of thermoplastic beryllium oxide
slurry takes place within the die of the casting setup
[[6], [8]]. The die has a round-shaped cavity (Fig. 2a)
or aring-shaped cavity (Fig. 2b) with a cooling circuit.

Figure 2 - Schematic diagram of the die:

a) round-shaped cavity; b) ring-shaped cavity

In the calculations, the round cavity has a radius
of r1 =0.006 m and a length of L =0.089 m, while the
ring-shaped cavity has radii of r1 = 0.006 m, r2 =
0.00675 m, and a length of L = 0.089 m. Liquid slurry
enters the die cavity with an initial temperature of
t0. As it progresses, the slurry mass cools down and
solidifies. The slurry takes on a structural form,
emerging from the round cavity as a rod (Fig. 2a) and
as a tube from the ring-shaped cavity (Fig. 2b). The
density of the slurry is variable and increases as it
solidifies.

Mass and Heat Transfer Model

Rheology of Thermoplastic Slurry

In experiments [[6], [14]], BeO slurry exhibits the
rheology of a non-Newtonian fluid with a yield stress
and high viscosity. The effective (apparent)
molecular viscosity of a viscoplastic fluid with a yield
stress under shear can be expressed as [[15], [16],
[17], [18]]:

o = ,up+z'0|§/|_1, if |7 7, "

00, if |T| <7,

r|=,/rijrij is the

second invariant of the deviatoric stress tensor, t is

25;S; =S’ is the shear

Here, 7, is the yield stress,

the plastic viscosity, 7=
f oy, oy, .
—— +——|is the strain rate tensor.
Xj X
The expression (1) corresponds to the Schwedoff-
Bingham fluid model [18].
In regions where the shear stress is less than

rate, S; =0.5

T <71, the effective viscosity exhibits singular

behavior. The effective viscosity can be represented
as a smooth function using the regularization
approach [19]:

Ll—exp(—lo3 |S|)J

(2
S|

Mg Hp T 7T

where m = 1000 is a regularization parameter
[19]. Expression (2) helps overcome the difficulties
in the presence of the yield limit for the Schwedoff-
Bingham fluids.

Basic Equations
The forming process occurs in a steady-state
mode. The length of the cavities is greater than their
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radial dimensions (Figure 1). Therefore, the motion
equation can be written in the approximation of a
narrow channel [7], taking into account the
expression for effective viscosity (1):

au 8u__@+18( ou

U—+ pvV— —— — |+ 3
P P . ﬂeﬂarj ,g (3)

oz or dz

o 1oy o
oz r or

Heat exchange occurs along the length and
radius of the cavity due to the cooling of the slurry.
As experiments show, the change in the slurry's
phase state occurs within a temperature range from
59 to 54°C [7]. In this case, the heat of phase
transition is taken into account using a model of
apparent heat capacity [[20], [21], [22], [23], [24],
[25]]. The heat transfer equation, with the adopted
assumptions, can be written as [[7], [26]]:

puc ﬂ+pvc ﬁzﬁ(ﬂﬂ)+lé(mgj
P oz Por oz\' oz) ror or
a [a—“j (5)
PLor

Here, zand r are the axial and radial coordinates,
u and v are velocity components, p, o, t, Cp, Lef, Lo, A
are pressure, density, temperature, apparent heat
capacity coefficient, effective and plastic viscosity,
and thermal conductivity of the slurry, respectively.

The pressure gradient is determined from the
conservation of mass flow rate [27]:

[ puds = p,u,s (6)
S

where S is the cross-sectional area of the cavity.

The boundary conditions for this problem are
standard: for the slurry velocity on the cavity walls in
the liquid state, no-slip conditions are applied; in the
transition and solidifying zones, slip conditions are
used. For the slurry temperature, Dirichlet
conditions are applied to the outer cavity wall, while
Neumann conditions are applied to the axis or inner
cavity wall.

The dependencies of density, physicochemical

properties of the slurry on temperature with US
activation, and the consideration of phase transition
heat using the apparent heat capacity method are
provided in [7]. The system of equations (1)-(6) is
solved by a numerical method [27]. The pressure

gradient is determined by the method of splitting
from the conservation of mass flow rate (6).

Verification of Calculation Data

Verification of the calculations was carried out
using experimental data [[6], [15]] obtained for
beryllium oxide slurry in a ring-shaped cavity. The
calculations were performed under the same
process parameters as in the experiments (Table 2).
The cooling contour of the die is divided into three
parts. In the first part, the cooling water
temperature is € = 80°C, in the second part & =
56°C, and in the third part & = 40°C.

In the first cooling circuit, the wall temperature
is 61 = 80°C. The temperature field shows a decrease
in temperature from 80 to 78°C (Figure 3a), and the
density field increases from 2260 to 2275 kg/m?
(Figure 3b).

In the second cooling circuit, the wall
temperature is & = 56°C. The dynamic viscosity p(t),
density p (t), and yield shear stress 1o(t) increase as
the temperature decreases. The slurry temperature
decreases from 78°C to 54°C (Figure 3a), and the
density increases from 2275 kg/m?3 to 2335 kg/m?3
(Figure 3b).

u=0.165 m/min u=0.165 m/min

2350
2345
4 2340

| 2335

2330
| 2325
“W 2320
2315
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2305
2300
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2290
2285
2280
2275
2270
2265
2260

- =1
=]

60

____DEEENSS R
s8tas

80

6 6.2 64 6.6 6 6.2 6.4 6.6
r, mm r, mm
a) b)

Figure 3 — Calculated data for temperature and density
at a binder mass fraction w =0.117

In the third cooling circuit, the wall temperature
is &5 = 40°C. The slurry temperature decreases from
54°C to 40°C (Figure 3a), and the density increases
from 2335 kg/m3 to 2360 kg/m3 (Figure 3b).

The isotherm at t=59 °C represents the upper
limit of the transition zone, while the isotherm at
t=54 °C represents the lower limit. Within this zone,
the slurry is in an amorphous state.

— 2 —/———
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Table 2 - Slurry Parameters as a Function of Casting Speed in the Ring-Shaped Cavity [6]

Content of Binder in
Slurry, Mass Fraction

Slurry Viscosity at
To = 80°C, Pa-s

Casting Ability of
Slurry, mm

Casting Speed,
mm/min

Mechanical Strength of
Casting (Bending), MPa

0.117

2.80 89

165 8.17

u=0.08 m/min

Z, mm

60

80

6 6.2646.6

r, mm

a) b)

u=0.16 m/min

6 6.2 6466

r, mm

u=0.24 m/min

40

Z, mm

6 6.2 64 6.6

r, mm

c)

Figure 4 — Temperature field of BeO slurry in the ring-shaped cavity at different casting speeds and
a binder mass fraction of w=0.117

The discussion of the calculation data

Figure 4 illustrates the temperature distribution
in the ring-shaped cavity for three cooling circuits of
the die with a cavity thickness of r,—r;=0.75 mm and
a length of L = 89 mm. The casting speeds were
u=0.08 m/min, 0.16 m/min, and 0.24 m/min. The
water temperatures in the cooling circuits are & =
80°C, 6,=56°C, and & = 40°C.

The slurry temperature at the entrance to the
ring-shaped cavity is constant across the section
and equal to to = 80 °C. In the first cooling circuit,
the wall temperature is 6 = 80 °C, and in this
region, the slurry temperature decreases slightly
from 80°C to 78°C (Figure 4).

It is known that heat is transferred due to
thermal conductivity against the flow of the slurry
[26]. This explains the temperature reduction in the
first part of the cavity. The temperature field
determines the rheological and thermophysical
properties of the slurry mass in its liquid state.

In the second cooling circuit, the wall
temperature is 6 = 56°C. The dynamic viscosity
Uo(t), density p(t), and vyield shear stress To(t)
increase as the temperature decreases. The slurry
slides along the cavity walls along the length of the
second circuit. This causes the profile of the
longitudinal velocity component downstream to
become constant across the cavity cross-section

The increase in heat removal from the wall in the
second cooling circuit results in a reduction in the
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temperature field (Figure 4). At the beginning of the
second circuit, there is a region where the
temperature field is variable and indicates the
transition of the slurry from a liquid to an
amorphous state. In this region, the temperature
decreases from 78 to 54°C, marking the onset of a
change in the slurry's aggregate state [[6], [7], [8]].

In the third cooling circuit, where the wall
temperatureis & =40°C, the temperature decreases
from 54 to 40°C. In the third part of the cavity, the
slurry transitions from an amorphous to a
viscoplastic state. The slurry's sliding motion on the
wall ensures the continuity of the slurry and the
preservation of the structural form of the casting
without warping.

The increase in casting speed leads to an
expansion of the transition zone from liquid to
amorphous state and from amorphous to
viscoplastic state (see Figure 4).

The variation in density reflects the transition of
the slurry within the cavity from one structural state
to another. Figure 5 illustrates the density field in the
ring-shaped cavity at casting speeds of u=0.08
m/min, 0.16 m/min, and 0.24 m/min. As shown in
Figure 5, the slurry's density increases as the
temperature decreases and the slurry cools along
the length of the ring-shaped cavity.

u=0.08 m/min

Z, mm
Z, mm

u=0.16 m/min

In the first cooling circuit, there is a slight
increase in slurry density, and the slurry remainsin a
liqguid state. In the second cooling circuit, a
significant increase in slurry density occurs,
indicating the transition of the slurry from a liquid to
an amorphous state. In this region, there is a change
in the slurry's aggregate state with the crystallization
of the binder material. Further increases in slurry
density occur in the third circuit due to the
solidification of the casting.

During the solidification stage, it is crucial to
ensure compensation for the internal shrinkage of
the casting. Without adequate compensation for
internal shrinkage, internal defects such as
shrinkage cavities and porosities can occur in
castings and products.

In the ring-shaped cavity, the computational
data consistently show a continuous change in
density at all stages of forming, taking into account
compensation for internal shrinkage through the
supply of liquid slurry (Figure 5).

Therefore, the density field visually illustrates
the entire forming stage with the shrinkage of
beryllium oxide slurry.

u=0.24 m/min

2350
2345
2340
2335
2330
2325
2320
2315
2310
2305
2300
2295
2290
2285
2280
2275
2270
2265
2260

Z, mm

6 6.2 64 6.6 6 6.2 64 6.6 6 626466
r, mm r, mm r, mm
a) b) c)

Figure 5 — Beryllium oxide slurry density field in the ring-shaped cavity at different casting speeds

and a binder mass fraction of w=0.117
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u=0.04 m/min u=0.08 m/min u=0.12 m/min

Z, mm

a) b) c)

Figure 6 — Temperature field of BeO slurry in the round cavity at different casting speeds and
a binder mass fraction of w=0.117
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Figure 7 - Density field of BeO slurry in the round cavity at different casting speeds and a binder
mass fraction of w=0.117
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The computed temperature data in the round
cavity are shown in Figure 6 at casting speeds of
u=0.04 m/min, 0.08 m/min, and 0.12 m/min. The
radius of the cavity is 0.006 m, and the length is
0.089 m. The temperature of the slurry at the inlet
of the round cavity is t;=80°C. In the cooling circuits,
the water temperatures were as follows: 6= 80°C;
6= 56°C; 6= 40°C.

The casting speeds in the round cavity are lower
than those in the ring-shaped cavity. In the ring-
shaped cavity, a tube with a thin wall is formed,
while in the round cavity, a rod is formed. The
structural dimensions of the cavity determine the
casting speed regimes for BeO ceramic products.

At a casting speed of u = 0.04 m/min, the
temperature distribution in the contact zones
causes only minor thermal deformation of the
casting (Figure 6).

However, temperature distributions in the
contact zones at casting speeds of u = 0.08 m/min
and 0.12 m/min can result in significant thermal
deformation of the casting (Figure 6).

The results of experimental studies [[6], [8],
[13]] have shown that the increase in density
(specific volume) during the cooling process in the
liquid state amounts to 5-6%. However, during the
cooling of slurry in amorphous and viscoplastic state
there is a 70-80% of density (specific volume)
increase due to temperature shrinkage [[6], [8],
[13]].

From this, it can be inferred that the speed and
temperature factors, along with the structural
characteristics of the mold cavity, determine the
changes in density in the
amorphous and viscoplastic states of the slurry.

In the ring-shaped cavity, the increase in density
represents only a small part of the amorphous and
viscoplastic states of the slurry. Therefore, it can be
considered that the flow rate of slurry with feeding
provides compensation for thermal shrinkage.

In the round cavity, at a casting speed of u=0.04
m/min, the density increase occupies a small part of
the amorphous and viscoplastic states of the slurry
(see Figure 7). The slurry flow rate with feeding can
provide compensation for thermal shrinkage.

(specific volume)

At casting speeds of u = 0.08 m/min and 0.12
m/min, density increases occupy a significant part of
the amorphous and viscoplastic states of the slurry
(see Figure 7). In these cases, it may be difficult to
compensate for thermal shrinkage by supplying a
slurry flow.

Conclusion

The calculation results illustrate the entire
process of forming beryllium oxide slurry, taking into
account the changes in its aggregate state.
Ultrasonic treatment improves the rheological
properties and enhances the flowability of the slurry
in the mold cavity.

The calculations demonstrate the influence of
casting speed, temperature factors, and the
structural parameters of the mold cavity on the
cooling-solidification process of the casting. In the
annular cavity, at casting speeds of u = 0.08 m/min,
0.16 m/min, and 0.24 m/min, the increase in density
occupies only a small part of the amorphous and
solid-plastic state of the slurry. The flow of liquid
slurry with feeding in the annular cavity
compensates for the thermal shrinkage of the slurry.

In the round cavity, compensation for the
thermal shrinkage of the slurry was achieved only at
a casting speed of u = 0.04 m/min. However, at
casting speeds of u = 0.08 m/min and 0.12 m/min,
significant areas of density change due to thermal
deformation exist. In these cases, it may be difficult
to compensate for thermal shrinkage by supplying a
slurry flow.

In the calculations, it is possible to determine
the conditions for forming a slurry with solidification
shrinkage using the hot casting method, which
allows obtaining a cast product with a homogeneous
structure of beryllium oxide.
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YnbTpaablbbICTbIK 6enceHaipy apKbinbl 6epunnnii okcuAiHiH TepMONIacTUKANDIK,
LWIMKePiH Kanbintayabl ecentey

! {an6ac6aes Y.K., 1" PamasaHnosa I.l., 2Tepexos B.U.,® CattuHosa 3.K.

1Cam6aes yHusepcumemi, Aamamel, Kazakcmax
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TYAIHAEME

MaKkanaga 6epunnunini OKCUMAIHIH, KepamWKacbiH bICTbIK Kyl 94iCiMeH KanbinTay KesiHgeri
TepMUANDBIK Wweryai 6aranay HaTukenepi 6epinreH. TepmonaacTUKanbiK WAKKEP — AUCNEPCUANb
opTameH (6epunnuii OKcuAi) canbiCTbipFaHAa ©Te TOMEH Kby eTKisriw aucnepcti dasacol

(bainaHbICTbipywbl) 6ap  KOMMNO3UUMANBIK Kyile. YAbTpaaplbbiCTblK  OHAEY  LWAMKEPAiH,
Makana kengi: 5 kazan 2023

CapantamagaH eTTi: 5 kapawa 2023
Kabbinpgangpl: 11 kaHmap 2024

TYTKbIP/IbIFbIH TOMEHAETEA| KOHE OHbIH, KyMbly KACWETIH XakcapTagpl. bepunnunii oKcuaiHin,
WAMKePIH KanbINTacTbipy XKyMeHiH, TyTacTbifblH 6y36ait Ky3ere acbipbliagpl XKoHe KyHablH,
KblNAAMAbIFbl  MEH TemnepaTtypanblk ¢akTopnapbiHa 6ainaHbicTbl. Ocbl  dakTOpAapAbIH,
bipneckeH acepi WAMKEPAIH, Ky KacueTTepiH aHbiKTaWgpl. Kyima KanbinTafbl LWAMKePAiH,
CafKbIHAAY-KaTybl $pa3asblK ayblCyMeH KYMMaHbIH, CYiblK, aMOPdTbI 3KaHE TYTKbIP/bl MAACTUKANbIK
KyWiHOE Ke3eH-KeseHimeH eTedi. bapablK KeseHAepaeri KyiMmaHbl CasKbIHAATY KblALAMAbIFbI
KYbICTbIH, KOHCTPYKLMACBIHA, LWANKEPAIH PEONOTUANDIK KAaCUETTEPIHE, COHbIMEH KaTap KyMMaHbIH
JKYMbIC MapameTpaepiHe 6alinaHbicTbl. Byn afganga KyWmaHblH, TemnepaTypanbliK LeryiHe
6aiNaHbICTbl OHbIH, TYTACTbIFbIH CAKTay MaHbI3Abl.

TyiiiH ce30ep: TepMONNACTUKaNbIK LUINKEP, KanbinNTay, Wery, Kyl KacueTi, bepunnuii okcua,,
YNIbTPafblObICTbIK OHAEY.
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Pacuet popmoBaHUA TepMONNACTUYHOIO LWMKePA oKcupaa 6epunnus c
YNbTPa3BYKOBOM aKTUBaLUEN
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AHHOTAUMA
B cTaTbe NpuBOAATCA Pe3y/bTaTbl OLEHKM TEPMMYECKOW YCaAKM Npu GOPMOBAHMM KEpPaMUKK
okcuaa bepunnnsa cnocobom ropayero AnTba. TEPMONNACTUYHBIN WAKKep NpeacTaBaseT coboi

KOMMO3ULMOHHYIO CUCTEMY C AMCNEPCUOHHOW da3oii (cBA3ytoLLee BELLEeCTBO), MUMeLWwell o4yeHb
Moctynuna: 5 okmabps 2023
PeueH3npoBaHue: 5 Hoabpsa 2023
MpuHAaTa B nevatb: 11 AHeapA 2024

HU3KYIO TenaoMpoOBOAHOCTb, MO CPaBHEHWIO C AucnepcHow asoit (okcup 6epunnaus).
YnbTpasByKoBas 06paboTKa CHUMKAET BA3KOCTb LUWIMKepa WU Y/y4LWaeT ero JIMTeMHOe CBOMCTBO.
dopmoBaHUA WIMKepa OKeuaa bepunnvs NnpoBoaUTCA 6e3 HapyLIeHWs CMIOLWHOCTU CUCTEMbI U
3aBUCHT OT CKOPOCTHbIX U TemMnepaTypHbIX GakTopos MTbA. COBOKYMNHOE BAUAHUE 3TUX GAKTOPOB
onpefenseTt AUTeiHOe CBOWCTBO LWAMKepa. OxnaxaeHue-0TBepAeBaHUe WAVKepa B AUTbEBOM
dopme NPOUCXOAUT MO3TANHO B KMAKOM, aMOPOHOM COCTOAHUAX C $a3oBbIM MEPEXOLOM U
BA3KOMIACTUYHOM COCTOSIHUM OT/IMBKU. TeMN OXNaXKAEHWUA OT/IMBKM Ha BCEX 3Tamax 3aBUCUT OT
KOHCTPYKLMK NONOCTU, PEONOTUYECKUX CBOWCTB LUIMKEPa, a TaKXKe OT PeXUMHbIX NapameTpos
nuTbA. Npn 3TOM BaKHbIM ABAsAETCA cOb/0AEHUEe CMIOWHOCTU OT/IMBKM M3-3a TemnepaTypHou
yCaZKu.

Knrodeabie cnoea: TepMonnacTUUHbIN Wavkep, opmoBaHue, ycaaKa, IMTeiHoe CBOMCTBO, OKCUA,
6epunnus, ynbTpassykosaa obpaboTka.
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ABSTRACT

One of the methods for processing secondary magnesium raw materials containing rare
refractory metals can be a distillation with the extraction of magnesium into condensate and the
accumulation of rare metals in the distillation residue. The residue can be used as a master alloy
for special alloys. To justify the possibility of this process, we calculated the boundaries of the
vapor-liquid equilibrium fields for the regions of liquid solutions existence in the Mg — Be, Mg —
Mn, and Mg — Zr systems at atmospheric pressure (101.33 kPa) and in vacuum (1.33 kPa). The
value of the vacuum is due to the fact that a further increase in rarefaction will lead to the
magnesium crystallization from the melt, and it will complicate the technology.We established
that in the distillation process of magnesium removal from Mg — Be and Mg — Zr alloys, the vapor
phase will be represented by more than 99.95 of magnesium. The presence of 0.45 mass.% Mn is
possible in the Mg — Mn system at 1000 °C in thevapor phase — condensate . However, results of
preliminary tests of the evaporation intensity established that the process conducted at 850-900
°C provides an acceptable evaporation rate of the volatile component (Mg) for technological
conditions.Thus, we confirmed the possibility of the proposed method to process secondary light
alloys containing beryllium, manganese, and zirconium, which can be involved in the main
process intended to produce special alloys in the form of a master alloy with magnesium.

Keywords: magnesium, beryllium, manganese, zirconium, phase diagram, vapor-liquid
equilibrium.

Volodin Valeriy Nikolaevich

Information about authors:

Doctor of Technical Sciences, Professor, Chief Researcher of the Vacuum Processes Laboratory of
Institute of Metallurgy and Ore Beneficiation, Satbayev University, Shevchenko str., 29/133,
050010, Almaty, Kazakhstan. Email: volodinv_n@mail.ru

Abdulvaliyev Rinat Anvarbekovich

Candidate of Technical Sciences, Head of the Laboratory of Alumina and Aluminium of the
Institute of Metallurgy and Ore Beneficiation, Satbayev University, Shevchenko str., 29/133,
050010, Almaty, Kazakhstan. Email: rin-abd@inbox.ru

Trebukhov Sergey Anatolyevich

Candidate of Technical Sciences, Professor, Leading Researcher of the Laboratory of Vacuum
Processes Institute of Metallurgy and Ore Beneficiation, Satbayev University, Shevchenko str.,
29/133, 050010, Almaty, Kazakhstan. Email: s.trebukhov@satbayev.university

Nitsenko Alina Vladimirovna

Candidate of Technical Sciences, Head of the Vacuum Processes Laboratory of Institute of
Metallurgy and Ore Beneficiation, Satbayev University, Shevchenko str., 29/133, 050010, Almaty,
Kazakhstan. Email: alina.nitsenko@gmail.com

Linnik Xeniya Alexandrovna

Master of Technical Sciences, Junior Researcher of the Vacuum Processes Laboratory of Institute
of Metallurgy and Ore Beneficiation, Satbayev University, Shevchenko str.,, 29/133, 050010,
Almaty, Kazakhstan. Email: xenija_linnik@mail.ru

Introduction

Magnesium alloys are used in a variety of
industries due to their low specific gravity, high
mechanical properties, high casting qualities,
biological compatibility with the human body, and
the possibility of recycling [[1], [2], and [3]]. A large
number of new alloys are being developed now.
New alloys have increased strength, ductility, heat
resistance, corrosion resistance, variable crystal size
in the matrix, and other properties. These

magnesium  materials include additives of
manganese [[4], [5], [6], [7], [8], and [9]], zirconium
[[10], [11], [12], [13], [14], [15], [16], [17], and [18]]
and beryllium [[19], [20], [21], [22], [23], [24], and
[25]].

The expansion of the scope of magnesium and
its alloy application entails an increase in the
amount of returnable magnesium  scrap
represented by details exhausted their service life
and by waste generated during the processing of
products and semi-finished products.



https://doi.org/10.31643/2024/6445.42
mailto:xenija_linnik@mail.ru
mailto:volodinv_n@mail.ru
mailto:rin-abd@inbox.ru
mailto:s.trebukhov@satbayev.university
mailto:alina.nitsenko@gmail.com
mailto:xenija_linnik@mail.ru
https://creativecommons.org/licenses/by-nc-nd/4.0/

KomnnekcHoe Mcnonb3osaHne MuHepanbHoro Coipba. No4(331), 2024

ISSN-L 2616-6445, ISSN 2224-5243

Currently, secondary  magnesium  scrap
corresponding to the magnesium alloy is melted in
crucible furnaces and then cast into ingots. Most of
the scrap containing non-ferrous, ferrous, and rare
metals is melted in a salt furnace and then added to
liguid raw magnesium to make standard alloys.
Some magnesium-based scrap is used to remove
sulfur from cast iron. The issue of selling these
alloys resulted in the search for other processing
methods.

An alternative method to recycling magnesium
scrap containing rare refractory metals may be the
distillation of volatile components, in particular
magnesium, from secondary raw materials with a
concentration of alloying rare metals in the residue.
In this case, the residue can be used as a
magnesium-based alloy during alloying of special
alloys. The high magnesium vapor pressure relative
to that of Zr, Mn, and Be at moderate temperatures
(700 — 900 °C) allows to magnesium release into the
vapor phase and then into the condensate. The
judgment about the possibility of separating molten
systems into components or the lack thereof
follows from state diagrams that include the vapor-
liquid equilibrium boundaries. The construction of
such phase diagrams is possible based on the
thermodynamic functions of the solutions'
formation and evaporation, in particular the vapor
pressure values of the components that make up
the system.

In this article, we present the state magnesium
diagrams with  beryllium, manganese, and
zirconium supplemented by vapor-liquid
equilibrium fields. Since magnesium is the basis of
the alloys, we calculated the boundaries of the
vapor-liquid equilibrium fields in the concentration
regions of the existence of liquid solutions based on
experimental data on the values of the saturated
vapor pressure of the components determined by
us. The results of experiments and calculations are
presented below.

Experimental part

Preparation of magnesium alloys with
beryllium, manganese and zirconium. In binary
systems of magnesium with refractory metals -
beryllium, manganese, and zirconium, the highest
concentration field of liquid alloys existence is
present in the system with beryllium. It is
presumably up to 90 at. %Be. The existence of
liquid solutions up to a concentration of 2-2.5 at. %
was established in the magnesium-manganese

system, and up to 0.2 at. % Zr in the magnesium-—
zirconium system. Therefore, we prepared
magnesium-beryllium alloys containing from 20.17
to 76.31 at. % Be (Table 1), magnesium-manganese
alloys containing from 0.45 to 2.31 at. %Mn (Table
2), and magnesium-zirconium alloys with zirconium
content from 0.051 to 0.180 at. % (Table 3) for
research.

Table 1 — Composition of magnesium — beryllium system
alloys

Alloy Wt. % At. %

No. Mg Be Mg Be
1 45.57 54.43 23.69 76.31
2 64.73 35.27 40.49 59.51
3 83.47 16.52 65.19 34.81
4 91.43 8.57 79.83 20.17

Table 2 — Composition of the magnesium-manganese
system alloys

Alloy Wt. % At. %
No. Mg Mn Mg Mn
1 99.80 0.20 99.55 0.45
2 99.51 0.49 98.89 1.11
3 98.96 1.04 97.69 2.31

Table 3 — Composition of the magnesium-zirconium
system alloys

Alloy Wt. % At. %
No. Mg Zr Mg Zr
1 99.986 0.014 99.949 0.051
2 99.971 0.029 99.880 0.110
3 99.952 0.048 99.820 0.180

To prepare the alloys, magnesium was used
with a content of the main element of 99.99 wt. %,
beryllium — 99.9%, manganese — 99.9%, zirconium —
99.6%. The alloys were synthesized using the
ampoule method, which consists of the following.
The initial components in the form of sawdust were
loaded into quartz ampoules in quantities
necessary for the alloy preparation of a given
composition. The ampoules were washed several
times with neutral gas (argon), evacuated, and
sealed at a pressure of 1 Pa. The fusion of the
components was carried out at a temperature of
800-850 °C for 12 hours, followed by quenching in
water.

Determination of the liquid-vapor phase
transition boundaries. The construction of the
liquid-vapor phase transition boundaries of molten
systems is complicated by the high boiling
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temperatures of solutions, the difficulty in
determining the concentration of components in
the vapor phase that is in equilibrium with the
alloy, and the problem of instrumentation design
for ebulliometric measurements.

In this work, the boundaries of the melt and
vapor coexistence fields were calculated based on
the partial pressure of the saturated vapor of the
alloy components. Due to the absence of the
boiling process of liquid metal solutions because of
the high density of the metals that form them, the
boiling point was determined to be equal to the
temperature at which the sum of the partial vapor
pressures of the system’s components under
Dalton’s law is equal to atmospheric (0.1 MPa) or
other pressures corresponding to the conditions of
vacuum technologies.

The composition of the vapor phase
(v, y2= 1 — yi) above a solution of a certain
composition (x5, x>= 1 — x;) at the boiling point was
determined based on the Clapeyron-Mendeleev
equation: P,V = niRT, from which:

n(n,) _ pi(p,)
n+n, p,+p,

y,(y,)[mole fraction] =

where: x; and x.are the number of moles of the
first and second metal in the alloy; n; and n; are
number of moles of the first and second metal in
the vapor phase; p; and p; are the partial pressures
of saturated vapor of the first and second
components.

Phase transformations of condensed phases at
low pressures were not taken into account because
the temperatures of phase transitions change by
(5.0 — 5.6) x 103 °C (calculated by us) during the
move from atmospheric pressure to vacuum
according to the authors [26].

Determination of the saturated vapor pressure
values of metals. It should be noted during the
assessment of magnesium, beryllium, manganese,
and zirconium vapor pressure [27] that magnesium
vapor pressure is incomparably higher concerning
Be, Mn, and Zr. That is, the boiling point method
should be considered the most acceptable way to
determine the vapor pressure in binary systems of
magnesium with the indicated metals. This method
is based on a sharp increase in the evaporation rate
of the volatile component near the equalization of
the saturated vapor pressure of the metal and a
given inert gas pressure. The boiling point method
and the device for its implementation are described
in detail in our work [28].

In this work, we present the method for
determining the values of partial pressures of
components over the studied magnesium alloys
using the example of the Mg — Be system.

First, we determined the partial pressure values
for saturated magnesium vapor( Py, ). In this case,

we assumed that the vapor above the melt is
represented entirely by magnesium. Then, we
found the activity coefficient under the definition of
thermodynamic functions by equation:

5Mg

- o
Prg * Xg

’

yMg

where: p,‘\’,,g is the vapor pressure over elemental

magnesium; X g is the atomic fraction of
magnesium in the alloy.
The beryllium activity coefficient (y,,) was

calculated by numerical integration of the Gibbs-
Duhem equation with the use of the auxiliary
function proposed by Darken [29]. After
transformation [30], this function relates NV, and
Iny,, in the form of an equation convenient for

numerical integration:

Iny,, =

INVisg X Xy X Xge (g 1NV
- + XMgI

— 2
Be Xug =0 (1_XMg)

where X, is the atomic fraction of magnesium in
the alloy which is equal to X, =1—-X,,, .

As a result of this calculation, we can find the
partial vapor pressure of beryllium (536) as:
,_)Be :pge ><VBe ><XB(»:*OF

o .
Here P, is the vapor pressure above elemental

= _ o
Inpg, =Inp,, +Iny,, +Inx,, .

beryllium.

Results and Discussion

Determination of the vapor pressure values
over the Mg — Be, Mg — Mn and Mg — Zr melts. The
values of magnesium vapor pressure determined

experimentally by the boiling point method (EMQ,
experiment), as well as the vapor pressure values of
magnesium (EMg, calculation), beryllium (p,,),
manganese (p,,,) and zirconium (p,, ), calculated

by approximating experimental data, are given in
Tables 4-6.
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Table 4 — Partial vapor pressures of magnesium and beryllium over Mg — Be melts

Alloycomposition, 7] 7] _
at. fraction Temperature A./’g | Al/lg g Pge
K/°C experiment, calculated, kPa
Mg Be kPa kPa
1.07
1815203 1.07 1.04 2.61x 107
0.93
0.2369 0.7631
3.60
1925203 3.33 3.62 3.82x10°
3.87
1.87
1815203 2.00 1.87 1.98x107
1.73
0.4049 0.5951
6.93
1925203 7.20 6.93 2.83x10°
6.67
1.73
1800703 1.60 1.69 2.08x10°8
1.73
0.6519 0.3481
6.93
1910703 6.93 6.85 3.94x107
6.67
2.40
1800703 2.13 2.38 8.18x107°
2.53
0.7983 0.2017
9.33
1910703 9.20 9.15 1.80x107
8.93
1.73
1705203 2.0 1.72 -
1.47
1.0 -
38.00
13;3 37.20 38.01 -
38.80
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Table 5 — Partial vapor pressures of magnesium and manganese over Mg — Mn melts

Alloycomposition,

at. fraction. Temperature Pug - Pug s B,
K/°C experiment, calculated, .
Me Mn kPa kPa
1.73
1023
750 2.0 1.72 -
1.47
1.0 -
38.00
1273
1000 37.20 38.01 _
38.80
1.73
1023 }
750 1.70 1.72 1.66x10
1.76
0.9955 0.0045
6.91
1123 ;
850 6.97 6.98 1.37x10
7.04
1.70
1023 ;
750 1.75 1.71 3.08x10
1.71
0.9889 0.0111
6.87
1123 ;
850 7.08 6.94 2.80x10
6.89
1.60
1023 ;
750 1.69 1.69 5.09x10
1.79
0.9769 0.0231
6.67
1123 )
850 6.87 6.87 5.01x10
7.06

—— 94 ——




KomnnekcHoe Mcnonb3osaHne MuHepanbHoro Coipba. No4(331), 2024 ISSN-L 2616-6445, ISSN 2224-5243

Table 6 — Partial vapor pressures of magnesium and zirconiumover Mg — Zr melts

Alloycomposition, P B
at. fraction. Temperature Mg Mg’ P
K/°C experiment, calculated,
Mg Zr kPa kPa kPa
1.73
1023
750 2.0 1.72 -
1.47
1.0 -
38.00
1273
1000 37.20 38.01 -
38.80
1.73
1023 -21
750 1.76 1.72 1.63x10
1.71
0.9995 0.0005
6.95
1123 -19
350 6.97 7.00 2.93x10
7.01
1.73
1023 o
750 1.75 172 3.15x10
1.71
0.9988 0.0012
6.91
1123 1
350 7.11 6.99 6.39x10
7.02
1.69
1023 -21
750 1.71 1.72 4.27x10
1.71
0.9981 0.0018
6.71
1123 -19
350 6.82 6.99 9.18x10
6.96
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After mathematical processing, we obtained
the following temperature-concentration
dependencies, expressing the partial pressure
values of the component studied systems:

— for the Mg — Be system:

Inp,,[Pal=(-14746x,,, +35273x,,, —23214x,,, —
—13395)-T™" +12.452x,,, —29.745x,,, +20.106X,,, +
20.367 +Inx,,,

Inp ,,[Pal=(14746x,, —31084 x>, +14836x,, —
—35780+3094Inx,,)- T —12.452x;, +26.289x;, —
—13.194 ,_ +24.574-1.028Inx,,

for the Mg — Mn system:

Inp,,[Pal=(-301x;, —669x,,, —15153)-T " +
+0.254X,%,,g + 0.413XMQ +22.544 + Iang

Inp,,,[Pal=(-301x;,, +1873x,,, —31097 —
—1271Inx,,,)- T~ +0.254x3, —1.429x,,, +
+25.363+1.921l x,,

for the Mg — Zr system:

Inpy,[Pa]=(-327x;,, —973x,,, —14823)- T " +
+0.298xy,, +0.745x,,, +22.168+Inx,,,

Inp,, [Pa]=(-327x> +2281x, —71967 —
-1627Inx,,)- T +0.298x,, —1.937x,, +
35.098 +2.341Inx,,

Construction and analysis of a phase diagram
with a liquid-vapor phase transition. The
boundaries of the liquid and vapor coexistence
fields at atmospheric pressure (L+V) and in vacuum
(L+V 1.33 kPa, shaded) were calculated based on
the partial pressure values of the vapor
components in the region of existence of liquid
solutions of the Mg — Be, Mg — Mn and Mg — Zr
systems. The choice of the vacuum value (1.33 kPa)
is because a decrease in pressure less than the
specified value can lead to the crystallization of
magnesium from the melt, this will complicate the
distillation process.

We plotted the fields on existing state diagrams
of condensed phases [[31], and [32]], shown in Fig.
1-3. From the analysis of the boundary location on
phase diagrams, it is possible to conclude next.

The vapor phase for magnesium systems with
beryllium and zirconium will be represented by
elemental magnesium when the evaporation
process is performed up to the boiling point of
magnesium at atmospheric pressure (1107 °C).
Distillation of magnesium at 1000 °C will be
accompanied by the occurrence of 0.2 at. (0.45
mass) % Mn at vapor for liquid Mg — Mn alloys.
However, preliminary tests of the evaporation
process intensity have established that the process
conducted at 850-900 °C provides an acceptable
evaporation rate of the volatile component (Mg)
for technological conditions.

The evaporation process for magnesium from
its alloys with beryllium will be accompanied by the
accumulation of the Be compound in the residue.
Thus, when magnesium evaporates from its alloy
with beryllium (10.0 mass. % Be) at 900 °C in a
vacuum, the average evaporation rate was
5,5x10° kg/(m?xsec) with magnesium extraction
into the condensate of 61.20% and accumulation of
22.26 mass. % Be. During the extraction of 96 % Mg
into the vapor phase, the average evaporation rate
amounted to 2.61x103 kg/(m?xsec) with the
accumulation of 64.76 mass.% Be in the distillation
residue.

When magnesium evaporated from an alloy
with manganese (4.0 mass. % Mn) under similar
conditions, the average evaporation rate was
2.09 x 103 kg/(m? x sec) with 94.12 % extracting
into the condensate. 41.67 mass. % Mn being
accumulated in the residue.

t°C
2450° v
2400
2000 [ L+V
1795°
1600
r L+V (1,33kPa)
1200 1107°
L
800°
e N T —— 614
a ~99,8
400 % (Mg)+MgBe+s
O 1 1 1 1
0 20 40 60 80 100
Be Mg at. % Mg

Figure 1- Mg—Be phase diagram
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Figure 2 -Mg—Mn phase diagram
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Figure 3 —-Mg—Zr phase diagram

During the distillation of magnesium from its
alloy with zirconium (1.85 mass. % Zr) within an
hour at 900 °C, 92.56% Mg was extracted into the
condensate with an accumulation of 20.11 wt. % Zr
in the residue.

Thus, from secondary light alloys based on
magnesium, the magnesium can be converted into
condensate by distillation in a vacuum, which can
be mixed with raw magnesium. The distillation
residue with a significant content of beryllium,
manganese and zirconium, with a combined or
separate content of each, can be used as a master
alloy in the production of special alloys. The latter
ensures recycling — the return of rare refractory
metals to the processes for manufacturing alloys
with different physical properties.

Conclusions

During the analysis of methods for processing
secondary magnesium raw materials containing
rare refractory metals, the use of the latter,
including as a deoxidizer in ferrous metallurgy, was
established. An alternative method intended to
process secondary raw materials may be a
distillation process with the extraction of
magnesium into the condensate and the
accumulation of rare metals in the distillation
residue, followed by the use of the residue as a
master alloy for special alloys.

Based on complete state diagrams of the Mg —
Be, Mg — Mn, and Mg — Zr systems, including the
liguid—vapor phase transition, the boundaries of
which are calculated based on experimentally
determined values of the components' saturated
vapor pressure, the possibility of the proposed
method to process secondary light alloys containing
beryllium, manganese, and zirconium have been
confirmed. The residues containing beryllium,
manganese, and zirconium can be involved in the
main process to produce special alloys in the form
of a master alloy with magnesium.

Technological experiments have shown the
possibility of technical implementation of the
process with an intensity of magnesium
evaporation acceptable for industrial production.
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BaKkyymaa marHuiai aiigay apKbiibl aiblHFaH KaiiTalama KopbiTnanapaaH
6epunnunn, mapraHel, }XaHe LMPKOHUNAAI KauTa eHaey

BonoguH B.H., A6aynsanues P.A., Tpebyxos C.A., HuueHko A.B., J/IuHHUK K.A.

Memannypeaus 1aHe KeH balibimy uHcmumymel; Coambaes yHugepcumemi, Aamamsi, KazakcmaH

TYAIHAEME

KypambiHOa cuvpeK KublH GankuTblH MeTangap 6ap KalTanama MarHuWi LWWKi3aTbiH eHaey
a4icTepiHiH, 6ipi marHuiiai KoHaeHcaTKa 6enin any XsHe AUCTUANAUMA KanAblFblHAA CUMpeK
MeTangapapl XUHAKTay apKblibl aigay npoueci 60aybl MyMKiH. ANbiHFaH KangblKTap apHaimbl
KOpbITNanap ywiH auratypa peTiHAe KongaHblnagbl. MarHuii KopbITnanapbiH aigay apKbiibl
eHAey MYMKIHAIMH Heri3gey ywiH atmocdepansik, Kbicbimaa (101,33 kMa) xaHe Bakyymaa (1,33

Makana kengi: 28 kapawa 2023 KlMa) Mg — Be, Mg — Mn kaHe Mg — Zr KyienepiHgeri cyiblk epiTiHginepaid, 601y alimakTapbl
CapantamagaH eTTi: 3 wenamokcaH 2023 YWiH By-CyMbIKTbIK Tene-TeHAIK epicTepiHiH, WweKkapanapbl ecentengi. COHFbICbIHbIH, LUaMachl
Kabbinganapi: 12 kaHmap 2024 KbICbIM acTblHAA OfaH api XKofapbliaiapl, HaTUKeciHAe BankpimagaH Mg KpuctangaHagbl, 6yn

TEXHONOTUAHBI KublHAATagpl. Mg — Be kaHe Mg — Zr KopbITnanapblHaH MarHWiai KeTipy
npoueciHge 6y ¢asacbiHaa marHuii 99,95-neH Kofapbl 60/1aTbIHbl aHbIKTanabl. Mg — Mn
»yieciHge 1000 °C TemnepaTtypaga 6y dasacbiHaa (KoHaeHcaT) 0,45 macc.% Mn 601ybl MYMKIH.
[ereHmeH, 6ynaHy NpoOLECIHIH KapKbIHABUIbIFbIH anaplH ana cbiHaynap npouecti 850-900 °C
TEMNEPATypaja Kyprisy TEXHONOTMANbIK Kafdalnap YWiH ylwna KOMMOHEHTTIH (Mg)
6ynaHybIHbIH, KONAWAbI XKbINAAMABIFBIH KAMTaMacbI3 eTeTiHiH aHbIKTagbl. Ocblnaiiwa, 3epTTeynep
MarHMiMMeH Herisri KopbiTna TypiHAeri apHalibl KopbiTnanapabl anyAblH, Herisri npoueciHe
COHfbINAPbIH TapTa OTbIPbIN, KypamblHAa Gepunnuvii, mapraHel, »KaHe LMPKOHMI Bap eKiHwi
PeTTiK XeHin KopblTnanapAabl OHAEYAIH, YCbIHbINFAH SAICIHIH MYMKIHAITH pacTaabl.

TyliiH ce30ep: marHuii, 6epunnunin, mapraHew, LMPKOHMI, KanbiNTbl Anarpamma, 6ybl-CyMbIKTbIK,
Tene-TeHAiri.
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PeuuknuHr 6epunnma, mapraHua 1 LUPKOHUA AUCTUANALUEI MarHUA B
BaKyyme M3 BTOPUYHbIX MarHMeBbiX CN1aBOB

BonoguH B.H., A6aynsanues P.A., Tpebyxos C.A., HuueHko A.B., JIuHHUK K.A.

UHcmumym memansnypeuu u obozaweHus; Satbayev University, Anmamel, KazaxcmaH

AHHOTALUMUA
OpHMM M3 cnocobos nepepaboTkM BTOPUYHOTO MArHUEBOTO CbIPbs, COAEPMKALLErO peaKue

TYronnaskue MeTaibl, MOXKET 6biTb AUCTUANALMOHHbLIN Nepesen C U3BJeYeHUEM MarHua B
MNoctynuna: 28 Hoabpsa 2023

PeueHsnpoBaHue: 3 dekabps 2023
MpuHATa B Nneyvatb: 12 AHeapa 2024

KOHAEHCAT U HaKOMIEHUEM PEAKUX META/IIOB B OCTATKe OT AUCTUANALMM. [TONyYEHHbIN OCTaTOK
BO3MOXHO MCMO/Ib30BaTb B KauecTse AWraTypbl A1s crneumasnbHbix cnnasos. Ans obocHoBaHUA
BO3MOXHOCTU NepepaboTKU MarHueBbiX Cr/IaBoB AUCTUAIALMEN PacCUMTaHbl rPaHuLbl nonei
NapoXKMAKOCTHOTO PaBHOBECUs A1 0BNACTelN CyLLeCTBOBAHUSA MUAKUX PAcTBOPOB B CUCTEMAX
Mg — Be, Mg — Mn 1 Mg — Zr npu aTmochepHom aasnenunn (101,33 kPa) u B Bakyyme (1,33 kPa).
BenuunHa nocnesHero obycnosneHa Tem, YTO JasibHelLIee YBENUYEHUE PA3PEKEHUA NPUBEAET

K Kpuctannamsaumum Mg u3 pacnnaBa, YToO 3aTPyAHWUT TEXHOANOruto. bblno ycTaHOBNEHO, 4TO B
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AVUCTUNNALMOHHOM MpoLecce yaaneHua marHua us cnnasos Mg — Be u Mg — Zr naposas ¢asa
6onee, yuem Ha 99,95 byaeT npeacTasneHa marinem. B cucteme Mg — Mn npwm 1000 °C B naposoit
dase (KoHgeHcaTe) Bo3moxKHO npucytcteue 0,45 mass.% Mn. OpHaKko, NpeaBapuTeNbHbIMU
MCMNbITAaHUAMMW MHTEHCUBHOCTU NpoLecca ucnapeHnsa bbla1o yCTaHOBAEHO, YTO BeAeHUe npouecca
npu Temnepatypax 850-900 °C obecneuvBaeT npuvemiemyto AN TEXHONOTMYECKUX YCI0BWUIA
CKOPOCTb  MCNapeHus NIeTy4yero KOomnoHeHTa (Mg). Takum o06pasom, npoBefeHHbIMM
UCCNeA0BaHMAMM  MOATBEPXKAEHA BO3MONHOCTb MpPeAsioKeHHoro crnocoba nepepaboTku
BTOPUYHbIX JIETKMX CMABOB, COAep Kalmx 6epunnnii, mapraHel, U UMPKOHUI, C BOBAEYEHUEM
nocnegHVx B OCHOBHOM NPOLLECC MOYYEHUA CNeLyManbHbIX CNAaBOB B BUAE NNFaTypbl C MarHUem.

Kniouesble cnoea: MmarHuii, 6epunnuii, MapraHel, UMPKOHWM, QAuMarpamMma COCTOAHUSA,
NapoXKUAKOCTHOE paBHOBeECHeE.
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ABSTRACT

In this article, the results of laboratory studies on the smelting of medium-carbon ferromanganese
using Djezdinskoe ores are presented. Kazakhstan has significant reserves of manganese ores
represented by iron-manganese and carbonate-oxide ores. The manganese ores of the
Djezdinskoe deposit are characterized by a relatively high manganese content (48%) and low iron
content (2-5%). Sieve analysis was used to study the particle size distribution of the ore. Based on
the results of the sieve analysis of ore samples obtained after sieving, a high manganese content
(53.54%), low iron content (0.47%), and silicon dioxide content (2.25%) were identified. Laboratory
experiments were conducted on smelting medium-carbon ferromanganese in the high-
temperature Tamman furnace. According to the results of the laboratory experiments, it is
recommended to use the size classes of -5.0 + 0.0 mm to obtain high-quality low-phosphorus
silicon-manganese alloy and the size class of +5.0 to produce medium-carbon ferromanganese.
The average chemical composition of the metal and slag is as follows: % Mn — 86 — 88; Si — 0.04 —
0.35; Fe —1.78 —2.0; P—0.06 — 0.09; C— 1.5 —2.0; MnO — 19-20; SiO2 — 13.94-14.5; CaO — 23.35 -
24.85; MgO — 13.25-14.0. Thus, an optimal technological scheme has been developed for the
production of a wide range of manganese ferroalloys.

Received: December 10, 2023
Peer-reviewed: January 3, 2024
Accepted: January 12, 2024

Keywords: Manganese ore, medium-carbon ferromanganese, low-phosphorus refined

silicomanganese, differential thermal analysis, high-temperature furnace, ferroalloy.

Information about authors:
PhD, Head of the Laboratory of Ferroalloys and recovery processes, Zh.Abishev Chemical and
Metallurgical Institute, Ermekova str., 63, 100009, Karaganda, Kazakhstan. Email: m.ye.n@mail.ru

Makhambetov Yerbolat Nysanalyuly

Master of Technical Sciences, Junior Researcher of the Laboratory of Ferroalloys and recovery
processes, Zh.Abishev Chemical and Metallurgical Institute, Ermekova str., 63, 100009, Karaganda,
Kazakhstan. Email: a.abdirashit@tttu.edu.kz

Abdirashit Assylbek Miramkhanuly

Master of Technical Sciences, Junior Researcher of the Laboratory of Pyrometallurgical Processes,
Zh.Abishev Chemical and Metallurgical Institute, Ermekova str.,, 63, 100009, Karaganda,
Kazakhstan. Email: ye.myngzhassar@gmail.com

Myngzhassar Yesmurat Amangalievich

Master of Technical Sciences, Engineer of Ferroalloys and recovery processes, Zh.Abishev Chemical
and Metallurgical Institute, Ermekova str, 63, 100009, Karaganda, Kazakhstan. Email:
burumbayev.azamat@mail.ru

Burumbayev Azamat Galymzhanovich

Engineer of Ferroalloys and recovery processes, Zh.Abishev Chemical and Metallurgical Institute,

Zhakan Armat Medetuly Ermekova str., 63, 100009, Karaganda, Kazakhstan. Email: armat.01.01@mail.ru

PhD, Professor of the Department of Metallurgy and Materials Science, Istanbul Technical

Yucel //
ucel Onuralp University, Macnak 6449, Istanbul, Turkey. Email.ru: yucel@itu.edu.tr

strength [2]. Consequently, the primary consumer of
manganese and its alloys is the metallurgical
industry. Around 80% of extracted manganese ores
are utilized in the production of manganese
ferroalloys. This is because, from an economic
perspective, the steelmaking industry generally
prefers the use of manganese alloys with iron, such
as ferromanganese.

Introduction

Manganese is a crucial strategic metal with
widespread industrial applications in various aspects
of social economics. Approximately 90-95% of
manganese is consumed in steel production, while
the remaining portion is utilized in non-ferrous
metallurgy, battery manufacturing, and food

additives [1].

The applications of manganese stem from its
physicochemical properties. It is well-known that
adding manganese to steel enhances its mechanical
properties such as wear resistance, ductility, and

In ferrous metallurgy, manganese alloys are
essential for producing various types of steel,
including carbon, low-alloy, tool, and corrosion-
resistant steels, as well as for refined and cast iron.
Manganese is also added to bronzes and brass.
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Copper alloys with manganese are used for
manufacturing turbine blades, while manganese
bronzes are employed in producing propellers and
other components requiring a blend of strength and
corrosion resistance is required.

According to confirmed reserves of manganese
ores, Kazakhstan ranks fourth in the world, and
eighth in extraction, with a share of Kazakh ores in
global reserves amounting to 8% [3]. The demand
for manganese products continues to grow.
Kazakhstan's reserves are found in oxide iron-
manganese and carbonate-oxide manganese ores.
The share of confirmed reserves of manganese ores
by industrial categories is approximately 700 million
tons, of which around 200 million tons are suitable
for open-pit mining and 500 million tons for
underground mining [4].

The average manganese content in Kazakhstan's
ores is 19.4%, lower than in the ores of most
countries worldwide (30-50%). The manganese ores
of the Republic stand out for their low phosphorus
and sulfur content, virtually lacking harmful
impurities like arsenic and antimony, and featuring a
significantly oxidized mineral composition. This
characteristic advantageously distinguishes them
from Ukrainian and Georgian ores. However, a
drawback is the considerable iron content (ranging
from 2 to 30%), and on certain sites, the presence of
lead and zinc (up to 0.01-0.4%).

Out of 300 identified manganese deposits and
occurrences, the State reserves balance accounts for
19 manganese deposits situated in Central
Kazakhstan. In other regions, only isolated
occurrences reach the size of small deposits. Many
occurrences remain poorly studied, and the scale of
manganese mineralization is limited by visual
assessments. This limitation is primarily associated
with the presence of rich ores at the Djezdinskoe
deposit and the largest accumulations of manganese
ores in the Atasu district. Consequently, the scope of
work to study manganese mineralization in other
regions of the Republic has been restricted [[5], [6],
[7]1, [8], [9]]. Despite the impressive reserves of
manganese ores in Kazakhstan, the production of
medium-carbon ferromanganese has not been
established.

The research was conducted to study the
processes involved in smelting medium-carbon
ferromanganese from manganese ore. The
Djezdinskoe deposit was chosen as the subject of the
study due to its status as one of the largest
manganese ore deposits and its high industrial
significance.

Experimental part

The work was carried out at the Zh. Abishev
Chemical-Metallurgical Institute. To conduct
laboratory experiments, it was necessary to perform
a particle size analysis. For determining the particle
size distribution of the ore submitted for
examination, a set of sieves according to GOST 9758-
86 with the following opening sizes in mm was used:
40, 20, 10, 5, 2.5, 0.5, and 0.16 [[10], [11]]. A dry
sieving analysis was conducted on the examined ore
sample. Following the particle size analysis, thermal
analysis of the ore was performed.

One of the widely adopted methods for studying
calcination processes is thermal analysis [[12], [13],
[14], [15]]. Therefore, this presented work includes
calculations to determine the apparent activation
energy using the non-isothermal kinetics method for
phase transformations occurring in iron-manganese
ores during heating. The possibility of determining
the activation energy by three parallel paths using
the heating curves of DTA (differential thermal
analysis), DTG (differential thermogravimetric
analysis), and TG (thermogravimetric analysis)
derivatives was verified. Sequentially discussed are
the physicochemical transformations occurring in
iron-manganese ores in both oxidizing and reducing
environments.

Differential thermal analysis was conducted in
an oxidizing atmosphere of air and an inert argon
atmosphere using a Paulik, Paulik, and Erdéy system
derivatograph. This equipment allowed for the
recording of changes in sample mass (TG), the rate
of change of mass (DTG), and the temperature
difference (DTA) between the sample and an inert
reference during continuous heating at a specified
rate. Derivatograms of manganese, iron-
manganese, and iron ores (Table 1) revealed several
endo- and exothermic effects associated with the
dissociation and oxidation of manganese and iron-
bearing minerals [[16], [17]]. These thermal effects
and the related physicochemical transformations
became the subject of investigation in this chapter.
Temperature and differential curves were recorded
using a platinum-platinum-rhodium thermocouple.
The heating rate was set at 10 degrees per minute.
The sensitivity of the DTA derivatograph was 1/10.
Dissociation studies were conducted in an argon
atmosphere. Samples, in powder form, were placed
in a corundum crucible with a diameter of 10 mm
and a height of 12 mm. The duration of the
experiments was 100 minutes.
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The interpretation of thermal effects was based
on available literature data and the results of X-ray
phase studies. In many cases, reference was made
not only to individual publications on the
thermoanalytical characteristics of minerals but also
to summary tables that consolidate this data [[18],
[19], [20]].

Figure 1 - High-temperature Tamman furnace (in
section) 1 - Carbon-graphite tube; 2 - Copper
compression ring; 3 - Water-cooled cover;

4 - Water-cooled housing; 5 - Alundum crucible;
6 - Investigated charge; 7 - Protective lining;

8 - Thermocouple; 9 - Lower electrode.

Experimental studies on the smelting of
medium-carbon ferromanganese were conducted in
a high-temperature Tamman furnace, designed for
modelling metallurgical processes (Figure 1). Its
working zone is constructed with a graphite tube.
Temperature regulation is achieved using a thyristor
voltage regulator connected to the primary winding
of the power transformer. This allows for obtaining
a current of up to several thousand amperes on the
output buses at voltages ranging from 0.5 to 15
volts. The furnace temperature was measured using
a tungsten-rhenium thermocouple WR-5/20 in a
corundum casing.

To conduct laboratory research on the process
of smelting medium-carbon ferromanganese, we
are evaluating the quality of the reducing properties
of low-phosphorus refined silicomanganese,
manganese ore from the Djezdinskoye deposit and
lime.

Results and Discussion

Initially, a dry sieving analysis was conducted on
the material of the investigated sample with a size of
-40.0 +0.0 mm. The results of the analysis, showing
the distribution by particle size classes and the
content of manganese, iron, and silicon dioxide, are
presented in Table 1. Based on the calculated
granulometric composition of the ore obtained from
dry sieving (Table 1), the weighted average content
of manganese, iron, and silicon dioxide in the ore
sample was determined to be 48.49%, 1.76%, and
5.59%, respectively. The particle size distribution
curve corresponding to the dry sieving is depicted in
Figure 2.

Table 1 - Sieve analysis of the initial ore from the
Djezdinskoe deposit.

. . The chemical Extraction. %
Ne P;;tslzle,::e 3::/': composition, % !

! ! Mn Fe Sio, Mn Fe

1 -40+20 26.36 53.54 0.47 2.25 29.11 7.02
2 -20+10 32.99 52.09 0.41 1.41 35.44 7.66
3 -10 +5 26.88 49.19 2.06 4.64 27.27 31.36
4 -5+2.5 9.85 30.22 7.31 21.23 6.14 40.76
5 -2.5+1 3.74 25.67 5.84 30.65 1.98 12.36
6 -1+0.5 0.08 19.14 8.55 30.51 0.03 0.38
7 -0.5+0.16 0.02 21.53 7.55 25.17 0.01 0.09
8 -0.16+0 0.08 19.46 8.02 21.37 0.03 0.38
Total (ore) 100 48.49 1.76 5.59 100 100

The analysis of the results obtained from the dry
sieving (Table 1) demonstrates relatively high
outputs for particle size classes ranging from -40 mm
to +5.0 mm. The highest output corresponds to the
particle size class -20+410 mm, accounting for
32.99%, gradually decreasing to 13.77% for the
particle size class -5.0+0.0 mm.

.
=1

Extraction Mn, %
w oz m BB 8 =

=}

20 10 5 25 1 0,5
Fraction, mm

016 0

Figure 2 - Sieve analysis of the initial ore (dry sieving)
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The derivative thermograms of manganese ores
from the Djezdinskoe deposit (Figures 3 and 4) are
nearly identical. All derivative thermograms display
two characteristic (similar) endothermic effects,
differing only in their proportions. According to the
derivative thermograms, the uniform removal of
hygroscopic moisture smoothly progresses up to
250°C and abruptly transitions to the first
endothermic effect within the temperature range of
285-400°C, corresponding to the loss of hydrated
(structural) moisture associated with vernadite. At
this temperature, presumably, the monohydrate
dissociates, forming a— B-Mn,0s. The total moisture
loss (hydrated and hygroscopic) amounts to 20 mg.
The second endothermic effect at 500-570°C
corresponds to the formation and decomposition of
the a—cryptomelane solid solution. At 660-675°C,
there is an endothermic pyrolusite effect, indicating
the formation of B-Mn;0; from B-pyrolusite (B-
MnQO,). At 810-825°C, a permanganate effect is
observed (decomposition of psilomelane). Finally, at
970-980°C, a cryptomelane effect is identified,
signifying the formation of B-hausmannite from B-
Mn,0s (B-cryptomelane).

N
N

Figure 3 - Derivative thermogram of manganese ore
(fraction +5 mm)
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Figure 4 - Derivative thermogram of manganese ore
(fraction -5 mm)

Phase composition of the primary manganese
ore, as shown in Figure 5-9 for the fraction up to -40
mm, was determined using X-ray phase analysis. The
results revealed that the main phases include
pyrolusite (MnO;), hydrated manganese oxide

(MnOy(H,0)015), quartz (SiO,), magnesian calcite
(Mgvoacao‘97)(CO3), lamontite (CaAlei4012(H20)2),
gibbsite (AI(OH)s), potassium aluminium silicate
(KAISi3Os), calcium and manganese oxide
(CazMng01g), iron oxide (Fe;03), barium monoferrite
(BaFez0.4), manganese-barium hollandite
(BaMngO1¢), and aluminium calcium (Al,Ca).

Figure 5 - X-ray diffraction pattern of manganese ores
(fraction -5+2,5 mm)

Flgure 6- X ray dlffractlon pattern of manganese ores
(fraction -10+5 mm)

—=m

Flgure 7- X ray dlffractlon pattern of manganese ores
(fraction -20+10 mm)

Flgure 8- X ray dlffractlon pattern of manganese ores
(fraction -40+20 mm)
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During the laboratory smelting process in the
Tamman furnace, charge materials (ore, low-
phosphorus silicomanganese, and limestone) were
loaded into a corundum crucible. Upon reaching a
temperature of 930°C, the gas release was observed
in all experimental melts, characterized by a white
deposit on the walls of the carbon tube lid. At
1330°C, the beginning of the charge melting was
observed. Around 1450°C, a liquid melt appeared,
indicated by the presence of an alloy adhered to the
molybdenum wire. At a temperature of 1500°C,
gases were formed and released in the crucible,
resembling bubbles as if boiling water. At this
temperature, the melt was maintained for 60
minutes and then allowed to cool in the furnace. As
the temperature decreased to approximately
~200°C, the crucible was removed, and after cooling
it to room temperature, the melt underwent sorting
to separate the metal from the slag. Figure 9 shows
a cross-section of a crucible (metal and slag).

The obtained alloy in terms of its chemical
composition complied with the requirements of the
GOST 4755-91 standard. The results of the smelting
are presented in Table 2. As evident from the table,
the compositions of the slags varied in terms of their
basicity. The quantity of the reducing agent was
adjusted to find the optimal value. During the
laboratory experiments, it was noted that the
reduction process in the crucible occurred very
intensively, resulting in the complete melting of the
entire charge and a clear separation between the
metal and slag.

Table 2 - Chemical composition of metal and slag, %

Ne Metal, %

Mn Fe Si C P
1 86.38 10.30 0.21 2.0 0.06
2 86.45 10.25 0.35 2.0 0.07
3 86.51 10.18 0.34 2.0 0.08
4 88.14 9.97 0.03 1.5 0.07
5 88.44 10.00 0.04 1.88 0.08
6 88.35 9.98 0.04 1.78 0.09
Ne Slag, %

MnO SiO: Cao MgO P
1 19.89 13.94 23.35 | 13.25 | 0.001
2 21.05 13.80 25.50 | 13.31 | 0.001
3 20.50 13.85 24,51 | 13.21 | 0.001
4 20.06 14.00 23.85 | 13.35 | 0.001
5 20.05 14.10 24.56 13.45 0.001
6 20.10 14.5 2475 | 14.05 | 0.001

Slag

Figure 9 - Cross section of a crucible
(metal and slag)

As known, a range of technological indicators
depends on the chemical composition of slag,
especially its basicity (CaO/SiO,). As shown in Table
2, the basicity values range from 1.6 to 1.8. The
choice of Dbasicity largely determines the
technological properties of the slag. In our case, the
main goal was to improve the technical and
economic indicators of the process, such as the
degree of extraction of the leading element into the
alloy, the technological efficiency, and the frequency
of slag. The degree of manganese extraction from
the ore into the alloy was 261%. Technological
efficiency was characterized by fewer metal droplets
entangled in the slag and clear separation of metal
and slag when disassembling the solidified melt. A
secondary task was to achieve slag stability at the
given basicity. Slags from laboratory test melts were
obtained in a stony state without signs of
disintegration. The above information on optimal
data corresponds to basicity values of 1.6-1.8. The
recommended technological scheme for the
metallurgical preparation of the Jezdinsky deposit is
shown in Figure 10.

Sieve analysis
Fraction (-40 +5 mm) Fraction (-5 +0 mm)

Smelting of low-
Production of medium
carbon ferromanganese

phosphorous advanced
silicomanganese
Figure 10 - Recommended technological scheme for
metallurgical preparation of the Dzhezdinskaya deposit
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Conclusions

Based on the obtained research results, the
following main conclusions can be drawn:

- It has been determined that in the dry sieving
of crushed ore down to -80.0 mm, a significant
amount of manganese is concentrated in the particle
size class up to +5.0 mm, while the minimum amount
of iron is concentrated in the particle size class down
to -5.0 mm, suitable for low-phosphorus
silicomanganese quality of charge materials.

- The phase transformations of charge materials
in oxidizing and inert atmospheres were studied by
differential  thermal analysis (DTA). The
experimental data obtained are consistent with the
literature.

- The temperature range of the Tamman furnace
operation is approximately from 1598 to 1698 K. The

entire smelting process was completed successfully,
and the achieved temperature conditions at 1698 K
allowed for the complete formation of metal and
slag in the melting chamber.

This allows the establishment of optimal
parameters for the technological mode to effectively
smelt medium-carbon ferromanganese in the
refined furnace. The obtained data from
thermodynamic and laboratory studies provide a
basis for conducting both laboratory and large-scale
tests.
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Me3pai KeH opHbIHaH opTawwa KemipTekTi peppomapraHew, any

MYMKIHAIriH 3epTTey
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Makana kengi: 10 xenamokcaH 2023
CapantamagaH eTTi: 3 kaHmap 2024
Kabbinganapl: 12 kaHmap 2024

TYWIHAEME

Byn makanaga Xesai KeHAepiH KongaHa OTbIpbIn, OpTalla KemipTeKTi deppomapraHeuTi 6ankbiTy
6oiblHWaA 3epTxaHasblK, KYMbICTapApblH, HaTuKenepi KenTipinreH. KasakcraHga mapraHe,
KeHAepiHiH, efayip Kopbl 6ap, onap Temip-mapraHel, XaHe KapboHaT-oKcug, KeHaepi TypiHae
60naabl. He3ai KeH OpHbIHbIH, MapraHew, KeHAepiHAE CanbICTbipManbl TYpAe MapraHew, Xofapbl
menwepae (48 %) >kaHe Temip a3 mesnwepge (2-5%) 6onagbl. KeHHiH rpaHy0MeTPUANbIK,
KYpPaMbIH 3epTTey YLiH efeK Tangaybl KongaHblaabl. EnekreH 6eniHreHHeH KeliH anblHFaH KeH
YATINEpiH rpaHyNOMEeTPUANBIK Tangay HaTuxkenepi GoWbIHWA MapraHeuTiH, »Kofapbl menwepi
(53,54 %), Temipain, menwepi (0,47 %) aHe KpEMHUIA OKCUAjHIH, a3 Menwwepi (2.25%) aHbIKTanabl.
KoFfapbl Temnepatypanbl TammaH newiHae opta KemipTekTi deppomapraHeuTi 6ankbiTy 6oibIHWA
3ePTXaHaNbIK ¥KYMbICTAP KYPridingi. 3epTXaHablK XKyMbICTapAblH HITUXKeNepi OMbIHLLIA ¥KOFapbl
cananbl TemeH pocdopapl OHAENTIH CUAMKOMapraHewuTi any ywiH -5+0,0 Mm KnacTapabl, opTawia
KOMIpTeKTi deppomapraHeuTi any ywWiH enwemi +5 Knactbl KONAAHY yCbiHbINAAbl. MeTann meH
KOXAbIH, OpTalla e/leHreH XMMUANBIK Kypambl: %: Mn — 86 — 88; Si— 0,04 - 0,35; Fe — 1,78 - 2,0;
R-0,06-0,09; C—1,5-2,0; MnO — 19-20; Si02-13,94 — 14,5; CaO — 23,35 — 24,85; Mg0-13,25-
14.0. Ocbinaiiwa, MmapraHey, ¢GeppoKOpPbITNANaAPbIHbIH, KeH CNeKTPiH OHAIpyAiH OHTalbI
TEXHONIOTUAIBIK CXEMAChI YKacanapl.

TyliiH ce30ep: mapraHeL, KeHi, opTalla KemipTeKTi ¢eppomapraHel, TemeH ¢ochopnbl KanTa
eHAenNeTiH cuaMKomapraHew, AvddepeHUMansbl TEPMUANbBIK Tangay, KoFapbl TeMnepaTtypabl
new, peppoKopbITna.
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UccnepoBaHMe BO3MOXKHOCTU NONyueHUeE cpegHeyrnepoaucroro peppomapraHua
u3 [1}>Ke3gUHCKOro MecTopoXKaeHus
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AHHOTAUMA

B pdaHHOM cTaTbe npuBefdeHbl  pe3ynbTaTbl  NabopaTopHbiX paboT no  BbiNnaske
cpeaHeyrnepoaucToro deppomapraHua ¢ ucnonbsoBaHuem [resguHckux pya. B KasaxctaHe
MMeIOTCA 3HauWTe/bHble 3amacbl MapraHUeBbiX pyd, KOTOpble MpeAcTaBNAeHbl  Keneso-
MapraHueBbiIMi U KapbOHATHO-OKCMAHbIMM pyaamu. MapraHuesble pyapl [Ke3aUMHCKOro
MECTOPOXKAEHUA XapaKTepU3yIOTCA CPAaBHUTENbHO BbICOKMM cofepXKaHnem mapraHua (48 %) u

Moctynuna: 10 dekabps 2023 HU3KMM cofiepKaHneMm xenesa (2-5 %). [na uccneposaHus rpaHyIOMETPUYECKOTO COCTaBa pyapl
PeueH3unpoBsaHue: 3 aHeapa 2024 6bl71 UCNONB30BaH CUTOBLIN aHanu3. Mo pesynbTaTam rpaHyN1OMeTpUYecKoro aHaaunsa obpasuos
MpuHATa B nevatb: 12 AHeaps 2024 pyAbl, MONYYEHHbIX NOCNe CUTOBOrO pasfeneHus, OblIo BbIABNEHO BbICOKOE COAep}KaHue

mapraHua (53,54 %), Hu3Koe copepxkaHue xenesa (0,47 %) n kpemHesema (2,25 %). Bbinn
nposeaeHbl nabopatopHble paboTbl MO BbIMJABKE CPeAHEYrNepoancToro deppomapraHua B
BbICOKOTEMMepaTypHOW neun TammaHa. Mo pesynbtatam nabopatopHbix paboT pekomeHayeTcs
nmcnonib3oBatb Knaccbl -5 + 0,0 Mm Ana nosnyvyeHUs KavecTBeHHOro HuskodocdopucrToro
nepeaenbHoOro CUAMKOMapraHua, Kaacc KpYmHOCTUM +5 Ans noayyYeHua cpesHeyrnepoauctoro
deppomapraHua. CpeHeB3BeLIEHHbIE XMMUYECKUIH COCTaB MeTanna U Wwnaka: %: Mn — 86 — 88; Si
—-0,04-0,35; Fe—1,78-2,0; P-0,06 - 0,09; C—1,5—2,0; MnO — 19-20; SiO2 — 13,94-14,5; CaO —
23,35 — 24,85; MgO - 13,25-14,0. Takmum o6pasom 6bina paspabotaHa oONTMManbHas
TEXHO/IOTMYECcKan CXema A/19 NPOU3BOACTBA WMPOKOro CNeKTpa mapraHLeBbix GeppocnnaBos.

Knloveeble  cnoea:  mapraHuesas pyda,  cpepHeyrnepoaucTblit  deppomapraHel,
HU3KOPOCHOPUCTbIN NepeaenbHblt  CUAMKOMapraHel, AuddepeHLManbHOro  Tepmudeckuii
aHanu3, BbiICOKOTeMMNepaTypHas neds, Geppocnias.
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ABSTRACT

The exceptional mechanical and chemical properties exhibited by scandium, characterized by its
low density, high strength, and remarkable resistance to corrosion, have positioned it as a sought-
after metal in diverse industrial applications. Consequently, a surge in market demand for
scandium has been observed, highlighting its unique attributes compared to other metals. The
Republic of Kazakhstan has identified potential sources of scandium in the waste generated by the
titanium, uranium, and aluminum industries. By implementing efficient processing techniques for
these production wastes, the country can effectively address the deficit of scandium while also
mitigating man-made emissions, thus significantly improving the environmental landscape. This
article aims to explore and evaluate contemporary methodologies that have been employed for
the recovery of scandium from the aforementioned secondary sources. By examining and
analyzing these techniques, we can gain insights into the most effective and sustainable
approaches to harnessing scandium from waste materials in Kazakhstan. This research not only
contributes to meeting market demands but also ensures the responsible utilization of scandium,
benefiting not just the country's economy but also its environmental sustainability.
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Introduction

The global market demand for rare and rare
earth metals (REM) in the development and
production of mineral resources is growing each
year, driven by scientific and technological
advancements [[1], [2], [3]]. Scandium, a rare and
expensive metal, is primarily found dispersed in
nature, although it also exists in its mineral called
tortveitite. The extraction and purification of
scandium involve multiple processes, which
significantly contribute to its high price. In 2016, for
example, scandium oxide cost reached $4,200 per
kilogram [[4], [5], [6]]. Scandium possesses unique
properties such as low density, high strength, and
excellent corrosion resistance, making it crucial for
various industries including aviation, electronics,
and energy. However, the natural sources of

scandium are limited, leading to increased research
on its extraction [[7], [8]].

Although scandium is more prevalent in the
Earth's crust compared to precious metals like gold
and silver, it is a scattered element that does not
form distinct deposits. Instead, scandium is widely
distributed as a minor impurity in ores and minerals
containing zircon, wolframite, beryl, cassiterite,
uranium, and titanium [9]. Scandium is extracted
from these ores as well as from waste generated
during mineral production. In recycled mineral raw
materials, scandium can constitute a fraction of
around a dozen percent or more. Therefore,
scandium concentrate is initially obtained from
secondary raw materials, enabling the production
of pure scandium through subsequent processing.
Possible sources of secondary raw materials
include slag, sludge, chlorine melts, and reverse
solutions from underground leaching. The

— 109——=


https://doi.org/10.31643/2024/6445.44
mailto:o.baigenzhenov@satbayev.university
https://creativecommons.org/licenses/by-nc-nd/4.0/

Complex Use of Mineral Resources. 2024; 331(4):109-116

ISSN-L 2616-6445, ISSN 2224-5243

processes for separating scandium from solutes are
complex and may involve deposition, extraction,
and ion exchange methods [[10], [11]].

The primary objective of this study is to provide
an overview of industrial waste categories and the
technological interventions employed in the
extraction of scandium.

Extraction from uranium raw materials

Scandium is primarily sourced from uranium
ores, which typically contain concentrations of

0.001-0.0001% of this element. Higher
concentrations of scandium can be found in
specific minerals such as davidite (0.02%),

xenotime (0.08-0.1%), and obruchevite (0.08-0.2%)
[12]. The annual production of scandium oxide
(Sc203) from uranium ores ranges from 50 to 500
tonnes, and the worldwide reserves of such ores
are estimated to be around 600 million tonnes.
When uranium ores are leached with sulphuric
acid, scandium is transferred into the solution.

A technology scheme for the simultaneous
extraction of scandium during the processing of
uranium has been outlined in references [[12],
[13]] (Figure 1). The process begins with leaching
uranium ore using sulphuric acid, resulting in a
solution containing up to 1 mg/l Sc,0s.
Dodecylphosphoric acid (0.1 M) is used to fully
extract uranium from this solution. Notably,
scandium, thorium, and titanium are commonly co-
extracted but remain in the organic phase after
uranium re-extraction through a 10 M HCl solution.

H,SO;  Uranium ore

| Leaching |

10M HCI

phosphoric acid, | mother liquor
Y

dodecyl ester
—®{Extraction and re-extraction |

—

Hydrofluoric acid treatment is employed to extract
scandium and thorium from the organic solution.
As a result, scandium and thorium form solid
deposits (10% Sc,0; and 20% ThO,). The resulting
precipitate is dissolved in a 15% sodium hydroxide
solution at 75-90 °C for 4 hours, leading to the
formation of scandium oxide. After filtration, the
scandium hydroxide is dissolved in hydrochloric
acid, and impurities such as titanium, zirconium,
iron, and silicon are removed through hydrolysis.
Subsequently, an oxalate purification method is
applied.

Uranium is sorbed by anionites from these
solutions while scandium remains in the solution.
According to reference [14], the sorption of
scandium can be achieved using ion exchange
resins containing phosphorus, such as Lewatit TR
260. Laboratory experiments using authentic
solutions have successfully achieved an overall
dynamic capacity of scandium of 0.049 kg/m3.
Desorption of scandium from a fully saturated
sorbent, using eight specific volumes of Na,CO;
solution (200 g/L), resulted in an 80% desorption
efficiency. The desorbed substances were then
subjected to the next stage of scandium absorption
using the highly alkaline anion exchange resin
Amberlite 920. From this resin, scandium is
desorbed using a nitric acid solution containing
ammonium nitrate. Additionally, an additional
phase involves the precipitation of scandium
oxalate from the desorbate of the second phase,
followed by calcination to obtain Sc,0s.

15% NaOH

[Dissolution and filtration|

HCI
precipitate

organic i
phase ] )
uranium solution

Y
Precipitation
and filtration

!

TiF,

-4— HF

precipitation of
Sck; ,ThF4

* Th,Ti,Zr,
|Disso|ution and hydrolysis |_>|:e13iI

H,C,0,4

Y

Precipitation of
scandium oxalate

Calcination

Sc,03

Figure 1 - Technological flow sheet of associated scandium extraction in uranium processing
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In article [15], the authors examined the
sorption capacities of Lewatit TP260 and Purolite
MTS9580 sorbents. The results indicated that
MTS9580 resin had an advantage over TP260, with
an exchange capacity of 200 mg Sc/dm?3 compared
to 59.7 mg Sc/dm? for TP260. It is important to note
that Purolite MTS9580 has a significantly reduced
dynamic exchange capacity for undesirable
impurities such as Al, Fe, Ca, and others.

Extraction of scandium from red mud. A waste
by-product of the Bayer bauxite treatment process
presents a challenging technological task. Red mud
production is significant, with approximately 1.1-
1.2 tonnes generated for every tonne of bauxite
alumina. Currently, red muds are typically
deposited in designated lagoons due to limited
disposal options. However, this practice poses
environmental challenges and occupies large areas
of land [[14], [15], [16]]. The global accumulation of
red mud resulting from alumina production has
reached around 1.5 billion tonnes, with this
guantity increasing annually [[17], [18], [19]].
Despite current storage methods, environmental
contamination from toxic substances contained in
red mud remains a persistent issue. The extraction
and recycling of metals from this waste can help
mitigate these concerns.

Scandium, an essential component found in
red mud, requires complex technological processes
for retrieval. With the rapidly growing global
consumption of scandium, there is a need to
develop techniques to extract it in various chemical
forms, such as oxide or fluoride.

A study conducted in [20] investigated the
extraction of scandium from red mud obtained in
Greece (see Figure 2). The red muds underwent
sintering using sodium carbonates or sodium
borates at 1100 °C for 20 minutes, followed by
leaching with a 1.5 M HCI solution. The resulting
solution was then subjected to ion exchange using
Dowex 50W-X8 sulphocationite resin, enabling
scandium and a significant portion of impurities to
be extracted. The impurities were eluted with a
1.75 M HCl solution, and scandium was
guantitatively desorbed using a 6 M HCI solution.
The solution was subsequently neutralized with
ammonia and passed through a liquid-liquid
extraction step using a 0.05 M solution of D2EHPA
in hexane. Scandium re-extraction was achieved
using a 2 M NaOH solution. However, this recovery
method is not cost-effective due to its lack of
selectivity, requiring additional purification
operations, and resulting in significant costs. To
address this issue, the authors of [[21], [22]] have
developed methods allowing for more selective
leaching of scandium from red mud. The leaching
of lanthanides, scandium, and yttrium from red
mud was investigated using sulphuric, nitric, and
hydrochloric acid solutions. Dilute HNOs3
(approximately 0.5 M) at room temperature
provided the best results, with recoveries of 80%
for scandium, 96% for yttrium, and 70% for
ytterbium. Importantly, only 3% of iron was
introduced into the solution.

|<—N aQC03/NazB407

*—|Mother liquor |

[Red mud {  Sintering

1,5M HCl—»{_Leaching |

1,75M HCI_> Sorpuon
6M HC| —»| Dowex 50\W-X8

Fe, Al, Ca, Si,
Ti, Na solutions

* *780' Y, La solutions

NH,OH —»|Neutralization

* pH=0

2M NaOH —p Extraction

0,05M DEHPA

p Sc solution

Raffinate Y,La

Figure 2 - Technological flow sheet of scandium extraction from red mud
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Furthermore, in [23], the alkaline method for
scandium extraction from red sludge is described.
The process involves treating red sludge with a
Na,COs solution, followed by hydrolytic
precipitation of Sc(lIl) using a carrier (aluminium or
zinc oxide solution in sodium hydroxide). The
resulting precipitate is then treated with
concentrated  sodium  hydroxide  solution,
transferred to the hydrochloric acid solution, and
the filtrate is treated with an excess of
stoichiometric proportions of ammonia or
hydrofluoric acid solution. Experimental results
indicate that this technique allows for the
production of a scandium concentrate containing
10-30% Sc,0s in oxide form and 30-50% ScFs in
fluoride form.

When scandium is precipitated from an acidic
solution using an ammonia solution, the recovery
rate of scandium in the precipitate reaches 94-
100%. Alternatively, when precipitation is done
with hydrofluoric acid, the recovery rate ranges
from 92-100%. However, it is important to
acknowledge that this method involves multiple
precipitation and filtration steps, which results in
low productivity and complexity in terms of
automation.

Extraction of Scandium from
production waste

Titanium concentrate is typically processed
using two primary methods: sulfuric acid, which
produces titanium oxide, and chlorination, which
produces titanium tetrachloride. During the
chlorination of titanium slag, a significant portion
of scandium accumulates in the remaining melt of
titanium chlorate. Scandium oxide undergoes
chlorination through the reaction (1).

titanium

25¢,03+6Cl,+3C=45cCl3+3CO0, (1)

Scandium chloride is well soluble in water and
hydrochloric acid solvents. Figure 3 shows the
technology of the recovery of scandium. The bulk
melt containing 0.01-0.03% scandium is alkalized in
a weak solution of hydrochloric acid (20-40 g/I HCI).
Scandium, located in the bulk melt in the form of
chloride, is filtered and sent for extraction,
adjusted for the content of ferric chloride.
Scandium extraction is carried out with a 70%
solution of tributyl phosphate in kerosene; the
resulting scandium-enriched organic phase is
washed from impurities with strong hydrochloric
acid (220-240 g/| HCI); then the scandium extract is
transferred to the aqueous phase (reextract) with
a 7% hydrochloric acid solution. From the
reextraction of oxalic acid, oxalates of scandium

and other metals are precipitated, the resulting
pulp is filtered, a solid precipitate of oxalates is
dried and heated at 7002c and a technical oxide
containing 40-60% Sc,0s3 is obtained [[24], [25]].

The extraction of scandium from ilmenite slags
obtained after smelting ilmenite concentrates is
described in the referenced work (Figure 4). The
proposed method involves grinding the slag and
sintering it with Na,COs at temperatures between
900-1000°C. The sintered material is then leached
with a 30% HCI solution, maintaining a S+L ratio of
1+2 and a temperature of 80°C. Using an extraction
solution of 30% D2EHPA in kerosene, 94% of
scandium is extracted from the solution at a W+0
ratio of 20+1. Iron is removed by washing the
extracted solution with a 5M HCI solution, and
scandium is further re-extracted with a 2M NaOH
solution. The Sc(OH); precipitate is dissolved in an
HCl solution, and scandium oxalate is obtained
through precipitation. The total recovery of
scandium achieved is 90%.

Figure 4 provides an example of a process for
obtaining scandium from the residual chlorination
melt of titanium slag, as documented in previous
research [20]. The process is based on the
extraction of scandium as TBF from chloride
solutions obtained through leaching with a 6M
hydrochloric acid solution. The solution is then
purified from radium by precipitating it together
with newly formed barium sulfate. Scandium is
subsequently extracted as a hydroxide by
precipitating it with an NH40OH solution after re-
extraction with a 0.1M hydrochloric acid solution.
Finally, the precipitate is heated to obtain Sc,0s.

The work [26] describes a method for
processing a melt of titanium chlorators by
obtaining Sc,05 and concentrating it in the aqueous
phase of yttrium and manganese. The solution is
based on the results of research on the extraction
of Scandium, Yttrium, aluminum, iron(lIl), Titanium
and manganese with a new nitrogen extractant
N(2-hydroxy-5-nonylbenzyl)-B, B-
dihydroxyethylamine (NBEA-1) in an organic
thinner.

The method of separation of scandium and
titanium is based on the use of an organic solution
of NBEA for extraction [27]. For this process, a
chloride solution containing titanium and scandium
is used, to which hydrogen peroxide is added in a
certain ratio with a titanium concentration from
0.8 to 10. Then the solution is neutralized, after
which extraction is performed using a solution of
NBEA in octanol with a concentration of 0.25 mol/I
for 30 minutes at a pH of 2.25 to 3.45. This method
allows to increase the metal separation coefficient
from 450 to 26440.
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Figure 3 - Technological flow sheet for recovery scandium oxide from the spent melt of
titanium chlorators
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Figure 4 -Technological flow sheet for recovery scandium oxide from the spent melt of
titanium chlorators
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Conclusion

In conclusion, the development of extraction
technologies for scandium from secondary raw
material sources is an important area of research, as
it allows for improved resource efficiency and the
recovery of valuable metals from waste materials.
Effective methods for extracting scandium from
feedstocks, with high recovery rates ranging from
85-90%, often involve sorption or extraction steps
utilizing phosphorus-containing substances. These
steps can be applied during the primary
concentration of scandium as well as in subsequent

processing to remove unwanted impurities.
Sorbents such as Lewatit TP260 and Purolite
MTS9580 have shown promising selectivity towards
scandium, and Dowex 50W-X8 has demonstrated
high recovery not only of scandium but also other
impurities. Further research will focus on the
sorption capacities of Lewatit TP260 and Purolite
MTS9580 in titanium waste solutions following
aqueous leaching.
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CKaHaunai KaTanama WKKi3aTTaH any YWiH KONAAHbINATbIH
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TYAIHAEME

CKaHAWMAIH, Tbifbl3AblFbl TOMEH, OEpIKTIr KOFapbl KaHe Kopposusara TesimainirimeH
apTypni
©OHepKaCinTiK cananapfa cypaHbicka We MeTanfa aWHanablpapl. OcblFaH  6alinaHbIcTbl

epeKLueneHeTiH epeKkwe MexaHUKanblK XaHe XUMUANDbIK KacmeTTepi OHbl

CKaHAMIMre HapbIKTbIK CYpPaHbICTbIH, KYpT ecyi balikanaabl, 6yn oHbIH 6acka meTangapmeH
canbICTbipFaHAa KacueTTepiHiH, epeKkwe ekeHAiriH Kepceteai. KasakctaH PecnybankacbiHaa
TUTaH, YpPaH »oHe aNtOMWMHWI BHEpPKICIBiHIH, KanaplKTapblHAAFbl CKaHAMWAIH SneyeTTi
Ke3gepi aHbiKTangpbl. Ocbl OHAIPIC KAaNAbIKTapbliH 6HAEYAH TMIMAj TEXHONOTUANAPLIH EHTi3y
aAPKbI/bl Bi34iH €N CKaHAWMM TanWblIblFbl MACENECIH TUIMA] LWelle anagpbl XKaHe COHbIMeH bipre
TEXHOTFEHAIK KanablKTapAbl a3aiTafbl, OCbINAWLIA 3KONOTMANBIK Kafdanabl auTap/ibiKTan
aKkcapTaabl. Byn makanaHblH MaKcaTbl — OfapblAa aTanfFaH KaTasama LWKKi3aT KesgepiHeH
CKaHAMMA] any ywiH KOongaHblnaTblH 3amaHayu agictepai 3eptrey jkaHe 6aranay. Ocbl
aajicTepai 3epaenen, Tangak oTbipbin, 6i3 ckaHaWA KasakcTaHaaFbl KanablKTapaaH anyablH,
HEFYP/IbIM TUIMAi KaHe OPHbIKTbI Tacinaepi Typanbl TYCiHIK ana anambi3. byn 3eptrey
HapbIKTbIH, KAaXKeTTiNIKTEPiH KaHaFaTTaHAbIPYFa bIKNan eTin KaHa KoMMalnabl, COHbIMEH KaTap
CKaHAMINAj XKayanKepLwinikneH nanganaHyabl KamTamacbi3 etegi. byn engid, sKOHOMMKACbIHA
FaHa eMec, OHblH, 3KONIOTUANBIK TYPAKTbI/IbIFbIHA Aa Nailaa aKkenend;.

TyiiiH ce30ep: TUTaH KaNAblKTapbl, CUPEK METaNAap, CKAHANMN, CUPEK KEeP INEMEHTTEpI,
Wwaimanay, xnopaay
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0630p TexHONOrnii, UCNONb30BABLUUXCA ANA U3BNIYEHUA CKaHAUA
U3 BTOPUYHOIO CbipbA

'OpbiHbaes b.M., "BaiireH:keHos 0.C., 2Turan M.D.

1Satbayev University, Anmamesi, KazaxcmaH
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AHHOTALMUA

WUckntountenbHble MexaHU4yeckne U XMMUYECKMe CBOMCTBA CKaHAMA, XapakTepusylolmecs
HWU3KOM NNOTHOCTbIO, BbICOKOM MPOYHOCTBIO U YAMBUTENBHOMN YCTOWYMBOCTBIO K KOPPO3uM,
caenanu ero BOCTpeb0oBaHHbIM METANIZIOM B Pa3/IMYHbIX NPOMbILLAEHHbIX 06nacTAX. B cBA3M ¢
3TMM HabAloaaeTca Pe3Kuii PoCT PbIHOYHOFO CMPOCAa Ha CKaHAMWM, YTO MoAYepKMBaeT ero
Moctynuna: 10 dekabps 2023 YHUMKaNbHble CBOWCTBA MO CpaBHEHWIO C ApyrMmu meTannamu. Pecnybavka KasaxcraH
PeLeHanposaHue: 19 dexabpa 2023 BbIABUNA MOTEHLMANbHbIE MWCTOYHUKM CKaHAMA B OTXOAax TWTAHOBOM, YpPaHOBON U
MpwHaTa B neyats: 17 AHeapa 2024 ANIOMUHUEBOM NPOMBbILLNEHHOCTU. BHeapus 3ddeKkTUBHbIE TEXHONOMMKU NepepaboTku 3TUX
OTXOA,0B NPOU3BOACTBA, CTPAHA CMOXKET 3PDEKTUBHO pelwmnTb Npobnemy aeduumta ckaHAWA
N OJHOBPEMEHHO CHU3WUTb TeXHOreHHble BbIGPOCHI, TEM CaMbiM 3HAYUTENbHO YAYYLLIMB
JKonormyeckyto obctaHoBKy. Lienb JaHHOM CTaTbM - U3Y4MTb U OLEHUTb COBPEMEHHble
MeTOoAMKKU, npumeHAaemble ON1A U3BNEeYeHUA CKaHAMA U3 BblWEYNOMAHYTbIX BTOPUYHbIX
UCTOYHUNKOB. V|3y'-IVIB M nNpoaHannsmpoBaB 3T MeTOAbl, Mbl CMOXeM MNONY4YUTb
npeacrasneHne o Hanbonee spGEKTUBHBIX U YCTONUMBBIX NMOAXOAAX K U3BEUEHUIO CKaHAWA
13 oTxof08 B KasaxctaHe. [laHHOe UccnefoBaHue He TONIbKO CrocobCTByeT yA0BAETBOPEHNIO
noTpebHOCTe pbiHKa, HO U 0becneynBaeT OTBETCTBEHHOE UCMONb30BaHME CKaHAMWA, NPUHOCA
No/b3y He TONIbKO SKOHOMMKE CTPaHbl, HO U €€ 3KONI0TMYECKOI YCTONUYUBOCTY.

Knioyesble cnosa: TUTAHOBble OTXOAbl, PefKue MeTannbl, CKaHAuMi, pefKo3emeNbHble
3/1IEMEHTbI, BblILLENAYMBAHUE, XIOPUPOBAHUE
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ABSTRACT

The material composition of the sublimates from dust chambers in titanium chlorinators has been
studied by chemical, X-ray and microprobe analysis methods. Studies of the phase composition of
dust chamber sublimates have shown that the object consists of aqueous and anhydrous chloride
phases to a greater extent. Two forms of niobium present, such as oxychloride and oxide niobium
were found. The presence of zirconium in sublimates has a chloride and oxychloride nature.
Experiments for the aqueous leaching of dust chamber sublimates were conducted to determine
the optimal process conditions: S:L ratio = 1:8, leaching time = 1 hour, temperature = 25°C. Studies
were conducted to choose an acidic reagent for cake leaching followed by the conversion of
niobium and zirconium into a solution. A solution consisting of HF+H,SO4 was selected as an acidic
reagent for cake leaching. Optimal conditions for the extraction of niobium and zirconium into
solution were established, such as 25% [18M HF] +75% [7M H,S04], S:L ratio = 1:3, temperature =
90 °C, duration of the leaching process = 120 minutes. Under these leaching conditions, the
extraction of niobium, zirconium, and titanium into solution was 94.06%, 84.95% and 32.35%,
respectively. The elemental and phase composition of the residue from acid leaching of cake were
determined.
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Introduction

In general, rare

metals

waste abundant in rare metals can contribute to
solving this problem [41. Niobium and zirconium are
a common satellite of titanium: therefore. thev are

determine the  found in titanium concentrates obtained from ores

development of such important fields as
semiconductor electronics, nuclear power, aviation
and rocket engineering, electro-vacuum technology,
as well as the production of special steels and hard,
heat-resistant and anticorrosive alloys. Rare
refractory transition metals which form alloys of
intermetallic compounds and solid solutions
characterized by high intermolecular adhesion of
atoms in crystals may be considered particularly in
demand. The high rates of development of these
technology branches determine the continuous
increase in demand for rare metals which provides
for further expansion of their production [[1], [2],
[3]]. The use of titanium-magnesium production

of ilmenite deposits. At Ust-Kamenogorsk Titanium
and Magnesium Plant (UKTMP) JSC. during the
processing of titanium-containing raw materials. the
largest part of niobium and zirconium enters and
concentrates in production waste.

When titanium tetrachloride is produced, a large
amount of spent melt and pulps of chlorinators,
sublimates and sludge of dust chambers is formed.
An analysis of the distribution of niobium in solid
waste from the chlorination process for titanium
slags of the Ust-Kamenogorsk Titanium and
Magnesium Plant shows that the highest content of
niobium is found in dust chamber sublimates.
Depending on the volume of titanium tetrachloride
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production, up to 3.2 t/day of DC sublimates are
formed and contain such valuable components as
KCI, NaCl, FeCl,, FeCls, MnCl,, CrCls, TiCls, NbCls,
ZrCls, ThCls, A1C1;, ScCls, TaCls. At the plant, DC
distillates are washed with water, the resulting
chloride pulp is discharged into an acidic sewer and
then neutralized with lime milk. Here, all valuable
components in the sublimates accumulate in sludge
accumulators [[5], [6]].

Niobium is resistant to many acids and salt
solutions. Orthophosphoric, diluted sulfuric and
nitric acids have practically no effect on niobium.
Only concentrated solutions of hydrochloric, sulfuric
and hydrofluoric acid or their mixtures can be
effectively used as reagents [[7], [8]].

There are well-known methods of hydrochloric
acid opening for natural and secondary titanium,
niobium and tantalum raw materials [[9], [10], [11]].
The work [12] studies the kinetics of niobium
leaching with hydrochloric acid from titanium-
magnesium production waste. The experiments
determine the effect of the parameters of the
leaching temperature (25-90 °C), HCI concentration
(0.5 - 4 M), stirring rate (100-500 rpm) and the solid-
liguid ratio. The maximum niobium extraction
degree of more than 90% was achieved in 60
minutes by leaching residues in 4 M HCl at 70°C.

The work [13] studies the conditions for the
niobium and tantalum leaching from the columbite
concentrate of the Zashikhinskiy deposit with a
solution of hydrofluoric and sulfuric acids. We can
see that the concentration of acids and the
temperature of the solution have a decisive effect on
the extraction degree of both elements. In contrast,
the dispersion of the concentrate and the duration
of phase contact have a lesser effect. Under
conditions ensuring the production of solutions with
a total content of niobium and tantalum of at least
110-130 g/L. Large-scale laboratory tests of the
process for the extraction of niobium 97.6% and
tantalum 93.7% were performed. The separation of
niobium and tantalum using 1-octanol as an
extractant for the production of experimental
samples of niobium oxide and tantalum oxide was
studied under the conditions of a continuous
extraction cascade.

Zirconium is also chemically resistant in many
aggressive environments. Zirconium interacts with
acids only when there are conditions for the
oxidation of acids and the formation of anionic
complexes. It reacts neither with hydrochloric and
sulfuric acids (up to 50%) nor with alkali solutions. It
interacts with nitric acid and Aqua regia at above 100

°C. It is soluble in hydrofluoric and hot concentrated
(above 50%) sulfuric acids [14].

The work studies the effect of nitric, sulfuric and
hydrochloric acids on the morphology, elemental
composition, structural and chemical
transformations of the mineral surface and the
leaching efficiency of zirconium (eudialyte)
concentrate with the use of a complex of modern
analytical methods [15]. Specific features in the
eudialyte destruction nature and the degree of the
effect of various acids have been found.

The analysis of the scientific and technical
literature shows that acidic methods of
decomposition followed by selective extraction of
the target components are used to a greater extent
to open rare metal raw materials. Moreover, most
studies in the literature are devoted to qualified
sources of rare metal raw materials, and there are
very few studies on the extraction of niobium and
zirconium from titanium production waste. The
main purpose of this research is to conduct
experimental studies to leach dust chamber
sublimates, followed by the extraction of niobium
and zirconium into an acidic solution.

Materials and methods

Materials. Mineral acids are high-purity
hydrofluoric acid, chemically pure sulfuric acid, and
chemically pure hydrochloric acid. A sample of the
sublimates from dust chambers in titanium
chlorinators was provided by UKTMP JSC. Content of
the main components of dust chamber sublimates,
wt. %: 7.44 Ti; 6.5 Fe; 5.025 K; 4.899 Al; 2.539 Zr;
1.105 Na; 0.797 Nb; 0.359 Si; 0.214 Mg; 44.35 Cl;
24.053 0.

Equipment. Shimadzu TW423L analytical
balance (Japan); Velp Scientifica LS top-drive
agitator (Italy); IV-6 vibration damper (Russia); LT-
111a circulation thermostat (Russia); SNOL drying
cabinet (Lithuania).

Experiment method. Agitation leaching of DC
sublimates with water was performed with the use
of a weight of 50 g, at different ratios of S:L,
temperature, time and at a stirring rate of 300 rpm.
After filtration, the resulting cakes were dried to a
constant weight and tested. Subsequent acid
leaching of the niobium-containing cake was
performed similarly, using a wide range of process
parameters. The liquid phase was filtered at the end
of the process. The precipitate was washed with
warm water to remove residual acid. The resulting
solutions and cakes were analyzed for the content of
niobium, zirconium, titanium, aluminum, and iron.
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Analysis methods. X-ray phase analysis was
performed with the BRUKER D8 ADVANCE device
(Germany). X-ray fluorescence analysis was
performed with Venus 200 PANalytical B.V. wave
dispersion spectrometer (Holland). Chemical
analysis of samples was performed with Optima
2000 DV, an optical emission spectrometer with
inductively coupled plasma (United States). Electron
probe analysis was performed with JEOL JXA 8230
microanalyzer (Japan).

Results and discussion

Physical and chemical study of dust chamber
sublimates and their treatment with the removal of
water-soluble components. The results of the X-ray
phase analysis are shown in Figure 1. For the most
part, the object of study consists of aqueous and
anhydrous chloride phases:  Erythrosiderite
Kz(FeCls(H20)), aqueous chloraluminite AICI3(H,0)s,
rokihnite FeCly(H,0),, sodium chloride NaCl,
zirconium chloride ZrCl,, niobium oxychloride
NbOCl;.The oxide components of the sublimate
include the phases of rutile Tig9240,, titanium oxide
TigO11, and niobium-aluminium-titanium oxide
Tio.sAlo.1Nbo.102.

N 105
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DF 01-073-030:
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Figure 1 — Diffractogram of DC sublimates

Figure 2 — COMPO image of DC sublimate. A particle of
niobium and zirconium oxychlorides

A detailed study of the mineral structure of the
DC sublimate sample was performed with the use of
an electron probe microscope in the mode of
backscattered electrons (COMPO). Several mineral
points were analyzed using the electron probe
microscope. Figure 2 shows particles of niobium
(x2500) and zirconium (x1200) oxychlorides with a
spectrum of various impurities.

Most hydrochloric acid salts are known to be
freely soluble in water. Erythrosiderite contained in
DC sublimates is a crystallohydrate of a complex salt
of iron, potassium and hydrochloric acid
FeCl3-:2KCI-H,O. It is vyellowish-red in color,
hygroscopic, and soluble in water [16]. Hydrates of
aluminum and iron chlorides are also hygroscopic
crystalline substances that are easily soluble in
water [[17], [18]]. Sodium chloride is the sodium salt
of hydrochloric acid. It is moderately soluble in
water and has a solubility that is slightly dependent
on temperature. It is significantly reduced in the
presence of chlorides of other metals. Pure sodium
chloride is non-hygroscopic [19]. Zirconium oxide-
dichloride has good solubility in cold water and is
hydrolyzed in aqueous solution at above 70°C [20].
Niobium chloride and niobium oxychloride
decompose with water, resulting in the formation of
hydrated niobium pentoxide [21].

Experiments were conducted on its aqueous
leaching taking into account the water-solubility of
the chloride phases in DC sublimates. Table 1 shows
the effect of the S:L ratio on the extraction degree of
the main components of sublimating into the cake.
Leaching experiments were performed at room
temperature for 4 hours.

When the S:L ratio increases during the leaching
of DC sublimates, a gradual decrease in cake yield is
observed. The obtained pulps were filtered at a
leisurely pace. At S: L = 1:10, the weight of the cake
decreased 4 times while a slight decrease in the
degree of niobium extraction into the cake was
reported. When sublimates were leached at S: L=
1:8, the extraction of niobium into the cake was
83.85%. Ferric chloride showed high solubility in an
aqueous medium and a relatively insignificant
transition into cake. When the S:L ratio changes
from 1:4 to 1:10, the extraction of aluminum and
zirconium into the cake gradually decreases. At the
same time, titanium showed low solubility and
accumulation in the cake.

Table 2 shows the results of experiments on the
effect of the leaching duration on the extraction
degree of the main components of sublimating into
the cake. The experiments were performed at
process durations of 1,2,4,6 hours, temperature of
25°C, and S: L ratio of 1: 8.
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Table 1 - Effect of the S:L ratio on the extraction degree of the main components of sublimating into the cake

SiL Cake Content in cake, % Extraction into cake, %

ratio | yield, % |7 Fe Al Zr | Nb Ti Fe Al Zr Nb
1:4 28.00 24.23 7.45 19.67 4.14 2.25 91.19 32.08 62.72 45.63 79.15
1:6 27.60 24.34 5.45 16.71 4.13 2.29 90.31 23.13 52.51 44.87 79.41
1:8 27.00 25.74 3.59 13.42 3.93 2.48 93.42 14.92 41.26 41.76 83.85
1:10 22.72 30.17 | 344 | 1137 | 393 | 253 | 9213 | 12.01 | 29.43 | 35.17 | 72.24
AM

Table 2 - Effect of leaching duration on the extraction degree of the main components of sublimate into the cake

. Cake Content in cake, % Extraction into cake, %
Time, h . - -
yield, % Ti Fe Al Zr Nb Ti Fe Al Zr Nb
1 32.80 20.96 2.72 11.80 3.91 2.06 92.40 13.70 44.09 50.45 84.57
2 35.00 19.60 2.53 10.98 3.73 1.91 | 92.22 13.64 43.77 51.38 83.70
4 27.00 25.74 3.59 13.42 3.93 2.48 93.42 14.92 41.26 41.76 83.85
6 29.00 24.23 3.23 10.65 3.53 2.09 94.44 14.39 35.17 40.30 75.87

Table 3 - Effect of temperature on the extraction degree of the main components of sublimate into the cake

T oC Cake Content in cake, % Extraction into cake, %
’ yield, % Ti Fe Al Zr Nb Ti Fe Al Zr Nb
25 32.80 20.96 2.72 11.80 3.91 2.06 92.40 13.70 44.09 50.45 | 84.57
45 36.46 18.77 7.04 10.50 3.22 1.79 91.99 39.49 43.62 46.25 | 81.84
65 37.24 17.99 9.02 9.93 4.22 1.75 90.07 51.69 42.13 61.85 | 81.77
90 37.40 17.61 11.87 10.69 5.10 1.80 88.53 68.32 45,54 75.12 | 84.47

At a leaching duration of 1 hour, the extraction
of niobium and zirconium into the cake was 84.57%
and 50.45%, respectively. The table of the
dependence of the extraction of sublimate
components into cake on the duration of the
experiment shows that when the duration increases,
there is a decrease in the extraction of niobium and
zirconium into cake, niobium and zirconium are
leached into the solution. Therefore, the optimal
leaching duration should be considered 1 hour for
maximum extraction of the target components into
the cake.

Table 3 shows the results of experiments on the
effect of temperature on the extraction degree of
the main components of sublimating into the cake.
The study was performed at leaching temperatures
of 25, 45, 65 and 90°C, and the following process
parameters were kept constant: S: L ratio = 1: 8,
duration =4 hours, stirring rate = 300 rpm.

The results of the study presented in Table 3
show that increased leaching temperature leads to a
slight increase in cake yield. At 90°C, the cake yield
was 37.40%. There was a slight increase in the
extraction of iron, aluminum, and zirconium into the
cake, including chlorine cake, by 19.71%. It is worth

noting that an increase in temperature forms a gel-
like, viscous pulp which is difficult to filter. It has
been established that an increase in the
temperature of the leaching process has a negative
effect in terms of the conversion of chlorides into
solution.

Therefore, the optimal conditions for the
aqueous leaching of DC sublimates are S: L ratio = 1:
8, leaching time = 1 hour, and temperature = 25°C.
At the same time, the extraction of niobium,
titanium, aluminum, iron and zirconium into the
cake was 84.57%, 92.40%, 44.09%, 13.70%, and
50.45%, respectively.

Choice of an acidic reagent for the conversion
of niobium and zirconium into solution. The choice
of solvents depends on many factors, including the
corrosive effect on equipment, regenerability, and
cost but not limited to the chemical and physical
nature of the starting material. Besides, the state of
rare refractory metals in acidic solutions is
characterized by an extraordinary complexity and
variety of forms. They can exist in the form of
cationic and anionic mono- and polynuclear complex
particles. Consequently, the subsequent extraction
depends largely on the form of their existence in
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Table 4 — Content of Nb, Zr, Ti, Al, Fe in solution

Acidic reagent Cake yield, % Content in solution, g/L
Nb Zr Ti Al Fe

8M HCI 75.18 1.09 3.41 0.51 6.81 8.38
11M HCI 81.62 1.59 4.35 0.88 7.77 9.43
13M HF 55.60 6.75 9.47 22.37 20.47 16.38
18M HF 33.42 6.74 9.49 36.69 18.41 17.54
50%[13M HF]+50%[7M H2S04] 70.68 5.10 7.01 25.12 17.31 16.70
50%[18M HF]+50%[7M H2S04] 59.92 7.62 7.18 45.60 23.06 15.41

aqueous solutions which, in turn, are determined by
their concentration of metal, and mineral acid, as
well as the nature and concentration of other
components.

To conduct experiments on acid leaching, 2 kg of
cake was accumulated under the established
optimal conditions of aqueous leaching of DC
sublimates. Chemical composition of cake, wt.%:
28.33 Ti; 9.53 Al; 4.89 Zr; 3.66 Fe; 2.34 Nb; 1.5 Si;
33.28 O; 6.83 Cl; 0.46 Mn, etc. To compare the
effectiveness of different acids concerning the
conversion of the maximum amount of niobium and
zirconium into filtrate, the niobium-containing cake
was leached with solutions of HCI, HF and a mixture
of acids with the composition of 50%HF+ 50%H,S04.
Considering that the completeness of the solubility
of niobium and zirconium is achieved only in
concentrated acids, agitation leaching of the cake
was performed with the following solutions: 8M HCl,
11M HCI, 13M HF, 18M HF, 7M H,S04. The cake
suspension was processed for 2 hours at 25 °C and
S:L ratio = 1:3. At the end of the process, the liquid
phase was filtered. The precipitate was washed with
warm water to remove residual acid. The resulting
solutions were analyzed for the content of niobium,
zirconium, titanium, aluminum, and iron. The results
are shown in Table 4.
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= 11IMHC 15.95 19.80 0.75
13M HF 54.89 36.78 15.81
18M HF 63.02 42.36 29.63
50%(13M HF]+50%[7M H.SO,] 52.63 34.65 20.97
W 50%[18M HF]+50%[7M H,SO.] 78.37 35.93 38.10

Extraction into solution, %

Figure 3 — Dependence of the extraction degree of
niobium, zirconium and titanium on the concentration
and composition of the leaching solution

The graph of the dependence of the extraction
degree of niobium, zirconium and titanium on the
concentration and composition of the leaching
solution was constructed. It is shown in Figure 3.

Studies on the identification of the effect of HCI,
HF, HF+H,S0,4 on the degree of niobium extraction
into the solution at a temperature of 25°C, the S:L
ratio=1:3 and the agitation time of 2 hours showed
the advantage of hydrofluoric acid and a HF+H,SO,4
mixture. When using hydrochloric acid under similar
leaching conditions, the extraction of niobium and
zirconium is 15.95% and 19.8%, respectively.
Accordingly, about the conversion of niobium and
zirconium into solution, concentrated hydrochloric
acid turned out to be ineffective. The use of a
mixture of hydrofluoric and sulfuric acids for cake
leaching made it possible to achieve a relatively high
extraction of the target components into the
solution. The use of this mixture also helps to save
on relatively expensive hydrofluoric acid. Therefore,
a mixture of 50% [18M HF] + 50% [7M H,SO4] was
chosen as the acidic reagent for cake leaching.

Study of the effect of various parameters on
acid leaching of cake. Experiments on the effect of
the ratio of a mixture of hydrofluoric and sulfuric
acids were performed under the following
conditions: S:L ratio=1:3, temperature = 25°C,
duration = 240 minutes, stirring intensity = 300 rpm
and acid ratios of 10% [18M HF] + 90% [5M H,S0,],
25% [18MHF] + 75% [5M H,S04], 35% [18M HF] +
65% [7M H,S04], 50% [18M HF] + 50% [7M HS0s].

Figure 4 shows a histogram of the extraction of
Nb, Zr, and Ti into solution at different ratios of
hydrofluoric and sulfuric acids.

The figure shows that, in general, when the
proportion of hydrofluoric acid in the mixture
increases from 10% to 50%, the extraction of
controlled elements into solution increases from
48.57 to 78.37% for niobium, from 27.67 to 35.93%
for zirconium, and from 11.86 to 38.10% for
titanium. The cake yield varies from 59.92% to
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72.74%. At ratios of 35% [18M HF] +65% [7M H,S04],
50% [18M HF] + 50% [7M H,S04], the contamination
of the solution with titanium and other impurities
was higher; consequently, 25% [18M HF] +75% [7M
H,SO4] was accepted as the optimal ratio of a
mixture of hydrofluoric and sulfuric acids for the
studied raw materials, at which the extraction of
niobium and zirconium into solution is 75.75% and
30.3%, respectively. Further experiments on the
effect of various parameters on the process of
leaching niobium-containing cake were performed
at the above ratio of hydrofluoric and sulfuric acids.
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Figure 4 — Histogram of the extraction of Nb, Zr, and Ti
into solution at different ratios of hydrofluoric and
sulfuric acids

Studies to leach niobium-containing cake at
different ratios of solid and liquid phases were
performed using solutions of a mixture of 25% [18M
HF] +75% [7M H,S04], temperature = 25°C, duration
= 240 minutes, mixing intensity = 300 rpm. The
results of the research are shown in Figure 5.

—-Zr
—tTi

Extraction into solution,%

S:L

Figure 5 — Dependence of the extraction of Nb, Zr, Ti into
solution on the S:L ratio at 25%HF+75% H2S0a4

The figure shows that the extraction of niobium
into solution increases dynamically in the range of
S:L ratios from 1:2 to 1:4. At the same time, the
extraction of niobium into solution is comparatively
lower at S:L ratios of 1:1 and 1:2. The extraction of
zirconium and titanium into solution with a change
in the S:L ratio increases in the range from ~ 11 to ~
41% and from ~ 6 to ~ 22%, respectively. For that
matter, these mineral forms of zirconium and
titanium were moderately dissolved in solution
under experimental conditions and remained mostly
in the cake. Therefore, taking into account the
consumption of the reagent during leaching, the S:L
ratio = 1:3 can be considered the best option.

Further, the studies were performed at leaching
temperatures of 25, 45, 65, 90°C and while
maintaining constant the following process
parameters: 25%HF + 75%H,S04, S:L ratio =1:3,
holding time = 240 minutes, and pulp stirring rate =
300 rpm. The results of the research are shown in
Figure 6.

When the temperature of the leaching process
increases, an increase in the extraction of Nb and Zr
into the solution is reported. At the same time, there
is a slight increase in the extraction of titanium into
solution. In general, the increase in temperature had
a positive effect on the intensification of the
leaching process. At a leaching temperature of 90°C,
the extraction into solution reached 94.73% for
niobium, 33.67% for titanium, and 83.53% for
zirconium. The cake yield varied between ~ 22 and
29%.

Extraction into solution,%

Figure 6 — Dependence of the extraction of Nb, Zr, Ti into
solution on the temperature at 25%HF+75% H2S04

Experiments on the duration of leaching were
performed while maintaining the duration of the
process of 30, 60, 120 and 240 minutes, a
temperature of 90°C, a ratio of S:L = 1:3 and a pulp
stirring rate of 300 rpm. The experimental results are
shown in Figure 7.

— 122/



KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipba. No4(331), 2024

ISSN-L 2616-6445, ISSN 2224-5243

Extraction into solution,%

T, min

Figure 7 — Dependence of the extraction of Nb, Zr, Ti into
solution on duration at 25%HF+75% H2S04

The extraction of niobium into the solution was
94.06% at a leaching duration of 120 minutes. Then,
in the interval of the leaching duration of 120-240
minutes, it was kept at the level of ~ 93-95%. Over
the entire period, the extraction of zirconium into
solution was also consistently high, on average
fluctuating in the range of ~80-85%. Titanium
extraction is kept almost at the same level in the
range of ~32-34%. The equilibrium in the system is
established after 120 minutes of holding of pulp;
therefore; there is no need to carry out the leaching
process for more than 120 minutes. X-ray
fluorescence analysis of the leaching residue was
performed, wt. %: 55.22 Ti; 4.47 Fe; 1.04 Al; 0.75 Zr;
0.26 Nb; 0.21 Mg; 23.27 O; 7.5 Cl, etc.

| N143

1 PDF 01-070-4500 Titanium Oxide TiI6O11 45.8%
| 2 POF 01-089-0555 Rutile, syn Ti0.92402 36,3%
| 3 PDF 00-021-1272 Anatase, syn TIO2 17,9%
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Figure 8 — X-ray phase analysis of residual cake

According to the results of the XRF analysis (see
Figure 8), the cake consists of titanium oxides of
various natures, wt. %: 45,8 Ti¢O11; 36,3 Tio.92402;
17,9 TiO,.

Thus, as a result of the experimental work on
acid leaching of cake, the optimal conditions for the
extraction of niobium and zirconium into solution
were determined and are 25%HF +75%H,S0,, S:L
ratio = 1:3, temperature = 90°C, duration of the
leaching process = 120 minutes. At the same time,

the extraction of niobium into solution reached
94.06%, and the extraction of zirconium and
titanium into solution amounted to 84.95% and
32.35%, respectively.

Conclusions

We studied the material composition of the
sublimates from dust chambers in titanium
chlorinators. Chemical and X-ray fluorescence
analyses determined the content of the main
components, wt. %: 7.44 Ti; 6.5 Fe; 5.025 K; 4.899 Al,
2.539 Zr; 1.105 Na; 0.797 Nb; 0.359 Si; 0.214 Mg;
44.35 Cl; 24.053 O.

X-ray phase analysis found the presence of the
following phases: erythrosiderite K; (FeCls(H20)),
aqueous chloraluminite AICl3(H,0)s, rokihnite
FeCly(H20),, sodium chloride NaCl, rutile Tig9240,,
iron titanate FesTiz01o, zirconium chloride ZrCl, and
niobium oxychloride NbOCls.

The study of the mineral structure of the DC
sublimate sample wusing an electron probe
microscope determined the presence of particles of
niobium and zirconium oxychlorides.

Taking into account the water-solubility of the
chloride phases in DC sublimates, experiments were
conducted on its aqueous leaching at various
parameters. The optimal conditions for aqueous
leaching are S:L ratio = 1:8, leaching time = 1 hour,
and temperature = 25°C. At the same time, the
extraction of niobium, titanium, aluminum, iron and
zirconium into the cake was 84.57%, 92.40%, 44.09
%, 13.70 %, and 50.45%, respectively.

We determined the quantitative elemental
composition of a sample of niobium-containing cake
obtained under optimal conditions of aqueous
leaching, wt. %: 20.96 Ti; 11.8 Al; 3.91 Zr; 2.72 Fe;
2.06 Nb; 1.5 Si; 0.94 Na; 0.33 K; 0.15 Mg; 45.68 O;
6.8 Cl, etc.

Studies on the identification of the effect of HCI,
HF, HF+H,SO4 on the degree of niobium extraction
into the solution at a temperature of 25°C, the S:L
ratio=1:3 and the agitation time of 2 hours showed
the advantage of hydrofluoric acid and a HF+H,SO4
mixture. A mixture of 50% [18M HF] +50% [7M
H.S04] was chosen as the acidic reagent for cake
leaching.

According to the results of the studies on the
Study of the effect of various parameters on acid
leaching of cake, optimal conditions for the
extraction of niobium and zirconium into solution
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were established: 25% [18M HF] +75% [7M H,S04],
S:L ratio = 1:3, temperature = 90 °C, duration of the
leaching process = 120 minutes. Under these
leaching conditions, the extraction of niobium,
zirconium, and titanium into solution was 94.06%,
84.95% and 32.35%, respectively. X-ray fluorescence
analysis of the residue, mass was performed, wt.%:
55.22 Ti; 4.47 Fe; 1.04 Al; 0.75 Zr; 0.26 Nb; 0.21 Mg;
23.27 O; 7.5 Cl, etc. Based on the results of the XRD

analysis, the phase composition of the residue,
mass, was determined; wt. %: 45,8 TigO11; 36,3
Tio.92402; 17,9 TiOz.
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Huno6buit meH LUMPKOHUIA epiTiHAire WbiFapblNaTbiH WAH KamepanapbiHbIH,
BO3roHAApPbIH Walmanay npoueciH 3eprrey

*EceHrasues A. M., Toliwbi6ek A. M., MykaHfanuesa A.8., A6abinpaes H.H., EpcaiibiHoBa A.A.

Memannypaus #aHe KeH 6alieimy uHcmumymel, Combaes YHugepcumemi, Aamamsi, Ka3akcmaH

Makana kengi: 7 kapawa 2023
CapantamagaH eTrTi: 4 KaHmap 2024
Kabbinganabl: 19 kaHmap 2023

TYAIHAEME

XUMUANDBIK, PEHTTEHAIK }KaHe MUKPO3OHATLIK Tanaay aicTepimeH TUTaH X10PaTop/IapbiHbIH, LWaH,
KamepanapbiHblH, BO3roHAAPbIHbIH,  3aTTblK  Kypambl 3epTTengi. LaH KamepanapbiHbIH,
BO3roHAapbIHbIH, Ga3anblk KypamblH 3epTTey HITUMKECIHAE O0N1apAblH CY/ibl XKaHe CYCbI3 X10pPUATI
basanapaaH TypaTbiHbl aHbIKTaNAbl. Bo3roHaapaa HMOBMI eki TYpAe - OKCUXNOPUA, KIHEe OKCus,
TypiHae 6onagpl. LIMPKOHWI XNOpUATI KOHE OKCUXNopuaTi cunaTtka ue. LLaH Kamepanapbl
BO3rOHAAPbIH CyMeH wWaimanay 6olbiHWa Taxipnbenep »Kyprisinin, npouecTtiH OHTalNbI
»Kafgainapbl aHbikTanabl: K:C=1:8, waiimanay yakpiTbl 1 cafaT, Temnepatypa 25 °C. Huobuit men
LUMPKOHUIAT epiTiHAire avHangpipa OTbIPbIN, Cy3iHAIHI Waimanay YWiH peareHTTi TaHAaay
6oVibiHWA 3epTTeynep *Kyprisingi. PeareHT peTiHae HF + H2SO4 KbilWKbINAAPbIHbIH, KOCNACbIHAH
TypaTbiH epiTiHAi TaHAanabl. EpiTiHaire HUOBUIN MEH LMPKOHMIA] anyablH, OHTaWAbl WapTTapbl
6enrinenaj: 25%[18m HF] +75%[7M H,S04], K:C = 1: 3, Temnepatypa 90 °C, waimanay npoueciHiH,
y3aKTbifbl 120 MuH. Ocbl Wailmanay KafpailblHAa HWoObUNAiH epiTiHgire eTyi 94,06%,
LUMPKOHUIAIH, 84,95%, TUTaHHbIH, 32,35% 60napbl. Cy3iHAIHI KbILWKbIIMEH WamanayaaH KanfaH
KaNAbIKTbIH 3N1€MEHTTIK }KaHe $asanblk Kypambl aHbIKTaAabl.

TyiiiH ce30ep: HNO6WIA, LWaH KamepanapbiHblH, BO3roHAAPbI, Wamanay, KbilUKbl, epiTiHAi.
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AHHOTALUMUA

M3yyeH BeLLeCTBEHHbIW COCTaB BO3TOHOB Mbl/EBbIX KAaMep TUTAHOBbLIX X/10PAaTOPOB MeToAaMMU
XMMMUYECKOTO, PEHTFEHOBCKOrO M MWKPO30OHA40BOrO aHanu3a. MccneposaHua ¢$a3oBoro cocrasa
BO3rOHOB MblJIEBbIX KaMep MOKas3ano, YTo 06bekT B 60/bliei CTeneHW COCTOUT M3 BOAHbLIX U
6e3B0AHbIX XNopuaHbIX $as. BoisneHbl gse GOpMbl NPUCYTCTBUA HUOOUA - OKCUXTIOPUAHON U
Noctynuna: 7 Hoa6psa 2023 OKMCUAHOWN. HaxoXAeHUA UMPKOHWUA B BO3rOHaX MMEET X/I0PUAHYIO U OKCUXIOPUAHYIO NPUpoay.
PeueHsnposaHue: 4 aHeapsa 2024 MpoBeaeHbl ONbITbl MO BOAHOMY BbILLENA4YMBaAHUIO BO3rOHOB MbIJIEBbIX KAMep C onpeaeneHnem
MpuHATa B nevaTb: 19 AHeapa 2024 ONTMManbHbIX YCI0BMIA Npouecca: T:}K=1:8, Bpemsa BblwenaunsaHma 1 yaca, Temnepatypa 25 °C.
MpoBeaeHbl MccnefoBaHUA MO BbIBOPY KUCNOTHOrO peareHTa A4S BbllWenadmBaHUA KeKa C
nepesBogoM HMOBMSA W UMPKOHMA B pacTBOp. B KauecTBe KUCNOTHOrO peareHTa Ans
BbILLENIAYMBAHNA KeKa BblbpaH pactBop, cocToAwmin u3 cmecu HF+HSOas. YcTaHoBAEHbI
ONTUMAnbHbIE YCOBUA U3BNEYEHUA HUOOMA UM UMPKOHWMA B pacTBop: 25%[18M HF] +75%[7M
H2S0a4], T:}K = 1:3, TemnepaTtypa 90 °C, NpoAOIKUTENBHOCTb NpoLLecca BbllienaumsaHma 120 MuH.
Mpy AaHHbIX YCNOBUAX BbILWLENAYMBAHMA, M3BAEYEHME B pacTBOp HMo6MA 94,06%, UMPKOHUA
84,95%, TvTaHa 32,35%. OnpedeneH 3neMeHTHbI U $a3oBbIi COCTAaB OCTaTKa OT KUC/OTHOrO
BbILLE/IAYNBAHMA KEKa.

Kniouesble cnoea: HNO6WIA, BO3rOHbI MbINEBbIX Kamep, BbilenavymsaHune, KUCN0Ta, PacTBop.
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