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ABSTRACT

This paper presents the results of the digitalization of the thermoplastic beryllium oxide slurry
forming process using ultrasonic activation. Ceramics made from beryllium oxide (BeO) using
ultrasound-assisted forming exhibit more intense sintering and, in comparison to ceramics
formed without ultrasound, have reduced shrinkage (by 2.4-4.3%) and sintering temperature (by
50-180°C). The forming processes occurring during ultrasonic treatment resulted in the
homogenization of the thermoplastic suspension and dense packing of BeO powders in the
casting. Ultrasound activation alters the rheology of the thermoplastic slurries. These changes
are attributed to processes of slurry mass dispersion and mass exchange at the phase boundary
of the suspension. Ultrasound activation also enhances casting properties. During the cooling-
solidification process under the influence of ultrasound, the density and strength of the castings
increase due to the effective compensation of shrinkage. Shrinkage compensation is carried out
according to the classical scheme by supplying a liquid suspension. For hot casting with
ultrasound of thermoplastic beryllium oxide slurries, it is advisable to use compositions with a
binder content of 11.0-11.7% by weight since these compositions provide better shrinkage
compensation and, consequently, a denser casting.

Keywords: forming process, thermoplastic slurry, beryllium oxide, viscoplastic state, casting
solidification.
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Introduction

High thermal conductivity beryllium oxide

cooling process of the liquid state for casting
systems amounts to 5-6% [1,6]. The interval of the
solid-plastic state accounts for 70-80% of the
temperature shrinkage. This highlights the need for

slurries within the technological temperature and
solid phase concentration range exhibit thixotropic
properties and a high dependence on viscosity and
yield stress on temperature [[1], [2], [3], [4], [5]].
The nature of the changes in structural-mechanical
properties is determined by the ratios of the solid
phase (BeO) and binders and occurs in all stages of
the forming process [[1], [5]].

The analysis of volume-phase relationships
revealed that the density increase duringthe

special attention to shrinkage compensation at this
stage. Varying the ratio of solid phase and binders
does not provide an approximation of the
rheological properties of beryllium oxide -
thermoplastic binder to traditionally hot molding
technologies [[1], [5]].

Ultrasound activation leads to a significant
change in the rheology of thermoplastic casting
systems [[1], [3], [4], [5]]. Varying the intensity and
temperature-time parameters of ultrasound
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treatment enhances the effectiveness of its impact
on the rheology of thermoplastic slurries. The
mechanism of such influence is related to the
control of the solid-liquid phase interface and the
parameters of absorption layers [[1], [3], [4], [5]].
The most favorable conditions in terms of
deformational behavior of casting systems are
achieved in the temperature range of 63-68°C and
an ultrasound treatment time of 7-10 minutes [[1],
(3], [4], [5]]-

The change in the properties of the slurry mass
under the influence of ultrasound affects the
microstructure and properties of ceramics. The
samples obtained with ultrasound have a more
homogeneous structure and higher structural-
mechanical and electrophysical parameters [[1], [3],
(4], [5]].

The method of hot casting of beryllium oxide
ceramics has been developed mainly empirically
[[1], [6], [8]]. Conducting a detailed analysis of this
method will allow a more reasonable approach to
the ceramic molding process. This work presents
some results of modeling the process of beryllium
oxide ceramic forming using the hot -casting
method.

Problem Statement

The forming process of a thermoplastic slurry
takes place in a die (Fig. 1). The flat cavity has a
thickness of 2h = 0.0015 m, a width of B = 0.03 m,
and a length of L = 0.071 m. The cooling circuit of
the die, illustrated in Figure 1, comprises three
segments. The cooling contour of the die,
illustrated in Figure 1, comprises three segments.
Liquid slurry with an initial temperature of to = 80°C
flows into the cavity.

0;
62 71mm
03
30 mm
_ 1,5 mm

Figure 1 - Diagram of a flat cavity die

Rheological Model
of the Thermoplastic Slurry

The composition of the thermoplastic slurry
comprises a solid phase (beryllium oxide powder)
and a liquid phase (organic binder) [[1], [3], [4], [5]].
The liquid phase is composed of paraffin, beeswax,
and oleic acid in a ratio of 0.82:0.15:0.03. The
particle size distribution of the beryllium oxide
powder is provided in Table 1. The organic binder
has a mass fraction ® within the range of 0.095 to
0.117.

Table 1 - Characteristics of Beryllium Oxide Powder [1]

Bulk Density, p, -10° kg/m? 0.75

Specific surface area, $-103m?/kg 1.72
Particle Size Fraction, um %

Uptol.4 35.2

Particle size 1.4-4.2 52.7
distribution by 4.2-7.0 9.6
fractions of 7.0-9.8 1.7
BeO particles 9.3-12.6 0.4
12.6-15.4 0.3

15.4-18.2 0.1

This composition of BeO powder (see Table 1)
demonstrates satisfactory casting properties of the
slurry with a variation in the mass fraction of the
binder from w = 0.095 to w = 0.117. In the case of
increasing the finer fractions of BeO powder in the
composition, there is a higher demand for binder
content w. On the other hand, an increase in the
coarser fractions of BeO powder leads to the
discoloration of ceramics, indicating the presence
of micro-pores and cracks [1].

Within the range of shear rate variation from
0.005 to 1200 1/s, the thermoplastic slurry can be
classified as viscoplastic liquids according to
Schwedoff-Bingham [[1], [5]]. The effective
molecular viscosity Mes of this fluid takes the
following form [[7], [8], [9], [10], [11], [12]]:

_ (up +rolyI7h if 2] > 7
Hett = {Oo’ if|7] < 74 (1)

Here 1o is the yield shear stress, up is the plastic
viscosity, T = S is the shear stress tensor, § =

\25i;S;j is the strain rate tensor, S;; =

1(ou; . OU;\ . . . .
—|= 4+ =) is the second invariant of the strain
2 6xj 0x;

rate tensor. The Schwedoff-Bingham model is a
simple viscoplastic fluid model that linearly relates
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the yield shear stress to the viscosity [[7], [8], [9],
(10], [11], [12]].

Ultrasonic treatment influences the rheological
properties of the slurry. The plastic viscosity (1)
and the vyield stress (1o) of the slurry are dependent
on the temperature (t) and the binder mass fraction
(w). Experimental data for the binder mass fraction
w = 0.117 after ultrasonic treatment are expressed
by empirical relationships [[1], [3], [4], [5]]:

pp(t) = 293.626 - exp(—0.058 - t), Pa-s  (2)

t—70.05

To(t) = 114 + 1141 - exp (- =27

), Pa(3)

The density of the thermoplastic slurry can be
expressed in standard form as:

— pmb 'pcb
1-@)py + @ pyy

kg/m? (4)

where Py are the densities of

and Oqy
beryllium oxide and binder, respectively; w is the
relative mass fraction of the binder.

The temperature dependence of the binder
density at ® = 0.117 is as follows:

pep(t) = 0.852 +
0.073 - c0s(0.056 - t — 1.44), kg/m*>  (5)

The density of beryllium oxide is p,,,=3020
kg/m3. In the temperature range from 80 to 40 °C,
the density of the binder increases from 779.7 to
901.0 kg/m3, and the density of the slurry also
increases from 2245.7 to 2355.3 kg/m?3.

During the molding process, the slurry mass
cools and solidifies within the mold cavity. The
change in the aggregate state initiates in the near-
wall area of the cavity and gradually encompasses
the entire cavity.

According to experimental data, the phase
transition occurs within a temperature range of 54
to 40°C. The binder remains in an amorphous state.
Within the range of aggregate state change, the
slurry transitions from an amorphous viscous-
plastic state to an amorphous solid-plastic state
[[1], [3]]. The heat of phase transition, released per
unit mass of the slurry, is determined by the
enthalpy change AH.

The apparent heat capacity method [[13], [14],
[15], [16], [17],[18], [19], [20], [21]] determines
changes in the heat capacity and enthalpy of the
slurry during the phase transition. The heat
capacity of the slurry increases due to the latent

heat associated with the phase transition within the
temperature range [[14], [15], [21]]:

cp=cs-(1—a(®)+c-a®+Hip o (6)

where C; and C; are the heat capacities of the

slurry in solid and liquid states, respectively; a(t) =
0, a(t) = 1 for the slurry in solid and liquid states,
respectively; t is the dimensionless temperature of
the slurry. For the binder mass fraction @=0.117 the
function a(%) takes the following form:

a(f) = 5.714 7t — 2.857

The apparent heat capacity method s
advantageous in that the phase transition zone's
location is not known beforehand and is
determined by the calculation of the thermoplastic
slurry's temperature [[19], [20], [21]].

The dependency of the thermal conductivity of
the slurry on temperature for o = 0.117 is given by

[[1], [5]):
A=1.6+4.8-exp(—0.017 - t), W/(m-°C) (7)

Formulas (2)-(7) express the properties of the
thermoplastic slurry during the hot casting process.

Mathematical Model

The OZ axis of the Cartesian coordinate system
is directed along the axis of the flat mold cavity,
while the OY axis is perpendicular to it (Fig. 1). The
casting process occurs along the OZ axis. Intensive
water circulation takes place in the cooling
contours. The temperature of the slurry at the wall
of each part of the cavity is considered equal to the
temperature of the cooling liquid.

The molding process occurs with a change in
the aggregate state and rheological properties of
the slurry.

The system of equations for the motion of the
thermoplastic slurry using the Schwedoff-Bingham

rheological model (1) can be written in the
following form:
ua—u+ va—u——%+£ a +p9 (8)
PP T T Ty My P
9pu 9V _ (9)
oz

The energy equation, considering the enthalpy
of the phase transition by the apparent heat
capacity method, can be expressed as follows:
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Here, z and y are the longitudinal and
transverse coordinates, u and v are the
components of the velocity, p, p,t, C, M, A are the

pressure, density, temperature, heat -capacity,
viscosity, and thermal conductivity of the slurry,
respectively.

The system of equations (8)-(10) describes the
slurry molding process in a flat mold cavity. The
rheological properties of the slurry are expressed
by formulas (1)-(7).

The pressure gradient in the motion equation is
determined from the conservation of mass flow
rate within the mold cavity [22]:

[ puds = p,u,S (11)
S

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

The problem s
conditions as follows:

solved with boundary

atz=0, attheinlet: u=u,, v=0, t=6 (12)
.o
at z> 0, on the axis: 5:—:v:0 (13)

at 250, y=y1, on the wall: v =0, %; 0 (14)

The water temperature in the first, second, and
third cooling zones is denoted as 0, 0, 03
respectively. The boundary conditions for
temperature on the wall are as follows:

at0<z<ly, y=y1, t =0y
atl; <z <ly,y=y, t =0, (15)
atlz SZ<l3,y=y1,t:03

The numerical method [22] is used to solve the
system of equations (1)—(11) with boundary
conditions (12)—(15). The discretization grid consists
of cells with sides Az, and Ay;. The second-order
accuracy Crank-Nicholson scheme is applied to
solve the momentum equation (8) and the energy
equation (10). A two-layer second-order scheme is
used to solve the equation (9). The method of
splitting is used to determine the pressure gradient
from the mass flow conservation condition (11).

Discussion of Computational Data

Fig. 2 illustrates the temperature and density
distributions within three thermal contours of a flat
mold cavity with a thickness of 2h = 0.0015 m, a
casting speed uy=0.05 m/min, and an initial slurry
temperature of 80 °C. In the first cooling contour,
the wall temperature is 6; = 80 °C. The temperature
field demonstrates a decrease from 80 to 78 °C (Fig.
2a), and the density increases from 2245 kg/m? to
2260 kg/m? (Fig. 2b).
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Figure 2 — Temperature and density distribution of the
thermoplastic slurry in the flat mold cavity
at uo = 0.05 m/min, w=0.117

In the second cooling contour, the wall
temperature is 0,=56°C. With decreasing
temperature, the dynamic viscosity, u,(t), density
p(t), and vyield stress, 7,(t) all experience an
increase. The temperature of the slurry drops from
78 to 52 °C (Fig. 2a), leading to an elevation in the
slurry density from 2250 to 2300 kg/m? (Fig. 2b).

At the beginning of the second cooling contour,
there exists a transitional region where the
temperature sharply drops from 78 to 56 °C, while
the density increases from 2250 to 2290 kg/m3.
Subsequently, the rate of temperature reduction
slows down from 56 to 52 °C due to the heat
release from the phase transition (Fig. 2a). An
observable density increase of the thermoplastic
slurry can be noted, from 2290 to 2300 kg/m? (Fig.
2b).

In the third cooling contour, the wall
temperature reaches 0:=40 °C, leading to further
cooling of the slurry mass and a decrease in
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temperature within the region transitioning from
52 to 40 °C (Fig. 2a). This causes a rise in density
from 2290 to 2350 kg/m? (Fig. 2b).

In this area, the transition from a viscous-plastic
state to a solid-plastic state occurs, resulting in the
solidification of the thermoplastic slurry (Fig. 2).

Doubling the casting speed to 0.1 m/min under
otherwise identical conditions has a negligible
impact on the structural transformation of the
slurry (Fig. 3). This is attributed to the rapid cooling
rate within the flat mold cavity.

Experimental data [[1], [5]] indicate that an
increase in the transition region between different
states can lead to slurry shrinkage and the
formation of cracks and voids, subsequently
reducing the casting's strength. The smaller the
transition area between aggregate states, the less
the slurry will shrink. Ultrasonic treatment, by
improving rheological properties, leads to a
reduction in the transition area and consequently
decreases the shrinkage of the beryllium oxide
casting.
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Figure 3 - Temperature and density distribution of the
thermoplastic slurry in the flat mold cavity
at uo=0.1 m/min, w=0.117

Comparison of Calculation with Experiment

Table 2 shows the experimental data of casting
ability and mechanical strength of the casting as a
function of binder content and casting speed [1].

The calculated data (Fig. 4) were obtained at
two experimental casting speeds in the flat mold
cavity: up=0.185 m/min and uo=0.165 m/min for the
binder mass fraction w=0.117.

Table 2 - Dependency of Ceramic Strength on Casting
Speed in the Flat Mold Cavity

Binder The Casting | Casting | Mechanica
content | viscosity | ability speed, | strength
in the of slurry of mm/mi | of casting
slurry, | atTo=75 | slurry, n in bending,
mass °C, Pa's mm MPa
fraction
0.117 4.17 89 165 8.17

In the first cooling contour, the cooling water
temperature is 61=75 °C, in the second it's =59 °C,
and in the third, it's =45 °C. The liquid slurry flows
into the flat mold cavity at an initial temperature of
to=75 °C (Fig. 1).
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Figure 4 - Temperature field distributions depending on
casting speed: a) uo= 0.185 m/min; b) uo= 0.165 m/min

As can be observed from Fig. 4, the transition
regions between different cooling contours occupy
minor intervals. The casting speed ensures a nearly

uniform temperature distribution across the
cavity's cross-section. Such temperature
distribution leads to the homogeneity of

rheological and thermophysical properties of the
slurry over the cavity cross-section. In this case, the
shrinkage of the thermoplastic slurry will be
uniform. Consequently, cracks and voids, which
could lead to a reduction in the strength of the
beryllium oxide casting, do not form.

The slurry mass solidifies within the mold
cavity.




Complex Use of Mineral Resources. 2024; 330(3):5-12

ISSN-L 2616-6445, ISSN 2224-5243

This indicates that the beryllium oxide ceramic
product has taken a structural shape.

Conclusion

Ultrasonic treatment improves the rheological
properties and increases the flowability of
thermoplastic beryllium oxide slurry in the molding
cavity. Empirical formulas for plastic viscosity and
shear stress of the slurry as a function of
temperature were obtained. The phase transition
of thermoplastic beryllium oxide slurry occurs
within a certain temperature range. The latent heat
is accounted for by an increase in heat capacity
within the temperature range of the phase
transition.

Calculation results show the entire molding
stage of thermoplastic beryllium oxide slurry.

Comparative calculations with experimental data
established the conditions for  molding
thermoplastic slurry with ultrasonic activation,
allowing to obtain solidified castings of beryllium
oxide. The speed and temperature conditions of
the molding slurry are important for determining
the internal shrinkage of the casting during the
cooling-hardening process of beryllium oxide and
are a topic for future research.
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YnbTpaabibbiCTbl KONAAHY apKbiibl 6epunnnii oKCUAiHIH TepMONNaCTUKaNbIK,
LWMKEPiH KanbinTay npoueciH umdpnaHabipy

}Kan6ac6aes ¥.K., 1"PamasaHosa I'.l., 2Retnawati H., *CattuHosa 3.K.

1 Cam6aes yHusepcumemi, Anmamsi, Kazakcmax
2JfoabAakapma memaeKkemmik yHusepcumemi, MHOoHe3us
3 J1.H. lymunee ameiHOaFbl Eypasus yammelK yHugepcumemi, AcmaHa, Kasakcma

TYWIHAEME

yMbicTa yabTPaablbbICTbl KONAAHY apKblibl 6EPUIINIA OKCUAIHIH, TEPMONIACTUKAbIK LINKEPIH

KanbinTay npoueciH undpnaHapipy Hatuxenepi b6epinreH. YnbTpaabl6bicTbl KONAAHY apKblbl

anblHFaH 6epunnuii okeuai BeO KepaMMKacbl KApKbIHAbI KyMeKeHTEeKTeNyMeH cunatTanagpl

JKOHE Y/AbTPaAblbbICChbI3 Ka/ibiNTanfaH KepamuKaMeH canbiCTbipFaHga weryi (2,4+4,3%) »aHe

KyexeHTekTeny Ttemnepatypacbl (50+180 °C) TemeH. YnbTpaablbbiCTblK, eHAey KesiHaeri

Makana kengi: 17 mamoiz 2023 Kanbinray

CapantamagaH eTTi: 9 KbipKyliek 2023
Kabbinganapl: 27 Keipkyliek 2023

npouecrepi

TepmonnacTuKanblK LIJHMKep,D,iH, romoreHusaunAnaHyblHa  XoHe

Kyimagarbl BeO yHTaKTapblHbIH Tbifbl3 OpHanacyblHa aKesnedi. YNbTpagplbbiCTbiK 6enceHaipy
TEPMOMNIACTUKANBIK LUNNKEPAiH PEoNOrmacbiH e3repTedi. byn e3repictep WANKep maccacbiHbIH,

yCaKTany npouecTepiHe, COHAaN-aK cycneHsusaHbiH, dasanap 6eniHy weKapacbiHAafbl macca

anmacyblHa 6ainaHbICcTbl.  YNbTpaablbbiCTbIK,  6enceHaipy KyWimanapiblH, KacuetTepiH ae

JKaKcapTaabl. YNbTpaapblbbic acepiHeH cankblHAAy—KaTy npoueci KesiHAe weryai Tuimai

KOMMeHcauuanay ecebiHeH KylimanapAblH Tbifbl3ablfbl MeH 6epikTiri apTtaabl. WeryaiH etemi

(KomneHcaumAchl) CyMbIK CYCNEH3MAHbI KHOEPY apKbl/bl KNACCUKaNbIK CXeMafa CoMKec Kysere

acblpblnagpl. bepunnuii OKCUAiHIH, TEPMONNACTUKANBIK, WAMKEPIH YAbTPaAbIObIC apKbIIbl bICTbIK,

KYHO YLWiH BaiinaHbICTbIpFbIlW canmarbl 6oibiHwa 11,0-11,7% Kypamaa 6onfaH KeH. OWTKeHi byn

KYPam LIeryaiH, ¥aKcbl KOMMeHcaumacbl 60ayFa KaHe TUICiHIWE TbIFbI3blpak Kyima anyfa Kon

KeTKizeai.

TyiiiH ce30ep: KanbinTay Npoueci, TEPMONNACTUKANbIK LWAUKEP, Bepunnuit ToTbiFbl, TYTKbIP-
NAACTUKANbIK Ky, KYVMaHbIH, KaTatobl.
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Linpposusauua npouecca popmoBaHMUA TePMOMIACTUUECKOTO LWINKEpPa OKCHAa
6epunnua c ynbTpasByKoBOM aKTUBU3ALUEN

! Xan6ac6aes Y.K., 1* PamasaHoBa I'.U., 2Retnawati H., 3 CattuHoBa 3.K.

1 Satbayev University, Anmamel, KazaxcmaH
2l'ocydapcmeeHHeili yHusepcumem [#cokbAakapmeol, MHOOHe3us
3 Egpasulickuli HayuoHanbHbeIl yHugepcumem umeHu /1.H. F'ymunesa, AcmaHa, KazaxcmaH

AHHOTAUMA

B pabote npeacTaBneHbl pesynbTathl UndposmsaLmm npotecca opmoBaHUA TEPMONIACTUHHOTO
WAMKepa OKcuaa 6epunnua ¢ MCnonb3oBaHMEM YNbTPa3ByKOBOM aKTuBauuu. Kepamuka u3
okcuga bepunnuna BeO, dopmoBaHHas C NpUMeHeHWeM YNbTpasByKa, oT/iM4yaetcAa bGonee
MHTEHCVMBHbLIM CMEKaHMEeM W MMeeT MO CPaBHEHWIO C KepamuKkol, ¢opmoBaHHOW 6e3
YyNbTpasByKa, MeHblylo ycaaky (Ha 2,4+4,3%) u TemnepaTypy cnekanusa (Ha 50+180 °C).

Moctynuna: 17 agaycma 2023 Mpoueccbl popmoBaHMA, MpoTeKaloWwme nNpu  YyAbTPasByKoBOM 06paboTKe, NpPUBOAAT K
PeueHsnposaHue: 9 cemabps 2023 roMOreH13auMmn TepMOMNIACTUYHOTO LWIMKEPa U NAOTHOW ynakoBKe nopolkos BeO B oTavBKe.
MpuHATa B Nevatb: 27 cenmabpa 2023 YNnbTpa3ByKoBaa aKTUBaLMA U3MEHAET PEO/IOTMI0 TEPMOMAACTUYHBIX LWAVKEPOB. 3T U3MEHeHUs

0bycnoBneHbl Mpoueccamy Auchneprauym WAMKEPHOW MacChbl, a TaKXe MaccoobMeHHOM Ha
rpaHvue pasgena ¢as cycneHsuu. YNbTpasByKOBas aKTUBALMA Y/y4yluaeT TaKkKe CBOWCTBA
OT/IMBOK. B mpouecce oxnaxaeHus-3aTBepAeBaHUA NoL AeWCTBUEM Y/bTpasByKa NpoMCXoamT
yBe/nYeHne NAOTHOCTU U MPOYHOCTU OT/IMBOK 3a cyeT 3PEKTUBHOM KomMMeHcaumel ycaaku.
KomneHcaums ycagkm et no KaaccMyeckon cxeme 3a cHeT NOAMUTKY XUAKUM wankepom. [ns
ropaYero NTbA C ybTPA3BYKOM TEPMOMNIACTUYHOTO LWMKEPa OKcuaa bepunnua LenecoobpasHo
MCMNONb30BaTb COCTaBbl C comepyaHnem cBA3kM 11,0-11,7% Bec. MOCKONbKY Ha 3TUX COCTaBax
[OCTUraeTca Nyyllas KOMMNeHcaLms ycaKku U COOTBETCTBEHHO Honee NNOTHas OTAMBKA.

Knrouesvie cnosa: npouecc ¢0pMOBaHMﬂ, TepMOI‘IﬂaCTMHHbIﬁ WAnKep, OKcua 6epw1nvm,
BA3KONNACTUYHOE COCTOAHUE, 3aTBEPAEBAHUE OTINBKU.
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Thermodynamics of antimony—selenium alloys formation and evaporation
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ABSTRACT

The thermodynamic functions of alloy formation and evaporation were considered for two
particular systems — Sb — Sb,Ses and Sh,Ses — Se in connection with the presence of congruently
melting compound SbzSes in the antimony—selenium system. The calculations are based on the
partial vapor pressure values of the components forming the particular systems. The
thermodynamic activity of antimony selenide and selenium as the most volatile components in
the systems was calculated based on the saturated vapor pressure values of antimony selenide
over the Sb — Sh,Ses and selenium melts over Sh,Ses — Se liquid alloys determined by the boiling
point method (isothermal variant). Similar functions of the low volatile components in the above
systems: Sb in the first system and Sb.Ses in the latter one was calculated by numerical
integration of the Gibbs—Duhem equation using the substitution proposed by Darken. The
partial pressures of antimony selenide and antimony over Sb — Sb,Ses and Sb.Sesz — Se melts were
approximated by temperature—concentration relationships. The system is distinguished with a
positive deviation from ideality due to the presence of a delamination region in the first system.
The partial and integral entropies and enthalpies of the formation of liquid alloys were calculated
based on the values of component activities found as the ratio of the partial vapor pressure of an
element or compound above the solution to the saturated vapor pressure of a pure element or
compound. The partial and integral functions of alloy formation are presented in the form of
graphical dependences on the selenium amount in the melt. The obtained thermodynamic
constants will replenish the physical and chemical data base and will be used to calculate the
boundaries of the vapor— liquid equilibrium fields on the diagram of state, allowing to
determine the possibility and completeness of distillation separation of molten systems.
Keywords: Lead, tin, alloy, vapor pressure, thermodynamics, formation, mixing, evaporation,
partial and integral quantities, entropy, enthalpy.
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Introduction isomorphous substituting sulfur in sulfides,
contributed to the emergence of a sufficiently large
The development of vacuum — the thermal number of thermodynamic studies devoted to the

method intended to process polymetallic matte
from lead and antimony smelters where this matte
is based on copper (Cu,S) and iron (FeS) sulfides
and contains rare elements — cadmium, antimony,
arsenic, indium, as well as selenium and tellurium

study of chalcogenides, including those of rare
metals. One of them is antimony with the content
that varies within 1% in lead production matte, and
reaches several percent in antimony production
matte.
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Polymetallic matte — chalcogenide alloys as an
intermediate product are produced during
pyrometallurgical processing of sulfide
concentrates at copper, lead, and antimony
smelters. Copper (Cu,S) and iron (FeS) sulfides form
the basis of polymetallic matte from copper and
lead smelters. Rare elements — cadmium,
antimony, arsenic, indium, and others in the form
of sulfides as well as selenium and tellurium,
isomorphically replacing sulfur in sulfides are
present in the matte besides the main components.
Production and processing technologies for
polymetallic matte are well enough studied and
developed. However, works on their improvement
are still underway due to the involvement in
processing of new types of raw materials, including
those poor in the main component [[1], [2], [3], [4],
(5], [6], (71, [8], [9], [10], [11]].

Physical and chemical studies of liquid alloys of
the antimony—selenium system were performed
by a number of researchers. The authors [12]
measured the kinematic viscosity and density of
melts in the range of compositions 40 mol. % Sb,Ses
+ 60 atm. % Se —20 mol. % Sb,Ses; + 80 atm. % Sb
from melting temperature to 1100 — 1200 °C.

In [13], the crystallization kinetics for glassy
alloys of Seig—xSbx (2<x<10), was studied by
differential scanning calorimetry at different
heating rates, the activation energy of the
crystallization process, order parameter, rate
constant, frequency factor was determined, and it
was found that chalcogenide glasses had lower
thermal stability while having a higher
crystallization rate.

The antimony sesquiselenide behavior during
vacuum sublimation was studied by the authors of
[14] where the congruent nature of evaporation
was noted.

The predominant presence of Sb, Se molecules,
half the amount of Sb,Se;, three times the amount
of Sb,Se; and further, on a downward spiral SbhsSe,
SbsSes, ShaiSes, SbsSes, SbsSe;, Se;, Sba.Ses and very
low amount of Sb,Ses were found with mass
spectrometric determination of the vapor
composition over Sh,Se; [[15], [16]].

The antimony sesquiselenide vapor pressure
was determined using radioisotopes within 491—
687 K (218— 414 °C) in studies [[17], and [18]]. The
temperature dependence of the vapor pressure
corresponded to the expression:

Ig p [mmHg] = 8,7906 — 6432,3-T" 1,

The vapor pressure over liquid antimony
selenide within 550—868 °C (823—1201 K) was
determined with the static method with the use of
a quartz membrane manometer in the study [19].
The results of the determinations are described
with the equation:

lg p [mmHg] = (8.4130+0.0328) — (7,220.4 +
250) T 1,

Later, the authors determined vapor pressures
and activities of selenium and antimony at 994 K
(721 °C) within 60—100 at. % Selenium and
hypothetically propagated it to the whole
concentration interval [[20], [21]].

Some researchers performed thermodynamic
studies to determine the heat capacity and mixing
functions of liquid alloys in the antimony—salenium
system [[22], [23], [24]].

The thermodynamics of Sb.,Se; was modeled
and used in calculations of the antimony—selenium
phase diagram together with the thermodynamic
properties of the liquid phase obtained based on
the associative model [25]. The calculated phase
equilibrium lines coincided well with the
experimental data.

It should be emphasized in the publications
analyzed that the data on evaporation
thermodynamics are insufficient, and the results of
experimental determinations and calculations are
inconsistent despite the presence of a sufficiently
large number of works devoted to the study of
antimony and selenium melts. So, in [[20], [21], and
[25]] thermodynamic activity of selenium was
found and calculated for a temperature of 994 K
(721 °C) which is higher than the boiling point of
solutions of this composition. Thermodynamic
constants were not calculated.

Therefore, the authors performed studies
aimed to obtain thermodynamic functions for the
formation and evaporation of antimony—selenium
alloys based on partial pressure values of the
components constituting the system.

Experimental part

Antimony and selenium alloys with the
contents of 14.82, 26.35, 35.27, 47.51, 60.00,
68.96, 75.37, 83.38, 91.30 at. % (10.14, 18.83,
26.11, 36.99, 49.31, 59.03, 66.49, 76.49, 87.19 %)
Se, and the rest — antimony, was taken as the
study object. The alloys were prepared by alloying
the metals in evacuated quartz ampoules with

—— |4 ——
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heating at 100 °C above the liquidus temperature,
holding for 12 hours at this temperature with
shaking stirring, followed by quenching in water.
Selenium with content of 99.99 wt. % and antimony
— 99.99 wt. % of the main elements were used for
the preparation of alloys.

The activity value defined as the ratio of the
partial pressure of the component above the
solution to the saturated vapor pressure above the
elemental metal was taken as the basis to find the
partial thermodynamic mixing functions:

aizﬁi/pi0

, Where 4 is thermodynamic activity;

P; is the partial vapor pressure of i— component;
0
i _ saturated vapor pressure of the same

component over the elemental metal.

The boiling point method (isothermal variant)
detailed earlier was used to determine the
saturated vapor pressure value [[26], [27]]. It is
based on a significant increase in the evaporation
rate at the equality of the external pressure and the
saturated vapor pressure of the substance under
study when the pressure above the melt decreases
at a given temperature. The only congruently
melting compound — Sb,;S; is present in the
antimony—selenium system [28]. In this regard, the
Sb — Se system was considered as two particular
ones: Sb — Sb,Ses and Sh,Se; — Se. Due to the fact
that the vapor pressure of antimony selenide at its
melting temperature of 890 K (617 °C) determined
with the membrane manometer method according
to [29] is 40+60 times higher than the pressure of
elemental antimony [30], and the vapor pressure of
elemental selenium [30] at the specified
temperature is 200+300 times higher than the
vapor pressure of antimony sesquiselenide, it was
considered that the total vapor pressure
determined by the boiling point method in the Sb —
Sb,Ses system corresponds to the saturated vapor
pressure of antimony selenide in the Sh,Se; — Se
system. Argon was used as a volume— filler gas in
the boiling point method.

The partial free energy of alloy formation was

calculated as AG,"* =—RT In a,; partial enthalpy
of mixing: (GAGWX/@T )P =—AS™; partial
enthalpy: AH™ = AG,™ +T -AS™ . Hereinafter,
AG,™, AS™ AH™* — partial free energy, partial

entropy, and partial enthalpy of mixing of i—
component, respectively. Hereinafter T s
temperature, K.

Integral mixing functions are calculated as the
number of fractions of partial values.

The activity of the second component in the
melt (on the example of the Sb — Sh,Ses system)

was found from the expression Asp = Vsb " Xsb the

tin activity coefficient (7/5") — by numerical
integration of the Gibbs — Duhem equation with
the use of the auxiliary function proposed by
Darken [[31], [32]]:

Inyse'XSe'XSb+J'XSe Inye,

Iny,, = N 7se
b
s X2 =0 (1-Xg,)?

The partial free energy of evaporation was
determined from the partial pressure values the for
saturated vapor of the melt components

AG® =—RT In p,[atm], and

enthalpies
formation.

The temperature dependences of activity and
partial vapor pressure of volatile components for
each of the compositions in each particular system
were described by Arrhenius—type equations.

entropies and

were similar to those for alloy

Further, the temperature—concentration
dependence of activity Ina; =1(x,T) and vapor
Inp; = f(x.,T)

pressure was obtained
approximating the dependence of the coefficients
in the equations on the concentration of volatile
components in the alloy. Similarly calculated
dependences were obtained for the activity and
partial vapor pressure of less volatile components
of the alloys.

The error in determination of the
thermodynamic constants is assumed to be equal
to the error in determination of lead saturated
vapor pressure values as the number of errors of
independent measurements, %: temperature — 1;
weighing — 0.1; pressure 0.5; approximation of
experimental data for the system Sb — Sh.,Se;—
3.88, equal to 5.48; in the system — Sh.Ses; — Se,
the approximation error is 3.12 and overall, 4.72.

Results and their discussion

The coefficients of the equations of
dependence of saturated vapor pressure of
antimony selenide and selenium on temperature
for each of the alloy compositions are specified in
Table 1.
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Table 1 - Coefficients of the equation of dependence of
lead partial vapor pressure on temperature

Content A
of selenium in the In Py, s, [Pa] = T +B
alloy:

atm. % wt. % A B
14.82 10.14 — 14.989 21.887
26.35 18.83 — 15.883 22.926
35.27 26.11 — 16.434 23.490
47.51 36.99 — 16.868 23.972
60.00 49.31 —17.010 24.264
In ps.[Pa]= A +B

T

68.96 59.03 —11.771 23.051
75.37 66.49 — 11.869 23.578
83.38 76.49 — 12.063 23.949
91.30 87.19 — 12.286 24.341
100 100 — 12.509 24.763

The partial pressure of saturated vapor of
antimony selenide in the Sb — Sbh,Ses partial system
is represented by the expression:

In P, 5., [Pa]l= (—6358x;‘b25e3 +16234x§b2593 -

—10839x4, 6, —19905,, —14057)-T " +
+0379%q,, +22,864 +1n xg o,

XSbZSe3 _

where mole fraction of antimony

0<x <1
selenide in the melt equal to: SbSe; =

The partial vapor pressure of antimony in this
system corresponds to equation:

In pg, = (—6358 ng +17675 Xg’b —14082 stb +

+ 968X, —14958 —3981In X, ) - T +

+4,961%, —14,5x3, +13,735%x2, —

—4,2x,, + 20,312 +1,384 In X,
. X .
Hereinafter Sb — the mole fraction of
antimony.
The activities of antimony
antimony are equal, respectively:

In ag, o, [Pa] = (—-6358xg, 5, +16234x5,5, —

_ 10839X52b2593 -1990g, ¢, +2953) Tl
+4,961ng23% _111959xgb25% +8’019X§b25% +
+0,379 X550, —14+ In Xsb,se,

In ag, = (—6358 X, +17675 xg, —14082 x5, +

+968Xg, +1797 39810 Xg,) - T +

selenide and

+4,961%, —14,5x3, +0,004 +13,735x,

The partial pressures of selenium and antimony
selenide are approximated by the following
relationships in the Sb,Se;—Se particular system:

In Py, = (1042 x3, — 2226 X;, + 446 X, —
~11771) - T - 0,583xg, +2,132x¢, —
1389, + 24,803 +In Xse,  where:

mole fraction of selenium in the melt equal to:
0<Xs, <1

XSe —

I Py 5o, [Pa] = (~1042C, ¢, +2463¢ ¢, —
-920

hse, —17511-880IN xgy ¢, )T +

+0,583x¢, 5, — 04915 s,

+25,864 +1,926 In g .

—1692Xg, ¢, +

In the Sb,Ses; — Se particular system the
activities are equal to, respectively:

In ag, = (1042 X3, — 2226 xZ, + 446 X, +
+738)-T*—0,583x%S, +2,132x%3, —
—-1,589x, +0,04 + In X,

IN dgy s, [Pa] = (~1042X, ¢, +2463¢, ¢, —
~920y, ., —501-880I Xg, )T +

+0,583x, ¢, —0,491x

e, ~1692%gy 00 +
+1,6+1,926 I Xgy s,

The integral entropy of mixing in the
antimony—selenium system differs from the ideal
system in magnitude in both particular systems. It
indicates the positive value of excess functions.

It can be seen from the analysis of the
dependencies (Figures 1, 2) that the integral mixing
functions of alloys in the antimony — selenide
antimony system have a positive maximum — the
formation of alloys is accompanied by an increase
in disorder in the system and goes with heat
absorption.

The extremum of the integral entropy of mixing
reaches the value of 9.18 + 0.50 J/ (mol-K), enthalpy
of mixing — 7.19 £ 0.39 kJ/mol. The integral
enthalpy of mixing of antimony and its selenide has
a noticeable positive value (3.03 + 0.14 J/mol) with
a shift of the extremum to the selenium edge of the
state diagram, which indicates the absence of
interaction of particles in the liquid bath.

The formation of liquid alloysin the Se — Sb
system is accompanied with an increase in disorder
in the system.
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Figure 1 - Integral (1, 5) and partial (2— 4) entropies of
mixing of the components of antimony—selenium melts.

The enthalpy of mixing is positive in the whole
range of melt concentrations; hence, the formation
of solutions proceeds with heat absorption — the
reaction is endothermic.

The values of thermodynamic functions of
evaporation of antimony— selenium system melts
are summarized in Tables 2 and 3.
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2 — selenium; 3 — aluminum selenide;
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Figure 2 - Integral (1) and partial (2— 4) enthalpies
of mixing of components of antimony— selenium melts

The integral function of the vaporization
enthalpy in the antimony— selenide system has a
slight minimum at 30 at. % selenium and is 133.18 +
7.30 ki/mol. The vaporization entropy of Sb,Ses is
equal to 105.93 +5.12 J/ (mol-K).

Thus, obtained values of saturated vapor
pressure and thermodynamic constants are used to
construct a complete state diagram including the
fields of melt and vapor coexistence at atmospheric
pressure and in vacuum.

Table 2 - Variation of partial and integral entropies of vaporization of Sb— Se system

Alloy composiion ASP, ASgs. ASg”, ASgls.,
< % J/(mol-K) J/(mol-K) J/(mol-K) J/(mol-K)

0 100 — — 73.02 +4.00 73.02 +4.00
10 90 — 81.32 +4.46 71.28 +3.91 72.95 + 4.00
20 80 — 90.42 +4.95 68.28 +3.74 75.66 +4.15
30 70 — 96.90 + 5.31 63.67 + 3.49 80.28 + 4.40
40 60 — 101.32 +5.55 57.50 + 3.15 86.71+4.75
50 50 — 104.03 +5.70 49.25 +2.70 94.90 + 5.20
60 40 — 105.93 +5.12 — 105.93 +5.12
70 30 96.59 + 4.56 113.02 +5.33 — 108.92 +5.14
80 20 101.85 + 4.81 122.86 + 5.80 — 112.36 +5.30
90 10 106.02 + 5.00 137.71+6.50 — 113.94 +5.38
100 0 110.06 +5.19 — — 110.06 + 5.19
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Table 3 - Variation of partial and integral enthalpies of vaporization of Sb— Se system

e R O O
= @ kJ/mol kJ/mol kJ/mol ki/mol

0 100 — — 139.31+7.63 139.31+7.63
10 90 — 121.52 + 6.66 138.81+7.61 135.93+7.45
20 80 — 128.06 + 7.62 136.59+7.49 133.75+7.33
30 70 — 134.11+7.35 132.25+7.23 133.18+7.30
40 60 — 138.41 +7.58 126.26 £ 6.92 13436+ 7.36
50 50 — 140.63+7.71 119.71 £ 6.56 137.15+7.52
60 40 — 141.43 + 6.68 — 141.42 + 6.68
70 30 97.96 £ 4.62 141.36 £ 6.67 — 130.51+6.16
80 20 99.56 £4.70 140.31 +6.62 — 119.93 +5.66
90 10 101.84 +4.81 136.22 +6.43 — 110.44 £5.21
100 0 104.00 +4.91 — — 104.00 +4.91

Conclusions thermodynamic activity for components and partial

When the studies were conducted by the
boiling point method, the values of saturated vapor
pressure of antimony selenide and selenium in the

Sb — Sb,Ses and Sb,Se;— Se partial systems were
determined, and the partial pressures of antimony
and antimony sulfide were found by numerical

values of vapor pressure. It enabled to add these
data to the base of physical and chemical
properties of antimony—selenium system.
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CypbMa XaHe ceflieH KOopbITnanapblHbIH Ty3iny XaHe 6ynaHy TepMoAMHaMUKACDI
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TYAIHAEME

EKi HaKTbl Xyle ywiH — Sb-SbhaSes saHe SbhySe-Se, Cypbma-ceneH xyieciHae SbaSes KOHrpyeHTTi
6anKbITy KOCbIIbICBIHBIH, 60/ybIHa 6alNaHbICTBI  KOPbITNAHbIH,  Ty3iNyi MeH 6ynaHybiHbIH,
TepMoAMHaMUKanbiK GyHKLMANAPbI KapacTbipblaabl. Ecenteynep HaKTbl XKyhenepai KypanTbiH
KOMMOHEHTTEPAjH iWiHapa By KbICbIMbIHbIH MaHAepiHe HerizgenreH. Kyienepaeri eH, yLWKbIwW
KOMMOHEHTTEP peTiHAe CypbMa CeNeHUAi MeH CeneHHiH, TepMoAMHaMWKanblk BGenceHainiri
KaiiHay TemnepaTypachl a4iciMeH (M30TepMUANbIK HYCKA) aHblKTanaTbiH Sh-Sh,Ses aHe ShoSes -
Se cyiblK KopbiTnanapbl 6oWblHWA ceneH 6GankpiManapbl YCTiHAErN CcypbMa CeneHWAiHiH
KaHbIKKaH By KbICbIMbIHbIH, MaHAepi Heri3iHae ecenTenai. *ofapblaa aTanfaH Kyenepgeri as
YWKBILL KOMMOHEHTTEPAIH, YKcac dyHKumMsanapbl: BipiHWi Kyheae Sb kaHe coHfbicbiHAa ShaSes
[apKeH yCblHFaH anmMacTblpyAbl NaganaHbin MM66c-Aloxem TeHAeyiH CaHAbIK WHTerpangay
apKkbiibl ecentengi. Sb-SbaSes kaHe Sb;Ses-Se 6ankbimanapblHAaFbl Cypbma CeneHuai MeH
CypbMaHblH, napumangbl  KbICbIMAAPbl TeMnepaTypa-KOHLUEHTPAUMA  KaTblHaCbl  apKbl/ibl
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KybIKTanabl. BipiHWi Xylie AenaMmmHauma aliMasbiHbiH, 60nybiHa 6alinaHbICTbl naeanaplabiKTaH
OH aybITKybiMeH epeKleneHeai. CyWblK KopbITnanapablH, Ty3inyiHiH, napuuangpl KaHe
MHTErpanablK SHTPONUANAPbI MEH SHTANbMUANAPLI 3NIEMEHTTIH, HEMECce KOCbIIbICTbIH, epiTiHAI
ycTiHgeri napumangpl 6y KbICbIMbIHbIH, Ta3a 3/1EMEHTTIH, HemMece KOCbINbICTbIH, KaHbIKKaH by
KbICbIMbIHA KaTblHacbl peTiHAe TabbinfaH Kypamaac benceHainik MaHaepi HerisiHae ecenTensi.
KopbiTna Ty3inyiHiH, napuuangpl aHe UHTerpanablk QGyHKUMANapbl bankbimadarbl ceneH
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AHHOTALMUA

PaccmoTpeHbl TepmoauvHamuyeckme ¢yHKUMKM o6pa3oBaHMs M UCMApeHus chniasa Aana AByx
YaCcTHbIX cucTem — Sb—SbySes u Sh;Ses—Se B €BA3M C Ha/NMUMEM KOHTPYIHTHO MNNABALLErOcA
coeguHeHun Sh,Ses B crcteme cypbMa—ceneH. PacyeTbl OCHOBaHbI Ha 3HAYeHUAX NapLManbHOro
[aBNeHNA NapoB KOMMOHEHTOB, 06pasylolMX KOHKPETHble CUCTEMbI. TepMOAMHAMMYECKYHD
aKTMBHOCTb Ce/fleHMAa CypbMbl W CeNeHa Kak Haubonee NETYYMX KOMMOHEHTOB B CUCTEMax
paccYnTbIBaNIM MO 3HAYEHUAM AABNEHUA HACbIWEHHbIX NMapoB CefeHnaa CYpbMbl HAZ KUAKUMU
cnnaBamu Sb—ShaSes u ceneHa Hag Xuakumu cnnasamu SbhaSes—Se, onpeseneHHbIMU MeToA0M
TEMNEPATYPbl KUNEHWUA (M30TepmuyecKan BapWaHT). AHaNOrMyHble GYHKLUM  ManoNeTyumnx
KOMMOHEHTOB B YyKa3aHHbIX Bbille cuctemax: Sb B nepsoit cucteme u Sb,Ses Bo BTOpOI GblAn
paccynTaHbl YNCNEHHbIM MHTErpupoBaHMemM ypaBHeHua MMb6ca—/[lorema ¢ MCNONb30BAHMEM
3ameHbl, npeanoxkeHHon [apkeHom. MapumanbHblie AaBaeHUA ceneHnaa CypbMbl U CYypbMbl Hag,
pacnnasamu Sb—Sb,Ses n Sh,Ses—Se annpoKcMMMpoOBaAHbI 3aBUCMMOCTbIO TemnepaTypa—
KOHUEHTpauma. C1UcTema OT/IMYAETCA MNONOMKUTENbHbIM OTKJIOHEHMEM OT WAEaNbHOCTU U3-3a
Hannuusa B NepBoW cucTeme 06,1acTu paccnoeHus. MNapumnanbHble ¥ UHTErpPaibHbIE SHTPOMWUKU U
9HTaNbNUN 06Pa30BaAHMA KUAKUX CMNABOB PAcCYMTbiBaZM Ha OCHOBE 3HAYEHWM aKTUBHOCTEMN
KOMMOHEHTOB, HalAEHHbIX KaK OTHOLIeHWEe NapuMasbHOrO OABAEHUA Mapa 3/emeHTa Uau
COegMHEeHWA Hag, pacTBOPOM K [OaBJEHWMI0 HACbIWEHHOro napa YMCTOro 3/eMeHTa WU
coeguHeHuA. YacTHble M UHTerpanbHble GyHKUMKM cniaBoobpasoBaHMA NpeacTaBneHbl B BUAE
rpaduyeckmx  3aBUCMMOCTEM  OT  KoaudecTBa cefeHa B pacnnase.  [losyyeHHble
TEPMOAMHAMMYECKME KOHCTaHTbl MOMOMHAT 633y (GU3MKO-XMMMYECKMX [aHHbIX U ByayT
MCNO/Ib30BaHbl ANA pacyeTa rpaHuL, Moseil NapoXKUAKOCTHOrO PaBHOBECUA Ha Auarpamme
COCTOAIHUA, MNO3BO/AIOLWMX OMNPeAe/IUTb BO3MOMHOCTb W MOAHOTY PEeKTUPUKALMOHHOrO
paszeneHua pacniaBieHHbIX CUCTEM.
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ANNOTATION

The activities of industrial enterprises in ferrous and non-ferrous metallurgy and other industries
lead to environmental pollution with wastewater containing harmful substances that, even in
small quantities, have a rather serious negative impact on human health and the state of the
biosphere. There are a large number of natural sorbents used to solve water treatment problems.
Among inorganic sorption materials, zeolites are widely used in practice. These natural materials
have thermal and radiation stability and high selectivity. The purpose of this article is to study the
sorption capacity of zeolites modified with nanostructured rare metals in several ways, with
different options for activating the matrix to improve sorption properties with respect to ions of
heavy and non-ferrous metals. Based on the experiments conducted, it was proven that zeolites
modified with vanadium and titanium nanocompounds are highly effective in removing heavy
metal ions from wastewater. The resulting composition on a zeolite matrix creates a highly
dispersed solid phase of nanoparticles in the form of a sol-gel. Such systems have an excess of
energy, which leads to increased reactivity and adsorbing properties. It is obvious that the
activation of zeolites makes it possible to obtain a wider range of active centers of different nature.
This determines the varied use of zeolites in the technological system for treating wastewater from
heavy and non-ferrous metal ions, which will make it possible to achieve MPC standards.

Key words: zeolite, sorption technologies, heavy metals, wastewater, adsorbent.

Konyratbekova Saltanat Sabitovna

Information about authors:

Candidate of Technical Sciences, Senior Lecturer at the Department “Metallurgical Processes, Heat
Engineering and Technology of Special Materials”, Mining and Metallurgical Institute, Satbayev
University, Almaty, Kazakhstan. Email: s.konyratbekova@satbayev.university,
salta_7504@mail.ru

Shopanbek Zhansaule

Ph.D. student, "Metallurgical processes, heat engineering and technology of special materials",
Institute of Mining and Metallurgy, Satbayev University, Almaty, Kazakhstan. Email:
shopanbek@mail.ru

Nurzhanova Saule Bakirovna

Candidate of Chemical Sciences, Senior Researcher, Institute of Fuel, Catalysis and Electrochemistry
named after A.l. D.V. Sokolsky”, Almaty, Kazakhstan. Email: nurzhanova.s@mail.ru

Baikonurova Aliya Omirkhanovna

Doctor of Technical Sciences, Professor "Metallurgical processes, heat engineering and technology
of special materials”, Mining and Metallurgical Institute, Satbayev University, Almaty, Kazakhstan.
Email: a.baikonurova@satbayev.university

Introduction

Heavy metals, which have a toxic effect on
even

aquatic organisms in

In this regard, wastewater treatment from
industrial enterprises must be carried out until
heavy metals are almost completely removed. But
using only traditional methods this is difficult to

relatively low .
achieve.

concentrations, are extremely dangerous in natural
waters. The harm of heavy metals to a living
organism is due to their ability to bioaccumulate and
concentrate, which leads to disruption of the
functioning of organ systems. The difficulty of
removing heavy metal ions (HTI) from the body is
due to the fact that they form strong bonds with
proteins and other components of cellular
structures [1].

One of the common methods for treating
wastewater from ITM is sorption and ion exchange
methods, hence the need to obtain cheaper
sorbents with improved physicochemical properties
increases [2]. Despite the variety of adsorbents
used, many of them do not satisfy the full range of
requirements for materials of this type, and
therefore the search and development of new
sorption materials is ongoing. The most efficient and
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cost-effective treatment of water from heavy metal
ions is when using materials such as aluminosilicates
of various types. It is known that the high sorption
properties of natural aluminosilicates, their low cost,
and their large reserves in nature serve as the basis
for their choice as adsorbents for metal impurities
from wastewater from various industries. To expand
the scope of natural zeolites and give them new
additional properties (anion-exchange, adsorption,
magnetic, bactericidal, etc.), zeolites are modified
with both organic and inorganic modifiers.

Recently, there has been anincreased interest in
the use of complex zeolite-containing reagents in
the treatment of wastewater of various origins [3]. It
should also be noted here that an important
approach to the creation of effective and
environmentally safe sorbents is the modification of
the structure of zeolites due to the formation of new
functional groups (sorption-active centers) that
strongly bind heavy metal ions. Adsorbents on a
zeolite carrier, activated by rare and rare earth
elements, deserve special attention, since many of
them show selectivity to heavy metals. Therefore,
developments devoted to the study of the sorption
activity of zeolites modified with rare metals with
different types of activation with respect to non-
ferrous metal ions are relevant.

In English and Russian language publications,
much attention is paid to the toxic effects of heavy
metals on living organisms and methods of its
neutralization. Works [[4, [5], [6]] provide data on
the sources of heavy metals and characteristics of
toxic effects.

The solubility of individual heavy metals in
aqueous solutions and the extent of their removal
using alkaline agents and sodium sulfides are strictly
regulated by the United States Environmental
Protection Agency.

Among modern methods that provide effective
wastewater treatment from various pollutants,
including heavy metal ions, a special role belongs to
physicochemical technologies [[7], [8], [9], [10]].
One of the environmentally safe methods of surface
water purification is the use of the adsorption
mechanism, which is most often implemented as
one of the stages of the complex technological
process of water purification since other methods
can lead to secondary pollution of the natural
environment [9].

A distinctive feature of sorption is the ability to
extract substances from multicomponent mixtures,
high efficiency even at low concentrations of
pollutants, as well as the quality of the sorption
material used.

There are a large number of natural sorbents
used to solve water treatment problems, such as
quartz sand, activated carbon, chitosan, jute,
cellulose, sawdust, bentonite clay, etc. The most
common sorbent in domestic and foreign practice
for deep purification of drinking water is activated
carbons: granular and powdered [11]. But the use of
such traditional sorbents in wastewater treatment,
in the presence of specific contaminants in the
source water, does not provide a guaranteed water
quality that meets sanitary rules and regulations.

Among inorganic sorption materials, zeolites are
widely used in practice. These natural materials have
thermal and radiation stability, high selectivity, fairly
good sorption properties, and the possibility of
obtaining them in granular form make them very
attractive for use in the water sector [12]. Zeolites
can absorb not only ions of heavy metals, organic
pollutants, oil products, pesticides, radioactive
elements, but also pathogenic microorganisms,
bacteria and viruses. The ability to extract heavy
metals, surfactants, organic substances and other
toxicants from water, including biologically stable
ones that cannot be removed by other methods, as
well as the absence of secondary contaminants,
make zeolites especially valuable when used in
systems industrial wastewater treatment [13].

An analysis of modern literature [[6], [7], [8], [9],
[10], [11], [12], [13]] showed a significant increase in
the rate of publications devoted to the study of
numerous modifications based on zeolites with the
introduction of metal nanoparticles and the scope of
the corresponding sorption and catalytic systems.
The high surface energy of nanosystems makes
them especially attractive for use in many catalytic
industries since this property makes it possible to
carry out technological processes under milder
conditions than traditionally accepted ones.
Nanomaterials based on oxides of rare and rare
earth metals have unique properties that make
them promising for wide use in chemistry and
technology.

A promising direction for water purification from
impurities of priority environmental pollutants is the
use of modified synthetic or natural zeolites, which
have a high sorption capacity with respect to many
organic and inorganic substances [6].

In order to improve the adsorption properties of
natural zeolites, they are modified or activated by
heat treatment without destroying the crystal
structure [3]. This leads to the fact that their porous
open microstructure is capable of regulating the
structure, for example, modifying with nanosized
particles of rare and rare earth metals, which




Complex Use of Mineral Resources. 2024; 330(3):22-31

ISSN-L 2616-6445, ISSN 2224-5243

determines their unique sorption properties,
increases their selectivity, and reduces the sorption
time [4].

In order to use natural zeolites for the
purification of wastewater from industrial and
mining enterprises from salts of heavy metals, the
authors of [13] studied the adsorption
characteristics of natural zeolites with an exchange
capacity of 95-140 meq/100 g during the exchange
of sodium cations or ammonium ions for ions lead,
cadmium, copper and zinc from aqueous solutions at
an adsorption time of 10 - 100 minutes, and the
degree of extraction of heavy metal ions from the
solution is 90 - 98% and decreases in the indicated
series of heavy metals: Pb > Cd > Zn > Cu > Ni.

The paper [14] proposes a method for
wastewater treatment from heavy metal cations,
based on the use of slag formed during the complex
processing of steel, which has a complex chemical
composition and is characterized by a highly
developed surface and the presence of a large
number of microcracks, pores, and active centers,
which determine the sorption properties. slag. With
an increase in the amount of added slag, the
purification efficiency increases, which is explained
by an increase in pH and an increase in the number
of active centers. During the purification process,
the efficiency of purification from Fe**and Fe® ions
was up to 99.5%, from Zn?* ions - up to 97.5% with
the addition of 0.7 g/l of slag and the initial
concentration of model solutions of 30 mg/l.
Shungite rocks of Karelia, which exhibit sorption
activity in the process of wastewater treatment from
heavy metals and oil products, are also material for
solving environmental problems [15].

One of the possible ways to increase the
efficiency of wastewater treatment technologies
from heavy metals is the use of new nanodispersed
sorbents that act as sorbents-coprecipitators of toxic
components. Their basis is natural highly dispersed
aluminosilicates, zeolites, the surface of which is
modified by substances of inorganic and organic
nature [[16], [17], [18], [19], [20], [21], [22]].

Thus, the information obtained from published
sources is fragmentary and does not contain
sufficient information about the possibilities and
advantages of using modified aluminosilicates for
water purification from heavy metal ions, which
necessitated the present research.

Experimental part

The purpose of this work is to study the sorption
capacity of zeolites modified with nanostructured
rare metals in several ways, with different variants
of matrix activation to improve the sorption
properties with respect to ions of heavy and
nonferrous metals. The results obtained will be used
for further development of a hybrid technology for
the treatment of process and wastewater.

In this regard, the task of our research is to
create a rational method for treating industrial
wastewater, which would ensure the
implementation of sorption technology, taking into
account the economic and environmental
requirements for it. The effectiveness of the
developed adsorbents in the process of removing
heavy metals was assessed using model water.

b)

Figure 1 - Scanning electron microscopy of the original zeolite (a) and activated (b)
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As adsorbents with high metal consumption, we
used aluminosilicate (clinoptilolite), zeolites of the
KN-30 brand in statics and dynamics, and modified
with a mixture of vanadium and titanium
nanopowder. Figure 1 shows SEM images of the
original zeolite (A) and activated (B) by nanosized
particles of a mixture of rare metals (V + Ti).

According to electron microscopy data, finely
dispersed structures with d= 2.0 - 4.0 nm
predominate on the surface of the unmodified ZSM-
Al,O; zeolite. The straight channels of the ZSM-5
zeolite intersect with the zigzag channels, forming a
three-dimensional structure of narrow channels
with sizes of 5.1-5.6 A. Such a structure causes, on
the one hand, the selectivity of the zeolite, and, on
the other hand, diffusion restrictions, which lead to
low exchange activity.

As can be seen from the electron microscopic
image (Fig. 1, B), formations with d = 3.0-5.0 nm,
consisting of V,0s and TiO,, prevail on the surface of
the activated zeolite. There are structures, the size
of which varies within 5.0-7.0 nm, formed by VxTi..
x02. There is also an insertion of vanadium and
titanium atoms into the structure of the zeolite and
Al203 with the formation of V,4Ti:Sis010 and
VO,TiOAIlO:s.

Nanoparticles of many substances exhibit
properties that make it possible to use them as
catalysts and adsorbents, and the question of the
size at which the catalytic and sorption features of
the nanostate of the studied materials begin to
appear becomes important. In addition, it was found
that at the nanolevel, the properties of the elements
used for modification, for example, nanovanadium,
nanocarbon, nanotitanium, etc., change significantly
[[5], [19]]. This is apparently due not only to an
increase in the active surface of the adsorbent,
consisting of nanoparticles, but also to the fact that

... Adsorbent input

)—"
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' E ——
—_— Pr— &
— — I
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|y |y
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a significant proportion of the atoms that form its
surface are in the so-called low-coordinated state, in
which they exhibit maximum activity, both catalytic
and sorption [20].

Results and Discussion

The zeolite sorbent used in the work was
activated with nanostructured titanium-vanadium
powder prepared from titanium dioxide and
ammonium metavanadate. A promising raw
material for obtaining a Ti-V-O hybrid composition is
middlings and wastes of titanium-magnesium
production, as the most accessible and cheap.

During the research, conditions were worked
out that combined optimal adsorbent
concentrations, mixing mode, and reagent supply
rate, ensuring the precipitation and removal of
heavy metals from the solution. The work studied
sorption properties, and assessed the static
exchange capacity (COE, mg/g) under standard
conditions (initial concentration of heavy metal ions,
ratio of solid to liquid phases 1:10, particle size,
static sorption time). Determination of the
concentrations of various ions from aqueous
solutions was carried out using certified methods in
accredited laboratories.

Figure 2 shows the technological scheme of
wastewater treatment from ITM under static
conditions using the obtained activated zeolites. The
process of sorption from wastewater can be carried
out under static and dynamic conditions. In the
static mode, the liquid particle does not move
relative to the sorbent particle; moves along with
the latter in a sorption reactor with a stirrer.

Purified

Disposal of spent l
adsorbent ’

Figure 2 - Scheme of the adsorption plant in static conditions: 1 - sorption reactor; 2 - sump; 3 — stirrer
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Table 1 - shows the ZOE values (mg/g) for heavy metal ions when using zeolites.

Zeolites Cations
Cu2+ Ni2+ Zn2+ Pb2+
Aluminosilicate 3.97 1.75 2.28 2.50
(clinoptilolite) 2.53 1.53 1.81 2.20
Zeolite KN-30 2.04 1.47 1.78 1.88
(processing in static) 1.83 1.17 1.53 1.61
0.12
0.10
g 0.08
2
téo 0.06
w
9‘ 0.04
0.02
0
0 50 100 150 200 250 300

atomic mass, Yes

- zeolite, ___-zeolite (activated)

Figure 3 - Dependence of ZOE values (mg-ion/g) for heavy metal ions on atomic mass
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Figure 4- Determination of the sorption capacity of the zeolite from the mass of the introduced element:
1- Cu(I1), 2- Ni(Il) 3- Zn(l1)
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The table shows that the studied zeolite samples
have a significant and close sorption capacity for
heavy metal ions (Cu?*, Ni**, Zn?*), and a particularly
toxic Pb? ion, which is currently very likely to be
found in natural waters. At the same time, the
activated zeolite sample is more selective to the Ni**
and Zn%* ions, and the zeolite (in dynamics) is more
selective to the Ni** ion, although they also have an
increased selectivity to the Cu** and Pb?* ions.

It was shown [11] that the removal of lead from
natural waters using natural zeolites is very effective
both on pure clinoptilolite rocks and in combination
with clinoptilolite with other minerals. In the
conducted studies, a sample of the zeolite activated
with nanocompounds shows an increased selectivity
in relation to the lead ion.

Hence, it follows that the sorption capacity of
activated zeolite is much higher than that of
synthetic non-activated ones. For example, the
dynamic sorption capacity before the breakthrough
of 0.01 mg/l was at least 0.022 mg/|, and before the
breakthrough of 0.1 mg/I| - at least 0.034 mg/I. It
should be noted that the dynamic curves of lead ion
sorption on natural zeolites differ from the curves on
activated samples in a flatter form, which requires
the use of a sorption load height of at least 2-2.5 m
to obtain effective purification. Figure 3 shows the
dependences of ZOE mg-ion/g on the atomic mass of
these metals.

The dependences obtained for various zeolite
samples practically converge in the region of high
values of atomic masses. This makes it possible to
determine with high accuracy by extrapolation the
limiting value of ZOE for metals, which is very
difficult to determine experimentally for high
concentrations due to the high contamination of
wastewater with multiple impurities.

The sorption capacity of the zeolite was
determined experimentally in the process of
studying Cu®*, Ni**, and Zn?* ions.

For the studied "sorbent-metal" system, a series
of solutions were prepared with the same content of
the sorbent (0.1 g) and different increasing content
- 60.100, 140, and 180 pg/ml of metal cations. The
optimum acidity of the medium was created and
mixed on magnetic stirrers for the optimum time
and at the optimum temperature, which were
previously selected for these systems. The amount
of the adsorbed element was determined in each
experiment, as described above, and a graph was
plotted in the coordinates: "the degree of sorption
(R, %) - the mass of the introduced element" (Fig. 4).

A specific property of zeolites is the rate of
sorption of metal ions, which depends on the
structure and properties of the zeolite matrix, the
nature of the ion, and the degree of dispersion of the
sorbent. When the temperature rises to 60°C, the
sorption time is slightly reduced, by an average of 10
minutes.

Studies of the properties and structure of the
substrate of various sorption materials and modified
zeolite activated with a mixture of titanium and
vanadium nanopowder applied powder showed that
an increase in adsorption on the sorbent occurs on a
highly developed substrate structure due to the
formation of adsorption layers on the surface and in
the pores activated by the powder. The activity of
the modified zeolite depends on the rate of
formation and subsequent transformation of
surface intermediates, which is determined by the
nature of the interaction, that is, the nature of
emerging and breaking bonds, in some cases also by
the spatial configuration.

Table 2 - Results of chemical analysis of wastewater treatment from heavy metals in the presence of various sorption

materials
Applied sorption Metal content after treatment, mg/I Degree of removal, %
materials
Cu2+ Zn2+ Ni2+ Pb2+ Cu2+ Zn2+ Ni2+ Pb2+
Clinoptilolite 0.06 0.16 0.08 0.13 89.2 74.2 86.7 59.4
Zeolite KN-30 0.05 0.12 0.042 0.11 91.1 80.6 93.0 65.6
(processing in
static)
Zeolite processing 0.05 0.09 0.024 0.08 91.2 85.5 96.0 75.4
in dynamics
Zeolite activated 0.02 0.02 0.012 0.04 96.4 96.8 98.0 87.5
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Table 2 shows the results of processing a model
solution containing heavy and non-ferrous metals
with the sorption materials wused. Initial
concentration of metals in the model solution, mg/I:
Cu?*-0.56; Zn?*- 0.62; Ni**- 0.60; Pb?*- 0.32

An analysis of the results obtained (Table 2)
allows us to draw the following conclusions: the best
sorption capacity under static conditions with
respect to heavy metal ions has a zeolite modified
with vanadium and titanium, after activation, the
degree of extraction for the studied ITMs ranged
from 87.5 to 98, 0%. The chemical modification of
the zeolite with the use of nanostructured vanadium
and titanium compounds significantly increased the
sorption capacity with respect to Cu(ll), Ni(ll), and
Zn(ll) ions; good sorption properties are also
observed for Pb?, but the recovery is lower. It can
be seen that the sorption capacity of zeolites
activated with rare metals is much higher than that
of activated carbons [5]. It is known [13] that after
water treatment with technical aluminum sulfate
and two-stage mechanical filtration, the zinc content
in it increases significantly. Cleaning with activated
zeolite allows, as can be seen from the table, not
only post-treatment for zinc but also to reduce the
odor, color, and ammonium ion content. To remove
the ammonium ion, the sorption method using
natural zeolites, including modified ones, is also the
most effective, which was shown in [[20], [22]].

Based on the experiments conducted, it was
proven that zeolites modified with vanadium and
titanium nanocompounds are highly effective in the
process of removing heavy metal ions from
wastewater. The degree of metal removal was (%):
Cu2+ - 96.4; Zn2+ - 96.8; Ni2+ - 98.0; Pb2+ -87.5.
Particular consideration should be given to the
removal of lead ions, which are widespread in
industrial wastewater, using the developed
nanosorbent. As has been shown [6], the removal of
lead from natural waters using natural zeolites is
very effective both on pure clinoptilolite rocks and in
a combination of clinoptilolite with other minerals
but does not ensure water quality that meets
sanitary standards [11]. The significant sorption
capacity of the studied samples for the lead ion Pb2+
makes it possible to use them for the purification of
stormwater and detoxification of soils in adjacent
areas of large highways. As a result of studies of the

sorption properties of nanostructured adsorbents
based on a zeolite matrix, their ability to extract
heavy metal ions from water, as well as to remove
ammonia nitrogen, has been proven.

Conclusion

The resulting composition on a zeolite matrix
creates a highly dispersed solid phase of
nanoparticles in the form of a sol-gel. Such systems
have an excess of energy, which leads to increased
reactivity and adsorbing properties. It is obvious that
the activation of zeolites makes it possible to obtain
a wider range of active centers of different natures.
This determines the varied use of zeolites in the
technological system for treating wastewater from
heavy and non-ferrous metal ions, which will make
it possible to achieve MPC standards.

Modification of zeolite-containing rocks with
nanostructured compounds of rare metals changes
their physical and chemical characteristics, their
molecular structure is ordered and acid and
adsorption properties are improved.

Thus, the study of the processes of sorption of
heavy non-ferrous metals by natural materials, such
as zeolites, is of practical interest to the water sector
of industry. Of particular priority is the production of
relatively cheap sorption materials based on
industrial waste, since this waste is reused.
Industrial wastes used as adsorbents do not have the
main disadvantage of most used adsorbents - high
cost. Taking into account the high cost of individual
compounds of vanadium and titanium, samples of
nanostructured adsorbents were obtained from
technogenic vanadium-titanium-containing
solutions of the titanium-magnesium plant (Ust-
Kamenogorsk), which showed high efficiency. This
advantage will reduce the amount of production
waste, which will have a positive impact on capital
costs. The use of waste and by-products of the
metallurgical complex to activate matrix structures
is promising and economically beneficial for
purifying aqueous solutions of various compositions
from ITM, ranging from wastewater from industrial
enterprises to natural waters and food systems.
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TYWIHAEME

Kapa aHe TycTi meTannyprua xaHe 6acka Aa cananapfafbl OHEPKaCinTiK KacinopblHAAPAbIH,
KbI3MeTi KopLUaFaH OpTaHblIH 3UAHAbI 3aTTapbl 6ap afbiHAbI CyIAPMEH NIaCTaHybIHa SKeNin coFaapl,
onap a3 menwepge 6osnca Aa afam AeHcaynblFbiHA XKaHe buocdepa KafoaribiHa alTap/ibiKTan
Tepic acep eteai. Cyapl TasapTy MacenenepiH WewWy YLWiH KONAAHbINATbIH KenTereH Tabusn
copbeHTTep 6ap. belopraHuKanblK COpbUMANBIK MaTepuangapaplH, iWwiHae Toxipubene
LLeonunTTep KeHiHeH KongaHbinagbl. byn Tabusn matepuangap TEPMUANDBIK KaHE PaanaLuanbik
TYPAKTbI/IbIKKA »KIHE KOFapbl CeNeKTUBTINIKKe ne. Byn makanaHblH, MaKcaTbl ayblp KaHe TYCTi
MeTanfapablH, MOHAAPbIHA KATbICTbl COPOLMANBIK KacuMeTTepiH »KaKcapTy YWiH MaTpuuaHbl
benceHaipyniv  9pTYpAni  HycKanapbl 6ap  HAHOKYpbUIbIMAbl  CUpPEK  MeTangapmeH
MoandUKaLMANaHFaH LEeoNnTTEpAiH, copbumnanbik KabineTiH bipHewe TacingepmeH 3epTTey
6onbin  Tabbnaabl.  MyprisinreH  Toxipubenep  HerisiHge  BaHagMM  KaHe  TWUTaH
HaHOKOCbI/IbICTapbIMEH MOAUPUKaUMANAHFAH LEONUTTEPAIH, afblHAbI CynapAaH ayblp meTann
MOHZAPbIH KeTipyae TUiMmAiniri )ofapbl ekeHairi AanengeHai. Lleonut matpuuacbiHaa anbiHFaH
KOMMO3UUMA 30Mb-reNb TypiHgeri HaHoBenweKTepAaiH, »ofapbl AWCNepCTi KaTTbl ¢dasacbiH
Kacangpl. MyHaal xyvenepae sHeprusHbiH, apTbik Meawepi 60naabl, 6y peakumanbik KaHe
afcopbumAnbiK KacueTTepaiH, ofapblaayblHa akenegi. Leonutrepai 6encengipy Tabufatbl
apTYpAi benceHai opTanbikTapablH KeH, CNeKTPiH anyFa MyMKIHAIK 6epeTiHi aHbIK. byn ayblp KaHe
TYCTi MeTann MOHAAPbIHAH afblHAbl Cynapabl Ta3apTyApblH, TEXHONOTMANBIK KyheciHae
LLeoNUTTepAiH SPTYPAI KONAAHBINYbIH aHbIKTalkAp!, 6y LLUPK (LweKTi pyKcaT eTinreH KOHLEHTpaLms)
CTaHAAPTTapbIHA KON XKeTKi3yre MyMKiHAIK 6epesi.

Tyiiin ce30ep: LEONUT, COPOLMANBIK TEXHONOTMANAP, ayblp MeTanaap, afblHAbl cynap, afcopbeHT.
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AHHOTALUMUA
[eaTenbHOCTb NMPOMBILWNEHHBIX NPEANPUATUIA YEPHOM WM LBETHOW METANNYpPrun U Apyrux

oTpacneit NPUBOAUT K 3arpA3HEHMIO OKPY»KaloLel cpelbl CTOMHbIMWM BOAAMM, COAEPKALLME B
CBOEM cocTaBe BpeAHble BeLECTBa, OKasblBalowme U B HEBO/bLIMX KOAWMYECTBAX A0BOJIbHO
cepbé3Hoe HeraTMBHOE BO3AENCTBME Ha 340POBbe YenoBeKa 1 cocToaHme buochepsl. Cywiecteyert
60/1bLIOE KOIMYECTBO NPUPOLHLIX COPBEHTOB, UCMOb3YEMBIX A5 PELLEHWUA 33134 BOAOOUMCTKU.
Cpean HeopraHWYeckMx COPOLMOHHBIX MATEPUANOB Ha MPaKTUKE LUMPOKO WCMONb3YHTCA
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LeonuTbl. 3TWM  NpUPOAHble MaTepuanbl 0613JalT  TEPMUYECKOW U paguaLMOHHOM
CTabUNbHOCTbIO, BbICOKOW CENEKTUBHOCTbIO. Llenb AaHHOM cTaTbM — u3ydyeHue CcOpOLMOHHON
CNocoBbHOCTU LLeoAnTOB, MOAUPULMPOBAHHBIX HAHOCTPYKTYPUPOBAHHBIMU PEAKUMU MeTannamm
HEeCKONbKMMK cnocobamu, Npu pasHbiX BapMaHTax aKTMBaLMM MATpUUbl ANA  YyAydLWeHUA
COPOLMOHHBIX CBOWCTB MO OTHOLUEHUIO K MOHAM TAXKENbIX U LIBETHbIX MeTannoB. Ha ocHoBaHMK
NpoBeAeHHbIX 3KCNEPUMEHTOB Obln0  AOKas3aHo, YTO  LEONUTbI, MOAUDULMPOBAHHbIE
HaHOCOEAMHEHUAMMN BaHAgMA M TUTaHa, 061afatoT BbICOKOW 3dGdEKTUBHOCTBIO B Mpoueccax
yA3aNeHVUA MOHOB TAXKENbIX METANNIOB U3 CTOYHbIX BOA. MONyYeHHaa KOMMNO3MLMA Ha LEeONUTHON
MaTpuLie co34aeT BbICOKOAMCNEPCHYIO TBepAYIO pa3dy U3 HaHouacTul, B popme 30na-rens. Takue
CUCTEMbI MMEIOT NepensbbITOK 3SHepPruu, UYTo WM NPUBOAUT K MOBbIWEHHOW pPeaKLUOHHOW
cnocobHOCTM U aacopbupyowmm ceoicTBam. O4YEBMAHO, YTO aAKTMBMPOBAHME LEO/UTOB
nossosnAeT nonyuyutb bonee LIMPOKMIN HAaboOp aKTUBHbIX LEHTPOB PasNYHOW npupodbl. 310
obycnasavBaeT pazHoobpasHOe NCNONb30BaHWE LLIEOIMTOB B TEXHONOMMYECKON CUCTEME OYUCTKU
CTOYHbIX BOJ, OT MOHOB TAXE/bIX W LBETHbIX MeTann0B, BBMAY Yero CTaHeT BO3MOMHbIM
[ocTuxKeHne HopmaTtumsos MNAK.

Kniouesbie cnoea: LeONWUT, COPOLMOHHbIE TEXHONOIMMU, TAME/ble MEeTan/bl, CTOYHble BOAbI,
afcopbeHT.
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ABSTRACT

The article presents the study results for the processing of industrial waste from copper production
at copper smelter Kazakhstan. The samples taken were analysed with the help of X-ray
fluorescence and phase analyses which showed that the composition of the studied raw materials
was determined as silicate, oxidized, and copper was in a mixed form with a total content of
0.481%, including some in the form of sulfates and sulfides. Mineralogical analysis showed the
presence of magnetite, hematite and martite, while copper was present in various mineralogical
formations - from magnetic fractions mainly with very fine dusty micron dissemination to native
copper and copper minerals. Beneficiation studies performed included flotation and gravity
methods. As a result, a concentrate with a copper content of 9.35% was obtained during gravity
beneficiation, and a concentrate with a copper content of up to 46% was obtained during flotation.
Copper was extracted from beneficiated raw materials with a sulfuric acid leaching method in
agitation mode. The solid residue analysis conducted after (cake) leaching also showed the content
of the noble metal - gold at the level of 0.47 g/t enabling us to consider its extraction in the future
as an additional valuable component.

Keywords: copper, mineralogical analysis, technogenic raw materials, enrichment, leaching.
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Introduction

Technogenic  waste  from  metallurgical
production is a promising secondary raw material for
obtaining  valuable components. Effective
processing of mineral raw materials and adjusted
technology intended to extract valuable
components will enable to involve poor, off-balance
raw materials into the production cycle and increase
production profitability. Slag is the main waste of
copper pyrometallurgical production. Thus, 2—4 tons

of slag from smelting, converting and refining
processes are released at copper smelters during
production of a ton of copper. And
hydrometallurgical, pyrometallurgical and flotation
methods are used to process it. The choice of
processing method is determined by the
composition of the feedstock, fluxes and the
technologies used at the enterprises. However, to
date scientifically based technologies intended to
process slag and other copper production waste
have not been developed [[1], [2], [3], [4], [5]].
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An analysis of the existing technologies used for
processing of waste slag from copper production
shows that pyrometallurgical processing methods
using reduction smelting are not always suitable for
this product. This is due to the presence of various
forms of oxides in the slag often impossible to be
reduced with carbon during the smelting process.
Hydrometallurgical processing of copper slag most
often involves sulfuric acid leaching, with the
practice to use additional methods to intensify metal
extraction. The following slag processing designs are
being studied at the moment - leaching of slag with
solutions of sulfuric acid and iron sulfate; autoclave
ammonia-carbonate leaching of slag in an oxidizing
environment; autoclave sulfuric acid leaching.
Autoclave nitrate leaching is mainly used for
reverberatory and shaft melting slags [[6], [7], [8],
(9], [10], [11]].

Bio-leaching studies conducted for
reverberatory smelting slag and its beneficiation
products showed that the copper extraction into the
solution increased up to 82% when bacterial
oxidation was used.

The composition and characteristics of raw
materials and the use of hydrometallurgical
processing methods and processes were studied to
involve slag in the technological cycle, and to

develop effective technological solutions [[12], [13],
[14], [15], [16]].

Experimental part

Samples were taken from the dumps of man-
made mineral formations (MMMF) of the
Kazakhstan smelter to perform the work. The
technological sample is composed of vitreous slags
which are mainly black, less often brown and dark
green. The detailed elemental composition of the
initial MMMF sample presented in Table 1 was
determined with the help of X-ray fluorescence
analysis enabling to capture spectra of elements
from oxygen to uranium [[17], [18], [19], [20]]. To
involve slag in the technological cycle and develop
effective technological solutions, studies of the
composition and characteristics of raw materials
and the use of methods and methods of
hydrometallurgical processing were carried out.

From Table 1 it can be seen that the raw
material, under study, slag, belong to complex
chemical systems, where the predominant metal is
iron 9.796%, significant calcium content is 6.762%,
copper content is 0.481%.

Table 1 - Results of X-ray fluorescence analysis of Karsakpay slag sample

Element Content, % Element | Content, % Element Content, % Element Content, %
0] 36.386 S 0.093 Cu 0.481 P 0.055
Na 0.926 K 0.305 Zn 0.335 Fe 9.796
Me 0.517 Ca 6.762 Rb 0.004 Pb 0.202
Al 3.231 Ti 0271 Zr 0.013 Co 0.020
Si 19.084 Mn 0.247 Sr 0.021 cl 0.012
Ba 0.107
Table 2 - Phase composition of the initial slag sample
Component name Formula Amount, %
Gedenbergite, sodium (Cao,615Nao,385)Fe(Si20s) 27.3%
Magnetite FesO4 15.6%
Aluminum augite Ca(Mg,Fe,Al)(Si,Al)206 14.5%
Quartz SiO2 11.7%
Almandine Fes(Al>Siz012) 9.1%
Sodium T“'°a' de.hydroxyl.ated. . NaAlsSizO11 8.2%
paragonite, Sodium aluminosilicate
Calcium silicate CaSiOs 6.9%
Calcium-aluminum silicide CaAlSi 6.8%
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The phase composition of the slag was
determined using a D8 Advance (Bruker), a-Cu
apparatus, with a tube voltage of 40 kV and a current
of 40 mA. Processing of the obtained diffraction
pattern data and calculation of interplanar distances
were carried out using EVA software. Sample
interpretation and phase search were carried out
using the Search/match program using the PDF-2
Powder Diffractometric Database. The results of X-
ray phase and chemical analysis are presented in
Tables 2, 3.

The data of Tables 1 and 2 show the MMMF
specific composition, the noticeable predominance
of oxidized forms of phases containing significant
amounts of iron, silicon, aluminum and calcium. It
has been established that the predominant phases
have a silicate form, as well as in the form of oxidized
iron using the example of magnetite.

Table 3 - Results of chemical phase analysis of the MMMF
sample

No. Name of components and Content, in %
types of compounds

1 Copper sulfate 0.59
Copper of oxidized 0.44
compounds (except for
sulfate)
Metallic copper -
Copper sulfide 0.18
Total copper content 0.75
Iron (I1) oxide (ferrous oxide) 3.68

2
Iron (I11) oxide (iron oxide) 12.08
Iron metallic -
Iron sulfide 1.04
Total iron 14.06

Mineralogical analyses. A polished thin section
(D= 25 mm, m-suspension = 10-15 grams) formed
from this material was studied under the Axio
Scope.Al optical microscope. Magnetite, hematite
and martite are present in the ore according to
literature data. Two samples with the coarseness up
to 5-7 centimeters were received for the study of
slag - crushed sample up to 200 mesh and gravity
concentrate with the coarseness -2,0 mm. The bulk
sample material was separated into 4 fractions using
a four-pole Sochnev magnet: No. 1. Strongly

magnetic fraction (magnetite), No.2 Medium
magnetic fraction (hematite), No.3. Weakly
magnetic fraction (glassy slag fragments), iron
oxides and hydroxides), No.4 Non-magnetic fraction
(amorphous non-metallic glass). A polished thin
section was made from the sample, and an artificial
polished thin section (briquette) was made from the
gravity concentrate. All products were studied
under a Leica DM 2500 P microscope. The crushed
material of the sample was studied in immersion
liguids under a microscope.

The sample is black, with a glassy sheen on chips,
fine-grained, with layers of dark gray color of a fine-
grained structure. In the immersion preparation, the
bulk material of the sample is represented mainly by
glass fragments of a light brownish tint, isotropic in
crossed nicols (amorphous) (Figure 1, a).

a b c
The non- Dust-like Native copper
magnetic inclusions of in slag. Polished
fraction of the native copper thin section,
gravity and globules of magnification
concentrate. ore minerals in 100.
Immersion slag. Polished
product. thin section,
Magnification magnification
100. 200.

Figure 1 - Polished thin section of MMMF

The sample is represented by fragments of slag
(glassy mass) with very fine dust-like micron
inclusions of native copper and copper minerals with
the size of hundredths and thousandths of mm and
perfect rounded globular grains (chalcosine) in the
polished thin section in the reflected light. These
grains sometimes contain very small inclusions of
native copper. The main body of the rock also
contains point inclusions of globular-shaped mineral
with the size of hundredth and thousandth fractions
of mm (Fig. 1, b) along with copper phenocrysts.
Copper crystals up to 0.2 mm in size are present in
the polished thin section and briquettes of the
gravity concentrate (Figure 1, c).

—— 34 ——
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The gravity concentrate consists of glass
fragments often with small inclusions of copper
minerals and globules of white and light gray
mineral. Light minerals are in the form of rounded
crystals up to 0.13mm in size. Globular crystals
sometimes have heterogeneous taxite coloration
with fragments of light gray and beige-pink color
(Figure 2, a). Inclusions of native copper are
sometimes found in chalcosine crystals (Figure 2, b).

There are crystals of chalcopyrite with a tinge of
orange color, characteristic of bornite in the
briquette from gravity concentrate (Figure 2, c).
Probably they have an intermediate composition
between these two minerals (solid solution).

Determination under the microscope needs to
be clarified and confirmed on the electron-probe
analyzer to clarify the composition of minerals.

a b o

Globular Chalcosine with | Chalcopyrite in

mineral with inclusion of slag. Briquette,
taxite native copper. magnification
coloration. Polished thin 200

Polished thin section,

section, magnification
magnification 100.

100

Figure 2 - Mineralogical studies of the copper
mineral

Flotation beneficiation of the initial slag sample.
slag  was flotation
beneficiation in the same way as for gravity

Initial prepared for
beneficiation. Several crushing and grinding stages
were envisaged followed by flotation beneficiation
of the initial MMMF, including the main and control
flotation.

Besides, three variants of pH of the medium
were provided with flotation of initial MMMF. The

main 10-minute flotation mode included the
following components: butyl xanthogenate - 150 g/t,
foaming agent C7 - 150 g/t, sulfidizer NayS - 1000 g/t.
The 5-minute control flotation mode provided the
consumption of reagents - butyl
xanthogenate - 100 g/t, foaming agent C7 - 50 g/t.
Caustic soda was added additionally at the rate of 5
kg/t to the slag slurry for the variant with alkaline
environment, and 2 kg/t of sulfuric acid was added
for the variant with acidic environment.

Three products of each pH variant were also
obtained as a result of flotation beneficiation - main
concentrates, tailings of flotation
beneficiation. When the samples of each product
were dried and weighed, they were analyzed for
elemental composition presented in Tables 4-7.

following

and control

Table 4 - Elemental composition of flotation beneficiation
products in the initial MMMF sample at pH = 8.4

Element Element content, %
Main Control Flotation
concentrate | concentrate tailings
o] 39.14 43.092 36.034
Na 1.036 1.067 0.915
Mg 0.635 0.664 0.501
Al 3.465 3.756 2.949
Si 20.095 22.15 17.565
P 0.057 0.056 0.045
S 0.189 0.122 0.055
K 0.447 0.494 0.417
Ca 8.96 9.546 8.218
Ti 0.457 0.54 0.437
Mn 0.235 0.228 0.214
Fe 11.369 11.119 10.34
Co 0.026 0.0 0.029
Cu 1.277 0.525 0.329
Zn 0.432 0.363 0.317
Sr 0.021 0.022 0.015
Zr 0.015 0.012 0.008
Pb 0.293 0.197 0.187
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Table 5 - Elemental composition of flotation beneficiation products of initial slag sample at pH = 10.5

Element Element content, %
Main concentrate Control concentrate Flotation tailings

0] 41.739 41.806 35.116
Na 1.142 1.115 0.952
Mg 0.647 0.66 0.487
Al 3.653 3.634 2.748
Si 21.49 21.32 16.407

0.054 0.054 0.046

0.302 0.161 0.055

0.44 0.459 0.369
Ca 8.971 8.835 7.916
Ti 0.441 0.466 0.414
Mn 0.215 0.224 0.206
Fe 10.415 10.441 10.234
Co 0.019 0.0 0.02
Cu 1.937 0.769 0.37
Zn 0.393 0.36 0.332
Sr 0.018 0.022 0.017
Zr 0.011 0.011 0.01
Pb 0.274 0.207 0.224

Table 6 - Elemental composition of flotation beneficiation products of initial slag sample at pH = 6.0

Element Element content, %
Main concentrate Control concentrate Flotation tailings

0] 44.443 44.623 37.795
Na 1.147 1.075 0.986
Mg 0.634 0.609 0.535
Al 3.823 3.865 3.189
Si 22.067 22.137 18.689
0.068 0.057 0.047

S 0.214 0.209 0.092
0.492 0.454 0.404

Ca 8.922 9.228 8.47
Ti 0.491 0.47 0.453
Mn 0.243 0.216 0.216
Fe 10.535 10.732 10.457
Co 0.0 0.022 0.023
Cu 1.18 1.12 0.476
Zn 0.321 0.334 0.348
Sr 0.017 0.021 0.014
Zr 0.009 0.011 0.009
Pb 0.226 0.203 0.176
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Table 7 - Results of flotation beneficiation of initial slag at different parameters of the medium pH

Experiment 1 (initial slag)
o, . wt. o o
Conditions Product weight, g yield, % Cu, % E Cu, %
Main flot. t-10 min, Main concentrate 340.3 17.015 1.3 43.83
butyl xanth - 150 Control concentrate 55 2.75 0.525 291
Combined concentrate 395.3 19.765 1.2 46.75
Control flot. t-5
min, b.xanth - 100 Tailings 1604.7 80.235 0.33 53.25
g/t, C7 - 50.; initial
pH - 8,4. Initial 2000.0 100.0 0.496 100.0
Experiment 2 (initial slag)
-, . . . Cu, E Cu,
Conditions Product weight, g weight yield, % % %
(] (]
Main flot. t-10 min, Main concentrate 128.0 6.4 1.9 26.08
butyl xanth -150 1 ¢, 4161 concentrate 24.8 1.24 0.769 2.01
Combined concentrate 152.8 7.64 1.7 28.09
Control flot. t-5
min, b.xanth - 100 Tailings 1847.2 92.36 0.37 71.91
g/t, C7 - 50.; pH -
10,5. Initial 2000.0 100.0 0.475 100.0
Experiment 3 (initial slag)
i, . wt. o o
Conditions Product weight, g yield, % Cu, % E Cu, %
Main flot. t-10 min, Main concentrate 79.7 3.985 1.1 8.61
butyl xanth - 150 Control concentrate 50.2 2.51 1.12 5.43
Combined concentrate 1299 6.495 1.1 14.04
Control flot. t-5
min, b.xanth - 100 Tailings 1870.1 93.505 0.48 85.97
g/t, C7-50.; pH -
6,0. Initial 2000.0 100.0 0.518 100.0

The highest copper contents are observed in the
main concentrates obtained at alkaline (10.5) and
initial (8.4) pH in contrast to the gravity tailings
beneficiation products. Copper content reaches
1.937 % in the main concentrate obtained by
flotation beneficiation at pH = 10.5, and 0.769 % - in
the control concentrate. The main concentrate with
copper content of 1.277 % and control concentrate
with 0.525 % were obtained at flotation in the initial
medium pH = 8.4. Flotation at pH = 6.0 allowed to
obtain the main concentrate with copper content of
1.18 % and control concentrate with 1.12 %. The
main and control concentrates of all variants
differed significantly in mass vyield similarly to
flotation of gravity concentration tailings. Thus, the
highest mass vyield (total 19.765 %) was also
observed in the variant with initial pH = 8.4. Metal
balance and copper recovery were calculated based
on the obtained results and masses of beneficiation
products as presented in Table 7.

The highest copper recovery of 46.75% was
recorded in the experiment with initial pH = 8.4 in

the case of beneficiation of initial slag as in the case
with flotation beneficiation of gravity tailings.
However, the beneficiation concentrate is inferior
only to the concentrate obtained by flotation in
alkaline medium in terms of quality in this case.
Discrepancy of analysis (Cu 0,481 %) and balance for
the initial slag sample is 3,0 % in Experiment 1; 1,25
% in Experiment 2; 7,14 % in Experiment 3.
Discrepancies of the calculated balance for the
beneficiation products and the analysis results are
within the acceptable range for copper raw
materials.

Experiments intended to leach initial slag and
beneficiation products by agitation method.

Samples of initial slag, concentrate of gravity
concentration, main concentrates of flotation
concentration of initial slag and gravity tailings were
leached with sulfuric acid leaching.

Agitation leaching was performed under the
following conditions - 80 % grade - 0.074 mm; weight
of the sample 100 g; pH of the solution during
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leaching 1.6-2.0; concentration of HH;SO4 - 2.5 %;
leaching duration - 10 hours.

The concentration of sulfuric acid and pH of the
medium were monitored in the leaching process,
and reagents were added if necessary. Experiments
intended to leach initial samples were conducted
with the use of agitator stirrers with a rotation speed
of 150-200 rpm. Thus, there was a constant
decrease in the concentration of sulfuric acid in the
initial slag sample up to 0 within the first 4 hours.
Initial slag was added to the variant with three times
throughout the experiment. Acid addition was
required only in the first two hours of leaching in the
experiments with concentrate leaching, and further
decrease in acidity was not observed.

The solution was separated by filtration and
analyzed for copper content at the end of leaching.
The cake was analyzed to consider the possible
increase in gold content during the removal of
impurities by sulfuric acid leaching. The copper
recoveries presented in Table 8 were calculated
based on the amounts of productive solutions
obtained and their corresponding copper
concentrations.

The results of agitation leaching experiments
showed that the amount of recoverable copper from
the initial slag and products of its beneficiation are

Table 8 - Results of agitation leaching

at the level of 23.08 and 30.89 %. The highest
recovery is observed in the flotation concentrate
sample obtained after beneficiation of gravity
tailings - 30.83 % but the solution quality is at the
level of copper concentration of 0.503 g/l taking into
account the relatively low copper content in this
concentrate. The maximum concentration of copper
is noted in the solution after leaching of flotation
concentrate of initial slag - 1.035 g/l resulted in
recovery of 27.87 %. Copper content was found at
0.508 g/l, and the recovery was 24.36 % in the
solution after leaching of gravity concentrate. The
lowest copper concentration was recorded in the
solution after leaching of the initial slag at 0.37 g/L,
with a final recovery of 23.08 %.

The variant of biochemical leaching included
pretreatment of mineral raw materials with a
bacterial culture of A. Ferrooxidans at pH 2.2-2.4.
Subsequently, leaching was carried out with sulfuric
acid in a similar mode as with the standard method.
The results of leaching after bacterial treatment are
presented in Table 9.

Solid sediment of each sample (cake) was
analyzed for possible increase in gold content, taking
into account all stages of beneficiation and removal
of part of acid-soluble impurities in the leaching
process. However, an increase in gold content of
more than 0.47 g/t was not observed in any variants.

Leaching solution Solution
amount, Cu, E Cu,
Sample Initial Cu, % H2S04, g/| S:iL Weight, g ml g/l %
Initial slag 0.481 25.0 1:4 100 300 0.37 23.08
Gr. conc.slag 0.73 25.0 1:4 100 350 0.508 24.36
Con. Flot. Gr.
tailings 0.57 25.0 1:4 100 350 0.503 30.89
Con. Flot. and
slag 1.3 25.0 1:4 100 350 1.035 27.87
Table 9 - Results of agitation leaching after biooxidation
Leaching solution Solution
amount, Cu, E Cu,
Sample Initial Cu, % H2S04, g/l S:L Weight, g ml g/l %
Initial slag 0.481 25.0 1:4 100 310 0.748 48.23
Con. Flot. Gr. 0.57 25.0 1:4 100 335 1.15 67.59
tailings
1.3 25.0 1:4 100 330 3.24 82.27
Con. flot.




KomnnekcHoe Mcnonb3osaHne MuHepanbHoro Coipba. No3(330), 2024

ISSN-L 2616-6445, ISSN 2224-5243

Discussion of the results

The slag sample studies included the study of
the slag chemical composition and phase
composition, identification of potentially valuable
components and search for methods of their
recovery, including flotation and  gravity
concentration, agitation and percolation leaching.

The study of the material composition of slag by
fluorescent and X-ray phase analysis confirmed the
structure characteristic of the main mass of slag in
full. Thus, the analysis results showed elements and
phases mainly characteristic of SixO,-FexO,-AlxO,-
CaxO,- slag systems. The phase analysis found
numerous silicates, aluminosilicates, iron oxides,
quartz, etc.

Only copper was found in the slag sample in the
analysis process for the search of potentially
valuable components with the concentration of 0.4-
0.5 % in the average. This copper content is
acceptable for minerals involved in industrial
processing (heap leaching, beneficiation). The
contents of other potentially valuable elements are
rather low, and it does not enable to consider their
possible industrial recovery. Additional analysis for
gold content also showed relatively low results at
about 0.4 g/t. Gravity concentration experiments
showed the possibility to recover only 9.35 % of
copper in the concentrate due to the absence of
clearly pronounced copper-containing fragments
with high density in the slag composition relative to
other components of the slag. The maximum
recovery of copper in the concentrate reached the
level of about 46%, while a significant part of the
metal remained in the flotation tailings at flotation
beneficiation of both initial samples and gravity
tailings. This factor is due to the absence of an
acceptable amount of flotable mineral forms of
copper in the slag composition.

Agitation leaching from the initial slag sample
recovered 23.08 %, while there was a significant
absorption of acid and leaching solution that was
also characteristic for percolation of crushed slag.
The maximum copper recovery in solution during
agitation leaching was observed in the variant with
flotation concentrate from gravity concentration
grip 30.83 %. However, the solution that was best in
terms of concentration quality - 1.035 g/l with
recovery of 27.87 %, was obtained by leaching of
flotation concentrate from initial slag. The obtained
recovery rates of beneficiation and agitation
leaching processes, taking into account the

necessary stages of raw material preparation
(crushing, grinding) and reagent regimes
(xanthogenate, foaming agent, sulfidizer, etc.)
indicate the technical and economic inexpediency to
process this slag by the above methods. Thus,
methods involving costly grinding and beneficiation
operations are excluded for effective and expedient
processing of this MMMF to obtain finished copper
cathode.

The use of the preliminary method of oxidation
of mineral samples of enrichment products, as well
as the initial slag, allows to significantly increase the
degree of copper extraction into the solution in the
future. Thus, the concentration of copper during
biochemical leaching of the initial slag increases
from 0.37 g/l to 0.748 g /I, which gives a final
extraction of 48.23%. An increase in the
concentration and extraction of copper was more
than doubled during the leaching of gravity
concentrate — from 24.36 to 58.77%, as well as the
concentrate of flotation enrichment of gravity tails —
from 30.89 to 67.59%. The maximum increase in the
concentration of copper — 3.24 g/l, was detected
during biochemical leaching of the flotation
concentrate of the initial slag, and the increase in
extraction showed a threefold increase from 27.87%
to 82.27%.

Conclusions

High efficiency of preliminary bacterial
treatment of samples with A. Ferrooxidans culture
was established during agitation leaching
experiments with initial slag samples and products
of its beneficiation by standard and biochemical
method. Thus, preliminary oxidative treatment of
the initial slag sample with bacteria allows increasing
the final recovery rate from 23.08 to 48.23 %. Similar
bioleaching efficiency was also observed for the
leaching of gravity beneficiation slag sample, where
the recovery rate was 58.77 % at copper
concentration of 1.3 g/L. The use of bacterial
oxidation factor for flotation concentrates of slag
gravity tailings increased the total recovery from
30.89 % to 67.59 %. Application of bio-oxidation with
A. Ferrooxidans bacterial culture on initial slag
flotoconcentrate contributed to a threefold increase
in copper concentration and final recovery in
solution that amounted to 82.27 %.

Thus, it has been established that the chemical
and mineralogical composition of this slag makes it
possible to effectively apply the biochemical method




Complex Use of Mineral Resources. 2024; 330(3):32-42

ISSN-L 2616-6445, ISSN 2224-5243

of leaching both on the initial slag and on its
enrichment products. In particular, during the
leaching of the flotation concentrate, a sufficiently
rich solution is observed, which can subsequently be
used both for cementation deposition of copper and
for extraction extraction by the organic phase. From
an economic point of view, a less energy-consuming
method of heap leaching with preliminary bacterial
treatment may be acceptable for this type of slag,
since this technology eliminates the need for
preliminary crushing and grinding of mineral raw
materials. However, if it is possible to implement
effective enrichment methods and the prospect of

combined processing technology can be used for
these slags of the Karsakpai deposit, including the
stages of enrichment, bio-oxidation and leaching.
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TexHoreHAiK MuHepanabl Ty3inimgepaeH mbic any 6oMbiHLWA XKyprisinreH

rMapoMeTanNyprusanbik seprreynep

KoitxkaHoBa A.K., KeHxkanues b.K., Maromepgos A.P., EpaeHoBa M.B.,

bakpaeBa A.H., A6abingaes H.H.
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TYAIHAEME

Makanaga Kapcaknai KeH OpHbIHbIH Ka3aKCTaHAbIK MbIC 6aNKbITY 3aybITbIHAAFbI MbIC OHAIPICIHIH,
TEXHOTEHAIK KanaplKTapblH KaWTa eHaey 6oMbiHIWA 3epTTeynepaiH, HaTUKenepi KentipinreH.
CblHama yArinepi peHTreHobNypecueHTTi XaHe ¢asanbik TangaymeH TangaHabl. 3epTreneTiH
LUMKI3aTTbIH, Kypambl CUAMKATTbI, TOTbIKKAH, MbIC CynbdaTTap, cynbbuarep TypiHAe, Kannbl
menwepi 0,481% 6onaTbiHAbIFbI aHbIKTaNAbl. MUHEPANoOruanbIK Tanaay MarHeTuT, remaTuT KaHe
MapTUTTiIH, 60NaTbIHbIH KepCeTTi. MbIC MarHWUTTIK GpakumManapaa, HerisiHeH TabuFn KaHe MbIC
MUHEpPanaapbiHbiH, 6Te KYKA LWaH, TIpi3fi MUKPOHAbIK cenneninikte 6onaabl. dnotaums xaHe
rpasutauma agictepimeH 6aibiTy GolMbiHIWA 3epTTeynep KYprisingi, rpasutauusanbik 6aribiTy
KesiHae KypambiHaa 9,35% mbic 6ap KOHLEHTpaT, daoTauma KesiHae KypambiHaa 46% feiiH mbic
6ap KOHLEHTPAT anblHAbl. BalbITbIIFAH LWIMKI3aTTaH MbIC any KYKIPT KbIWKbIAbIH LWaimanay
aaicimeH, arutaumanbik pexumiHae, 30,83% paeiiH wblFapbingbl. KOKbIMHbBIH, KypamMblHAAFbI
aNTbIHFa KyprisinreH Tangay oHblH menwepi 0,47 r/T-AaH acnaiTbiHbIH KOPCETTI.

TyliiH ce30ep: MbiC, MMHEPaNOrMANbIK Tangay, TEXHOTeHAIK WWKi3aT, banbITy, Walimanay.
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Fup,pomeTannypmquKMe nccanepoBsaHnA No nssaev4yeHo mean N3 TeXHOreHHbIxX

MUWHepanbHbiX 06pasoBaHuin

KoiixkaHoBa A.K., KeHxxanues B.K., Maromegos [.P., EpaeHoBa M.B., bakpaeBa A.H., A6abingaes H.H.
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AHHOTALMA

B cTatbe npepactaBneHbl pe3ynbTaTbl UCCAEAOBaHWUIA NO nepepaboTKe TEXHOreHHbIX OTXOA0B
MeZHOro NpoM3BoACTBa Ka3axcTaHCKOro MeamnnaBuAbHOrO 3aB0Aa, MeCTOpPOXAeHus Kapcaknai.
06pasubl Npob BbiNKM NPOaHaNU3MPOBaHbI PEHTIEHOPNYPECLLEHTHBIM, U Ha30BbIM aHaNN30M,
BbIAABJIEHO, YTO COCTaB UCCNELYEeMOro CbipbA ONpPeAenaeTca Kak CUAMKATHBIN, OKUCIEHHbIN, Meab
HaxoauTcs B dopme cynbdatos, cynbdmaos, ¢ obwmm copepkaHvem  0,481%.
MwuHepanornyeckuii aHann3 noKasan NpUCYTCTBME MarHeTUTa, remaTuta M MapTuTa, medb
NPUCYTCTBYET B Pa3/IMYHbIX MarHUTHbIX GPaKUMAX, NPEUMYLLECTBEHHO B OYeHb TOHKOM
NbINEBUAHON MUKPOHHOW BKPANIEHHOCTBIO MeAM CamMOPOAHOW W MeAHbIX MUHepasnos.
MpoBeaeHbl uccnepoBaHuAa no oboraweHWio metogamu  daotaumm u rpasutauun. Mpu
rpaBUTaLMOHHOM ObOraleHnn MNosyyeH KOHLEHTpaT C cogepkaHvem meau 9,35 %, npu
bnotaumMm nonyyeH KOHLUEHTPAT C cogep:aHnem mean po 46 %. WUseneyeHne meau w3
060roLLEHHOTO CbIpbA MPOBOAUAN METOAOM CEPHOKUCIOTHOTO BbILLENAYUBAHUA, B aTUTALLUOHHOM
pexume, c ussneyeHvem go 30,83 %. MpoBeaeHHbIM aHaNN3 KEKA Ha COAepXKaHWe 30/10Ta NoKasan
cogepskaHue He 6onee 0,47 r/T.

Knioyesbie cnoea: menb, MUHEPANOrMYyeckUid aHanus, TeXHOreHHoe cbipbe, oborallieHue,
BblLLE/1a4YMBaAHME.
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ABSTRACT

This paper offers a thorough examination of South Korea's rare metal industry, delving into its
definition, classification, supply and demand dynamics, international trade conflicts, and the
government's strategic endeavors in this domain. It underscores the global significance of rare
metals, spotlighting the challenges arising from their uneven distribution across the world. The
paper emphasizes the pressing need for countries, including South Korea, to address these
challenges through well-planned strategies. Additionally, the paper explores the legal and policy
frameworks recently adopted in South Korea concerning rare metals. It places particular emphasis
on the pivotal role played by the Korea Institute of Industrial Technology (KITECH) in fostering the
growth and development of the rare metal industry within the nation. Furthermore, the paper
provides insights into the current state of South Korea's rare metal industry, focusing on key
sectors such as the utilization of rare earth metals in electric vehicles, refractory metals for
semiconductors and displays, and cathode materials essential for secondary batteries. These areas
of specialization illustrate the integral role that rare metals play in cutting-edge technologies,
positioning South Korea as a leader in innovation. In its conclusion, the paper underscores the
urgency of advancing technological capabilities, promoting recycling practices, and enhancing
refining processes to establish a circular rare metal industrial economy. This approach not only
guarantees a sustainable supply of rare metals but also aligns with global efforts for eco-friendly
and resource-conserving industrial practices.

Keywords: Rare metals, South Korea, Global significance, Recycling and refining, International
trade conflicts, Rare metal Industry
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1. Introduction

1.1 Background

dictionary definition of rare metals signifies metals
with a low concentration of ore. From an economic
standpoint, rare metals exhibit traits such as high

The Ministry of Trade, Industry, and Energy
(MOTIE), responsible for overseeing Korea's industry
and trade, has unveiled the national policy on rare
metals, first in 2009 and subsequently in 2021. This
policy delineates the classification of rare metals,
distinct from commonly mass-produced metals such
as iron, copper, and aluminum.

Within the Korean context, rare metal elements

encompass 35 out of 56 elements [[1], [2]]. These
elements are characterized by both high industrial
demand and the challenge of extraction due to their
limited abundance in the earth's crust. The

price volatility and substantial demand. Additionally,
a resource-security perspective underscores that
these resources are not uniformly distributed and
are concentrated in a select few countries [[1], [2],

(3], [4], [5], [6], [7], (8], [9], [10], [11]].

1.2 Global Perspective

The United States designates fifty minerals as
'Critical Minerals,' while nineteen essential energy-
related elements are classified as 'Critical Materials
for Energy.' In Europe, 66 elements are identified as
'Critical Law Materials,' and in Japan, 55 elements
fall under the designation of 'Rare Metals.' These
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classifications reflect international recognition of
the strategic importance and unique characteristics
of rare metals across different regions [[12], [13],
[14], [15]].

2. Results and Discussion

2.1. Supply and Demand Dynamics

2.1.1 Industrial Trends

Let's examine the current landscape of the rare
metal industry, focusing on the dynamics of supply
and demand. Over the past decade, the demand for
rare metals has exhibited consistent growth,
primarily driven by the expansion of the electric
vehicle, secondary battery, and emerging new and
renewable energy sectors. This surge is further
intensified by the imperative of carbon-neutral
initiatives, which, in addition to replacing fossil
energy sources, are contributing to a heightened
reliance on rare metals.

A notable illustration of this trend is the
increased utilization of lithium nickel manganese
cobalt in secondary batteries and rare earths in
electric vehicle motors compared to a decade ago.
This growth underscores the pivotal role rare metals
play in advancing technologies aligned with
environmental and sustainability goals.

2.1.2
Distribution

However, a potential concern arises from the
concentration of rare metal production in specific
regions, leading to a monopolistic resource
distribution that can foster market instability and

Market Stability and Resource

impede the development of robust global supply
chains. Noteworthy instances include China
producing 63% of the world's rare earth metals, and
an even more substantial 83% of tungsten.
Additionally, Congo accounts for 70% of global
cobalt production, while South Africa produces 55%
of the platinum group [1].

This concentration of production in specific
geographical locations raises critical questions about
the resilience and sustainability of the rare metal
supply chain, necessitating a careful examination of
strategies to mitigate risks associated with
monopolistic resource distribution.

2.2.National Policies and Strategies

Table 1 outlines the trends in the rare metals
industry across major countries.

Due to the impact of rare metal resource
challenges, countries across the globe are
developing tailored policies to tackle industry-
specific issues and strengthen their security
measures. Remarkably, although China boasts the
largest production of rare earths, they are limiting
their mining and smelting capabilities.

Australia currently holds the leading position in
global lithium production, whereas Indonesia is the
top nickel producer and the second-largest tin
producer worldwide. Myanmar has recently
established a rare earth smelting industry that can
produce up to 22,000 tons annually. This resource
imbalance has prompted resource-dependent
nations to draft special policies for rare metals that
align with their unique industrial landscapes and
geopolitical settings.

Table 1 - The trends in the rare metals industry across major countries

Category Country Contents
CHINA The world’s largest producer countries of rare metals
AU Lithium No. 1 producer countries
Supply
ID Nickel, the world’s No. 1 and Tin No. 2 producer countries
My Possession of rare earth processing industry
Us Reducing excessive dependence on supply chains and facilitating the expansion
of alliance-centered cooperation
Demand EU Announced of a plan to stabilize the supply and demand of key raw materials
The promotion of a new International Resources Strategy with an Energy
JPN
Strategy that Includes Rare Metals
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For example, the United States is actively
reducing its dependence on China for rare earths
through initiatives such as REEshore, which was
implemented in 2022. Efforts are underway to
enhance collaboration with allied nations. Europe
has revealed detailed schemes to guarantee a
steady supply and demand of primary rare metal
raw materials. The proposals consist of four
overarching goals and ten actionable initiatives.
Japan has also commenced a fresh international
resource strategy for 2022 in conjunction with a
material strategy aimed at backing its energy
industry objectives. These efforts highlight the
worldwide acknowledgment of the vital significance
of uncommon metals and the need for bespoke
policies to navigate the intricate terrain of their
production and use.

2.3. International Trade Conflict

Presently, the global scenario surrounding rare
metals is entangled in international trade conflicts,
where disputes between nations impede the free
flow of resources in accordance with their respective
interests. This has been exacerbated by the recent
global upheaval caused by the COVID-19 pandemic,
which has disrupted the intricacies of the global
supply chain, leading to adverse consequences for
industries in each affected country due to decreased
production at importers.

During the era of the COVID-19 pandemic, South
Korea encountered substantial challenges in
securing a stable raw materials supply. The
pandemic-induced reduction in production in China
significantly impacted the productivity of major
industries in Korea, a reality underscored by the
memorable urea water crisis experienced by the
nation. Given this intricate backdrop, it becomes
imperative for South Korea to formulate strategic
countermeasures for establishing a virtuous cycle
within the rare metals' industrial ecosystem.
Additionally, proactive measures need to be taken
to mitigate the risks associated with the supply of
rare metals, ensuring resilience in the face of
unforeseen challenges in the global supply chain.

2.4.Korea’s Rare Metal Industry Development

2.4.1 'Strategy of Rare Metal Industry
Development 2.0’
Against the backdrop of the current

international landscape, the Korean government
introduced the 'Strategy of Rare Metal Industry
Development 2.0' in 2021, signifying a pivotal

initiative. This strategic framework is underpinned
by three overarching policy objectives: 'Nurturing
Core Companies,' 'Establishment of a Stable Rare
Metal Supply Chain,' and 'Securing Resources.' To
effectively realize these goals, the Korean
government has embarked on a multifaceted
approach encompassing the establishment of a
resilient resource supply system, active support for
rare metal companies, and the creation of a robust
industrial development promotion system at the
governmental level.

Fig. 1 shows the detailed strategy for 'Strategy
of Rare Metal Industry Development 2.0' The
strategic imperative of nurturing core companies
underscores the government's commitment to
fostering the growth and sustainability of key
enterprises within the rare metal sector.
Simultaneously, the focus on the establishment of a
stable rare metal supply chain reflects a strategic
orientation toward mitigating risks associated with
global disruptions and ensuring a reliable and
consistent flow of rare metals critical to various
industries.

In addition, the prioritization of resource
security highlights an acknowledgment of the
geopolitical obstacles and potential vulnerabilities in
the supply of valuable minerals. The government's
plan involves taking proactive measures to secure
and broaden channels of resources, guaranteeing
resilience against any external disruptions.

In the pursuit of these objectives, the Korean
government is actively implementing a suite of
strategies that collectively contribute to the
realization of a dynamic and self-sustaining rare
metal industry. These encompass the establishment
of a robust resource supply system, targeted
support mechanisms for rare metal enterprises, and
the creation of a conducive environment for
industrial development through comprehensive
governmental initiatives.

2.4.2. Legal Framework

In 2023, a landmark legislative initiative was
introduced by the Korean government in
collaboration with the Korea Institute of Industrial
Technology, marking the inaugural legislation aimed
at fostering the rare metal industry in Korea. This
legislative endeavor aligns with the overarching goal
of advancing the competitiveness of the
Materials-Parts-Equipment system and fortifying the
stability of the rare metal supply chain.
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Detailed Strategy
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cooperation

- Suppotting intemational cooperation projects with
various existing organization and mdustty comimittees

v" Prevent from supply crisis by

- ‘Growth-type enterprises’ = provide business
restricting system through expert and human resource |

support

expanding resource stockpiling system Technical advancement

- Expansion of average stockpiling capactty,
unification of management fimetion, suppoit for
stockpiling mstitutions

v" Promotion of waste resource recycling

- Establishment of svstematic collection method and
platform for recycling valuable mdustnal
waste(precious, energy, valuable metals, efc.)

technical projects

**Material » Pats « Equipment support system

2. Support Rare Metal enterprises

Corporate growth

¥" Full support including finance,
equipment, and human resources

- Companies with technological capabilities, but lack |
of commercialization = MPE" cooperation

v" Support technology development on
i eco-tech, high valuing and self-reliance |

- Utilize existing projects™ to suppoit high-twgency

* Eco-filend rare metal refining : 5 new projects for |
reducing platinum (“22-'26, 154 billion KR), and 38 |
existing projects(‘19-"24, 1283 billion KR) i
- Promotion of new projects and businesses focused
on eco-filend and valuable material technologies. |

3. Establish Rare Metal propel
system

Infrastructure

| v Establish systematic support system
| such as monitoring and data base
| - Advancement of market data collection capability
i suchas price prediction and forecast analysis
| -Secunng matenial property DB data mcluding metal-
! specific characteristics
Law
v" Reorganization of laws and
systems related to rare metal
- Legal reviewing onsupply chain information right
- Strengthenmg mtemational cooperation

Governance

v Establish of collaborative system
between public-private organizations

- Build of the public-private jomt called ‘Rare Metal
Tndustry Development Council’

Figure 1 - Strategy of Rare Metal Industry Development 2.0

Recently instituted Actionable Commitments
(ACTs) underpin efforts to propel the development
of the rare metal industry, focusing on strategic
measures to elevate the competitiveness of the
Materials-Parts-Equipment system and ensure
resilience in the rare metal supply chain. Specific
details, including promulgation dates and
identification numbers, elucidate the nuances of
these commitments.

The legislative landscape witnessed a notable
expansion with the introduction of new articles,
namely Articles 37-2 and 37-3, complemented by
their associated Enforcement Decree and
Enforcement Rule. The motivation behind this
legislative enactment is rooted in the commitment
to periodically formulate policies every five years,
fostering an environment conducive to nurturing
and supporting companies integral to the rare metal
industry.

Article 37-2 specifically addresses the
formulation of policies designed to bolster the
competitiveness of the rare metal industry, while
Article 37-3 focuses on the establishment and
operation of the National Rare Metal Center.
Designated as the most fitting national research
institute, the Korea Institute of Industrial
Technology (KITECH) assumes the pivotal role in
these legislative provisions. The Ministry of Trade,
Industry, and Energy (MOTIE) officially designates
KITECH as the National Rare Metal Center, reflecting
its strategic significance.

In conformity with this legislative development
announced last June, plans are underway for a
signboard ceremony at the Korea Institute of
Industrial Technology in December of the same year,
formally designating it as the National Rare Metal
Center. This legislative framework serves as a
comprehensive strategy to cultivate and sustain the
rare metal industry, addressing the evolving needs
of both domestic and global industrial landscapes.

2.5.0verview of Korea’s Rare Metal Industry

Figure 2 provides an overview of Korea's rare
metal industry, focusing on three key categories that
have recently garnered attention due to supply and
demand dynamics in the country. This exposition
delves into three critical categories of rare metals
that have recently gained prominence due to
evolving supply and demand dynamics in Korea. The
focal areas include rare earth metals pivotal for
electric vehicles, refractory metals crucial for
semiconductors/displays, and cathode materials
essential for secondary batteries.

Commencing with the rare earth category,
noteworthy Korean enterprises such as Hyundai and
Kia have successfully commercialized motor parts
for electric vehicles. Despite these accomplishments,
a prevailing challenge lies in the lack of localized
production for rare earth alloys and magnetic
materials, integral components for electric vehicle
motors [[16], [17], [18], [19], [20]]. Consequently,
Korea has initiated research endeavors to produce
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rare earth metals and their alloys, either sourced
from imported rare earth oxides or domestically
generated scraps.

Transitioning to the domain of high-melting-
point metals, conventionally employed as structural
alloys or additives for steel materials, these metals
have found extensive application in the
semiconductor industry. Korea currently relies
entirely on imports of ultra-high-purity metals,
sourcing from companies like Mitsui in Japan,
Honeywell in the US, and KFMI in China. To enhance
self-sufficiency, collaborative efforts between
KITECH and industry partners are underway to
develop technology for the commercialization of
ultra-high-purity metal manufacturing. Recent
achievements include the successful production of
commercial-grade ultra-high-purity metal, with
subsequent technology transfer to domestic
companies.

Raw materials
& waste resources

Electricity
Vehicles

The third category concerns secondary batteries,
with LG Energy Solutions and Samsung SDI being
prominent contributors to 35% of the world's annual
manufacturing capacity. Nevertheless, Korea only
possesses a paltry 0.5% of corresponding precursor
manufacturing capacity. Despite domestic lithium,
cobalt, or nickel deposits being absent, Korea has a
substantial amount of scraps and process by-
products, presenting a feasible opportunity for
recycling. Sungil Hitech, based in Korea, is
acknowledged for its world-leading technology in
the recycling of secondary batteries, and is actively
expanding its production. However, the current
recycling capacity amounts to only a fraction -
approximately 1/10 - of the imported raw materials
necessary for secondary batteries in Korea,
highlighting the need for more recycling companies
to meet demand.
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Figure 2 - Overview of Korea's rare metal industry
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Figure 3 - Current survey results of 125 companies related to rare metal
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Figure 3 illustrates a graph that surveys the size
and fields of Korean companies in the rare metal
industry. The study, which focuses on the rare metal
sector, provides valuable insights into 125
companies operating in Korea. These entities are
actively involved in rare metal-related activities,
either by directly producing rare metals or by
developing intermediate goods in this field. It is
essential to highlight the significance of rare metals
in the Korean economy, as these metals are critical
components in various high-tech products.

Notably, of the 125 surveyed companies, 64%
are small enterprises that may have difficulty
meeting the demands of larger entities such as
Samsung and LG. In light of this situation, the
government has formulated policies with the
objective of advancing and bolstering small-scale
businesses. It is significant to note that KITECH
assumes a critical position in directing its backing
towards these smaller firms, conforming to state
initiatives.

Building on existing policies and legislative
frameworks, KITECH seeks to enhance the presence
of recycling and refining firms in the rare metal
industry. The primary aim is to promote the
development of technologies that are essential for
these companies, promoting sustainable growth and
innovation within the rare metal sector in Korea.

In recent times, the international landscape has
undergone significant transformations marked by
events like Japan's export restrictions, the US-China

trade war, and the global impact of COVID-19.
Within this dynamic environment, South Korea
encountered fluctuations in supply and demand,
underscoring the critical importance of securing raw
materials for the nation.

Recognizing the imperative of a stable resource
supply foundation and the expansion of
technological capacities in the Rare Metal industry,
there is a pressing need to enhance recycling and
refining technologies. This strategic endeavor aims
not only to fortify the resilience of the industry but
also to contribute to the establishment of a circular
rare metal industrial economy. By fostering a
circular structure, Korea seeks to ensure the
sustainable utilization and circulation of rare metals,
mitigating supply chain vulnerabilities and
enhancing its position in the global rare metal
landscape.

3. Conclusions

This paper sheds light on the current state of
Korea's rare metal industry, highlighting its global
context, supply and demand dynamics, and
government  strategies. It emphasizes the
importance of international cooperation, policy
adjustments, and technological advancements to
ensure a sustainable and secure rare metal supply
chain.
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Kopesaaarbl «CupeK meTtangap eHepKacibiHiH» XKaFaaiibl

Jae Hong Shin, Ro Woon Lee, Kyoung Tae Park

Kopes eHepkacinmik mexHonozusanap uHcmumymel, Kopes

Makana kengi: 13 KazaH 2023
CapantamagaH eTTi: 1 Kapawa 2023
Kabbinganapl: 13 Kapawa 2023

TYRIHAEME

Byn kymbic Kopesgafbl cMpek meTangap eHepkacibiH TepeH, 3epTTen, OHbIH CMMATTaMaCblH,
YKIKTeNYiH, CypaHbIC NeH YCbIHbIC AMHAMMUKACbIH, Xa/1bIKapablK caya MaceenepiH KaHe YKIMEeTTiH,
cTpaTerManbliK 6actamanapblH  KapacTbipadbl. 3epTrey CUpeK MeTanfapAblH,  *KahaHAbIK,
MaHbI3AbI/bIFbIH, ONnapAaplH, BGipKenKi emec TapasyblHaH TybIHAAUTbIH KUbIHABIKTAPAbl YKaHe
enfepain, CoHblH iwiHae KopesaHblH ocbl nNpobnemanapabl CTpaTerusablk TypFblAaH wWellyre
MIiHAETTI ekeHiH KepceTeai. CoHAal-aK MaKanada KopesHblH, COHFbl 3aHHaAMasbIK »KaHe casacu
Heri3gepi 3eptTenin, KopesHblH, @HEPKACINTIK TexHonormanap MHCTUTYTbiHbIH (KITECH) cupek
MeTann eHepkacibiH AambiTyaarbl peni atan eTinedi. COHbIMEH KaTap, MaKanaga 3/1ekTp
KeNiKTepiHe apHa/ifaH CUPEK Kep MeTangapbl, apTblnait eTKisriwuTep/avcnaeinep ywid otka
Te3iMAj MeTanaap KoHe ekiHwWi peTTik baTapeanapfFa apHanfaH KaToATbl MaTepuangap CUAKTbI
Herisri cananapfa TOKTanbin, KopesHblH CUpeK MeTangap eHepkacibiHiH, Kasipri Kafaaibl
TankbinaHagpl. KopbITbiHAbI 6Benimae cupek MeTanfdapAblH,  KanAblKCbl3  ©HEepKacinTik
9KOHOMMKACBIH KypYy YLUiH KaXKeTTi TeXHONOrMANbIK KeTicTikTepre, KailTa eHaeyre 6aca Hasap
aygapbliagbl.
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CocTosiHUe Aen B « MHAYCTPUU peaKkux metannos» B Kopee

Jae Hong Shin, Ro Woon Lee, Kyoung Tae Park

Kopetickuli uHcmumym npomesiwseHHbix mexHonoaull, Kopes

Moctynuna: 13 okmaAbpa 2023
PeueHsnpoBaHue: 1 Hoabpsa 2023
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AHHOTALUMUA

B 3TOi CTaTbe NpeAcTaBAeHO yraybneHHOe UCCeA0BaHNE UHAYCTPUM PeiKUX MeTannos B Kopee,
paccmaTtpuBaeTca ee onpejesneHue, KnaccuduKauua, OMHAMUKA CMpoca M NpeaoXKeHus,
MeXAYyHapoaHble TOprosble Npobaembl W CTPaTErMYECKUE MWHWULMATUBLI MNPaBUTE/NbCTBA.
MccneposaHme nogyepkmneaeT rnobanbHOe 3HAUYEHUE PeKMX METANN0B, NPO6AEMbI, CBA3AHHbIE C
UX HepaBHOMEPHbIM pacnpeseneHuem, a TaKKe HeobXoaMMocCTb ANA CTpaH, BKAtoyas Kopeto,
pewartb 3TM npobnembl cTpaTerMyeckn. B AOKymeHTe Takke noApobHO paccmaTpuBaeTcs
HedaBHAA NpaBoBas M nonuTuyeckas 6asa Kopew, noavepkusatowanca ponb Kopelickoro

MHCTUTYTa NPOMbIWAEHHbIX TexHonorui (KITECH) B pasBuTUM MPOMbBILWAEHHOCTU PEeaKMUX
meTannos. Kpome T0ro, B Hem 06CyKAAeTCA TEKYLLEE COCTOAHWUE UHAYCTPUMN PEAKUX METANNOB B
Kopee, ocBellaloTcs Takue KaloueBble 061acTi, Kak pefKosemesibHble MeTasnbl  Ans
371eKTpomobuneii, Tyronnaskue MeTaaibl AAA NOAYNPOBOAHWKOB/AMCNAEEB W  KaTodHble
maTtepuanbl ANA aKKYMYNATOpHbIX 6aTapeit. B 3akiounTenbHoM pasgene nofvepkuBaertca
HeobX0AMMOCTb TEXHOMOMMYECKMX AOCTUXKEHUIN, NepepaboTkM M nepepaboTkM Ana co3gaHus
6e30TX0HO NPOMbILLNEHHOM SKOHOMUKU PEAKUX METANNOB.
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ABSTRACT

This article discusses the issues of ensuring the safe conduct of mining operations in coal mines.
Ensuring the safety of coal industry workers is an urgent problem today. The gas content of the
layers increases with the depth of their occurrence and is a deterrent factor in the extraction of
minerals. Sudden methane emissions can provoke a large number of human casualties, financial
losses, and other consequences. In recent years alone, such accidents have claimed more than
157 human lives in the mines of the Karaganda coal basin. However, by solving this important
problem, you can get associated gas. It is not easy to reduce the gas content using existing
degassing technologies. The formations have almost zero gas permeability and low gas output at
the current depths of their development. That is why it is necessary to have an impact on the
coal seam as early as possible in order to ensure the release of methane. This process will make
it possible to obtain associated gas, which can be used for the needs of industry or the national
economy. As a result, reducing the gas content of coal seams will reduce the risks of mining
operations and increase labor safety.

Keywords: safety, coal mines, coal seams, methane, sudden emissions.
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Introduction

more efficient than other gases. It destroys the
ozone layer and absorbs infrared solar radiation.

Investigating the issue of methane production,
it can be concluded that the Karaganda coal basin is
essentially a coal and gas deposit. Estimating
methane reserves from various sources, it can be
seen that they are comparable to natural gas
reserves. From 1 to 4 trillion is concentrated in the
Karaganda coal basin alone, m* of gas at a depth of
up to 1800 m. At local enterprises, approximately
500 million m3 of gas is extracted from the ground
annually by means of degassing. At the same time,
only 15% of this volume is used as fuel, the rest
replenishes the emission indicators into the
environment. Meanwhile, methane is 20-40 times

Comparing the anthropogenic increase in the
concentration of greenhouse gases, it can be seen
that the annual accumulation of methane in the
atmosphere is 1-2% [1]. This indicator exceeds the
intensity of the accumulation of other gases.
However, methane is a good unconventional
energy carrier. It can also be considered as a
component of the fuel and energy raw material
base of the country. For example, for the chemical
industry, methane of coal genesis will serve as a
valuable raw material in the production of
ammonia, methanol, acetylene, protein mass, etc.

[2].
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Experimental part

Methane in coal seams is not in a free state.
This is the main feature that must be considered
when developing methane coal deposits. The
mining  technology is influenced by the
heterogeneity of deposits, the complexity of
geological conditions of the formation, stress state
of coal rocks. Meanwhile, only a part of methane is
in the free state in coal seams. A large proportion
of it, up to 90%, is still in a sorbed state. In order to
release at least part of it due to the pressure
gradient, the formation is dried before the start of
gas production [[3], [4]]. This allows you to change
the pressure and promotes the flow of methane
gas to the well. The efficiency of the development
of methane-coal deposits depends on the filtration
properties, density of coal rock, and gas content in
the formation, because gas is contained even in a
low-permeable coal matrix, and its movement is
carried out through a system of microcracks Figure

1.
i
/— Cleavages
ing — —-p/ — —&/
flow

Laminar
/ Diffusion

Figure 1 - Gas flow in the coal column

The amount of gas contained in the formation
depends on the type of coal, reservoir pressure,
and host rocks. Methane desorption is described by
the Langmuir isotherm, which demonstrates the
ability to contain gas with a coal matrix in
accordance with reservoir pressure at a constant
temperature:

P

V=Vi——,
P+P.

(1.1)

where V is the volume of the adsorbed gas at
normal temperature;

Tn =0 °C and pressure, per ton of coal;

V. is Langmuir's volumetric constant (the
limiting amount of gas that can be in an adsorbed
state on a unit surface of coal at infinite pressure);

P. is the Langmuir pressure constant
(corresponds to the pressure at which half of the
volume of VL is in the adsorbed state);

P is the reservoir pressure [[5], [6]].

Coal methane reserves in reservoirs are often
calculated by multiplying the mass of coal by the
average methane content in the counting block [7].

Qm - MaVAm’

(1.2)

where Qq is the initial methane reserves in the
counting block, m3;

Mo,y - average methane content per block, m3/t
of coal;

m is the mass of coal in the counting block, t
[8].

When assessing and calculating methane gas
reserves, certain blocks are first identified that have
a stable consistency of reservoir capacity,
approximately homogeneous tectonic disturbance,
ash content, methane content, and permeability.
The average methane content for the counting
block is determined taking into account the volume
of coal within the boundaries of the allocated block.
In general, the calculation of coal methane reserves
is a symbiosis of the method of geological blocks,
which is used to calculate coal reserves and the
volumetric method of calculating gas reserves. It is
worth noting that the natural methane content
depends on a large number of parameters. It is
necessary to take into account the depth of the
formation, the power of gas weathering, the degree
of coal metamorphism, temperature, pressure, and
many other parameters. As a result, it turns out
that the natural methane content is an arithmetic
mean value with its uniform increase in depth and a
weighted average value with its uneven increase in
the area of the calculation block [[9], [10]].

The extraction coefficient often depends on the
technology of gas recovery intensification, filtration
characteristics of coal seams, the grid of production
wells, the cost of produced gas, and other factors.
The recovery coefficient can also be a fixed value if
the experience of developing this type of deposit is
not great and it is not possible to determine this
indicator by other methods. In this case, based on
experimental studies, the value is taken from
experience and by analogy with other deposits.

The calculation of methane reserves should
begin with the justification of the boundaries and
the definition of the objects of the calculation of
reserves, to assess the quality of coal and geological
and commercial characteristics of productive
layers, to determine changes in methane content in
depth and area, to identify the forecast of mining
opportunities [[11], [12], [13]].

— 52 /=



KomnneKkcHoe Ucnonb3osaHne MuHepanbHoro Coipbsa. Ne3(330), 2024

ISSN-L 2616-6445, ISSN 2224-5243

The counting block schematically shown in

Figure 2. should have the same degree of
exploration and study of parameters, a
homogeneous geological structure or

approximately the same degree of complexity of
the structure, consistency of the conditions of
occurrence of the studied block, similarity of mining
and technological conditions of its development.

Figure 2 - Graphical model of the counting block

With the use of interpolation and extrapolation
algorithms, a geometrically correct network is
constructed using data from horizon plans, the
points of intersection of formations with wells, and
the coordinates of the points of formation exits to
the surface.

The size of the cells or equilateral rectangles
depends on the degree of study of the object, the
heterogeneity of its structure, and the distance
between the wells.

Methane production is carried out from a group
of layers, which is why the calculation of the main
parameters can be carried out in total for all layers
within the counting block.

The distribution of properties, such as power,
ash content, density, humidity, and methane
content, is also an important step in building a
digital model.

The depth of occurrence and the degree of
metamorphism affect the indicators of methane
content. That is why traditional methods of
interpolation and extrapolation do not always give
a positive result. According to the curvilinear law,
the methane content of coal seams increases with
increasing depth. Up to 300-400 m, the most
intense increase in the indicator occurs. Then its
growth slows down to a depth of 800-1000 m. As a
result, the methane content reaches the limit
values characteristic of each stage of
metamorphism.

The main regularities of the natural methane
content of coals in the methane gas zone can be
described by the following equation:

M=A-—5 (1.3)
(C-H)

where M is the methane content, m3/t; A is the
maximum methane capacity of coal at the
maximum depths of the explored area m3/t; B and
C are empirical coefficients; H is the depth of the
formation, m.

The geological process of coal formation occurs
together with the formation of methane. Some part
of it just remains in the thickness of the coal seam
until the moment of its extraction. The
development of alternative energy sources allows
us to consider this gas as a new mineral. If earlier it
was a source of increased danger, now it has also
become an energy carrier that can change the
prospects for the development of the Karaganda
region.

There are at least three boilers operating at the
mines of the ArcelorMittal Temirtau Coal
Department that produce energy by burning coal
mine methane. One installation is located at the
Abayskaya mine and two are at the IM mine. Lenin.
About 20 years ago, gas equipment with a capacity
of 10 Gcal for each boiler unit was developed and
installed by the management of "Spets shakhto
montazh degazatsiya". This made it possible to
significantly reduce the cost of heating the
premises. In addition, it has reduced harmful
methane emissions into the atmosphere. When
gorenje this gas practically does not form by-
products. The beginning of degassing works in the
Karaganda coal basin was laid back in the mid-
1950s. Pilot tests took place at one of the mines in
1961 [14].

The risk of accidents increases with the
development of overlying horizons and the
transition to lower horizons. For more than half a
century of degassing operations at the mines of the
Karaganda region, a huge positive experience has
been accumulated. It was possible to test more
than 10 different technological methods for
extracting coalbed methane. Tested: cyclic
hydraulic fracturing of formations using gaseous
and liquid nitrogen; hydraulic fracturing using
hydrochloric acid; hydraulic pulse action using
powder pressure generators; hydro-action without
well development; pneumohydro-separation of
formations; pneumatic action on a water-gas-
saturated formation; thermal effect; impact on the
formation with chemically active gases; impact on
the formation in cavitation mode [15].
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155 vertical wells were drilled for research and
development work. This made it possible to extract
more than 100 million, m® of methane. In general,
in the basin, the average flow rate was 2045
m3/day. The accumulated experience in advanced
degassing from 1961 to 2017 showed the prospects
of this method of reducing the gas content of coal
seams. The gas content of the workings was then
reduced from 30 to 80% [16].

Another three-stage project for the extraction
of coalbed methane was implemented by
KazTransGas. During the VI International Mining
and Metallurgical Congress, Deputy Director of the
Coal Industry Development Department of the
Ministry of Energy of Kazakhstan, Council
Dambarbayev, said that a methodology for
methane reserves and resources in coal seams has
already been developed. KSTU has even approved a
professional development program for specialists in
the field of geological exploration and production
of coalbed methane. The work was carried out with
the involvement of the companies
"Zhumysstroyservice", "Taldykudukgaz", SEC "Sary-
Arka" and "Kazgeologiya". Also, the joint venture
"Satbayev University" and "ArcelorMittal Gas
Production" was established on July 9, 2018. Its
goal is the production of methane gas in the
Karaganda coal basin, as part of the project on
Kazakhstan's transition to a "green" economy and
the development of a new energy sector for the
extraction of coal methane in the Karaganda
region. "Building a full-fledged methane production
cluster is not a one-day task," says Chingiz
Cherniyazdanov, Managing Director for Innovation
at Satbayev University, a member of the
Supervisory Board of the joint venture Satbayev
University & ArcelorMittal Gas Production. Coal
methane degassing and extraction systems are
analyzed for their subsequent improvement. The
world's highest gas content of coal seams in the
Karaganda basin is from 15 to 35 m3/t. According to
preliminary estimates, it contains about 490 billion.
m3 of methane at a depth of 1,500 m and about
500-550 billion, m3at a depth of 2,000 m [17].

1.4 MW gas generating plant at the mine
named after Lenin covers up to 20% of the mine's
electricity needs. In addition, it reduces emissions
of harmful substances into the atmospheric air
compared to coal-fired boilers. According to the
company's official website, in 2013, the production
of electricity by the methane gas generator of the
mine. Lenin was 5,541 MW of methane used
4,029,609 m3. According to the data of the Ministry
of Energy of Kazakhstan published in 2015, more

than 290 million tons were disposed of from 1996
to 2013, m? of methane. This ensured a reduction
in CO, emissions into the atmosphere by 4 million
tons.

Methane is the main greenhouse gas in the
activities of mines. Currently, boilers running on
this gas are used to heat the air supplied to the
mine. Such installations operate at the
Shakhtinskaya, Abayskaya, Kostenko, Lenin mines
(Figure 3.).

The amount of recycled methane, million tons.
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Figure 3 - Utilization of mine methane by gas-generating
plants at the Shakhtinskaya, Abayskaya, Kostenko,
Lenin mines

The cost of a conventional unit of methane
extracted from coal seams is several times higher than
natural gas. However, the leaders-gas producers are
interested in the development of this industry. That is
why representatives of companies from China, Germany,
the USA and Poland periodically hold talks on the
development of mining technologies and regularly
demonstrate equipment for the extraction and
processing of mine methane.

Research results and discussion

The geological and economic essence of
methane as a mineral can be assessed from two
fundamentally different sides. Methane extraction
can be carried out by gas fishing, as an independent
mineral, without coal mining. Here, the profitability
of this production and the availability of a possible
consumer of this gas are prioritized. By the way, the
technology for controlling gas emission, according
to the analysis of statistical indicators, accounts for
up to 25% of the costs associated with the
extraction of solid fuel.

The need to degass the layers of the Karaganda
coal basin is a good factor in the profitability of
methane extraction. Reducing the emission hazard
and ensuring the gas safety of mining operations

are an important criterion of the production
process. When considering independent
commercial production of methane, the

—— 54 ——
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profitability of this process becomes paramount,
which depends on the depth of the formation, gas
content, filtration properties and extraction
technology.

Methane extraction can be carried out by
onshore wells in areas where coal mining does not
occur or in areas adjacent to existing mines. It is
also possible to organize production on the
explored and exploration and evaluation areas, on
gas-bearing coal deposits that are not planned for
production in the near future, as well as lower
horizons inaccessible for coal mining [[18], [19]].

Only a comprehensive study and consideration
of all geological factors, as well as the properties of
coal, will allow us to determine the efficiency of
extraction technology and the profitability of
methane gas production as an independent
mineral.

Comparing the geological characteristics of the
Karaganda basin with foreign ones, it can be
concluded that the development of methane
extraction projects in the basin areas is promising.
Analyzing the data of the geological study of the
basin, the Taldykuduk site, located in the
southwestern part of the Karaganda syncline,
appears to be the primary object for the
implementation of the pilot project.

The geological parameters of the Black Warrior
basin, one of the largest in the USA, are significantly
inferior to the parameters of the Karaganda coal
basin. The methane gas content in the Karaganda
basin is almost 2 times or higher than the average
gas content in the world's largest deposits.

This choice is based on the following indicators:

- the site has the maximum coal content in the
Karaganda basin — 9.5%, the total capacity of the
coal seams of the Karaganda formation is about
60m;

- the main part of the coal seams is sustained in
area and capacity, they have a distribution outside
the selected area within the entire basin, and the
maximum capacity of a separate coal seam reaches
12.4 m;

- the site has a large number of consonant
surges with displacement amplitudes up to 400
meters and regional folded structures of syncline
and anticline type with amplitudes up to 200 m and
a length of up to 4-5 km, which can be structural
traps of methane. In this regard, it can be assumed,
in addition to cleavage cracks, the development of
tectonic fracturing and wide crushing zones in the
locks of folds and at the displacers of discontinuous
faults, as well as in general in the coal-containing

massif, which will serve as additional channels for
methane drainage.;

- coals of the brand from QL to OS assume a
high sorption and gas-generating capacity. The
vitrinite content in the range of 40-91% provides
intense microcracking and gas permeability of the
coal pack;

- the adjacent areas of the coal basin, which do
not differ much in geological structure, represent a
prospect for expanding a possible large-scale
project to extract coalbed methane, increasing the
resource base several times. The total area possible
for the development of a promising large-scale
project exceeds 120 km? with a projected volume of
coalbed methane of about 100 billion m3.

Brown coals are characterized by low gas
content and high permeability. High gas content
and low permeability - anthracites. For the
extraction of methane, the most promising are the
coals of the middle stages of metamorphism, which
have moderate gas content, are intensely fractured,
and as a result, are more permeable.

As in an unconventional reservoir, fluid
filtration occurs mainly through cracks in the coal
seam. The capacity for methane is macro-, meso-
and micropores, although their indicator is usually
insignificant in the total reservoir capacity. The
change in the capacitance and filtration
characteristics occurs in the process of coal
metamorphism from brown to anthracite. As a
result, brown coals are characterized by the lowest
marginal gas capacity — 5-8 m3/t. Anthracites have
the opposite situation, where the maximum gas
capacity can reach 45-47 m3/t. Meanwhile, the size
of pores and voids varies widely in coals.

The pore indices in anthracites are not large,
meanwhile, they increase in the process of
metamorphism. So hard coals have average
numbers, and brown coals have the greatest value.
Fracturing and geomechanical conditions
characterize the filtration characteristics of coal
seams.

The morphology of the formation, its
hypsometry, as well as the qualitative indicators of
coal, methane content, and permeability, are
determined at the prospecting, evaluation, and
exploration stages of the preparation of a methane
coal deposit. These data are obtained by drilling
structural and parametric wells, as well as by
laboratory examination of the coal core.

Methane content is associated with porosity.
Under the same pressure conditions, a coal seam
can hold much more gas than the same volume of
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sandstones. When water is removed, the formation
matrix shrinks, which contributes to the formation
of a system of orthogonal cracks — cleavage. The
free pore volume is often filled with water. Its
pumping leads to a decrease in reservoir pressure.
As a result, methane trapped in micropores is
released. This gas spreads in all directions
spontaneously through the existing cleavage cracks.
The basis of the mechanism of gas movement is a
system of natural fracturing.

Hydraulic fracturing is used to intensify
methane release. As a result, it is possible to open
existing cracks and form new ones. This leads to an
increase in the productivity of the well. In addition,
the use of a wedging agent allows them to fill
cracks and does not allow them to close. All this
leads to an improvement in the permeability
conditions, which allows methane to be released
and penetrate the well [20]. This is clearly shown in
Figure 4.

Figure 4 - Schematic representation of the process of
crack formation around the borehole after applying the
method of hydraulic fracturing of the coal seam

Horizontal drilling can also be a way to intensify
gas recovery. The method is effective in conditions
of a highly anisotropic reservoir. In this case, the
hydraulic fracturing technology will be less
successful. Meanwhile, cluster horizontal drilling
can contribute to an increase in the flow rate of
methane from the well. Important factors in this
case are the direction and stability of the well. This
is confirmed by the long-term experience of
Australian drillers.

The intensity of gas recovery can also be
enhanced by the method of pneumatic-
hydrodynamic action on the formation. In this case,
cavities form in the thickness around the borehole
and cracks near them. This is clearly shown in
Figure 5.

Figure 5 - Schematic representation of the process of
formation of cavities and cracks after the application of
the method of pneumatic-hydrodynamic action

This method consists of cyclic pulsation due to
pressure when a water-air mixture is introduced
into the borehole. This leads to the collapse of coal
around the borehole, and the formation of cracks
and cavities.

Conclusions

Kazakhstan has significant potential for the
extraction and exploration of methane coal
deposits. Up to a depth of 1500 meters, methane
resources in the Karaganda coal basin amount to
490.47 billion m3. This makes it possible to consider
methane gas as a good alternative to traditional
natural gas because its content in the Karaganda
basin varies from 80 to 98%. Meanwhile, the
Ekibastuz coal basin has been less studied for
methane reserves, and there is no information at all
on the remaining deposits, which indicates that
they are poorly studied. There are deposits in
Kazakhstan that occupy significant areas and
concentrate coals with a high gas density. That is
why it is worth carrying out a number of research
works to clarify the available volumes of methane.
Its extraction from coal seams is considered a more
expensive process than the extraction of traditional
gas. The need to create channels effects in the coal
seam for the movement of methane, through
hydraulic fracturing. For example, the gas
contained in sandstone independently comes to the
surface due to reservoir pressure.

Having analyzed the conditions of geological
occurrence of methane in various countries of the
world, we can conclude about the economic
efficiency of extracting this gas in the Karaganda
coal basin. The experience of other countries
demonstrates the extraction of methane under
similar conditions of occurrence of coal seams.

The prospects of the sites can be determined
by the following geological and technological
factors:
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- the gas capacity should be more than 8-10
m3/t and grow with the deepening of the
formation.

- total reservoir capacity - 8-10 m or more;

-petrographic composition of coals - vitrinite;

- the depth of assessment is limited by methods
and technologies of methane extraction. At the
present time, it is 300 - 1800 m. Meanwhile, 500 -
1200 m is considered the most favorable;

- the scale of resources affects the
determination of the period of operation of the
field for gas production. Promising can be
considered with deposits of more than 50-75 MW.
m?3 at a mining site or site.

- resource density evaluates the productivity of
reservoir groups. A concentration of more than
150-200 million m3/km? is considered favorable;

- ash content of coals up to 25-30 %;

-the degree of metamorphism — coals from the
group G, W, K, OS, T.

-fracturing and fragility. Coals of the middle
stage of metamorphism.

-in the tectonic plan of occurrence, the best
option would be flat layers, with the angles of
incidence of folds in the range of 30-40 degrees.

The fields of mines operating in the Karaganda
region can be considered asource of cheap gas,
which allows for the reduction of the gas content of
formations and improves the safety of mining

operations, provided that methane is extracted in
advance.

The flow rate of wells after the application of
gas recovery intensification technologies should be
more than 5-10 thousand m3/day, with an increase
in this indicator in the active phase of development
to 20-40 thousand m3/day.

Industrial methane production, in areas with
appropriate indicators, should be based on the
desorption of gas from the surface of coal. A sharp
pressure relief contributes to the flow of methane
into the well through the system of cracks formed
after the intensification methods.

Government support and subsidies for this
process have an important impact on the
development of methane production on an
industrial scale, as evidenced by the experience of
countries successfully producing coal methane.

The existing infrastructure has a restrictive
impact on methane production in a number of
countries — low throughput of gas pipelines and
export terminals, technologically complex and
expensive drilling, and lack of qualified personnel.
[[21], [22]].
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KapafaHabl Kemip 6acceiiHiHaeri Kemip KabaTtrapbiHaH meTaHAbI
eHAipy TaXKipubeci

'pabatynbi M., 'MycuH P.A., 3amanues H.M., 'Oxxycynos H.A., 2 Ycynaes LU.3.

1 «A. CarbiH08 ambiHOaFrbl KaparaHObl mexHUKasblK yHusepcumemi», KaparaHosi, KazakcmaH
2 Opmansik A3us xepdi KondaHbansl 3epmmey uHcmumymeol (OAM3U), biwkek, KbipFol3 Pecnybaukace!

TYWIHAEME

Byn makanaga Kemip waxtanapbiHAa Tay-KeH XKYMbICTAPbIH Kayinci3 »Kyprisyai KamTamacbi3 ety

macesiefiepi KapacTbipblafaH. Kemip eHepKacibi »KyMbICLUbINAPbIHbIH, Kayinci3giriH KamTamachi3

eTy 6yriHri TaHaa e3ekTi macene 6onbin Tabbinagpl. KabaTrapaafbl ras menwepi TepeHaereH

Makana kengi: 19 kazaH 2023
CapantamagaH eTTi: 24 kasaH 2023
Kabbinganabl: 6 kapawa 2023

cailblH apTagpl KaHe 6yn Tay-KeH eHaipiciHge Texeriw 6osbin Tabbliagbl. MeTaHHbIH, OKbIC
LWbIFAPbIHABINAPLI  afaMAapAbIH, KypbaH 60/aybiHa, KapMKbIAbIK LWbIFbIHAAPFA KaHE 6acka

JKaFbIMCbI3 cep/iepre aKenyi MyMKiH. TeK COHfFbl Xbl4apbl MyHAAW anatrap KapafaHabl Kemip

bacceliHiHiH WwaxTanapbiHaa 157-TaH acTam agaMHbIH, ©MipiH Kuabl. Ocbl MaHbI34bl NpobiemaHbl

wewy apKblabl inecne ras anyfa 6onap,b|. KonpaHbiCTafbl rascbi3gaHabIpy TEXHONOMMANAPBIHbIH,

KeMerimeH rasaplH, MesLwepiH a3aiTy oHalt emec. KabaTTap ic Ky3iHAe HeNAiK ra3 eTKisriwTikke
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ne XaHe onapablH, Meswepi Kasipri TepeHaikTepae a3 60nybl MymKiH. COHABIKTaH MeTaHHbIH,
6eniHyiH KaMmTamacbI3 eTy YWiH Kemip KabaTbiHa MYMKIHAIrHWe epTepeKk acep eTy KaxeT. byn
NPOLECC BHEePKICINTiH, HeMeCe XasiblK, WapyaLblibIFbIHbIH KAXKETTINIKTepi YLWiH naiganaHbinaTbiH
inecne rasapl anyfa MyMKiHAIK 6epeai. Kemip KabaTTapbiHAafbl ra3gpiH, MeawepiH TomeHaeTy
APKbIIbl Tay-KEH YKYMbICTapbIH XKYPridy ToyeKenainikrepi asasgbl KoHe eHbek Kayincisgiri
apTagpl.

TyiiiH ce30ep: Kayinci3gik, Kemip Wwaxranap, Kemip KabaTrapbl, METaH, OKbIC WbIFAPbIHABIAP.
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AHHOTAUMA

B faHHOM cTaTbe paccMoTpeHbl BOMPOChl obecriedeHns 6€30MacHOro BeAeHWs ropHbix paboT Ha
yrosibHbIX waxrtax. O6ecneyeHne 6e30MacHOCTU PabOTHMKOB Yro/ibHOM MPOMBILIEHHOCTU Ha
CerofHAWHUN  OeHb ABNAETCA  aKTyanbHOW npobnemoi. [asocogepmaHue  NiacTos
YBE/IMYMUBAETCA C rYGUHOM UX 3a/eraHus 1 ABNAETCA CAEPHKUBAIOWMM baKTopom npu gobblue
MONE3HbIX WMCKOMaemblx. BHesanHble BbIGPOCHI MeTaHa MOryT CrnpoBOUMPOBaTh 6osbluoe
KOJIMYECTBO Ye/NI0BEYECKMX KepTB, PpMHAHCOBbIX NOTEPb M APYrMxX nocneactsuin. Tonbko 3a
nocnegHue rogbl nofobHble aBapuu yHecan 6onee 157 4YENOBEUECKMX KM3HEW Ha LaxTax
KaparaHamHckoro yronbHoro 6acceiiHa. OfHaKo, pewuB 3Ty BaKHyl0 npobiemy, MOMKHO
MONYYMTb MOMYTHbINA ras. CHWU3WTb MOKa3aTeNb ra3socoAepMaHua C MOMOLLBIO CYLLECTBYHOLLMX
TEXHOIOMMI ferasaummn HenpocTo. MAacTbl MMEIOT NMPaKTUYECKN HYNEBYIO ra30MpPOHMULAEMOCTb U
HWU3KYIO ra3o0TAaqy Ha TEKyLWMX rybuHax ux paspaboTku. BoT noyemy HE06X0AMMO Kak MOXKHO
paHblUe OKa3aTb BO3AEWCTBME Ha YrIeHOCHbIM NAacT, 4Tobbl obecnedunTb BbIGPOC MeTaHa. ITOT
npouecc NO3BOIUT MOAYYaTb MOMYTHbINA a3, KOTOPbIA MOMET 6biTb MCMOAb30BaH AR HYMX[
MPOMbILINEHHOCTM MAM HAPOLHOMO XO3AWCTBAa. B pesynbTaTe CHUNKEHWE ra3ocomepXaHus
YrO/IbHbIX NNACTOB CHU3WT PUCKM BEAEHMA FOPHbIX PaboT 1 MoBbICUT 6€30MacHOCTb TPyAa.
Knroueebie cnoea: 6e30nacHOCTb, YrosibHble WaxTbl, Yro/bHble MAacTbl, MeTaH, BHe3amnHble
BbI6pOChI.
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Annotation

This work is devoted to the study of the oil and gas source potential of the Mesozoic deposits of
the Aryskum depression of the South Turgay oil and gas basin and aims to study the features of
the geological structure, determine the facial-genetic type and degree of maturity of organic
matter. Geochemical methods play an important role in assessing oil and gas source potential,
one of which is pyrolytic core analysis to determine the type of organic matter and thermal
maturity of the studied rock material samples. To achieve this goal, the results of pyrolytic
analysis of stone material from Neocomian and Jurassic deposits were used. Analysis of
geological and geophysical materials made it possible to trace the pattern of distribution over
the area of oil and gas-bearing sandy layers and the underlying clay layers with high insulating
properties in the Aryskum horizon. The results obtained show that the total organic carbon
content ranges from 0.47 to 1.41 wt%. To establish the type of kerogen and its position relative
to the zones of oil and gas formation, the Van Krevelen diagram was used in the coordinates of
atomic ratios of the elemental composition of kerogen and its modification for pyrolytic data,
indicating that the kerogen of the studied samples is a mixture of types I, Il and IlI, facies-genetic
the type of organic matter of which belongs to humic, humic-sapropelic, and the sedimentation
conditions are coastal-marine environment in moderately reducing conditions.

Keywords: Aryskum depression, South Turgay oil and gas basin, oil and gas content, organic
matter, hydrocarbons, type of kerogen
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Introduction

The question of the source of hydrocarbons

thermal maturity of organic matter, where stepwise
heating modes of core samples are used. The
samples are initially pyrolyzed in an inert

finds wide practical application in predicting the oil
and gas potential of the subsurface, in solving
which it is difficult to overestimate the role of
modern methods of geochemical research [1]. The
pyrolytic method is a widely used and highly valued
tool used by petroleum geochemists, the purpose
of which is to assess the oil and gas generation
potential of rocks, the type of kerogen, and the

atmosphere and then oxidized in an oxidizing
medium. The method of rock assessment in one full
cycle of analysis allows us to obtain several
important indicators related to the formation of oil,
such as the amount of free hydrocarbons present in
the sample, the residual content of hydrocarbons,
the TOC content, the level of thermal maturity of
the sample, the amount of chemically active
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organic matter, the presence of carbonate minerals
and the quality/type of organic matter present in
the samples [[2], [3]].

It is known that the characteristics of the
parent rocks are evaluated according to the level of
thermal maturity and the amount of organic matter
and the type of kerogen [[4], [5], [6], [7], [8]]. Thus,
the total organic matter content (TOC) is estimated
by the amount of organic matter in a rock sample.
Geochemical parameters such as hydrogen, oxygen
indices (HI, Ol), temperature (Tmax) and productivity
index (PI) obtained as a result of Rock-Eval pyrolysis
allow us to evaluate the type of kerogen and
determine the thermal maturity of organic matter
((6l, [71, [81, 9], [10], [11]].

The purpose of this work is to determine the
facies-genetic type and degree of maturity of
organic matter, to achieve which the following
tasks were solved (1) to study the history of the
formation of the tectonic structure of the South
Turgay oil and gas basin, the regularities of the
distribution of hydrocarbons; (2) assessment of the
oil-generation potential of Jurassic and Neocomian
deposits, the type of kerogen and thermal maturity
by pyrolytic method of core samples.

Geological settings. The South Turgay oil and
gas basin, with a total area of about 60 thousand
square kilometers, is a large linear structure of the
northwestern  strike and  represents the
southeastern margin of the Turgay depression
(Figure 1). According to the thickness of the
sedimentary cover, the peculiarities of tectonic and
lithological-stratigraphic characteristics, the basin
belongs to the intracontinental. The oil and gas
potential of the basin was established in 1984 by
the discovery of the Kumkol deposit. Intensive
geological exploration began to be carried out since
the late 1970s.

Aral Basin — k.
sin
South Turgay Syrdariya
basin i

basin

Figure 1 - Map of the sedimentary basins
of Kazakhstan [12]

The basin is divided into three structural floors
such as characteristic structural and material
features of microcontinents. The lower floor is a
crystalline foundation consisting of Archean-Lower

Paleozoic metamorphic gneisses and various shales
that occur at adjacent elevations and are opened
by some wells inside and near the edge of the
syneclise [13]. The Middle-quasi-platform complex
of the Middle and Upper Paleozoic consists of
intermittent Devonian, Carboniferous, and Permian
deposits up to 1.5-2 km thick. In accordance with
the drilling and seismic survey materials in the
South Turgay oil and gas basin, there is a wide
development of quasi-platform formations of the
Upper Paleozoic of considerable power, the
distribution of which on its individual geostructural
elements is quite complex. The upper platform
cover is represented by sedimentary deposits of
Triassic-Jurassic, Cretaceous-Miocene, and
Pliocene-Quaternary age [14].

The upper structural floor, the most studied by
geophysical methods and deep drilling, includes all
the sediments of the Mesozoic and Cenozoic and
splits into two tiers: the lower-rift, the upper-
epirift.

According to the hypsometric position of the
foundation, three large structures are
distinguished: the Zhylanshik and Aryskum
depression with the Mynbulak uplift separating
them, complicated, in turn, by structural elements
of lower orders.

All the identified deposits are confined to the
Aryskum depression, the tectonic characteristics of
which are covered in detail in the works of Abdullin
A.A., Daukeev S.Zh., Kuandykov B.M., Zholtaev
G.Zh., Nazhmetdinova A.Sh.,, Puzanova IV,
Sapozhnikov R.B., Votsalevsky E.S., Bulekbaev Z.E.,
etc.

The Aryskum depression is characterized by a
complex tectonic structure, has fairly well-defined
raised horst—anticlines and lowered foundation
blocks - graben-synclines (Figure 2) in length from
100 to 200-250 km and in width up to 25-50 km of
north-westerly strike on the western side of the
depression, and northerly direction on the eastern
side, expanding in width to the northern part of the
depression [15].

Akshabulak Graben

Bosingen Graben

Auyskiiin Graben

Figure 2 - Geological section of the
Aryskum depression [15]

— 62



KomnneKkcHoe Ucnonb3osaHne MuHepanbHoro Coipbsa. N23(330), 2024

ISSN-L 2616-6445, ISSN 2224-5243

Within the deflection, the Aryskum, Akshabulak
(Besoba-Terensai), Sarylan, Bozingen, Daut and
Zhinishkekum graben - synclines are distinguished,
which are separated by Aksai, Aschisai and
Tabakbulak horst - anticlines.

Hydrocarbon systems and deposits. One of the
main oils and gas bearing complexes in the section
of the Aryskum depression are sandy-clay Mesozoic
deposits, within which the Lower Cretaceous
(Aryskum horizon), Middle-Upper Jurassic, and
Lower Jurassic complexes are distinguished, in
addition to which the Upper Paleozoic promising oil
and gas complex is also distinguished [16].

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

Upper Jurassic and Cretaceous sandstones and
siltstones deposited in delta and river facies are the
main reservoirs in which most of the oil discovered
to date is distributed [17].

Within the Jurassic complex, a series of local
and zonal clay fluidopores are distinguished [18].

Chalk deposits in the South Turgay oil and gas
basin are ubiquitous and are overlain, in turn, by
younger Paleogene-Quaternary sediments. They
are represented by all age subsections, the deposits
are facially sustained over a large area, which
allows them to be correlated fairly confidently by
logging wells drilled without core sampling.

Oil-producing complexes-sources of
hydrocarbons. The forecast hydrocarbon resources
are determined based on the reconstruction of the
entire complex of natural processes that cause the
formation of oil and gas from organic substances of
oil and gas mother rocks [19].

Within the South Turgay oil and gas basin,
there are effective oil-producing strata of Jurassic
sediments, where graben-synclines are associated
with lake sedimentation conditions, whose
hydrocarbons migrated and accumulated in nearby
deposits of the Jurassic and Cretaceous complexes.
For the migration of hydrocarbons into Paleozoic
traps, sedimentation occurred by overflows from
graben along carbonate rocks. Bitumen was found
in Devonian carbonate rocks that came to the
surface within the Greater Karatau, which indicates
the effective migration of hydrocarbons along this
complex over a long distance [[20], [21]].

The experimental part

The pyrolytic method on the analyzer of the
initial rocks of the samples of stone material of the
Kumkol formation of the Upper Jurassic (Jskm) and
the Aryskum formation of the Lower Cretaceous
(Kinclar) from the wells of the Aryskum depression
of the South Turgay oil and gas basin allowed to
determine the type of kerogen, hydrocarbon
potential and the stage of maturity of organic
matter, the geochemical parameters of which are
presented in the table below.

Discussion of the results

Generation potential. The results of the study
show that the concentration of total organic carbon
(TOC) ranges from 0.47 to 1.41%, the parameter S,
varies from 1.6 to 3.1 mg HC/g of rock in the
samples of the Lower Cretaceous and from 1.1 to 9
mg HC/g of rocks of the Kumkol formation of the
Upper Jurassic, where values below 2.5 have a low
(poor) potential, and above 6 have a good (rich)
potential.

Table 1 - Geochemical characteristics of pyrolytic analysis of deposits of the Aryskum depression

Formation Depth TOC S1 S, S1+S; e HI Ol Pl

Kinciar 1682.9 0.52 0.97 1.6 2.57 413.02 298 198.1 0.385
Kinciar 1686.4 0.53 0.57 2.2 2.77 437.49 417 141.5 0.205
Kinciar 1687.43 1.12 2.05 3.1 5.15 445,16 277 22.3 0.398
Jskm 1880.45 0.67 0.3 2.6 2.9 434.19 388 16.4 0.103
Jskm 1883.85 0.47 0.24 1.1 1.34 440.33 238 87.2 0.176
Jskm 1887.67 0.57 0.37 2.3 2.67 432.6 407 61.4 0.138
Jskm 1896.54 0.68 0.49 2.8 3.29 330.67 412 47.1 0.149
Jskm 1897.19 0.71 0.22 2 2.22 437.8 283 66.2 0.099
Jskm 1897.36 1.41 1.65 9 10.65 434.11 640 70.2 0.155
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Type of kerogen. The dependence of TOC on
the hydrocarbon potential indicates type Il and type
Il kerogen of the vast majority of the samples
studied, however, the sample from a depth of
1897.36 m is attributed to type | kerogen.

In the studied samples according to the HI
hydrogen index, the range of values from 200 to
300 indicates kerogen of type llI-lll, probably with
the generation of oil and gas; from 300 to 600 -
kerogen of type Il, possible oil and gas generation.
However, it should be noted the difference in the
sample taken from a depth of 1897.36 m, where
the HI value of 640 corresponds to type | kerogen.
The value of the hydrogen index HI, which
characterizes the facies-genetic type of organic
matter, indicates the humus origin and, less often,
the coastal (humus-sapropel) genesis of the studied
samples, the organic matter that accumulated
under moderately reducing conditions and
correspond to kerogen types Il and Il. In the Van
Crevelen diagram (Figure 3), two composite
indicators are used to characterize the type of
kerogen — the hydrogen index HI and the oxygen
index Ol, the results of which allow us to draw
similar conclusions [22].

Pseudo-Van Krevelen Diagram
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Figure 3 - Correlation between the hydrogen index (HI)
and the oxygen index (Ol) of the Aryskum depression

Determination of thermal maturity. To
determine the thermal maturity, the range of Tmax
values of the studied samples from 435 to 445°C is
acceptable for the conditions of the oil window, i.e.
oil generation, and allows them to be classified as
mature; low Tmax values are defined as low degree
of maturity of organic matter in the studied core

samples from a depth of 1682.9 m (Daul formation)
and 1896.54 m (Kumkol formation) [23].

The ratio S; / S1+S; is the productivity index P,
where the degree of realization of the organic
matter of the samples under study varies from
0.103 to 0.398. Thus, samples with a Max in the
range of values 435-445°C, as well as Pl with more
than 0.1 coefficient have an oil-generating
potential. However, an indicator of the industrial
oil-bearing capacity of the reservoir is a Pl value of
more than 0.5.

Conclusion

The analysis of the obtained data of the
geochemical study of the stone material of the
Mesozoic deposits of the South Turgay oil and gas
basin allows us to draw the following conclusions:

1. As a result of the study, the studied samples
have a rich and very rich generation potential in
terms of the content of Cor in the range from 0.47
to 1.41, as well as in the parameter S; (from 1.1 to
9 mg of HC /g of rock).

2. Most of the studied samples belong to type Il
and Il kerogen, one sample from a depth of
1897.36 m with maximum TOC and S; is within the
limits of type | kerogen; according to pyrolytic
parameters HI, Tmax, the studied samples belong to
type lI-lll and type | kerogen with probable oil and
gas ineftegeneration, respectively;

3. The hydrogen and oxygen indices determining
the facies-genetic types of organic matter indicate
mainly humus and less often humus-sapropel
origin, thereby allowing us to conclude that oil
accumulation occurred in moderately reducing
conditions and coastal-marine environment.

4. The organic matter in the studied samples is
thermally mature according to the Tmax index.
However, there is a low degree of maturity of the
organic matter of the Tula formation and the
Kumkol formation from a depth of 1682.9 m and
1896.54 m, respectively.
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ApbicKym uinyiHiH, Me3030o# weriHainepiHgeri opraHUKanbiK 3aTTapAablH,
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TYWIHAEME

Byn symbic OHTYCTiK TopFait MyHait-ras 6acceiHiHiH, ApbICKYM WiNyiHiH, Me30301 LWeriHAiNepiHiH,
MYHaii-ra3 aHanblK 3/1eyeTiH 3epTTeyre aHe reoNoruANbIK KypblAbIMHbIH, epeKLlenikTepiH
3epTTeyre, OpraHUKanblK 3aTTapAblH, aumangbl-reHeTUKaNbIK TYPiH XKaHe KeTiny AapexeciH
aHblKTayFa apHanfaH. FeoXMMUANBIK d4icTep MyHaii-ras-aHanblK aneyeTTi 6afanayaa mMaHbi3apl
pen aTkapaabl, onapAabiH, 6ipi opraHUKanbiK 3aTTapablH, TYPIH XKaHe 3epTTeneTiH Tac maTepuan
YAriNEpPiHiH, TEPMUANBIK KETINYIH aHbIKTAy YLWIiH Herisri NUPONUTUKanbIK Tangay 6onbin
Tabbinagbl. Ocbl MaKcaTKa eTy yWiH HeoKOM MeH topa LWeriHAiNepiHiH Tac maTepuanbiH
NUPOAUTUKANBIK Tangay HaTuxKenepi KONAAHbINAbI. Teonornanbik-reopusmkanbik
MaTepuangapapl Tangay ApbICKYM KOKMKUEriHAe »KOfapbl OKLIaynafbi KacueTtepi 6ap myHawi-
raszibl Kymabl Kabatrap meH onapablH, yCTiHgeri casabl KabatTrapapbiH, ayaaHbl 60MbIHWA Tapany
3aHAbINbIFBIH BalikayFa MYMKIHAIK 6epai. AnbiHFaH ManiMeTTepAiH, HaTUXKenepi opraHuKanblK
KBMIpPTEKTIH, }annbl Menwepi maccaHblH, 0,47-aeH 1,41%-Ha AeiiH ekeHiH KepceTesi. KeporeHHiH
TYPIH *KOHE OHbIH MyHaWl-ra3 Ty3iNy aliMaKTapblHa KaTbiCTbl OPHaNacyblH aHbIKTay YLiH
KeporeHHiH, 31eMeHTTIK KypaMblHblH aTOMZAbIK KaTblHAacTapblHbIH KOOpAMHaTTapbiHAa BaH-
KpeBeneH Auarpammachbl KSHE OHbIH, MUPONUTUKANbIK [epekTep YWiH MoAubUKaLMACH
nanganaubingbl, 6yn 3eptrenetiH yarinepain, keporeHi I, Il xaHe lll TMNTEpAiH KOCnacbkl eKeHiH
KepceTeai. Pauuangbl-reHeTUKanbIK Typi OPraHWKanblK 3aTTap TymyCTbl 3KaHEe T[YMYCTbl-
canponenre KaTajbl, an LWery afaalnapbl opTawa KananblHa KenTipy KafaaibliHAQ Kafanay-
TeHi3 opTacbl 60abin Tabbliaabl.
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AHHOTAUMUA

[aHHasA paboTa NoCBALLEHA UCCNEA0BAHMIO HePTErasoMaTepMHCKOro NOTEHLMANA ME3030MCKUX
OTNOXeEHUIN ApblCKymKoro npornba tOxHo-Topraiickoro HedTerasoHocHoro 6acceiHa u CTaBuT
uenblo u3ydeHMe OCOBEHHOCTel reoNorMyeckoro CTPOeHWs, onpegesneHne  daumanbHO-
reHeTMYecKoro TUMa W CTEMeHU 3pesioCTU OPraHWYecKoro BellecTBa. [eOXMMMUYECKME MEeToAbl
3aHMMAIOT BaKHYIO POJib B OLEHKe HedTerasomaTepUHCKOro MoTeHuMana, OAHWM U3 KOTOPbIX
ABAAETCA MUPOAUTUYECKUI aHANN3 KepHa ANA ONpeaesieHus TUMa OpPraHUYecKoro BeLLecTsa u
TEePMMUYECKOI 3penocTu uccnesyembix 06pasLoB KAMEHHOTO MaTepuana. s AOCTUNKEHWS 3TOM

Noctynuna: 13 ceHmabps 2023 Lenn BbiAM MCNONb30BaHbl Pe3y/bTaThl MUPOAUTUYECKOTO aHaiM3a KaMeHHOro MmaTepuana
PeueHsunposaHue: 22 okmabpa 2023 OTNIOXEHUN HEeOKOMa M  topbl. AHANM3 reosoro-reoPpusNYecKUX MaTepuanos MO3BOAMA
MpuHATa B Nevarts: 13 HoAbps 2023 NpocNeanTb 3aKOHOMEPHOCTb PacrpoCTpaHeHUs Mo MAoWaAM HedTerasoHOCHbIX MecyaHbIX

NNacToB W 3a/neralowWwmx HafA HUMMU [IMHWUCTbIX MNPOCNOEB C BbICOKUMU U30AMPYIOWMUMU
CBOMCTBaMM B ApPbICKYMCKOM TOpU30OHTE. Pe3ynbTaTbl MONYYEHHbIX AaHHbIX MOKa3blBaloT, YTO
oblee copepikaHue opraHUyeckoro yrnepoga coctasnsetr ot 0,47 po 1,41% macc. Ona
YCTaHOB/NIEHUA TWUNa KeporeHa W ero NONOXeHWUA OTHOCWUTENbHO 30H HedTerazoobpasoBaHMA
1cnonb3oBanach Avarpamma BaH-KpeseneHa B KOOpAMHaTax aTOMHbIX OTHOLLEHWI 3/1EMEHTHOTO
cocTaBa KeporeHa M ee mogauduKauma ANA NUPOAUTUYECKUX AAHHBIX, CBUAETENLCTBYIOLWANA O
TOM, YTO KeporeH uccnegsyembix 06pasuoB npeacTtasnser coboit cmecb Tvnos |, Il wn I,
baunanbHO-TeHETUYECKMIA TUN OpraHMYecKoe BEeLLECTBO KOTOPbIX OTHOCUTCA K TymMyCOBOM,
ryMyCOBO-CanponesneBoil, a YCNOBWUA OCAAKOHAKOMIEHMA - NPUBPEHO-MOpCKana cpeda B
YMepEeHHO BOCCTaHOBUTENbHbIX YCNOBUAX.

Knroueeble cnoea: Apbickymckas BnaguHa, HOsKHO-Typraiickmit HedTerasoHocHbIi 6acceitH,
HedTerasoHOCHOCTb, OPraHMYecKoe BELLECTBO, YIeBOAOPOAbI, TUM KeporeHa
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ABSTRACT
The paper presents research work to establish genetic characteristics of lead-zinc mineralization

in the Ulytau-Arganatinsky structural-facial zone. Expanding the mineral resource base of Central
Kazakhstan is one of the most urgent tasks because selecting the criteria and characteristics
determines the aspects of prospecting and exploration work, as well as their results, which is the
goal. In this regard, the following tasks are being solved: identifying the geodynamic position, the
genesis of mineralization, the connection of the rock's physical properties with geophysical
anomalies, as well as displaying tectonic disturbances and deep faults in them; establishing the
connection of mineralization with the carbonaceous-terrigenous package of deposits of the
lower subformation of the Zhilandinsky formation of the Upper Proterozoic; structural
confinement of mineralization to large faults along which there was a movement of plutogenic
hydrothermal solutions forming mineralization, and areas of metamorphically altered rocks, as
well as aureole zones of Pb, Zn, Ag, Cd graphite quartz, phyllites and the other shales of the
Zhilandysay and Kumolinsky formations, dispersion zones of Cu, Mo, V, Ag, Sc, Ye and REE near
the Kyzymchek fault. The established criteria and features can be used when organizing
geological exploration work in the search for polymetallic mineralization within the Maityubinsky
anticlinorium in zones adjacent to deep mantle faults.

Keywords: Ulutau-Arganatinsky massif, rift structures, tectonic and magmatic cycles, deep faults,
hydrotherms.
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Introduction

The Central Dyusembay deposit is located on
the eastern flank of the Maityubinsky anticlinorium,

The Dyusembay deposit is located within the 15 km east of the large Maityubinsky granitoid

development of  the

Karsakpai  synclinorium,

anticlinorium, and the Baikonur synclinorium. The
structure of the studied area is almost completely

Ulutau-Arganatinsky
meganticlinorium, which is subdivided into the

massif (5-120 sg. km), and is confined to the
periclinal closure of one of the large anticlinal folds
(Dyusembay anticline), complicating the
Maityubinsky anticlinorium [[2], [3]].

At the end of the Precambrian - the beginning
of the Paleozoic, the Ulytau Arganatinsky sialic

Maityubinsky

determined by the effect of the Proterozoic  mgassif, in the process of the collapse of the Rodinia
tectonomagmatic megacycle; its western part is  continent, simultaneously with the formation and
covered with Early Caledonian formations [1]. development of the Baikonur SFZ, was dissected by
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the Karsakpai riftogenic structure (SFZ) into two
parts: the western-Maityubinsky, = Western-
Arganatinsky and Eastern-East-Ulytausky, East
Arganatinsky (Figure 1).
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Figure 1 — Scheme of structural and formation
complexes of the Baikonur SFZ
| — Zhezkazgan-Sarysu depression; area of rocks of
tectonic and magmatic cycles: II-Karelian, llI-Gothsky, V-
Baikalsky; V- Isidonsky; VI- Baikonursky synclinorium;

VA - Area of the Maityubinsky anticlinorium;
<] - Area of the Karsakpaisky synclinorium
N

(Perkov I.P. Report on the object “Geological and
mineragenic mapping of the Baikonur area,
sheets L-42-1,2,13,14; 25-B, G; 26-A,B”)

From the west, the Ulutau-Arganatinsky
meganticlinorium is limited by the West-Ulutau,
and from the east — by the East-Ulutau deep faults.
Numerous massifs of hypermafic rocks are confined
to the zone of the latter (Figure 2).

Within both the Maityubinsky anticlinorium
and the Karsakpai synclinorium, a system of
intrusions of ultrabasic rocks exposed to the
surface has been identified (Figure 2). Basically, all
isolated hypermafic rocks are subalkaline and even
alkaline in nature, which can serve as the basis for
identifying zones of platform activation in this area

([4], [51].

Experimental part

There was carried out the analysis of isotope
data on the geochronological age of rocks obtained
in different years was performed. So, according to
the growth zones of accessory zircons that reflect
the feldspathization of porphyroids, it is 666 + 11
million years.

The geochronological age of the Maityubinsky
series is 845117 Ma (Yermolov, Antonyuk, 2012)

determined from accessory zircons U-Pb using the
SRIMP-II technology, isolated from subvolcanic
porphyroids of the Zhaunkar formation with
blastoporphyritic quartz crystals and well-preserved
fluidity, subjected to feldspathization by the
development of porphyroblasts potassium feldspar.

The analysis of materials from early geological
and geophysical works [3] shows that rocks are
differentiated according to their physical
properties. So, according to their density, they can
be divided into two groups: these are rocks that fall
within the density range of 2.65-2.70 g/cm3
(sericite, quartz-sericite, quartzite, conglomerates)
and rocks with an average density of 2.58-2.65
g/cm? (chlorite schists, porphyroids). The densest
and most widespread rocks are greenstone strata,
which have an excess density of 0.18-2.70 g/cm? in
relation to the granitized strata and various shales.
The effusive strata of acidic composition
(porphyroids from tuffs, liparites) characteristic of
the Dyusembay and Zhaunkar formations, the
deposit region has an average density in the range
of 2.60-2.65 g/cm?® in relation to the underlying
greenstone rocks, they have a density deficiency of
up to 0.30 g/cm® forming local negative gravity
anomalies Ag against the background of significant
regional anomalies from greenstone strata.

Changing the magnetic field strength ATa
within the range of +50 to 200 nTl is typical for non-
magnetic metamorphic rocks (various salans,
quartzites, phylites, porphyroids) of the Lower and
Middle Proterozoic. Positive magnetic field
anomalies, mostly isometric with an intensity of
200-300 nTI, are caused by diorites and granitoids
of Late Devonian age. Positive elongated anomalies
(up to 500 nTI) are characteristic of amphibole
shales strata occurring among the sediments of the
second member of the Zhilandysay formation;
anomalies (ATa about 500 nTIl) are caused by
porphyroids.

Rupture faults are identified by a sharp change
in the nature of the magnetic field, displacement of
linear anomalies and a large horizontal gradient of
the gravitational field.

Results and Discussion

The structure of the Baikonur synclinorium, the
Maityubinsky anticlinorium and the Karsakpai
synclinorium (Figure 2) is characterized by intense
dynamometamorphism of all their constituent
rocks. The black-shale Vendian-Cambrian strata of
the cover are transformed into various
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blastosammitic phyllitic and siliceous-carbonaceous
shales, micaceous and carbonaceous quartzites.
This entire zone is in general characterized by a
high degree of schistosity, mainly due to the
layering of rocks. Folded forms are quite simple,
large in size, most often linear, sometimes
brachyform.

In the west, the rocks of the Maityubinsky
anticlinorium border on the Baikonur synclinorium
(Figure 2). The boundary between them passes
along the system of large longitudinal faults that
have a long-term and possibly synsedimentary
development. It is obvious that this boundary also
has paleotectonic significance, delimiting the
continental slope and the foot of the Ulytau-
Arganatin  microcontinent and the Baikonur
marginal sea basin of Vendian-Ordovician age [[6],
(711.

The structure of the Maityubinsky anticlinorium
is complicated by the presence of Ilarge
submeridian reverse faults, most likely of Jurassic
age, with displacements falling to the north.

The rocks of the Maityubinsky series are
feldspatized to varying degrees with the
development of potassium spar porphyroblasts, in
the zone of maximum development of Riphean and
Early Paloezoic intrusive magmatism they were
subjected to intense hydrothermal metasomatic
transformation and feldspathization with the
development of powerful zones of granitization of
migmatites and narrow linearly elongated
intrusions of porphyroblastic granite-gneisses. The
maximum area of their development apparently
represents the core of a large lens-shaped swell-
shaped granite-gneiss dome.

Figure 2 shows a fragment of the tectonic map
of the Ulytau-Arganatinsky meganticlinorium that
shows the main faults. The western part of the area
(northern part of sheet L-42-VIl) covering the
Baikonur, Maityubinsky and Karsakpai SFZs, is
characterized by discontinuous faults, often
grouped into entire systems of close, complexly
intertwined, often en echelon-like faults combined
with each other, associated with plicative
dislocations (Figure 2).

Faults render a significant impact on the overall
structure of the region; the largest ones serve as
the boundaries of the identified structural-
formational zones. Most of the large regional
disturbances, especially those associated with the
formation and development of rift systems, can be

traced to great depths by geophysical methods [[8],
[91l.

Almost all the faults are relatively young and
formed on newly created continental-type crust.
Some of them were updated by the latest tectonic
movements, having a significant impact on the
development of the hydraulic network.

There are 4 types of discontinuous faults.

The first one is the rift faults of the Proterozoic
tectonomagmatic megacycle.

Figure 2 - Geological and tectonic map of the Dyusembay
field (Aleksandrov A. E. Detailed exploration project for
the Dyusembay Central field (RK)

[]1-Kulambai fault, 4-Kyzymchek fault, 3-Karsakpai
fault;

O I-Maityubinsky anticlinorium, 1l-Karsakpai
synclinorium, lll-Baikonur synclinorium;

O 1-Dyusembai anticline, 7-Nasymbai ancticline, 8-
Baizhan syncline, 10-Kyzymchek syncline, 4- Dyusembai
massif, 5-Maityubinsky massif, 6-Nasymbai massif

The second one is the orogenic reverse faults of
the Proterozoic tectonomagmatic megacycle.

The third one is the faults of the Early
Caledonian tectonomagmatic cycle.

The fourth one is the Triassic and Jurassic
reverse faults.

The chemical composition of the rocks in Table
1 is characterized by silicate analyses of rocks from
the Maytyubinsky massif (Zaitsev, 1970) and the
“Explanatory Note to GK-500 (1981)".
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Table 1 - Chemical composition of granitoids of the Late Ordovician Krykkuduk complex (v1, 61, q61, y62, y2, ly203k)

[12]
Massif Rock name Phase Index SiO2 TiO2 Ca0o Na20 K20 P20Os
Ka"tz;’b'”s qu. diorite | 90105 | ¢581 | 030 | 5.07 3.71 2.52 -
qu. diorite I q6103k 60.91 0.23 5.11 4.72 1.80 -
Granodiorite I q6203k 67.35 0.30 2.38 2.56 2.88 -
Ma'tl‘(’;‘b'”s monzo-gabbro | wiaOsk |y on | 148 | 7.55 2.84 2.13 0.54
” gabbro I v103k 50.08 1.87 8.55 2.95 1.16 0.50
2 monzogabbro | wiibiOk e 90 | 144 | 664 | 378 | 312 ;
diorite
” gabbro-diorite | v16103k 54.94 0.50 7.45 4.43 0.80 0.36
” monzo I 16103k 55.59 0.88 2.94 4.18 1.96 -
” diorite I 6103k 57.92 1.18 4.10 2.94 1.89 0.46
” diorite I 6103k 57.72 0.87 7.35 3.29 1.60 0.33

In terms of the SiO, content (44-74%), the rocks
of the complex form a wide range of differentiation
from gabbro to granites. The work by Nurzhanov,
2022, describes these rocks and their connection
with intrusions.

The first intrusive phase: quartz diorites
((9610sk), gabbro (vOsk), gabbro-diorites (v6:10sk),
fine- and medium-grained. The composition varies
from gabbro to quartz diorites. In diorite massifs,
xenoliths are often observed, and more basic rock
varieties are associated with areas enriched in
xenoliths. The xenoliths are usually small (up to 10
cm), somewhat flattened in shape, and have a
uniform  hornblende-plagioclase = composition,
corresponding to melanocratic diorites of blastic
structure [[10], [11]].

The second intrusive phase is fine- and
medium-grained granodiorites (y5.0sk), granites
(y20sk) and leucogranites (ly20sk). Macroscopically,
these are pinkish-gray fine- to medium-grained
rocks consisting of plagioclase, potassium feldspar,
quartz, amphibole, and biotite.

Thus, the rocks of the first intrusive phase are
characterized by gabbro, monzogabbro, gabbro-
diorites, monzogabbro-diorites, diorites,
monzodiorites, diorites, quartz diorites; the second
intrusive phase is represented by granodiorites,
granites, and leucogranites.

Thus, the rocks of the first intrusive phase are
characterized by gabbro, monzogabbro, gabbro-
diorites, monzogabbro-diorites, diorites,
monzodiorites, diorites, quartz diorites; the second
intrusive phase is represented by granodiorites,
granites, and leucogranites.

The main rocks are gabbro, monzogabbro and
classified as high-alumina (al'>1); medium rocks:
gabbro-diorites, monzogabbro-diorites, diorites,
monzodiorites, quartz diorites partially belong to
high-alumina (al'>1-2) and very high-alumina (al'>2-
10) varieties; acidic rocks: granodiorites, granites
and leucogranites are very high-alumina (al'>2-10)
[[12], [13]].

The main rocks are mesocratic (f'=10-21), and
the middle rocks are divided into mesocratic (f'=10-
21) and leucocratic (f'<10).

The rocks of the complex have certain
differences in alkalinity: for basic rocks Ka = 0.2-0.3;
for medium Ka=0.3-0.4, for acidic Ka=0.04-0.5 [14].

The Middle Proterozoic granite-gneiss complex
of the Maytyubinsky anticlinorium is represented
by blastoclastic gneiss-granites and granite-gneisses
and gneisses genetically related to them.

Granite-gneisses are present in close structural
unity with the enclosing folded metamorphic
complexes. They form folds, taking the place of
stratified strata. Granite-gneisses are connected
with the enclosing schists and porphyroids by
gradual transitions and the boundaries of the
massifs are conditional. The internal structure of
the massifs is heterogeneous. In the central parts,
gneisse layers are single and thin, and towards the
periphery of the massifs they increase in number
and thickness [[15], [16]].

The characteristic features of the geological
structure of the Dyusembay deposit of the
geological structure of the Dyusembay Central
deposit site are determined by its location in the
zone of influence of the West Ulytau deep fault, the
presence of which is established within the site by a
series of large faults of submeridional strike, the
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most significant of which is the Kyzymchek fault
mapped 4 km to the east from the work site (Figure
2). To the west of the Kyzymchek fault is the
Maityubinsky anticlinorium, and to the east is the
Karsakpaisky synclinorium [[17], [18], [19]].

Dynamometamorphism is most likely
associated with pressure from the Turgaisky
paleorift; this is reflected in the presence of large
reverse faults of a meridian strike with faults
dipping to the west. Most likely, these reverse
faults are Triassic in age [20].

Figure 3 - Geological map (Alexandrov A. E. Detailed
exploration project for the Central Dyusembay field (RK)

1-2 Kumolinsky formation: 1-pack of porphyroids,
porphyroids on tuffs of rhyolite composition, graphite
phyllites, quartzites 2-pack of blastopsammitic quartzite
schists and phyllites; 3-5 Zhilandysay formation: 1-pack
of porphyroids, partially graphitic and ferruginous, 2-
pack of porphyroids and feldspathic shales, 3-pack of
conglomerates and porphyroids, graphite quartzites; 6
Zhaunkar formation: porphyroids based on crystalline
tuffs; 7 Dyusembai formation: porphyroids based on
crystalline tuffs and lavas of liparitic composition; 8 Late
Proterozoic intrusions: diorites and granodiorites; 9 Late
Proterozoic intrusions: gabbro-diorites.

The internal structure of the Maityubinsky
anticlitory is relatively simple: in the axial zone
numerous granite-gneiss and granitoid massifs of
Paleozoic age are developed, the wings are
composed of metamorphic rocks of the Lower-
Upper Proterozoic age (packs of sericite-chlorite-
albite schists, marbles, ferruginous quartzites,
phyllites, rarely graphitic schists, interbedded with

packs of porphyritoids), folded into simply
constructed brachnoform folds of a submeridional
—north-northwest direction.

The core of the Dyusembay anticline is
composed of the Dyusembay Formation rocks,
which outcrop 30 km northwest of the field. The
Zhaunkar and Zhilandysay formations rocks are
outcropped in the wings.

Constituting the southern end of the
Dyusembay anticline, the rocks of the Zhilandysay
formation form a synclinal fold. In the central part
of the syncline, porphyroids of the upper pack
PR.gl%) emerge along the edges of the rocks of the
first PRygl') and second (PRgl?) packs (Figure 3). In
general, the deposits of the Zhilandysay formation
lying along the eastern flank of the Maityubinsky
anticlinorium have a general dip to the east at the
angles of 40-60° [21].

Younger Proterozoic rocks are mainly
developed far beyond the boundaries of the Central
Dyusembay deposit in the western and eastern
wings of the Dyusembay anticline (in the contact
zone of the Maityubinsky massif and near the
Kyzymchek fault.

Conclusions

The considered features of the geological
structure and geodynamic processes of the
polymetallic mineralization formation in the zone of
altered rocks in the vicinity of large tectonic
disturbances make it possible to highlight the main
criteria and signs of polymetallic type
mineralization within the Maityubinsky
anticlinorium.

The criteria are as follows:

e Structural: mineralization is confined to large
mantle faults with which plutogenic hydrothermal
processes are associated.

e |Igneous: the presence of intrusions of
intermediate composition developed along deep
faults that control lead-zinc mineralization, these
intrusions are in most cases overlain by more
ancient formations.

e Lithological-stratigraphic characteristic of
lead-zinc deposits: stratiformity of industrial
mineralization corresponding to the hydrothermal-
metosomatic  stage, the presence of a
carbonaceous-terrigenous sediment pack of the
lower subformation of the Zhilandinsky formation
of the Upper Proterozoic, which is ore-hosting.

The signs are as follows:

— 72 /=
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¢ Geophysical: anomalies of gravitational and
magnetic fields in the western and northern
exocontact of the Dyusembay granitoid massif,
coincide with the outcrop of the ore zone of the
Dyusembay lead-zinc mineralization to the surface;
a set of geophysical methods for identifying ore
intervals in wells, assessing the content of main and
associated elements is carried out using the
methods of GGL-S, GL, RRL and covenometry,
inclinometry.

¢ Geochemical: the presence of aureole zones
of Pb, Zn, Ag, Cd associated with mineralization in
graphite quartzites, phyllites and other shales of
the Zhylandysay and Kumalin formations along the
eastern exocontact of the Maityubinsky massif, in
the roof of the exocontact zone of the Dyusembay
massif in the suture zone of the Kyzymchek fault;
dispersion halos of Cu, Mo, V, Ag are confined to
graphite schists, quartzites, phyllites of the Kumola
formation in the vicinity of the Kyzymchek fault and
zones of Sc, Y and REE are confined to graphite
schists, quartzites, phyllites of the Zhylandysay and
Kumola formations, in the western part of the
suture of the Kyzymchek fault and Bestyubinsky

strike-slip fault to the north and south of the
Dyusembay deposit; specialization of aureole zones
in the roof of the Dyusembay massif and along the
suture zone of the Kyzymchek fault for polymetallic
mineralization, as well as anomalies for copper
mineralization (east of the suture zone of the
Kyzymchek fault) and anomalies for rare metal
mineralization (north of the Dyusembay lead-zinc
deposit).

¢ Geological: mineralization characteristic of
the Central Dyusembay deposit is its location in the
zone of influence of the West Ulytau deep fault,
established along a series of large faults of
submeridial strike, with the most significant being
the Kyzymchek fault, to the west of which is the
Maityubinsky anticlinorium, and to the east the
Karsakpai synclinorium.
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Maittebe aHTUKAIMHOPUMI WeTiHAEe KOPFAaCbIH-MbIPbILl KEHAEHYIHIH,
e/ilemMmwwapTrapbl (Kputepuinnepi) meH benrinepi

Kacbim A.E., MoptHoB B.C., MbiH6aeB M.b., Ackaposa H.C., EceHgocoBa A.H.

3binkac CarblH08 ambiHAaFel KaparaHObI mexHUKasblK yHusepcumemi, KaparaHoel, Kazakcmax

TYWIHAEME

HKymbicTa ¥nbiTay-ApFaHaTbiH KypblbIMAbIK-GaLmanabiK aiMafbl KEH OPbIHAAPbLIHbIH, KOPFACbIH-
MbIPbIW  KEHAEHYIHIH, reHeTMKanblK 6enrinepiH aHbikTay 60MblHWA 3epTTey  KyMbICTapbl
yCbIHbINFaH. OpTanblK KasakCTaHHbIH, MUHEPanaplK LWUKI3aT 6asacblH KeHeWTy e3eKTi 60sbin
Tabbliagbl, OWTKEHI eswemwaptrap meH benrinepai Tangay isgey-6apnay »KYMbICTapbiHbIH,
baFbITTapblH, COHAAW-AK ONapAblH, HITUMXKeNepiH alKbiHAanabl, byn makcat 6onbin Tabblnaabl.
OcbifaH 6alnaHbICTbl Keneci MiHAETTep LWelineai: reofAMHaMMUKanbIK MNO3ULMAHBI, KeHAey
reHesuciH, Tay KbIHbICTapbIHblH, QU3MKaNbIK KacMeTTepiH, aHoManuanapmeH 6GainaHbICTbIpy,

Makana kengi: 19 koipkyliek 2023
CapanTtamagaH eTri: 5 kazaH 2023
Kabbinganap!: 13 kapawa 2023 COHAaW-aK onappafbl TEKTOHUKANbIK Oy3blnynapapl, TepeH, akaynapabl KepceTy: KeHAeHyAiH,
JKOFapFbl MPOTEPO30MAbIH, KblnaHabl GOPMALMUACBIHbIH, TOMEHTi Cy6CUANACBIHBIH, KOMIpPTEKTI-
TeppureHai weriHginepimeH 6annaHbICbiH OpPHATY; KEHAEHYAI KaNbINTacTblpaTblH MAYTOreHAiK
rMApPOTEPUMANAbIK EepiTiIHAINEePAiH, KO3FanbiCbl »Ky3ere acbipblAfaH ipi akay/napfa KeHAEeHYAiH,
KYPbINbIMAbIK 0PaiNacTbipblnybl }aHe MeTaMopdTbIK ©3repreH Tay XblHbICTapbIHbIH, yYacKenepi,
coHpaw-ak Pb, Zn, Ag, Cd rpadwuTTi KBaputapaplH, GUANUTTEPAIH KaHe »KblnaHApICal KaHe
KYMOJIMH CBUTTEPiHIH 6acKa Aa TaKTaTacTapblHbIH OPeoNabIK alimaKTapbl, Kbi3bIMLWEK aKaybIHbIH,
JKaHblHAQ opHanackaH Cu, Mo, V, Ag, Sc, Ye aHe P33 wawbipay alimakTapbl. benrineHreH
KpuTepuiniep MeH benrinep TepeH MaHTMA aKaynapblHa iprenec arimaKkrapga Maintebe
QHTUKAWHOPWII  WeriHae no/AMMeTann KeHAepiH i3gey KesiHAe reosnoruanblk  6apnay

YKYMbICTapbIH YIMbIMAACTbIPY YLWiH NaiganaHblaybl MYMKiH.
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Tyiiin ce30ep: Y¥YnbiTay-ApfaHaTblH MaccuBi, PUDT KypbiNbIMAAPbI, TEKTOHO-MAarmaTuKasbiK
UMKAZAP, TEPEH, XKapblKTap, rMapoTepmaap.
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Kputepuun n npusHakm CBUHL,0BO-LLUHKOBOIO OpyAeHeHuUA B npeaenax

MaiTIo6MHCKOro aHTUKAIMHOPUA

Kacbim A.E., MopTHOB B.C., MblH62aeB M.b., AckapoBa H.C., EceHgocoBa A.H.

KapaeaHduHckuli mexHuyeckuli ynusepcumem umeHu Abbliakaca CaeuHosa, KapazaHda, KasaxcmaH

Moctynuna: 19 ceHmabpsa 2023
PeueH3npoBaHue: 5 okmabps 2023
MpuHATa B neyatb: 13 Hosb6pa 2023

AHHOTALMUA

B pabote npeacraBneHbl paboTbl MCCAEA0BAHUIA NO YCTAHOBEHWUIO FEHETUYECKMX MPU3HAKOB
CBMHLOBO-UMHKOBOTO OPYAEHEHWE MECTOPOXKAEHUIA YnbiTay —ApraHaTUHCKOW CTPYKTYpPHO-
daumanbHol 30HbI. PaclumpeHne muHepanbHO — cbipbeBoi 6a3bl LleHTpanbHoro KasaxcraHa
ABNAETCA OAHOM W3 aKTyaNbHbIX MOCKO/bKY BblbOp KpuUTepueB W MPU3HAKOB onpenenser
Hanpas/ieHWsA NOMCKOBO-Pa3BeAoUHbIX PaboT, a TaKKe UX Pe3ynbTaThbl, YTO U ABAAETCA Lenblo. B
3TOM CBA3M pellaeTcsA 3a4auun: BblBNEHUE reoANHAMUYECKOM NO3ULMKM, FTeHe3nca OpyAeHEeHUs,
cBA3b (U3MYECKUX CBOWCTB TOPHbIX MOPOA, reodU3NYECKUMM aHOMANUAMM, a TaKkxe
oTOBparKEHNE B HUX TEKTOHUYECKUX HapyLIeHWW, TNYyBUHHbBIX PAa3NOMOB: YCTaHOBNEHWE CBA3MN
OpyZAeHeHUa C  YrNepoaucTO-TEPPUreHHOM  MAyYKOW  OT/NIOKEHW  HUXKHEN  MoACBUTHI
KUNAHOMHCKOM CBUTbI BEPXHEro NpoTepo30A; CTPYKTYPHaA MNPUYPOYEHHOCTb OpyAeHeHUA K
KPYMHbIM Pa3/sioMam Mo KOTOPbIM OCYLLLECTBAANACL ABUKEHMWE NAYTOTE€HHbIX TMAPOTEPUMAbHBIX
pacTBopoB GOPMUPYIOLLNX OPYAEHEHWME, U YY4ACTKM MeTamopdUyYecKM M3MEHEHHbIX MOpoA, a
TaKXe opeosibHble 30Hbl Pb, Zn, Ag, Cd rpaduToBbIX KBapuax, ¢ouanutax u Apyrux cnaHuax
KUNAHAbBICAUCKOW M KYMOJIMHCKUX CBUT, 30HbI pacceanusa Cu, Mo, V, Ag, Sc, Ye u P33 B6ausu
KbI3bIMYEKCKOTO pa3/fioma. YCTaHOB/IEHHbIE KPUTEPUU UM MPU3HAKM MOTYT BbITb MCNONBL30BaHbI
npu opraHM3aLMmn reoaoro-passesouHbiX paboT Npu NoucKe NONUMETANINYECKOTO OpyAeHEeHUs
B npeaenax MaWTIOBMHCKOro aHTUKAMHOPWA B 30HAX NPUIEraloWwmx K rybuHHbIM MaHTUAHbIM
pasnomam.

Kniouesble cnoea: Ynytay —ApraHaTUHCKWUIA MaccuB,  PUOTOrEHHble CTPYKTYpbl, TEKTOHO-
MarmaTuyecKkae LUuK/bl, TyBuHHbIE Pa3NoMbl, TMAPOTEPMbI.
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ABSTRACT

Ensuring the stability of the array of enclosing rocks during the fastening of mine workings is
possible only if there is a highly efficient technology for conducting and maintaining workings.
For fixing the mining, taking into account the technological stratification of coal-bearing massifs,
a method using anchor fastening technology is recommended. The effect of the proposed
method of fastening workings is that high reliability of fastening is ensured, and the volume of
labor-intensive processes to combat the collapse and stratification of rocks is reduced. The
stability of the contours of preparatory workings, taking into account their stress-strain state,
depending on mining, geological, and technological factors of factors using the finite element
method, is investigated. The boundaries of the area of inelastic deformations are determined by
the method of successive loadings. The parameters of deformation of the lateral rocks of the
mine workings from the angle of incidence of the formation and the depth of anchoring are
considered.

Keywords: mining, fastening parameters, geomechanical processes, anchorage, manifestations
of rock pressure, technological schemes.
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Introduction

During the mining and development of coal

mining pressure resulting from the interaction of
coal-bearing rocks with mine workings.

The deformed state of the array at the time of
monitoring should be considered as an integral

seams due to the violation of the equilibrium of
rocks and redistribution of natural stresses in
mines, there is mountain pressure and a variety of
geological phenomena, realized in deformation,
destruction, movement, and shear of their various
array. Geological and mining engineering factors
have a decisive influence on the development of

picture of a multitude of geological processes
occurring and overlapping one another.

The wider application of progressive and used
in foreign practice anchoring is limited by the
insufficient study of geomechanical processes
around mine workings. From the analysis of the
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anchoring application, it was established [[1], [2],
[3]] that the main reasons for the decrease in the
volume of anchoring of workings are: complications
of mining and geological and mining engineering
conditions with the transition to the depth of
development more than 550 - 700 m. Here, the size
of the reference pressure zones in the area around
the mine workings and the intensity of rock
pressure manifestations in the mine workings
inside the minefields have significantly increased.
The cross-sectional area of mine workings,
especially of longwall mine drifts, and the volumes
of non-pillar protection of mine workings on the
boundary with the excavated space, i.e. in the zone
of shear and collapse of rocks of neighboring
excavated faces, increased by 35 - 40% (up to 20 -
22m?); insufficient study of geomechanical
processes in rocks around mine workings at the
lower horizons and the performance of anchoring
in these conditions. This applies most of all to the
size of zones of dangerous deformations (mixing,
splitting, and destruction) of rocks of the roof and
sides of excavations protected by coal pillars and
non-pillar methods.

The current trend towards the use of non-pillar
mining technology requires finding reliable means
of protecting the development workings, primarily
those adjacent to the open pit area.

As the depth of the workings increases, the
deformations of the enclosing rocks increase
intensively, significantly outpacing the growth of
the mining depth. The anchoring, working in
tension, keeps the anchored rocks from
delamination, shearing, and fracture. In rocks with
a layered structure, layers of unstable immediate
roof are either anchored to the stable main roof or
separate rock layers are anchored to form a single
monolithic slab, which is able to absorb the load
from the overlying rocks. In unstratified rocks,
anchors anchored outside the natural collapse vault
resist the tensile forces in the vault rocks, and the
anchors are set to resist the tensile forces in the
rocks of the vault [[4], [5], [6]].

In connection with the above, the objectives of
the research were: to establish the regularities of
redistribution of rock pressure and rock shear
parameters, the nature of shear of anchored rocks
with their diverse structural structure and mining-
technological factors; to determine the regularities
of manifestation of rock pressure on the support,
displacements of rocks of the roof, ground, sides of
workings; modeling and  establishing the
parameters of anchoring of mine workings by

means of effective strengthening of weakened
zones.

The research of the method justifying the
application of a limitedly yieldable anchor support,
which influences the development of fracture zones
in the contour rocks by binding and hardening them
within the initial zones of stratification, formed
outside the zone of influence of coal-face works, to
create a safety bridge, distributing pressure on the
vault heels, and playing in the subsequent in the
zone of supporting pressure, the role of
redistributing the load from the overlying rocks that
have come into shear - figure 1 is established [[7],

(8]1.
Experimental part

To determine the area of stratification of rocks
for predicting the stability and collapsibility of the
roof rocks and the displacement of the sides of
workings and the choice of rational parameters of
their carrying out, the control of the stress-strain
state of the array was carried out by devices for
controlling the deformation of the array CDA-1
(visual control of stratifications in the array) and
CDA-2  (quantitative  assessment of the
displacement of the array and stratification of the
roof rocks) - VNIMI design - Figure 2.

Displacements were measured in near-contour
rocks in the conveyor drift 78k10-v of the
Saranskaya mine of the Karaganda coal basin at a
depth of 450 m in three boreholes (central and two
at an angle of 45°to it) in the roof of the workings -
Figure 2.

The immediate mine roof of the formation is
represented by medium-stable argillites with
thickness from 1 to 5 m and strength of 15-20 MPa
with a distance between cracks of 0.5 m and the
main hard-to-collapse roof with thickness of 24-30
MPa, composed of sandstone with strength of 65-
70 MPa.

Outside the zone of influence of coal-face
works, the first delamination contour occurred
after 0.3 h at a distance of 1.6 m from the workings,
after 20 days at a distance of 2.0 m, and after 3
months. - 2,3 m (Figure 3). The most dangerous are
tensile stresses located perpendicular to the strata
exceeding the strength limits at the contacts and
causing detachment of rocks with the separation of
layers from each other, and then their collapse is
established [[9], [10], [11]]. Rock foliation slippage
occurs under the action of tangential stresses
directed along the bedding.
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Figure 1 — Complex of basic elements of interaction of underground workings with the rock array




KomnneKkcHoe Ucnonb3zoBaHne MuHepanbHoro Coipbs. N23(330), 2024 ISSN-L 2616-6445, ISSN 2224-5243

1 !
2
3
4
5
6

1, 2 - the base checkpoint and its bunch; 3- thrust collar; 4 — strainmeter;
5 — connector cable; 6 — gear CDA - 2.

Figure 2 — Device design (a) and measurement scheme (b)
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Figure 3 — Structural column of the formation and the zone of technological stratification of the near-contour rock
array of the conveyor drift 78k10-in of the Saranskaya mine
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Figure 3, b shows that three foliated contacts of
weak rocks (zones | - destructive deformations, Il -
inelastic, 1l - elastic) were formed with
corresponding zones of technological foliation of
the near-contour rock massif.

Discussion of the results

The conducted mine instrumental observations
allow us to make the following conclusions
established [[12], [13], [14]]:

- activation of rock displacements in the roof
and sides of the workings occurs almost
immediately, after the face moves 8-10 m away
from the measuring sensor;

- destruction of rocks in the sides of the
workings leads to the development of roof
deformation processes; displacements of rocks on
the contour on the side of the workings are at least
1.8 times higher than displacements on the side of
the roof;

- the smallest deformations of the roof rocks,
within the inelastic deformation zone formed
around the workings, outside the anchored
thickness, were observed in the sections of the
workings with lower values of the loosening
coefficients in the sides;

- destruction (extreme deformation) of the roof
rocks occurs in the borehole sections located at a
distance of at least 1.8 m from the workings contour
(no more than 25% of the anchored area of rocks is
destroyed).

- the well section located within the anchoring
zone is displaced as a single block without
significant foliation;

- the zone of the most intensive destruction of
rocks in the mine roof is located at a distance of
3.5m or more from the contour and is confined to
the place of interlayer contact;

- in the sides of the workings, the rock
deformation zone usually has areas of zonal
disintegration (at a distance of 0.5 - 1.0 m and 2.0 -
2.5 m from the contour, destruction occurs in the
first two days of observation with subsequent
development of destruction within the initially
undisturbed area of 1.0 - 2.0 m);

- roof rock fractures within the anchoring zone
and directly on the workings contour were
recorded in the areas of workings with intensive
deformations of the side enclosing rocks (lateral
displacements exceed vertical displacements by 4-5
times and more), as well as in case of violations of
work technology (when the gap between the

borehole walls and the anchor rod is exceeded,
which leads to incomplete gluing of the anchor in
the borehole), in areas with water dripping from
the roof and in areas with increased fracturing
caused by the presence of small-amplitude
geological disturbances.

Determination of the area of initial rock
foliation makes it possible to predict the stability
and collapsibility of the rocks of the roof and sides
of the workings in order to select rational
parameters of their conduct. Figure 4 shows the
dependences of rock pressure fracture spacing (/,
cm) on the ratio of geostatic pressure (yH, t/m?) to

the compressive strength of rocks (Rcc ,—2),
cm

and Figure 5 shows the dependences of fracture
modulus (L, pcs./m) on the layer thickness (h, m)

. kH .
and tensile strength ( Rp,—2 ), fracturing due to
cm

the presence of small-amplitude geological
disturbances.
Determination of the area of initial rock

foliation makes it possible to predict the stability
and collapsibility of the rocks of the roof and sides
of the workings in order to select rational
parameters of their conduct established [[15], [16],
[17]]. Figure 4 shows the dependences of rock
pressure fracture spacing (I, cm) on the ratio of
geostatic pressure (yH, t/m?) to the compressive

xH
strength of rocks (Rcc ,— ), and Figure 5 shows
cm

the dependences of fracture modulus (L, pcs./m) on
layer thickness (h, m) and tensile strength (Rp,
xH

CM2

1, ot

E

Figure 4 — Dependence of the distance between
rock pressure cracks on the ratio of geostatic
pressure to the compressive strength of rocks

The obtained results on foliation of rocks
allowed to create an effective method for fixing the
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mine workings taking into account the technological
foliation of coal-rock massifs with the use of anchor
fixing technology. In this case, the anchors are
installed perpendicular to the force lines of
pressure (technological foliation) occurring in the
rocks in the contour massif of the workings.

Increasing the load-bearing capacity of the rock
anchor is achieved by improving the operational
condition of the anchor, ensuring stability, and
reducing the displacement and delamination of the
enclosing rocks [[18], [19], [20]]. Figure 6 shows the
deformation patterns obtained on the basis of
analytical modeling using the finite element
method with the application of the ANZIS software
package for the technology of arch and anchor
fixing of the mine workings.

Figure 7 shows the force lines of rock pressure
at the anchoring of the mine workings (side view).

When anchoring the workings, anchors are
fixed perpendicular to the force lines of rock
pressure acting in the rock massif.

L, pofm -

o1 o4 ¥ fi,1m
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Figure 5 — Dependence of fracture modulus on layer
thickness and tensile strength

Figure 6 - Deformation patterns at arch (a) and anchor (b) fastening of the mine workings
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Figure 7 — Anchoring of the mine workings, installed perpendicular to the lines of acting mining pressure
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Conclusions

The use of the technology of anchoring the
mine workings, installed perpendicular to the force
lines of the acting mining pressure, provides for the
reduction of displacements and delaminations of
the roof rocks and sides of the workings, the
possibility of roof collapse and extrusion of the
rocks of the sides and ground. The effect of the
proposed method of workings fastening is that the
high reliability of fastening is provided, and the
volume of labor-intensive processes to combat the
collapse and separation of rocks is reduced.

The stability of the contours of preparatory
workings with regard to their stress-strain state
depending on the mining-geological and
technological factors was investigated using the
finite element method. The boundaries of the
inelastic deformation region were determined by
the method of successive loading. The parameters
of deformation of the lateral rocks of the mine
workings from the angle of incidence of the
formation and the depth of anchoring are
considered.

Limited yielding support is characterized by an
elastic-plastic model with unstrengthening. The
installation of such anchors in weak rock will result
in the activation of the yielding knot at the
formation of the nearest fracture zone in time. The
formed arch-bridge redistributes the impact of
vertical mining pressure from the shear of overlying
rocks to the heels of the arch-adjacent side rocks,
which stops the process of formation of vertical
loading from the fracture zones to the support of
the working. The effect of roof rock management is
that a load-bearing plate with strong bonds
between blocks and increased stability of rock
outcrops is formed in the mine roof, preventing the
formation of rock foliation cracks (rock pressure
cracks) and cross-cutting process cracks.

Conflict of interest. On behalf of all authors, the

correspondent author declares that there is no conflict
of interest.

Acknowledgment. This research has been/was/is
funded by the Science Committee of the Ministry of
Education and Science of the Republic of Kazakhstan
(Grant No. AP13268798).

Cite this article as: Khalikova ER, Demin VF, Demina TV, Syzdykbaeva DS, Zairov ShSh. Technological conditions for ensuring
the stability of the array of enclosing rocks during the fastening of mine workings. Kompleksnoe Ispolzovanie Mineralnogo Syra

= Complex Use of Mineral Resources.

2024;

330(3):76-84. https://doi.org/10.31643/2024/6445.31

KeH Ka3banapbiH 6eKiTy KesiHAe Tay KblIHbICTapbl CiZIeMiHiH, OPHbIKTbI/IbIFbIH
KamMTamachbI3 eTyAiH TEXHONOIMANbIK WapTTapbl

1 Xanukosa 3.P., ! flemun B.®., ! Aemuna T.B., ! Coizabik6aesa [.C., 23aunpos LL.LL.

1 «d6inKac CarbIHO8 ambIHOGFbI KaparaHObl MexXHUKAnbIK yHU8epcumemi» KOMMepPUUAbIK eMec AKUUOHepiK KoFramel, KaparaHdel, KazakcmaH
2 @36ekcmaH Pecnybnukacel, Aamansik KanaceiHdarel "MUCUC" yammelK mexHO02UAAbIK 3epmmey yHusepcumemi xcorapsl binim 6epy
hedepandel memaekemmik asmoHomObl binim bepy meKkemeciHiH gunuansl

TYWIHAEME

Tay-KeH Kas3banapblH 6eKiTy Ke3iHA4Ee CblMbIMAbl KbIHBICTAP MACCUBIHIH,  TYPaKTbINbIFbIH

KamTamacbi3 eTy Kasbanapabl eHAeYy MEeH KONAAyAblH *KOFapbl TMIMAI TexHonoruacbl 6onfaH

JKaFganda  faHa

MYMKIH

6onagbl.  Kemip  KbIHbICTbI  CileMAEPAIH  TEXHONOTUANbBIK,

cTpaTMOMKALMACBIH  ecKepe OTbipbin, Tay-KeH KasbanapblH 6ekiTy ywWwiH aHkepni 6ekity

Makana kenpgi: 19 KazaH 2023
CapantamagaH eTTi: 26 kasaH 2023
Kabbinganap!: 14 kapawa 2023

TEXHO/IOTUACHIH KONAAHy a4ici ycbiHbinagpl. Kazbanapabl 6eKiTyAiH yCbiHbIAFaH 34iCiHiIH, acepi-
BeKiTyAiH ¥KoFapbl CEHIMAINITIH KAMTaMacbI3 eTesi }KoHe Tay *KbIHbICTAPbIHbIH, KY/1aybIMEH XaHe

CTPaTUOUKALMACBIMEH KYpPecy YLIiH Kemn yaKbITTbl Ka)KeT eTeTiH MpoLecTepdiH, Kenemi asanabl.

CoHfbl anemeHTTEP 94iciH KongaHbIn, Tay-KeH reo/IorUANbIK XoHe TeEXHONOMNANDbIK ¢aKTopnapFa

6aiinaHbICTbl OnapAablH, KepHeyni — aebopmauuanaHFaH KyWiH eckepe OTbIpbIn, AaWbIHABIK,

Ka3banapbl KOHTYpAapbIHbIH, TYPaKTbbIFbl 3epTTenai. Mylieni xyktey agicimeH cepnimai emec

nedopmaumsnap
JKbIHbICTAPbIHbIH,

alMarbiHbIH,  LWeKapanapbl
KabaTTbiH,

aHblKTanapl. Tay-KeH KasbacbiHbiH,  byiip

Kynay  OypbiWwbiHaH  XKoHe  aHKepneyaiH  TepeHairiHeH

AebopmaumanaHy napameTpsepi KapacTblpbinagpl.

TyliiHOi ce30ep: Tay-KeH Ka3banapbl, beKiTy NapameTpaepi, reomexaHuKanblK npoLectep, aHKkep
6eKiTKiLWi, Tay KbICbIMbIHbIH, KOPIHICTEPI, TEXHONOTUANBIK CXemanap.



https://doi.org/10.31643/2024/6445.31

KomnneKkcHoe Ucnonb3zoBaHne MuHepanbHoro Coipbs. N23(330), 2024 ISSN-L 2616-6445, ISSN 2224-5243

Xanukoea 3nvbeupa PasunosHa

Asmopnap mypasnel aknapam:

Ph.D., "96inkac CareiHo8 ambiHOaFbl KaparaHObl mexHuKanelk yHusepcumemi"” KEAK "Malioansi
Kasbanap KeH opbiHOapbIH uzepy" KagedpacbiHbiH aFa okbimywsicsl, 100027, KaparaHowl,
KazakcmaH, HypcynamaH Hasapbaes, 56. E-mail: Salyahova_e@mail.ru

AemuH Baadumup Pedoposuy

TexHUKa fblabiMOapbiHbIH, dokmopel, "96inkac CarbiHO8 ameiHOarel KaparaHObl MexXHUKANbIK
yHusepcumemi" KEAK ‘"Malidanel Ka3banap KeH OpbIHOGpbIH u2epy" KagedpacsiHbiH
npogpeccopel, 100027, KaparaHOsl, KasakcmaH, np. Hypcyamaw Haszapbaes, 56. E-mail:
vladfdemin@mail.ru

AemuHa TamobsaHa BaadumuposHa

TexHUKa fblabiMOapbiHbiK KaHOUAamel, "96inKac CarbiHO8 ambiHOAFb! KaparaHObl MexXHUKANbIK
yHusepcumemi" KEAK "Malidanel Kazbanap KeH opbiHOapbIH uzepy" KagedpaceiHblH doueHmi,
100027, KaparaHosl, KasakcmaH, Hypcyamav Ha3zapbaes OaHfbiabl, 56. E-mail:
dentalia@mail.ru

Cbi30bikbaesa fuHapa

"d6inkac CarbiHo8 amebiHOarel KaparaHObl mexHuKanelk yHusepcumemi” KEAK "Malidansi
Kasbanap KeH opbiHOapbIH uz2epy" KagedpacsiHbig dokmopaHmel, 100027, KaparaHobl,
KazakcmaH, HypcynamaH Hasapbaes daHrbinel, 56. E-mail: dikow-1290@mail.ru

3aupoe Lllep3od LLlapunosuy

TexHUKa  fbiabiMOapbiHbIH -~ 0oKmopsl, "MUCUC" yammelk 3epmmey  MexHOMA02UANMbIK
yHusepcumemi  ¢punuaneiHeld,  "Tay-keH"  KagedpaceiHblH — npogeccopsl,  O36ekcmaH
Pecnybaukacsl, TawkeHm 06sbicbl, Anmanelk, Imip Temip keweci, 56 yi. E-mail: sher-z@mail.ru

TexHonornyeckue ycnosusa obecneyeHms ycToiMUMBOCTM MaCcCMBa BMELLLAIOLLLMX
nopoa Npu KpenaeHum ropHbiX BbipaboTok

Xanukosa 3.P., 'Aemun B.®., *lemuna T.B., 'Cbi3abik6aesa [.C., 23anpos LL.LL.

HAO «KapazaHOuHcKuli mexHuyeckul yHusepcumem umeHu Abbinkaca CazuHosa», KapazaHda, KazaxcmaHx
2®unuan PedepanbHo2o 20cydapcmMeeHHO20 A8MOHOMHO20 06pa308aMeENbHO20 yupexdeHus sbicue20 06pa308aHUA «HayUOHaANbHbIU
uccnedosamensckuli mexHono2udeckull yHusepcumem «MUCUC» 8 2.Aamarnsik, Pecriybauka Y3bekucmax

Moctynuna: 19 okmabpsa 2023
PeueHsnpoBaHue: 26 okmabpa 2023
MpuHATa B neyatb: 14 Hosbpa 2023

AHHOTAUMA

ObecneyeHmne yCTOMUYMBOCTM MacCMBa BMELLAIOWMX NOPO4, MPW KPEnieHUn ropHbiX BbIpaboTok
BO3MOHO NWLLb NPU HAaUYUK BbICOKOIPDEKTUBHOMN TEXHONOTUM NPOBEAEHUA U NOAAEPKAHUA
BbIpaboTOK. [NA KpenieHus ropHoi BbipaboTKM C y4ETOM TEXHONOMMYECKOTO PAcC/NOeHUs yrae-
NOPOAHbIX MacCMBOB PEKOMeHAyeTca Crnocob C WCMo/b30BaHMEM TEXHONOTUU aHKEPHOro
Kpennexus. dbdeKT oT npeanaraemoro cnocoba KpenneHus BbIPabOTOK COCTOMT B TOM, YTO
obecneunBaeTcs BbICOKan HAAEKHOCTb KPENIEHUS, U CHUXKAeTcA 06bemM TPYA0eMKMX NPOLLECCOB
no 6opbbe c obpylweHMem M  pPaCcCNOEHMEM TFOPHbIX Mopod. MccneposaHa YCTOMYMBOCTb
KOHTYPOB MOATOTOBUTE/IbHLIX BbIPABOTOK C YY4ETOM WX HanpsKeHHO-4edOopPMMUPOBAHHOIO
COCTOAIHMA B 3aBUCMMOCTM OT TOPHO — TFEO/IOTMYECKUX M TEXHONOTMYECKUX (GaKTOpoB C
MCNONb30BAaHMEM METOZA KOHEYHbIX 31eMeHToB. OnpeaenieHbl rpaHuubl 061acT Heynpyrux
ngedbopmaumini - MeToaoOM  MocnefoBaTeslbHbIX — HArpyKeHui. PaccMOTpeHbl  mapameTpbl
AedopMMpoBaHUA BGOKOBbLIX NOPOA rOpHOM BbIPabOTKM OT yraa NageHusa naacta v raybuHbl
aHKepoBaHuA.

Knrouessie cnosa: rOpHble Bblpa6OTKVI, napameTpbl KpenneHuna, reomexaHn4eckme npoueccol,
aHKepHaA Kpenb, NPOoABJIEHNUA TOPHOro AaBneHUA, TEXHOJ/IOTMYeCKne Cxembl.

Xanukoea Inveupa PasunosHa

UHdopmayus o6 aemopax:

Ph.D., cmapwuili npenodasamens Kagedpel «Pazpabomka mMecmoporOeHuli nonesHvIx
uckonaemelx» HAO «KapazaHOuHCKUli mexHudeckuli yHusepcumem umeHu Abblakaca
CazuHosa», 100027, np. HypcynmaHa Haszapbaesa, 56, Kapazanda, KazaxcmaH. E-mail:
Salyahova_e@mail.ru

AemuH Baadumup ®edoposuy

Jlokmop mexHu4Yeckux Hayk, npogeccop Kagedps! «Pazpabomka mecmopoxcoeHuli noae3Hsix
uckonaembix» HAO «KapaeaHOUHCKUli mexHudyeckuli yHusepcumem umeHu Abblakaca
CazuHosa», 100027, np. HypcynmaHa Haszapbaesa, 56, KapazaHda, KazaxcmaH. E-mail:
vladfdemin@mail.ru

AemuHa TameaHa BaadumuposHa

KaHdudam mexHu4eckux Hayk, douyeHm Kagedpol «Pazpabomka mecmopoxcdeHuli nosnesHsix
uckonaembix» HAO «KapaeaHOUHCKUli mexHudyeckuli yHusepcumem umeHu Abblakaca
CazuHosa», 100027, np. HypcynmaHa Hazapbaesa, 56, KapazaHda, KazaxcmaH.E-mail:
dentalia@mail.ru

Cbi30bIKb6aesa fjuHapa

JokmopaHm Kagedpsl «Paspabomka mecmopoxcdeHuli rosaesHvix uckornaemolix» HAO
«KapazaHOuHcKuli mexHuveckuli yHusepcumem umeHuU Abbiakaca CazuHosa», 100027, np.
Hypcynmaxa Hasapbaesa, 56, KapazaHda, KazaxcmaH. E-mail: dikow-1290@mail.ru

3aupoe Lllep30d LLapunosuy

Jlokmop mexHu4ecKux HayK, npogeccop Kagedpsl "MopHoe deno" ¢unuana «HayuoHanbHO20
uccnedosamesnbCKO20 MexHono2u4eckozo yHusepcumema «MUCuC» Pecniybauka Y36ekucmat,
TawkeHmckaa obaacme, Aamansik, ya. AMupa Temypa, 0om 56. E-mail: sher-z@mail.ru



mailto:Salyahova_e@mail.ru
mailto:dentalia@mail.ru
https://e.mail.ru/compose?To=sher%2dz@mail.ru

Complex Use of Mineral Resources. 2024; 330(3):76-84 ISSN-L 2616-6445, ISSN 2224-5243

References

[1] Krukovskyi O, Bulich Y, Kurnosov S, Yanzhula O, Demin V. Substantiating the parameters for selecting a pillar width to
protect permanent mine workings at great depths. I0OP Conference Series: Earth and Environmental Science.2023;
1156(1):012024. https://doi.org/10.1088/1755-1315/1156/1/012024

[2] Zholmagambetov N, Khalikova E, Demin V, Balabas A, Abdrashev R, & Suiintayeva S. Ensuring a safe geomechanical state
of the rock mass surrounding the mine workings in the Karaganda coal basin, Kazakhstan. Mining of Mineral Deposits. 2023;
17(1):74-83. https://doi.org/10.33271/mining17.01.074

[3] Badtiev B, Salvasser I, Kuzmin S. Issledovaniya na modelyakh iz ekvivalentnykh materialov effektivnosti metodov bor'by s
pucheniyem izmeneniyem formy poperechnogo secheniya vyrabotok [Studies on models from equivalent materials of the
effectiveness of methods to combat heaving by changing the shape of the cross-section of workings]. Geodezicheskiy vestnik:
Giprotsvetmet [Surveying Bulletin: Giprotsvetmet]. 2015; 4:51-55. (in Russ.). https://mvest.su/ru/editions/2015/39-4-2015

[4] Brady B, Brown E. Rock Mechanics for underground mining. Dordrecht: Kluwer Academic Publishers. 2004.

[5] Bobylev YG, Korshunov G I. and others. Combined and anchor bolting installation in coal mines excavations . St.
Petersburg International Academy of Ecology, Man and Nature. 2009.

[6] Drizhd N, Rabatuly M, Aleksandrov A, Balniyazova G, Zhunis G. Rezul'taty razrabotki pilotnykh skvazhin na
Sherubaynurinskom uchastke Karagandinskogo ugol'nogo basseyna [The results of the development of pilot wells in the
sherubainurinsky site of the Karaganda coal Basin]. Ugol. 2020; 6:36-40. https://doi.org/10.18796/0041-5790-2020-6-36-40

[7] Rabatuly M, Musin R, Demin V, Kenetayeva A, Usupaev Sh. Improving the efficiency of methane extraction from coal
seams. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2023; 324(1):5-11.
https://doi.org/10.31643/2023/6445.01

[8] Zhumabekova A, Tahanov D, Hussan B, Nemova N. Technological solutions development for mining adjacent rock mass
and pit reserves taking into account geomechanical assessment of the deposit . Scientific Bulletin of the National Mining University,
Journal. Dnepropetrovsk. 2020; 2:17-24.
http://dspace.opu.ua/jspui/bitstream/123456789/10470/1/%D0%9D%D0%93%D0%A32020.pdf

[9] Tolovkhan B, Smagulova A, Krukovskyi O, Zairov S, Cabana E. Substantiating the rock mass control parameters based on
the geomechanical model of the Severny Katpar deposit, Kazakhstan Mining of Mineral Deposits. 2022; 16(3):123-133.
https://doi.org/10.33271/mining16.03.123

[10] Demin V, Nemova N. Assessment of the stability of capital and preparatory workings when creating technological
schemes. Fundamental and applied issues of mining sciences. Novosibirsk, IA Chinakal IGD SB RAS. 2019; 6(1):68-73. ISSN 2313-
5794. https://doi.org/10.15372/FPVGN2019060212

[11] Dymin V, Abekov U, Ivadilinova D. Tekhnologicheskiye skhemy, sposoby, vidy i sredstva krepleniya konturov gornykh
vyrabotok v slozhnykh gorno-geologicheskikh usloviyakh ekspluatatsii [Technological schemes, methods, types and facilities for
supporting mine working contours in complical mining and geological operational conditions]. Gornyy zhurnal Kazakhstana
[Mining Magazine of Kazakhstan]. 2019, 42-44. (in Russ.).

[12] Khalikova E, Diomin V, Diomina T, Zhurov V. Studying coal seam bedding tectonic breach impact on supporting
parameters of mine workings with roof bolting. Scientific Bulletin of the National Mining University, Journal. Dnepropetrovsk. 2019;
5:16-21. https://doi.org/10.29202/2019-5/5

[13] Zhumabekova A, Demin V, Portnov V, Demina T. Investigation of the deformed state of the near-contour coal-rock mass
around a mine working with anchor fastening. LLC Editorial office of the magazine Coal. 2019; 7:72-77.
https://cyberleninka.ru/article/n/issledovanie-deformirovannogo-sostoyaniya-prikonturnogo-ugleporodnogo-massiva-vokrug-
gornoy-vyrabotki-s-ankernym-krepleniem

[14] Batyrkhanova A, Tomilov A, Zhumabekova A, Abekov U, Demin V. Developing technological schemes of driving workings
with controlled resistance of contours. Scientific Bulletin of the National Mining University, Journal. Ukraine, Dnipro. 2019; 3:22-28.
http://www.nvngu.in.ua/jdownloads/pdf/2019/03/03_2019_Dyomin.pdf

[15] Drizhd N, Mussin R, Alexandrov A. Improving the Technology of Hydraulic Impact Based on Accounting Previously Treated
Wells International science and technology conference Earth science. IOP Conf. Series: Earth and Environmental Science. I0P
Publishing. 2019; 272(2):022031. https://doi.org/10.1088/1755-1315/272/2/022031

[16] Matayev A, Kainazarova A, Arystan |, Abeuov Ye, Kainazarov A, Baizbayev M, Demin V, Sultanov M. Research into rock
mass geomechanical situation in the zone of stope operations influence at the 10th Anniversary of Kazakhstan’s Independence
mine. Mining of Mineral Deposits. 2021; 15(1):1-10. https://doi.org/10.33271/mining15.01.042

[17] Matayev A, Lozynskyi V, Musin R, Abdrashev R, Kuantay A.S, Kuandykova A. Substantiating the optimal type of mine
working fastening based on mathematical modeling of the stress condition of underground structures. 2021; 3:57-63.

https://doi.org/10.33271/nbngu/2021-3/057

[18] Issabek T, Imashev A, Bakhtybayev N, Zeitinova Sh. To the problem of selecting vertical shafts location with combined
geotechnology of developing deposits. Scientific Bulletin of the National Mining University, Journal, Dnepropetrovsk. 2019, 5-12.
https://doi.org/10.29202/nvngu/2019-2/3

[19] Demin V, Demina T, Mussin R, Zhumabekova A. Study of edge protecting anchors influence on soil heaving of the mine
working. News of the National Academy of Sciences of the Republic of Kazakhstan, Series of Geology and Technical Sciences.
2020; 5(443):71-80. https://doi.org/10.32014/2020.2518-170X.106

[20] Krukovskyi O, Krukovska V, Vynohradov Y, Dyomin V. Application of roof bolting to reduce water inflow into mine
workings  during the crossing of  tectonic faults. E3S Web of Conferences. 2021;  280:01006.
https://doi.org/10.1051/e3sconf/202128001006

—— 84 ——


https://www.scopus.com/authid/detail.uri?authorId=57209577290
https://www.scopus.com/authid/detail.uri?authorId=57209984850
https://www.scopus.com/authid/detail.uri?authorId=57209974290
https://www.scopus.com/authid/detail.uri?authorId=57214753775
https://www.scopus.com/authid/detail.uri?authorId=57212219714
https://www.scopus.com/sourceid/19900195068?origin=resultslist
http://dx.doi.org/10.1088/1755-1315/1156/1/012024
https://doi.org/10.33271/mining17.01.074
https://mvest.su/ru/editions/2015/39-4-2015
https://doi.org/10.18796/0041-5790-2020-6-36-40
https://doi.org/10.31643/2023/6445.01
http://dspace.opu.ua/jspui/bitstream/123456789/10470/1/%D0%9D%D0%93%D0%A32020.pdf
https://www.scopus.com/authid/detail.uri?authorId=57917947200
https://www.scopus.com/authid/detail.uri?authorId=57216143249
https://www.scopus.com/authid/detail.uri?authorId=57209577290
https://www.scopus.com/authid/detail.uri?authorId=57919313200
https://www.scopus.com/authid/detail.uri?authorId=57191610104
https://www.scopus.com/record/display.uri?eid=2-s2.0-85139425970&origin=resultslist&sort=plf-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-85139425970&origin=resultslist&sort=plf-f
https://www.scopus.com/sourceid/21100914192?origin=resultslist
https://doi.org/10.33271/mining16.03.123
https://doi.org/10.15372/FPVGN2019060212
http://dx.doi.org/10.15372/FPVGN2019060212
https://cyberleninka.ru/article/n/issledovanie-deformirovannogo-sostoyaniya-prikonturnogo-ugleporodnogo-massiva-vokrug-gornoy-vyrabotki-s-ankernym-krepleniem
https://cyberleninka.ru/article/n/issledovanie-deformirovannogo-sostoyaniya-prikonturnogo-ugleporodnogo-massiva-vokrug-gornoy-vyrabotki-s-ankernym-krepleniem
http://www.nvngu.in.ua/jdownloads/pdf/2019/03/03_2019_Dyomin.pdf
https://doi.org/10.1088/1755-1315/272/2/022031
https://doi.org/10.33271/mining15.01.042
https://doi.org/10.33271/nbngu/2021-3/057
https://doi.org/10.29202/nvngu/2019-2/3
https://www.scopus.com/authid/detail.uri?authorId=57212219714
https://www.scopus.com/authid/detail.uri?authorId=8983941100
https://www.scopus.com/authid/detail.uri?authorId=57209741110
https://doi.org/10.32014/2020.2518-170X.106
https://www.scopus.com/authid/detail.uri?authorId=57209577290
https://www.scopus.com/authid/detail.uri?authorId=56561259100
https://www.scopus.com/authid/detail.uri?authorId=57209969119
https://www.scopus.com/authid/detail.uri?authorId=57212219714
https://www.scopus.com/record/display.uri?eid=2-s2.0-85124816516&origin=resultslist&sort=plf-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-85124816516&origin=resultslist&sort=plf-f
https://doi.org/10.1051/e3sconf/202128001006

KomnneKkcHoe Ucnonb3osaHne MuHepanbHoro Coipbs. N23(330), 2024

ISSN-L 2616-6445, ISSN 2224-5243

[==
g4 Crossref

DOI: 10.31643/2024/6445.32
Engineering and Technology

creative
commons

Exploring the Impact of Plasmonic Nanoparticles on Photoluminescence of
Er:+-Doped Sodium Zinc Tellurite Glass for Solid-State Laser Applications

“Nur Nabihah Yusof, 2Muhammad Noorazlan Abd Azis, *Nurulhuda Mohammad Yusoff

LUniversiti Sains Malaysia, 11800 USM, Penang, Malaysia
2Sultan Idris Education University, 35900, Tanjung Malim, Perak, Malaysia
3 Universiti Sultan Zainal Abidin, Gong Badak Campus, 21300 Kuala Nerus, Terengganu, Malaysia

“Corresponding author email: nurnabihah7 @usm.my

Received: September 24, 2023
Peer-reviewed: October 24, 2023
Accepted: November 16, 2023

ABSTRACT

The present work compares the impact of embedding silver (Ag), gold (Au), titanium (Ti), and
titanium nitride (TiN) nanoparticles (NPs) on the absorption, photoluminescence, and Judd Ofelt
properties of erbium-doped sodium zinc tellurite glass (TNZE), known as reliable solid-state laser
media. Ten absorption bands of Er3* ions in the range of 400—1600 nm are attainable where their
bands correspond to their own 4f transitions. Three prominent photoluminescence (PL) bands of
Er** ions were observed at approximately 525 nm, 545 nm, and 630 nm, corresponding to the
transitions 2Hi1/2—l1s/2, *S3/2—>*l1572 and *Foj2—>*l15/2, respectively. TZNE with 0.15 mol% of TiN NP
inclusion showed the highest PL enhancement factor about 35 times, followed by Ti (17 times), Ag
(10 times), and Au NPs (5 times), accordingly. This enhanced PL can be attributed to the strong
local field induced by the localized surface plasmon resonance (LSPR) of the plasmonic NPs lies
within 490—-630 nm, which assists the transitions of Er®* ions. The Judd Ofelt parameter was
calculated and the TNZE glass with 0.15 mol% of TiN NPs inclusion disclosed the highest
spectroscopic quality with a value of 3.57, compared to the TNZE glass with Ti (1.19), Au (0.59),
and Ag NPs (0.90) inclusions. This research revealed several potential glass compositions with
plasmonic nanoparticles that are attractive for the development of solid-state laser materials.
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Introduction

Plasmonic nanoparticles (NPs) such as gold [1],
silver [2], titanium [3] and titanium nitride [[4], [5],
[6]] exhibit unique optical properties by enhancing
the local field proximity rare earth ions (REI) doped
glass whenever their natural frequency matched
with excitation frequency. This phenomenon is
known as local surface plasmon resonance (LSPR). It
may alter the optical properties of the REls doped
glass for various applications, such as fiber optics,
passive solar covers, photonic devices, and optical
data storage [[1], [2]]. The tunability of glass
properties based on composition makes them

versatile as hosts for solid-state lasers. Comparing
the effects of different metal NPs on REI
luminescence within the same host would offer a
systematic approach to navigate the effective
plasmonic sensitizer to enhance the
photoluminescence (PL) of REls doped glass.
Sodium zinc tellurite glass doped with erbium
(Er®) ions (TNZE) is an attractive candidate as a host
for solid-state lasers. TNZE exhibits
photoluminescence (PL) that extends from the
visible to the mid-infrared (MIR) region
(450—3000nm), making it suitable for a wide range
of photonic applications [[7], [8]]. It has a high
refractive index (>2.3) and a low phonon energy



https://doi.org/10.31643/2024/6445.32
mailto:nurnabihah7@usm.my
https://creativecommons.org/licenses/by-nc-nd/4.0/

Complex Use of Mineral Resources. 2024; 330(3):85-91

ISSN-L 2616-6445, ISSN 2224-5243

(~780 cm-1). TNZE also shows strong up-conversion
(UC) emission intensities due to its distinct energy
level spacing and sharp spectral features in the 4f
electronic transitions [9]. The spectroscopic quality
of sodium zinc tellurite glass doped with erbium
(Er®) is calculated using Judd Ofelt simulations. To
determine the most suitable plasmonic nanoparticle
(NP) as a sensitizer, various types of NPs such as
silver (Ag), gold (Au), titanium (Ti), and titanium
nitride (TiN) are incorporated into the system. The
main objective is to investigate the influence of
these NPs on the laser properties of the glass and
identify the most effective plasmonic sensitizer.

Sample Preparation and Characterizations

Composition of the glass with formula 68.85-
Te0,-20Zn0-10Na;0-1Er;05-0.15 MNPs in mol% is
prepared using melt quenching technique. The
corresponding glass codes for the MNPs are TNZEAg,
TNZEAu, TNZETi, and TNZETiN. High purity analytical
grade powders ( ¥99%) of TeO,, ZnO, Na,O, Er,0s,
Ag, Au, Ti, and TiN NPs from Sigma Aldrich were
utilized. Additionally, four MNPs-based glasses
without REls were prepared and coded as Agses,
Auspr, Tispr, and TiNspr, representing glass
compositions with Ag, Au, Ti, and TiN NP inclusions,
accordingly. These glass is prepared to probe LSPR
bands within the host glass. The constituents were

placed in an alumina crucible and melted in an
electrical furnace at 1000°C for 30 minutes. The
liguid-melt was then poured onto a stainless-steel
plate and annealed for three hours at 300°C. After
cooling to room temperature, the samples were
stored in closed containers to prevent moisture
attack. Finally, the samples were polished to obtain
a smooth surface for luminescence measurement.
The room temperature absorption spectra in the
range of 400-1600 nm were recorded using a
Shimadzu UV-3600PC scanning spectrophotometer
(Kyoto, Japan), while the photoluminescence (PL)
was measured using a Hitachi F850 Fluorescence
spectrometer (Tokyo, Japan). The Judd-Ofelt
analysis was performed where their equations are
referring to previous published articles [[7], [8]].

Results and Discussion

The UV-Vis-NIR absorption spectra of prepared
sample is displayed in in Figure 1. It shown ten
absorption bands centred at 407, 444,452,489, 522,
653, 800, 976 and 1532 nm which corresponding to
transition from the Er®** ions ground state (*l1s2) to
excited states of 2Goa, *Fs/2 , *Fs/2, *F7/2, “H11/2, *S3/2,
*Fos2, *oja, “lija and “*lis, accordingly [1]. The
absorbance bands disclosed almost similar pattern
from previous work [1]. These data were used to
perform Judd Ofelt (JO) calculations.
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Figure 1 - UV-Vis-NIR absorption spectra of glasses
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Table 1 - The JO intensity parameters (92,(24,(26) and spectroscopic quality factors y = (Q4 /Q6 )of the glasses

Glass Metallic | Content | Q, Q, Q, Trends of | LSPR band | Ref.
code NPs S Q, (nm)
used (mol%)
TNZEA A 0.15 0.59 630 P t
Y ! 338 | 119 | 202 | %>%>4 resen
TNZEAg Ag 0.15 3.74 | 263 293 | Q,>0,>0, [ 090 |492 Present
TNZETi Ti 0.15 311 | 223 |18 | (,>0,>0, | 119 | 553,581 | Present
TNZETIN | TiN 0.15 470 [271 [077 | Q,>0,>Q, | 3.57 | 564 Present
TPBFErAu | Au 0.2 10.39 | 2.55 4,98 Q,>0Q,>Q, | 0.51 599.652 [12]
2
TZEAg Ag 0.5 6.54 | 236 |282 |(,>0,>0, | 082 |500 [13]
TNZETi TiO2 0.1 3.08 2.15 1.88 Q,>0,>0Q, 1.14 580 [14]
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Figure 2 - Normalize LSPR band of plasmonic NPs in host glass
The values of JO intensity parameters Figure 2 displayed normalize LSPR bands of Ag,
(92,94,96) and spectroscopic quality factors Au and Ti NPs as incorporated into TNZE. The LSPR

7 =(Q419) of prepared samples are summarized
in. Glass with 0.15 mol% of Ti NPs shows lowest
value of %2 which indicates high symmetrical around
Er’ The Q,
characteristic of the glass. Meanwhile its lowest

values revealed by glass contains TiN NPs indicate its
weakest rigidity. The laser strength of the REls is

jonic
QG

jon. low value disclosed

access through spectroscopic quality parameter, Z.

In present case, X shows highest in TNZETiN follow
by TZNETi, TZNEAg and TZNEAu, accordingly.

of Ag, TiN, Ti and Au NPs shows highest peak around
490, 564, 581, and 630 nm, respectively. The Ti NPs
exhibit additional LSPR band around 553 due to
slight different aspect ratio causes by irregular
shape/size [[2], [15]]. This irregular shape tailor
different plasma mode and frequency. According to,
the localized surface plasmon resonance (LSPR)
bands of the plasmonic NPs in present work is

comparable with other glass system.
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Figure 3 - PL spectra of the glasses with different plasmonic NPs, excited at 804

Figure 3 shows the up-conversion (UC)
photoluminescence spectra of Er** ion as pumped
with 804 nm. The photoluminescence (PL) spectra of
Er® ion revealed three prominent bands centred at
525, 545 and 660 nm assigning to 2H11/2 ™ *l1s/2, *S3/2
4352 and *Fsj2 7 %152 transitions, respectively.

The PL enhancement factor (=) was calculate by
dividing the highest PL area of each emission band
(525, 545, 660 nm) that incorporated with plasmonic
NPs with glass with NPs-free. The highest 7eis
revealed by TNZETiN which is about 43, 32, 29 times
corresponding to emission band around 525 (*Hi1,
_)4|15/2), 545 (453/2_)4|15/2) and 660 nm (4F9/2_)
%115/2), respectively. Then followed by sample TZNETi
(22, 16, 14 times), TNZEAg (13, 10, 9 times), and
TNZEAu (6, 5, 3) tally with transitions 2Hi1, ~ *l1s/a,
83, 7”152 and  *Fo2 %152 accordingly. The
enhancement is response to local field enlargement
that is proximity Er®* ion. The green band at 525 and
545 nm present highest intensification due to
overlap TiN and Ti NPs band LSPR band located
around 564 and (553 and 581 nm) with the PL bands
[[16], [17], [18], [19], [20]] . Ti and TiN NPs reflect
potential as new plasmonic sensitizers replacing Au
and Ag NPs.

Conclusion

The impact of Ag, Au, Ti, and TiN NPs on the
photoluminescence (PL) of TNZE was examined. The
localized surface plasmon resonance (LSPR) of the
plasmonic NPs was observed in the range of 490-630
nm. The glass with TiN NPs inclusion exhibited the
highest spectroscopic quality among other REI-
doped hosts in present work, with a value of 3.57. It
also demonstrated the most significant
enhancement, averagely 35 times for all observed PL
bands. The LSPR bands of Ti and TiNPs about 550-
580 nm that is overlapped with the Er** emission
(525-545 nm) could be main cause for the utmost PL
enhancements where the energy transfer s
possible. Present work revealed that different
plasmonic NPs able to modify the luminescence
intensity of Er** ions doped sodium zinc tellurite
glass. The prepared glass shown potential as a new
gain medium for solid-state laser applications.
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KaTTbl Kyigeri nasepneppe napganaHyra apHansaH Er3*-nermpneHreH HaTpumii
MbIpPbIL TENNOPUT dUHETiIHIH, POTONIOMUHECLEHLMUACBIHA N1a3MaNbIK
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TYRIHOEME

Byn »ymbic Kymic (Ag), antbiH (Au), TuTaH (Ti) kaHe TmTaH HuTpuai (TiN) (NPs) HaHoBenwekTepi
KipiHAinepiHiH, 3pbuiimeH nerpaeHreH KatTbl Kyigeri nasepnik TacbiMangafbilw peTiHae 6enrini
WwbiHbl (TNZE) HaTpuii MblpbilWw TEANYPUTIHIH, CiHipy, doTontomuHecueHuma kaHe Judd Ofelt

KacueTTepiHe acepiH canbICTbipaabl. Ert* MOHAAPbIHbIH, OH yTy »onafbl 400-1600 Hm
OMana3oHblHAA KO KeTiMAi, MyHA,a oNnapablH, onakTapbl e3gepiHin, 4f eTynepiHe calikec kenegi.
2H11/2—*l15/2, *S3/2—>*l1s72 and *Fo/2—>*l15/2 ©TynepiHe calikec wamameH 525, 545 xaHe 630 HM-ae
Er3+ uoHpapbiHbiH, yw 6aitkanatbiH doTontomuHecueHumsa (PL) xonafbl 6aitkangpl. Erdt
MOHAAPbIHBIH, YW KepHeKTi doTontomuHecueHumn (PL) skonafbl 2Hiio—>%liss, 4Ssja—>*lis2 WaHe
4Foja—>*l15/2, THiCiHWE, ©TyNEpiHe calKkec WwamameH 525 nm, 545 nm xaHe 630 nm apanbifbiHAA
6arikangbl. TIN NP KocbiHAbICbIHbIH, 0,15 Monb% TZNE eH, »ofapbl PL RywenTy KoadduumeHTiH
wamameH 35 ece KepceTTi, ogaH KeliH TuiciHwe Ti (17 ece), Ag (10 ece) »kaHe Au NPs (5 ece)
6onaabl. byn kywentinreH PL 490-630 HM AMana3oHbIHAA XaTKaH NaasMoHuKanbik NP-nepain,
NoKanusaumanaHFaH 6eTTik nnasmoHAbl pe3oHaHcbl (LSPR) apKbiabl MHAYKUMANAHFAH KyLWTI
ePriNikTi epicke »aTKbI3blNybl MyMKiH, 6y Er3* noHAapbIHbIH, aybicynapbiHa biknaa eteai. Judd
Ofelt napametpi ecentengj »aHe Ti (1,19), Au (0,59) kaHe Ag (0,90) KocbiHablNapbl 6ap TNZE
WhbIHbICbIMEH canbicTbipFaHaa 0,15 monb% TiN NPs kocbinFaH TNZE wbiHbICbl 3,57 MaHIMeH eH,
JKOFapbl CMEKTPOCKOMUANBIK, canaHbl KepceTTi. byn 3epTrey KaTTbl Kyhgeri nasepnik
maTepuangapabl a3ipaey ywiH TapTbimabl 601bin TabblnaTbiH NAAa3MOHUKaNbIK HaHObBenWweKTepi
6ap bipHewe aneyerTi LUbIHbI bopmynanapbliH aHbIKTaAbI.
TyliiH ce30ep: HaHOGeLWEKTep, TUTaH, TeNNYPUT, GOTONOMUHECLLEHUNA.
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AHHOTAUMUA

B HacToAwel paboTe cpaBHMBAETCA BAMAHME BHeApeHMs HaHodacTul, (NPs) cepebpa (Ag), 3010Ta
(Au), TuTaHa (Ti) M HUTpKMAa TuTaHa (TiN) Ha nornoweHne, GOToNtOMUHECLLeHLMIO U cBocTBa Judd
Ofelt nernposaHHoOro apbuem Tennyputa HaTpUA-LUMHKa cTekno (TNZE), nsBecTHoe Kak HageKHbI
TBEPAOTE/bHbIN NasepHblii HocuTeNb. [OCTUXKMMBI AeCATb MOMOC MOr/OWeHUs noHoB Er¥* B
AmanasoHe 400-1600 nm, rae WX MNoJOCbl COOTBETCTBYHOT MX cobcTBeHHbIM 4f-nepexogam.
Habatoannch Tpy 3ameTHble noaockl doTontommuHecueHumn (PL) noHos Er®* npumepHo npm 525,
545 n 630 nm, cootsetcTBylowme nepexogamM 2Hiin—>lisn, *Sz—?lis,  and *Fep—Plisy,
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cootBeTcTBeHHO. TZNE ¢ 0,15 mol% BkntoueHus TiN NP nokasan camblii BbICOKUI KoapdpuumeHT
ycunenusa PL npumepHo B 35 pas, 33 HUm cneaytot Ti (17 pas), Ag (10 pa3) u Au NPs (5 pa3s)
COOTBETCTBEHHO. Ty YCUAEHHY0O PL MOMHO OBBACHUTbL CU/bHLIM JIOKAJbHbIM NONEM,
VHAYUMPOBAHHbIM  /I0OKA/IM30BaHHbIM  MOBEPXHOCTHbIM  MAa3MOHHbIM  pe3oHaHcom  (LSPR)
nnasmoHHbIx NPs, nexxawmm e npegenax 490-630 nm, yto cnocobCcTByeT nepexoaam MOHoB Er*,
Bbin paccumTaH napametp Judd Ofelt, u ctekno TNZE ¢ skntoyeHmem TiN NPs 0,15 mol% nokasano
camoe BbICOKOEe CMeKTPOCKOMMUYEeCKoe KayecTBO €O 3HaYeHnem 3,57 no cpaBHEHMUIO CO CTEKIOM
TNZE c Ti (1,19), Au (0,59) n Ag (0,90) BkAtoYeHMA. ITO UCCNELOBAHME BbIABMIO HECKONbKO
NOTEHLMANbHbIX COCTABOB CTEK/Ia C NIa3MOHHbIMW HAHOYACTULLAMMW, KOTOPbIE NPUBAEKATEbHbI
LA pa3paboTKM TBEPAOTE/bHbIX 1a3EPHbIX MaTeEPUANOB.

Knrouesbie cnoea: HaHOYACTULbI, TUTAH, TEeNNypuT, d)OTOJ'IIOMVIHeCLI,eHLl,VIﬂ.
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ABSTRACT

The article presents part of the results of the study of the components of foam concrete made by
the two-stage foam injection method, in particular, the influence of microsilica and post-alcohol
bard on the setting time and strength of cement. The paper shows the methodology for
determining the compressive and flexural strength, selection of the composition of components,
analysis, and evaluation of setting times, and strength characteristics of the compared samples.
During the study, laboratory experiments were performed to better understand how these
additives affect the behavior of cement mixtures. The studies carried out allow us to determine
the influence of the modified additive components on the properties of foamed concrete during
the production process. The setting time analysis presented in the study revealed that increasing
the concentration of the additive significantly reduced the setting time performance of cement.
With increasing the content of microsilica and post-alcohol bard at 10% and 30% of the cement
weight, the setting initiation and completion times are significantly reduced. To evaluate the
change in strength, samples were made and tested in compression and flexure at ages of 3, 7, 14,
21, and 28 days of normal moisture curing. According to the results, it was found that the
additive, by accelerating the curing, promotes strength improvement both at an early age and at
the design age (28 days). The experimental results showed that the flexural and compressive
strength of the material increased as the concentration of the additive increased. The maximum
increase in flexural and compressive strength was recorded at additive concentrations of 10%
and 30%. This indicates the important role of additives in the strengthening of materials and
their potential application in construction. The additive showed an optimum positive effect,
therefore, the use of this percentage of additive is the most effective for increasing the
compressive and flexural strength of concrete.

Keywords: foam concrete, modified additive, microsilica, post-alcohol bard, setting time,
strength characteristics.
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Introduction

The production of construction materials plays
a key role in the economy and provides raw
materials for the construction industry, which has a
high contribution to the total output. In this area,
not only the creation of new building materials is
actively researched, but also the search for ways to

improve the environmental aspects of production,
including the utilization of man-made waste and its
recycling in building composites.

In modern construction, ensuring the high
strength and durability of materials plays a
fundamental role. In this context, cement and its
compositions, such as foamed concrete, represent
some of the most important building materials that
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are widely used in various industries. Foamed
concrete, due to its lightness, thermal insulation
properties and resistance to collapse, is a popular
choice for creating a variety of building structures
and products. However, its properties and
characteristics can be significantly improved with
the use of various additives [[1], [2], [3], [4], [5]].

Cellular materials, including foamed concrete,
occupy a special place in modern construction due
to their outstanding thermal insulation properties
and suitability for low-lying buildings. This is
particularly important from an environmental and
resource efficiency perspective, as improved
thermal insulation helps to reduce the consumption
of fuel, energy, and natural materials. However, the
foam concrete production process includes a
worrying problem - the short-lived nature of the
foam. This means that there is a need to develop
ways to extend the life of foam concrete, and one
such method is foam stabilization. There are many
methods of foam stabilization, but one of the most
promising approaches is the use of special
additives. These additives help to increase the
stability of the foam and ensure a longer service life
(61, (71, [811.

It is important to note that the variety of such
stabilizing additives and their application methods
allow finding the best solutions to strengthen the
foam, which ultimately improves the quality and
reliability of foam concrete structures. The rapid
development of this area of research provides the
construction industry with innovative solutions that
help to reduce environmental impact and improve
energy efficiency [[9], [10], [11], [12], [13]].

An important task is the research and
optimization of compositions of construction
composites using secondary materials, such as
technogenic wastes and products of their
processing. This makes it possible to create more
environmentally sustainable and efficient building
materials, contributing to resource-saving and
reducing the impact on nature. This approach
promotes the development of innovative solutions
in the construction industry and strengthens its
position in the field of sustainable development.
Research into construction composites and their
formulations continues to evolve, introducing new
technologies and approaches to improve the quality
and environmental performance of building
materials. This ensures not only economic growth
but also contributes to the environmental
sustainability of the industry [[14], [15], [16]].

In recent years, many researchers have
obtained and published data showing that the

combination of fine aggregate and superplasticizer
provides a synergistic effect in concrete, allowing to
obtain the best strength results [17]. Today, both
builders and researchers are very interested in the
use of ferroalloys production waste - microsilica in
concrete. The positive effect of microsilica as a fine
active mineral additive and the necessity of its use
in concrete in combination with superplasticizer
was described in publications about 40 years ago
[[18], [19], [20]].

The main objective of this work is to
methodically analyze the effect of microsilica and
post-alcohol bard on the setting time and strength
of foam concrete. For this purpose, a study was
carried out, which included measuring the
compressive and flexural strength of foam concrete
samples with different concentrations of these
additives. The results of these studies are presented
in tables and graphs, which allow us to compare the
strength characteristics of different samples and
analyze their dependence on the concentration of
additives.

Experimental technique

Cement. Cement provided by Kokshe Cement
LLP - CEM | 42.5 N was used for this study. This
cement, known for its high quality characteristic,
represents the main component in the process of
foamed concrete production. It was used as a base
material for all the compositions subjected to the
study.

Components of the modified additive:

Microsilica: To investigate the effect of
microsilica on the properties of foamed concrete,
amounts of 10%, 20%, and 30% were used. These
different percentages of microsilica allowed the
evaluation of its effect on the performance of
foamed concrete.

Post-alcohol bard: To study the effect of post-
alcohol bard on the properties of foamed concrete,
quantities of 2.5%, 5.0%, 7.5%, and 10% were used.
The variety of bard content allowed the evaluation
of different levels of effect on the final material
characteristics.

As part of the modified additive study,
component tests are performed in two phases,
which represent key steps in determining
effectiveness and functionality.

In the first stage, the setting time of cement
dough using the modified additive is evaluated.
Setting time reflects the speed and nature of the
cement mixture curing process. It is an important
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parameter that determines the possibility of
concrete application in specific conditions and
production processes. The study of the setting time
of cement batter in the first stage is an important
step in evaluating the effectiveness and
functionality of the modified additive. The obtained
results will serve as a basis for further optimization
of the additive composition and ensuring the
required time characteristics in the production of
foam concrete.

The second stage involves the evaluation of the
strength characteristics of concrete containing the
modified additive. The tests are aimed at
determining the mechanical properties of concrete
such as compressive and flexural strength. These
parameters are key to assessing the quality and
reliability of concrete structures. A comprehensive
study of the components of the modified additive
on cement setting time and strength properties
provides a complete picture of the effect of the
additive on foam concrete mixtures. These steps
provide the necessary information to optimize the
additive composition, reference curing processes
and achieve the required mechanical properties of
concrete.

The research involves the following sequence of
activities (Figure 1):

1. Sampling of different types of samples with
different percentages.

2. Preparation of samples for testing.

3. Determination of setting time using the
methodology provided in GOST 310.3-76.

4. Preparation of sample beams of standard size
(40x40x160 mm) in an amount of not less than 6
pieces for each of the compared types.

5. Tests on the strength of sample beams
according to the methodology established in GOST
10180, including tests in bending and compression,
in order to assess the mechanical properties of the
material.

6. Analysis of test results.

A comparison of the results of laboratory tests
was carried out for the compositions:

Type 1: Reference sample without additive,
standard composition according to GOST 30744-
2001;

Type 2:
microsilica);

Type 3: Sample with additive (20% microsilica);

Type 4: Sample with additive (30% microsilica);

Sample with additive (10% of

Type 5: Sample with additive (2.5% post-alcohol
bard);

Type 6: Sample with additive (5% post-alcohol
bard);

Type 7: Sample with additive (7.5% post-alcohol
bard);

Type 8: Sample with additive (10% post-alcohol
bard).

Phase 1: Evaluation of the setting time of
cement dough

In the first phase of the study, the components
of the modified additive including post-alcohol bard
and microsilica in different percentages were tested
in order to evaluate and establish the setting time
of the cement dough. The tests were carried out by
preparing cement tests with different proportions
of post-alcohol bard and microsilica as part of the
modified additive. Then, the time required for the
initiation and completion of the setting process of
the cement mixture was measured. For this
purpose, standardized methods and equipment
were used to ensure the accuracy and reliability of
the data obtained.

The aim of this study is to carry out a
comparative evaluation of the effect of the
modified additive on the setting time of cement
dough.

The results of the tests made it possible to
determine the effect of different proportions of
post-alcohol bard and microsilica on the setting
time of cement dough. The optimum ratios of the
additive components were identified which
provided the desired setting rate of the cement
mixture within the required parameters for the
production of foamed concrete. Table 1 with the
technological composition of samples for the
production of foam concrete with different
proportions of components (cement, water,
microsilica, and post-alcohol bard) is given below.

Phase 2: Evaluation of strength properties

In the second phase of the study, the
components of the modified additive including
post-alcohol bard and microsilica in different
percentages were tested to evaluate their effect on
the flexural and compressive strength properties of
the cement dough. The data obtained were
analyzed and comparatively evaluated to determine
the effect of different percentages of additive
components on the strength characteristics of
cement dough.

—— 94 ——
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Table 1 — Technological composition of samples

Sample Cement, g Water, g Microsilica, g Post-alcohol bard, g
Type 1 350 98.0 - -

Type 2 245 98.0 35 (10 %) -

Type 3 280 98.0 70 (20 %) -

Type 4 315 98.0 105 (30 %) -

Type 5 350 88.82 - 8.75 (2.5 %)

Type 6 350 79.63 - 17.50 (5.0 %)

Type 7 350 70.44 - 26.25 (7.5 %)

Type 8 350 61.25 - 35.0 (10.0 %)

Table 2 — Technological composition of samples

Sample Cement, g Sand, g Water, g Microsilica, g Post-alcohol bard, g
Type 1 450 1350 180.0 - -

Type 2 324 1350 180.0 45 (10 %) -

Type 3 360 1350 180.0 90 (20 %) -

Type 4 405 1350 180.0 126 (30 %) -

Type 5 450 1350 88.82 - 168.18 (2.5 %)

Type 6 450 1350 79.63 - 156.37 (5.0 %)

Type 7 450 1350 70.44 - 144.56 (7.5 %)

Type 8 450 1350 61.25 - 132.75 (10.0 %)

a)

b)

Figure 1 - Testing of samples: a) setting time of cement dough, Vika device;
b) preparation of standard-sized beam samples; c) strength testing of samples, Press Automatic Pilot

Evaluation of the strength characteristics of
cement dough in bending and compression allows
us to optimize the composition of the additive and
achieve the required strength for the production of
foam concrete. This contributes to improving the

quality and reliability of structures and ensures
compliance with the requirements of building codes
and standards. Table 2 shows the technological
compositions of the compared types of samples for
strength characteristics.
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Results and Discussion

Setting times. Important data on the setting
times of different cement compositions have been
obtained in the course of the studies carried out.
Setting time, i.e. the time required to initiate and
complete the setting process of cement mixture, is
an important parameter affecting the nature and
applicability of foam concrete structures.

This study presents an analysis of the results of
setting time  measurements of different
compositions including different percentages of
microsilica (types 2, 3, and 4) and post-alcohol bard
(types 5, 6, 7, and 8). These data are important to
understand the effect of this additive on the rate
and character of the setting of the cement mixture.
Two main peaks can be identified in the setting
time diagram (Figure 2). The first peak corresponds
to the Start of the setting and the second peak
corresponds to the end of the setting. The
placement of the types of the compared
compositions on the diagram is in ascending order,
counting from bottom to top. Here the red color
indicates Type 1, which represents the reference
sample without additive and serves as a base for
comparison. The analysis of the setting time
diagram will allow a more detailed study of the
effect of the addition of components on the rate
and duration of the setting of foam concrete in
comparison with the reference sample.

Figure 2 visually demonstrates a comparison of
setting times between different types of
compositions. It contains information on the Start
and end of setting time for each type:

Type 1: Reference sample without additive,
with the following values:

- Start of setting time: 2 hours 50 minutes.

- End of setting time: 6 hours 33 minutes.

Type 2 (10% microsilica), which shows shorter
setting times compared to Type 1:

- Start of setting time: 1 hour 45 minutes.

- End of setting time: 5 hours 05 minutes.

Type 3 (20% microsilica), which also has shorter
setting times:

- Start of setting time: 1 hour 20 minutes.

- End of setting time: 4 hours 30 minutes.

Type 4 (30% microsilica), which exhibits even
shorter setting times:

- Start of setting time: 1 hour 15 minutes.

- End of setting time: 4 hours 05 minutes.

Analyzing the data from Figure 2, the following
observations can be made:

1. The addition of microsilica significantly
accelerates the setting process of the cement
mixture. The setting time decreases with increasing
microsilica content.

2. The initial setting time decreases more
markedly than the setting completion time,
indicating an earlier onset of the curing process.

3. These results have important practical
implications, as they allow more precise reference
and optimization of processes in production using
microsilica as an additive.

These data allow a comparison of the setting
times of compositions with different additive
proportions. They indicate an acceleration of the
setting process with the addition of microsilica in
proportions ranging from 10% to 30% of the cement
weight. As the proportion of additives increases, a
decrease in the time required to initiate and
complete setting is observed. This information is an
important aspect in the design and reference of the
foam concrete production process. It allows a more
accurate determination of the optimum proportions
of components to achieve the required setting time
according to specific needs and conditions.

This study presents results that allow analyzing
the setting times of different compositions with
different proportions of additive, in this case
microsilica. The addition of microsilica has a
noticeable effect on the setting time of cement
mixtures. As the percentage of microsilica
increases, the time required to initiate and
complete setting decreases. The initial setting time
decreases more significantly than the setting
completion time, indicating an earlier start of the
curing process when microsilica is present in the
formulation. This information is of great practical
importance in the design and reference of the foam
concrete production process. It makes it possible to
accurately determine the optimum proportions of
components to achieve the required setting time
for specific needs and conditions. This helps to
improve reference over the production of foamed
concrete structures and to ensure that they meet
the requirements and quality.

Figure 3 visually demonstrates a comparison of
setting times between different types of
compositions. It contains information on the Start
and end of setting time for each type:

Type 1: Reference sample without additive,
with the following values:

- Start of setting time: 2 hours 50 minutes.

- End of setting time: 6 hours 33 minutes.
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Figure 3 - Effect of additive (post-alcohol bard) on setting time

Type 5 (2.5% post-alcohol bard), which shows
shorter setting times compared to Type 1:

- Start of setting time: 1 hour 55 minutes.

- End of setting time: 5 hours 10 minutes.

Type 6 (5.0% post-alcohol bard), which also has
shorter setting times:

- Start of setting time: 1 hour 40 minutes.

- End of setting time: 4 hours 40 minutes.

Type 7 (7.5% post-alcohol bard), which exhibits
even shorter setting times:

- Start of setting time: 1 hour 25 minutes.

- End of setting time: 4 hours 10 minutes.

Type 8 (10% post-alcohol bard), which also
exhibits shorter setting times:

- Start of setting time: 1 hour 10 minutes.

- End of setting time: 3 hours 40 minutes.

Analyzing the data from Figure 3, the following
observations can be made:

1. The addition of post-alcohol bard has a
significant effect on the setting time of cement
mixtures. As the percentage of bard content
increases (from 2.5% to 10% of cement weight), the
time required to initiate and complete the setting
decreases.

2. The initial setting time decreases more
significantly than the setting completion time,
indicating an earlier onset of the curing process
when post-alcohol bard is present in the mix.

3. The obtained data have an important
practical significance for designing and reference
foam concrete production. They make it possible to
determine the optimum proportions of components
to achieve the required setting time corresponding
to specific needs and conditions.

These data allow the setting times of different
compositions with different proportions of additives
to be compared. It can be seen that setting times
decrease with the addition of increasing amounts of
additives. The lower setting time values for sample
types 5 through 8, where 2.5% to 10% additive is
added, indicate a faster setting process compared
to the reference sample type 1. These results help
to understand how additives affect the setting time
characteristics of foam concrete and can be used to
optimize the production process and quality
reference. The comparative results of the samples
are presented in Table 3.
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Table 3 - Comparative results of samples

Ne | Type Additive, % Start of setting time, | End of setting time,
h-min h-min
1 | Typel - 2-50 6-33
reference sample
2 | Type2 microsilica-10 1-45 5-05
3 | Type3 microsilica -20 1-20 4-30
4 Type 4 microsilica -30 1-15 4-05
5 | Type5 post-alcohol bard-2.5 1-55 5-10
6 | Type6 post-alcohol bard-5.0 1-40 4-40
7 | Type7 post-alcohol bard-7.5 1-25 4-10
8 | Type8 post-alcohol bard-10.0 1-10 3-40

Comparative analysis of setting time yields the
following key observations:

1. Effect of microsilica addition (Type 2, Type 3,
Type 4): It can be seen that as the percentage of
microsilica in the composition increases (Type 2 to
Type 4), the onset of setting is accelerated and the
setting time (second peak) decreases. This indicates
that microsilica significantly accelerates the setting
process of cement.

2. Effect of post-alcohol bard addition (Type 5,
Type 6, Type 7, Type 8): A similar effect is observed
with the addition of post-alcohol bard. The higher
the percentage of bard (Type 5 to Type 8), the
faster the setting starts and the shorter the setting
time. This also indicates the ability of post-alcohol
bard to accelerate the cement hardening process.

As can be seen from the results, the maximum
effect of the additive in the mortar-cement mixture
is achieved at a concentration of 10 and 30%
relative to the weight of cement at w/c ratio=0.28.
The setting time of mortar mixtures significantly
depends on the concentration of the additive in
them. The additive allows to reduce the setting time
by 30% compared to the reference sample. At the
same time, the interval between the Start and the
end of the setting time is reduced by 40%.
Consequently, this additive can be used as a setting
time referenceler. Compositions of Types 2-4,
containing microsilica in different proportions, are
positioned above the reference sample (Type 1),
which may indicate faster setting in the presence of
this additive. Samples of Types 5-8, which include
post-alcohol bard, are even higher and may indicate
an even more accelerated setting process.

Strength characteristics. This study examined
the strength characteristics of materials, including
compressive and  flexural strength. These

parameters are key indicators that determine how
reliably and durably materials can perform their
functions. The strength properties were determined
on samples made from a cement-sand mixture
consisting of cement, sand, additive (for samples of
types 2, 3,4, 5, 6, 7, and 8), and water, curing under
normal conditions. The analysis of the results allows
us to evaluate how the additive components affect
the strength properties of the material. The data
obtained represent comparative results between
different types of compositions and different
additive proportions. The strength values of the
sample are shown (at 7, 14, and 28 days) in Figures
4-7.

The results of the bending and compressive
strength studies of the sample carried out at the
age of 28 days allow us to make a comparative
analysis of the different types of compositions and
their influence on the strength characteristics of the
material.

Type 1, which is a reference sample without
additive, has a flexural strength of R = 55.29 kgf/cm?
and a compressive strength of R = 420.78 kgf/cm?2.
This sample served as a benchmark for comparison
with other types of compositions. The increase in
strength was 0%.

Type 2 containing 10% additive shows a
significant increase in flexural and compressive
strength of 24.63% and 21.39%, respectively,
compared to the reference sample. The test results
of Type 2 are R = 65.01 kgf/cm? and R = 510.81
kgf/cm?.

Type 3 containing 20% additive shows an
increase in flexural and compressive strength of
30.49% and 27.01% respectively compared to the
reference sample. The test results of type 3 are R=
69.15 kgf/cm? and R = 534.45 kgf/cm?.
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Figure 4 - Flexural strength (microsilica)
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Figure 6 - Compressive strength (microsilica)

Type 4, maximum increase in flexural and
compressive strength by 37.29 and 33.79% was
recorded in the sample with 30% additive compared
to the reference sample. The test results of type 4
are R=71.15 kgf/cm? and R = 549.85 kgf/cm?.

Type 5, with the addition of 2.5% additive
increases the flexural strength by 34.11 and 30.67%
compared to the reference sample. Test results for
type 5: R= 68.91 kgf/cm? and R=510.81 kgf/cm?.

Type 6, when 5.0% additive is added, the
flexural strength increases by 34.11 and 30.67%
compared to the reference sample. The test results
of type 4 are R= 72.15 kgf/cm? and R=534.45
kgf/cm?.

Type 7, when 7.5% additive is added, the
flexural strength increases by 34.11 and 30.67%
compared to the reference sample. The test results
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Figure 5 - Flexural strength (post-alcohol bard)
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Figure 7 - Compressive strength (post-alcohol bard)

of type 4 are R= 74.15 kgf/cm? and R=549.85
kgf/cm?.

Type 8. The maximum increase in flexural and
compressive strength by 37.29 and 33.79% was
recorded for the sample with 10% additive. The test
results for type 5 are R= 75.90 kgf/cm? and
R=562.98 kgf/cm?.

From the analysis of the results, it can be seen
that the additive has a significant effect on the
strength characteristics of the material. Increasing
the concentration of additives leads to a stronger
increase in flexural and compressive strength. An
important aspect of the curing process is the effect
of the additive, which promotes the formation of a
strong framework in the material structure. This
framework further strengthens the compositions
and results in maximizing the strength
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Table 4 - Comparative results of samples

Type Flexural strength, kgf/cm? Compressive strength, kgf/cm?

7 days 14 days 28 days 7 days 14 days 28 days
Type 1 30.41 45.51 55.29 237.15 335.54 420.78
Type 2 43.71 55.02 65.01 324.16 423.45 510.81
Type 3 45.72 57.23 69.15 339.35 446.59 534.45
Type 4 47.42 59.63 71.15 351.27 457.19 549.85
Type 5 43.71 57.12 68.91 324.16 423.45 510.81
Type 6 45.72 60.23 72.15 339.35 446.59 534.45
Type 7 47.42 61.63 74.15 351.27 457.19 549.85
Type 8 50.16 63.82 75.90 371.76 473.51 562.98

performance. For a more detailed analysis of the Conclusion

effect of different compositions on strength
properties, the results of the studies are shown in
Table 4.

The comparative analysis of the test results of
the samples allows us to conclude about the
influence of the additive concentration on the
bending and compressive strength. It was found
that increasing the concentration of the additive
significantly increases the strength of the material
both in bending and in compression. This confirms
the important role of additives in strengthening the
material. The amount of the introduced additive
was set based on the greatest effect of accelerating
curing, as well as to obtain the maximum strength
gain compared to the analog without additives. The
maximum  strength gain is achieved at
concentrations of 10% and 30% relative to the
weight of cement. These formulations have
strengths significantly higher than the reference
sample (Type 1) and can be considered as optimum
for achieving maximum strength. Flexural and
compressive strength values show approximately
the same increase for most types of compositions,
indicating the balanced nature of the effect of the
additive. The addition of post-alcohol bard at
concentrations of 2.5%, 5%, 7.5%, and 10% also
increases strength, although to varying degrees.
This provides a choice in developing compositions
according to specific needs. Compared to the
reference sample (Type 1), all types of compositions
show a significant strength

performance.

improvement in

The results of the conducted research are
important to consider in the context of actual
problems related to the production of foam
concrete and the improvement of its characteristics.
The conducted experiments allowed us to reveal a
significant influence of additives, such as microsilica
and post-alcohol bard, on the setting time and
strength characteristics of foam concrete. The
results allowed us to draw the following
conclusions:

1. The greatest effect was observed when
microsilica was used at concentrations of 10% and
30% of cement weight. This resulted in a marked
increase in flexural and compressive strengths, as
well as a reduction in setting time. Hence,
microsilica can be considered as an effective agent
for improving the quality of foamed concrete and
regulating the setting time.

2. Post-alcohol bard has also shown to be an
effective additive for increasing strength and
shortening setting time. It should be noted,
however, that different additive concentrations can
lead to different results, and not always more
additive means better performance.

In summary, these results of the study can be
used to optimize the production process of foamed
concrete, increase its strength and stability, and
reduce setting time, which contributes to better
performance and more efficient use in construction.

Conflict of interest. The corresponding author
declares that there is no conflict of interest.

Acknowledgments. This research was funded
by the science committee of the Ministry of
Education and Science of Kazakhstan (Grant Ne
AP13068424).

— 100——=



KomnneKkcHoe Mcnonb3zosaHne MuHepanbHoro Coipbsi. Ne3(330), 2024 ISSN-L 2616-6445, ISSN 2224-5243

Cite this article as: Lukpanov RE, Dyussembinov DS, Altynbekova AD, Yenkebayev SB, Talal Awwad. Optimal concentration of
post-alcohol bard and microsilica in cement-sand mixtures determination. Kompleksnoe Ispolzovanie Mineralnogo Syra =
Complex Use of Mineral Resources. 2024; 330(3):92-103. https://doi.org/10.31643/2024/6445.33

LlemeHT-KYM KocnacbiHbIH KYPamblHAafbl 6apaaHbiH (CNTUPTTEH KeUiHri) XKaHe
MUKPOKpPEeMHe3eMHiH, OHTaii/Ibl KOHL,EHTPALMUACbIH aHbIKTay
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TYWIHAEME

MaKanaga eki caTtbinbl KebiKTi eHriy agicimeH AaliblHAanfaH Kebik 6eTOH KOMMOHEeHTTepiH
3epTTey HaTUXKenepiHiH 6ip 6eniri, aTan alTKaHOA@, MUKPOKPEMHE3eM MeH CNUPTTIH KewiHri
6apAaHblH, LEMEHTTIH KaTalo yaKbITbiHA KoHe bepikTiriHe acepi KepceTinreH. Hymbicta Kpicy
KoHe Winy KesiHaeri GepiKTIKTI aHbIKTay aAicTemeci, KOMMOHEHTTEPAiH, KypamblH ipikTey,
CaNbICTbIPLINATLIH YAFINEPAIH KaTalo yaKbITTapblH XaHe 6epikTik cMnaTTamanapbiH Tangay XKaHe
bafanay KepcertinreH. 3epTrey 6apbiCbiHAA OCbl KOCNANAPAbIH LEMEHT KOCNanapblHbIH dpeKeTiHe
Kanal acep eTeTiHiH TepeHipeK TYCiHy YLWiH 3epTxaHanbliK Taxipnbenep xkacangpl. HyprisinreH

Makana kenai: 10 kapawa 2023 3epTTeynep MoauvdMKauMANaHFaH KoCrmanap KOMMOHEHTTepiHiH,  KebikTi  6eToHAapabiH,
CapantamagaH eTri: 17 kapawa 2023

KacueTTepiHe acepiH onapapl eHAipy MpoueciHAe aHblKTayfa MyMKiHAIK 6epegi. 3eptreyae
Kabbinganapl: 23 Kapawa 2023

YCbIHbINFAH KaTalo YaKbITTapblH Tangay KoCMaHblH KOHLEHTPAUMACBHIHbIH, YAfalobl LLEMEHTTIH,
KaTaloblHblH, YaKbITIIA KepCeTKilTepiH alTap/blKTalk KbICKapTaTbiHbIH aHbIKTadbl. LlemeHT
Ca/IMAFbIMEH Ca/fbICTbIPFAHAA MUKPOKPEMHE3eM XKaHe CNUPTTIK KeliHri 6apaa menwepnepiHin,
10% koHe 30% apTblifaHAa, KaTalogblH 6acTany KoHe asAKTasy YaKbiTbl alTapAbIKTan
KblCKapaapl. BepiKTiKTiH e3repyiH 6afanay ywiH yarinep gavbiHgansin, 3, 7, 14, 21 kaHe 28 KyH
Mep3imae KanbiNTbl blAFanAblNblKTa KaTailFaH GETOH KpbiCy »KaHe wuinyre cbiHangpl. 3epTrey
HaTUKenepi 6oiblHLIA KOCNa KaTalTyabl *KeaenaeTe oTbipbin epTe mep3imae Ae, ecentenreH (28
TayNiK) mep3imae e 6epikTiKTi apTTbipyFa KeMeKTeceTiHi aHbIKTanabl. Taxipnbe Hatuskenepi
KOCMaHbIH, KOHLLEHTPALUMACHI YKOFapblaafaH CalblH MaTepuanabliH, Uiy aHe Kbicy 6epiKTiriHiH,
YKOFapbINANTbIHBIH KepceTTi. Miny xaHe Kpicy BepiKTiriHiH, makcumangbl ecyi 10% xaHe 30%
Kocna Kocy KesiHae 6onabl. byn matepuvangapabl HblFalTyaafbl KOCNanapablH, MaHbi3abl PeniH
JKOHEe oNlapAbl KypbIbICTa KONAAHY MYMKIHAIrH KepceTedi. Kocna oOHTalnbl OH, acep eTTi,
COHABIKTAH KOCMaHblH OCbl Me/WepiH nakganaHy OETOHHbIH, KbICy »KaHe Winy O6epiKTiriH
apTTbipyZa eH Tmimai 6onbin Tabblnagpl.

TyliiH ce30ep: kebik 6eToH, MogudUKaLmMANaHFaH KOCMa, MUKPOKPEMHEe3eM, CNUPTTEH KewiHri
6appaa, ycracy mepsimaepi, 6epikTik cunatramanap.
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AHHOTAUMA

B craTbe npeAacTaBfeHa YacTb Pe3ynbTaTOB MCCNEA0BaHMA KOMMOHEHTOB neHobeToHa,
W3roTOBJEHHOTO METOAOM  [ABYXCTaAMMHOTO BBEAEHMS TMeHbl, B YacTHOCTU BAUAHWE
MMUKPOKPEMHE3EMA W MOCAECNIMPTOBOM bapabl HA CPOKM CXBaTbIBAHWA M NPOYHOCTb LiemMeHTa. B
paboTe nokasaHa MeToAuKa onpeaeneHuns NPOYHOCTM NPU cxKaTum U musrmbe, nogbop coctasa
KOMMOHEHTOB, aHa/sM3 W OLEeHKAa CPOKOB CXBaTblBaHWMA W MPOYHOCTHLIX XapPaKTEPUCTMK
cpaBHMBaeMblx 06pasuos. B xoge wuccnegosaHua  6biAv BbINOJHEHbI  NabopaTopHble
3KCNepumeHTbl, 4Tobbl 6osnee rNy6OKO MNOHATb, KaK 3Tv [06aBKM BAWAIOT Ha MNoBeaeHue
LEMEHTHbIX cmeceil. [poBefeHHble UCCNef0oBaHWSA MNO3BONAIOT  ONPEAeNUTb  BAUAHWE
KOMMNOHEHTOB MoAMdULMPOBAHHON [06aBKM Ha CBOWCTBA NEeHOBETOHOB B mnpouecce Mux

Npon3BOACTBa. AHanM3 CPOKOB CXBaTbliBaHWA, NPEACTaBAEHHbIA B MCCNEA0BAHUM, BbIABUA, YTO
Moctynuna: 10 Hosbps 2023 P P » P ! !

PeueH3nposaHue: 17 Hoabps 2023
MpuHsaTa B Nevats: 23 HoA6PA 2023 cxBaTblBaHWA UemeHTa. C yBennyYeHMeM COAEep)KaHUA MUKPOKpPeMHe3ema W NOoC/iecnupToBOW

yBe/indieHne KOHUeHTpauuun ,D,O6aBI'(VI 3HaYNTE/IbHO COKpallaeT BpPeMeHHble MOoKasaTenm

b6apabl Ha 10% wn 30% OT Mmaccbl LemeHTa, Bpems Hayana M 3aBepLleHUs CXBaTbiBaHWA
CyLLECTBEHHO COKpallaeTca. [1A OLEHKN U3MEHEHUA NPOYHOCTM Bblan U3roToBAEHbI 06pa3Lpbl U
UCMbITaHbl Ha CKaTue u n3rnb B Bospacte 3, 7, 14, 21 1 28 cyTOK HOPMANbHOrO BNAXKHOCTHOMO
TBepAeHuA. Mo pesynbTaTam UcCiefoBaHWA ycTaHOBAEHO, YTo fo6aBKa, ycKopsas TBepAeHwue,
CNocobCTBYET NOBbILLEHWUIO MPOYHOCTH, KaK B PaHHEM BO3PacTe, TaK M B pacyeTHOM Bo3pacTe (28
CYTOK). Pe3ynbTaTbl 3KCNEPUMEHTa NOKAa3anu, YTo NMPOYHOCTb MaTepuana nNpu u3rmbe u cKatmum
YyBEe/IMYMBALTCA MO Mepe yBeAMYEHUA KOHLEHTpauuu AobaBku. MakcMmanbHOe yBeandeHue
NPOYHOCTU NpU MU3rMbe M CKaTUKM 3aduKcupoBaHo npu aobaske B pasmepe 10% v 30%. 3To
YKa3blBaeT Ha Ba)KHyl0 posib A0OABOK B YKpEN/JeHUW MaTepuasoB U WX MOTeHuManbHoe
npumeHeHne B cTpouTenbcTBe. [lobaBKa MoOKasasna OMNTUMAbHBIN MONOXKUTENbHbIA 3PPeKT,
No3TOMY WCMNO/Nb30BaHME [AAHHOIO MNPOLEHTHOrO CoAep)KaHusa nobaBKM sABnNseTcA Havbonee
3 bEKTUBHBIM A5 NOBbLILWEHWA NPOYHOCTU BETOHA Ha CxKaTue U U3rmb.

Kmoueeble  cnoea: neHobetoH, MoauduuMpoBaHHaa  AobaBKa,  MUKPOKpPEMHEe3eMm,
nocnecnupToBas 6apaa, CPOKM CXBATbIBAHUSA, MPOYHOCTHbIE XapPaKTEPUCTUKM.
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