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ABSTRACT

Present research explores the impact of varying ZnO and ZnF, concentrations in Nd3*/Tm3* doped
Tungsten-Bismuth-Tellurite glass for fiber optic and solid-state application. Glasses with formula
60.97Te02—6.7W03-3.3 Bi,03—0.03Nd>03-1TmO—(28-x)ZnO—xZnF, where x =0, 7, 14, 21, 28 mol%
is prepared using melt-quenching technique. The absorption and photoluminescene of the glass is
measured using a UV-Vis-NIR absorption and Photoluminescence spectrometer. About eight
absorption bands are evidenced, centred around 467, 525, 581, 687, 726,793,870, 1211, and 1691
nm, corresponding to respective REls (Nd3* and Tm3* ions) transitioning from the ground to their
excited state. The absorbance of Tm3* centred around 1691 nm improved with higher ZnF;
contents (28% mol). Physical parameters such as density, molar volume, molar refractivity, and
electronic polarizability are calculated. Seven prominent luminescence peaks of Nd3* and Tm3*
have been identified centred around 509, 586, 611, 626, 648, 795, 800, and 890 nm. Highest
luminescence enhancement is evident at 800 nm which corresponds to glass contained ratio of
Zn0O/ZnF; at 3:1. These findings highlight the role of ZnF; in altering the luminescence properties
of the glass for fiber optics and solid-state laser applications.

Keywords: Zinc fluoride, tellurite glass, neodymium, thulium, rare-earth
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Introduction

The wavelength-division-multiplexing (WDM)
system, employing glass that is drawn into optical
fiber is experiencing exponential growth to meet
demands of fast data transmission [1]. To avoid
signal attenuation, new gain media with high

emission cross-section, operated at NIR range could
be advantages [2]. Rare earth ions (REls) doped glass
is prospective as fiber optic amplifier with possible
of broad emission bands at NIR region [[3], [4]].
Specifically, neodymium (Nd**) ion and thulium
(Tm3*) ion-doped glass are excellent as co-doped ion
where their luminescence functionalized in NIR
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region (800- 2000 nm) [[2], [5], [6], [7]]. Other than
REIs ions, selection of glass hosts is equally
important to selected REls in developing efficient
optical fiber amplifiers [[8], [9]]. Among glass,
tellurite glasses are attractive since they have lower
phonon energy (~750 cm ) compared to silica
glasses (1100 cm™), and borate glasses (1300 cm™)
[10]. Tellurite glasses also exhibit wide transmission
region, high refractive index, high solubility of rare
earth ions, good chemical and mechanical durability;
making them excellent choice as replacement of
new fiber optics host [[11], [12], [13], [14]].

Tellurite glass properties can be further
improved by appropriate amount of glass modifier.
Tungsten oxide (WOs3) and bismuth oxide (Bi,Os) are
selected as modifiers in the glass system. WOs; and
Bi»0s are favourable in this work due to their ability
to improve the glass transition temperature, density
and refractive index, chemical durability, and
moisture resistance, also, reduce the non-radiative
loses [[15], [16], [17], [18]]. Less common glass
modifier such as ZnF, able to reduce the phonon
energy, improve the transparency, reduce
hydroxide-adverse effect, decrease hygroscopic
nature, possess strong transmission, and able to
lower transition temperature as incorporated into
tellurite glass [[14], [19], [20], [21]]. The inclusions of
ZnF, resulting in absorbance and luminescence
enhancement due to non-bridging oxygens (NBOs)
generation with high polarizability that facilitate REls
transitions [22]. ZnF; role could be depending on its
concentration within the composition [23]. For
example, oxyfluorotellurite glasses increase molar
volume along ZnF; contents. Two ligand atoms of
ZnF,, as opposed to only one oxygen in ZnO, creates
more spaces and volume. This also impact the
density and refractive index of the glass in general
[21]. Neethish et al., claim that the replacement of
ZnF, from BaO resulted in the destruction of the
glass network and a subsequent decrease the optical
band gap [24]. A few glass systems containing
fluoride-based modifier also reported elsewhere
such as Te0,-Zn0O-ZnF, [19], Te0,-ZnO-ZnF, [25],
TeO-ZnF, [26] B203-ZnF; [[20], [27]], AlFs-ZnF, [28],
Te0,-Ba0-BaF, [29], Te0,-Zn0O-BaF;, [30], and ZnO-
B,03-Si0,-ZnF, [31]. These findings suggest it is
possible to alter optical properties of the glass by
varied ZnF; contents during preparation process.
Here ZnF, can lowers water absorption and reduces
the multiphoton relaxation, result in improved
luminescence.

The current work examines the effect of
modifying the ZnO/ZnF; ratio in REIs doped glass.

The glass formula 60.97Te0,—6.7W03—3.3Bi,03—
0.03Nd;03—1Tm;,03—(28-x)ZnO—xZnF, is prepared
using the melt-quenching technique, where x=0, 7,
14, 21, 28 mol%. The physical parameter such as
density, refractive index, molar volume, field
strength, molar refractivity, electronic polarizability,
and inter-nuclear properties is calculated. The
optical band gap energy of the sample glasses was
determined. The unusual photoluminescence curve,
featuring Nd** and Tm3" ion is presented. This
research purposely examines the potential of ZnF; as
a glass modifier for any possible advancement of
rare earth ions (REls) doped glass as fiber optic
amplifiers.

Experimental part

Glasses with formula 60.97Te0,—-6.7W0;-3.3
Bi,03—0.03Nd;03—1Tm»03—(28-x)Zn0O—xZnF, where x
=0, 7, 14, 21, 28 mol% was prepared using melt-
quenching technique. The samples were labelled as
TBNdTmZnFO, TBNdTmZnF7, TBNdTmZnF14,
TBNdTmZnF21, and TBNdTmZnF28. The
compositions were weighed 6 g per batch by a
precision electronic balance according to chemical
composition as in Table 1. The raw constituent was
combined in alumina crucible by using a spatula to
obtain a homogenous mixture. The mixtures were
then placed in a high temperature furnace at 900 °C
for 45 minutes under dry environment while the
stainless-steel mold was preheated to remove
residual moisture. Afterwards, the molten was
quickly poured into stainless-steel mold to lessen
thermal stress, enhance mechanical strength and it
was kept in the annealing furnace at 300 °C for 6
hours before the furnace was switched off to cool
down to room temperature. The Archimedes’
principle method was performed to measure the
density of the prepared glasses with water as
immersed solution. The refractive index for each
glass was obtained by using the formula given by
Dimitriv & Sakka. The absorbance was recorded by
UV-Vis-NIR spectrophotometer of Shimadzu UV-
3600 Plus in the range of 400-2000 nm. The
fluorescence spectrum in the visible to near-infrared
range was recorded by FlouroMax-4
spectrofluorometer of Horiba Instruments. The data
obtained from the spectrophotometer is analysed in
the OriginLab software to identify the absorbance
and luminescence bands, as well as to evaluate the
optical band gap energy using Tauc’s plot.
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Table 1 - Chemical composition of the 60.97TeO,—
6.7W03-3.3 Bi,03—0.03Nd;03—-1Tm;03—(28-x)Zn0O—
XxZnF, (where x=0, 7, 14, 21, 28 mol%)

Constit | TBNd | TBNd | TBNd | TBNd | TBNd
uent/G | TmZn | TmZn | TmZn | TmZn | TmZn
lass FO F7 F14 F21 F28
TeO> 60.97 | 60.97 | 60.97 | 60.97 | 60.97
Zn0 28.00 | 21.00 | 14.00 | 7.00 0.00

WO3 6.70 | 6.70 | 6.70 6.70 6.70
Bi»O3 330 |3.30 |3.30 3.30 3.30
ZnF; 0.00 | 7.00 | 14.00 | 21.00 | 28.00
Nd20s 0.03 | 0.03 |0.03 0.03 0.03
Tm;0s | 1.00 | 1.00 | 1.00 1.00 1.00

TeO, 60.97 | 60.97 | 60.97 | 60.97 | 60.97
Results and Discussion
Physical properties

Figure 1 shows photograph of the prepared
tungsten-bismuth-tellurite  glasses. The glass
samples are coded as TBNdTmZnFO, TBNdTmZnF7,
TBNdATmZnF14, TBNdTmZnF21, and TBNdTmZnF28,
respectively according to to ZnF, concentration. The
colour of prepared glass shows no significant colour
changes as the ZnO/ZnF; concentration ratio varied
[[32], [33]]. Alshamari et al., also mention a use of
TeO; instead of B,0s cause the glass samples colour
change to more transparent light yellow instead of
colourless transparent glass [34]. This could be due
to impurities or defect in the glass network, where it
should be transparent in high TeO, purity [[34],
[35]].

TBNdTmZnF0 TBNATmZnF14 TBNATmZnF28
N O ® 60 &
~— - {\

TBNdTmZnF7 4 TBNdTmZnF21

2em

'
L4
Increment of ZnF> contents over ZnO in the prepared tellurite glass samples

Figure 1 - As prepared Nd**/Tm3* doped tungsten-
bismuth-tellurite glasses with different ZnO/ZnF,
ratio. The ZnF;, contents (0.0-28.0 mol%)
from left to right

The physical properties of Nd**/Tm3* doped
tellurite glasses are tabulated in Table 2 which the
parameters are density, molar volume, refractive
index, and polarizability is listed.

Figure 2 shows the (a) variation of density and
molar volume also (b) refractive index and electronic
polarizability of proposed glass. Archimedes’

principle is utilized to compute the density, p, of the
prepared glass [36].

w

P=p, W W, (2)

Where pw, W,, and W, are density of distilled
water (£0.997 g.cm?) weight of the sample in the air,
and weight of the sample in the distilled water
respectively.

The density of the glass samples shows the
fluctuated trend which varies from 5.718 to 5.8156
g/cm? but abruptly increases in TBNdTmZnF28 glass
as compared to the other glass with ZnF, contents.
There is distinct decrease in density between 7 and
21 mol% contributed two fluoride single bonds from
ZnF, compared to ZnO with single double bond
oxygen, leading to a network that is more
voluminous and loosely-packed [31]. Smaller ionic
radii of F (133 pm) compared to 0% (140 pm) also
could contribute to the decrement of the density in
the glass, leaving more void in the system [37].
Nevertheless, the sudden increase of density from
21 to 28% elucidates a critical concentration where
structure rearrangement could occur. At in this
point, addition of ZnF, improves the compactness
and make the network tightly packed. Here, the
greater molecular weight of ZnF2 (103.39 g/mol)
over ZnO (81.38 g/mol) intervenes, breaking the
expected trend of density’s reduction [[38], [39],
[40], [41]]. The equation of molar volume of the
glasses is calculated as following [36].

M =— (2)

Where My represents the molar volume, M is
the molecular weight, and p is the density of the
samples. Molar volume, My, typically has contrary
trend with density, p [[33], [42]]. Molar volume, My,
shows the linear trend with addition of ZnF, that lies
between 26.69 to 27.91 g/cm? from 0 to 21 mol%.
According to Azuraida et al., the increase of the
space in glass network increases the molar volume
[[43], [44]]. In other words, ZnF, creates more void
as it expands the inter-atom glass system [33].
However, the decrease trend is observed at glass
contained 28 mol% of ZnF, (27.7225 g/cm?). This
might be caused structural rearrangement as the
role converted from glass modifier to network as it
exceeds 20 mol%, a common concentration limit for
modifier in tellurite glass system. This in turn,
tightens the glass network and makes it compact
[44].

7 ——
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Table 2 - Density, molar volume, refractive index, and

polarizability of the Nd**/Tm3* doped tellurite glass

0

5 10

ZnF, Content (mol%)

15 20

25 30

TBNd TBNdT TBNdT | TBNdT | TBNdT
Glass TmZn mZnE7 mZnFl | mZnF2 | mZnF2
FO 4 1 8
Density 5.81 5.82 5.77 5.72 5.81
(8/cm3)
Molar 26.69 | 26.91 27.39 27.91 27.72
Volume
(8/mol)
Refracti 1.924 1.926 1.929 1.925 1.960
ve Index
Optical 3.20 3.18 3.16 3.19 2.94
Band
Gap
Energy
(eVv)
Molar 12.64 12.77 13.03 13.23 13.48
Refracti
vity
(cm3/m
ol)
Polariza | 5.81 5.82 5.77 5.72 5.81
bility
(x1024
cm3)
Density | 26.69 | 26.91 27.39 27.91 27.72
(g/cm3)
5.82 F28.0
A T
;.530‘*// .
i 578 274
% 576 [27.2 —5
a 27.0 E
574 =
268 =
5712 26.6
0 5 10 15 20 25 30
ZnF, Content (mol%)
1.965 . 5.40
1.960 (b) (’-5.35
) 1.955 L5130 ﬁE
‘-é 1.950 [ <25 T
S 1945 X
B r5.20 gz
= 1.940 4 =
€ 193] [ 515 E
1.930 4 [s10 2
1.925-/\ F5.05 =
1.920 +— : : . r 5.00

Figure 2 - Variation of (a) density and molar volume
(b) refractive index and electronic polarizability with
respect to the concentration of ZnF; in Nd3*/Tm?3*
doped tellurite glasses

The values of ionic concentration, N, inter-
nuclear distance, r;, polaron radius, rpz, and field

strength, F of ZnF, for glass samples are listed in
Table 3. The polaron radius, r,, decreases from 0.75
to 0.48 A as ZnF, increases into the glass, leads to the
high field strength, Fs, from 5.37 to 13.26 x 10 cm"
2 3round Zn?* ions thus, contributes to the decrease
in Zn-F, bond length and increase in Zn-F, bond
strength [33]. Meanwhile, internuclear distance, r;,
decrease from 1.86 to 1.18 as ZnF, [45]. This
parameter explains the reduction of molar volume,
My, as well as the increment of density, p, as ZnF,
reaches 28 mol% in the network. The similar pattern
of the mentioned parameters is recorded in the
previous studies as well [[46], [47], [48]]. The
concentration of an ion, N, inter-nuclear distance, r;,

polaron radius, rpz, and field strength, F, are be
obtained by the following equations [[46], [49]].

(v)(p)

glass average molecular mass

N =mol% of particular element x

(3)

OB
N

1)3 (5)
6N

V4

= (6)
rp

where N, is Avogadro’s number, p is the density

of the glass, and Z is the mass of the particular ion.

Table 3 - lonic concentration, N, inter-nuclear
. . 2 .
distance, r;, polaron radius, r_, and field strength, F
P

of ZnF, for each glass sample

lonic
concent Inter- Field
. Polaron
Glass ration nuclear . strength
sample (x 108 | distance rac;us (x1017
jons/c (R) (A) cm)
m3)
TBNdTmZ - - - -
nFO
TBNdTmZ 1.57 1.86 0.75 5.37
nF7
TBNdTmZ | 3.08 1.48 0.60 8.42
nFl14
TBNdTmZ 4.53 1.30 0.52 10.9
nF21
TBNdTmZ | 6.08 1.18 0.48 13.26
nF28
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Meanwhile, the refractive index increases from
1.936 to 1.984 along ZnF, contents. The refractive
index is calculated by utilizing optical band gap
energy, Eopt Value through Dimitrov-Sakka equation
[50].

nz_l 1_ ﬂ

iy (7)
n +2 20

where n is refractive index. Eqpt is the optical
band gap energy of the glass sample obtained by
extrapolating linear part of the graph using Tauc’s
method. The absorption coefficient of the sample
glasses is necessary to compute Tauc’s plot. The
following equations are absorption coefficient, a,
from the absorption spectral data measured and
also Tauc’s relation [51].

2.303A
a= (8)
t
B(Av—E )
a:—( v Opt) (9)
Ao

(10)

hv J
EUrbach

where A, t, B, and hu are absorbance, thickness
of glass sample, independent constant which known
as band tailing parameter, photon energy
respectively. The index r =1/2, 3/2, 2, 3 represents
direct allowed, direct forbidden, indirect allowed,
and indirect forbidden transitions respectively [52].
Both allowed transition for direct and indirect of

a:Bexp(

(ahv)  are plotted against /v to attain their

respective optical band gap energy, Eon, by
extrapolating the slope on x-axis [42]. Whereas the
Urbach energy, AE, is obtained by using the
empirical relation in eq. (10), by calculating the
reciprocal of the linear slope of In(a) against energy
plot [18]. The direct, indirect optical band gap
energy and Urbach energy decreases with increasing
ZnF; from 3.11to0 2.78 eV, 3.20 to 2.94 eV, and from
0.35t0 0.33 cm, respectively, as depicted in Table 3.

Figure 3 discloses Tauc’s plot for sample coded
TBNdTmZnF28, revealing extrapolated direct,
indirect band gap and Urbach energy. The increase
in Urbach energy indicates an increase in
disorderliness with ZnF; inclusion within the glass.

—— TBNdTmZnF28 (a)

(¢hv)*1/2 (eVem™)'?

Energy (eV)

2 ®) [

—— TBNdTmZnF28

Slope=3.06
E, =1/m

Irbach™

28 29 30 31 32 33
Energy (eV)

3000 ()

—— TBNdTmZnF28

i

2500 4

2000

1500

(«thv)”2 (eVem™)?

5004

2 4 6
Energy (eV)

Figure 3 - (a) Direct energy band gap, (b) Indirect
energy band gap, (c) Urbach energy of
TBNdTmZnF28 glass

The refractive index possesses a direct
relationship with the density, electric polarizability
and the molecular electronic polarizability value is
said to be consistent with the refractive index [41].
The electronic polarizability is one of the most
important materials and it is closely related to their
applicability in the field of optics and electronics

— 9
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[38]. The trends refractive index and polarizability is
portrayed in Table 2 and Figure 2. The polarizability
of oxide and fluoride ions are computed the
relation presented by Lorentz-Lorenz [53].

Table 4 - Direct energy band gap, indirect energy band gap,
and Urbach energy of the Nd3*/Tm3* doped tellurite glasses

TBNdT
mZnF2
8

Constitu | TBNd TBNd | TBNdT | TBNdT
ent/Gla | TmZn | TmZn | mZnFl | mZnF2
Ss FO F7 4 1

Direct
Band
Gap 3.11 3.1 3.07 3.08 2.78
Energy
(eV)

Indirect
Band

Gap 3.20 3.18 3.16 3.19 2.94
Energy
(eV)

Urbach
Energy 0.35 0.28 0.20 0.18 0.33

(cm1)
( 3 )(ij
a,=—| "> (11)
A N

a

Where a. is the electronic polarizability and Ry, is
the molar refractivity [42].

2
n -1
M:£n2+2JMV (12)

Furthermore, the loose packing of glass network
from the high molar volume, My, happens to
increase both molar refraction, Rn, and electronic
polarizability, a., thus, explaining the increase of the
refractive index, n [39]. The prior increase in molar
refractivity, Ry, from 12.64 to 13.49 cm3/mol may
lead to the increase of the electronic polarizability
with value of 5.01 to 5.35 x10%* ¢cm3. This might
attribute to more polarizable non-bridging oxygens
(NBOs) compared to the less polarizable bridging
oxygens (BOs) [54]. According to Komal Poojha et al.
higher polarizability is also attributed by anion with
larger ionic radii which means fluorine (3.98) that is
larger compared to oxygen (3.44) [[37], [55]]. It is
worth mentioning that the linear relationship
between n and p as mentioned in Gladstone-Dale
equation is invalid for present work [56].

Absorption properties

Figure 4 shows the UV-vis-NIR absorption
spectra of the range of 400-2000 nm of Nd3*/Tm3*
doped tellurite glass samples. Eight absorption band
is observed at 469, 527, 584, 697, 794, 868, 1212,
and 1697 nm which originated from 4f-4f electronic
transitions from the ground state *ls/, of Nd** and 3He
of Tm3 to their respective excited levels. To be
specific, the wavelength peaks at 469, 527, 584, 697,
794, and 868 are belong to Nd** which the
transitions from the ground state to “lo; to
K152+ G11y2, *Gys2, *Gsja, *Foya, *Fsy2, and *Fs excited
levels. Whereas the wavelength peaks of Tm3" at
469, 697, 794, 1212, and 1697 are assigned to the
transitions from the ground state 3He to G, 3Fa3,
3Hs, 3Hs, and 3F; excited levels. The similar
absorption bands have been reported in the
previous studies with the doping of Nd*/Tm?3* ions
into tellurite glass [[1], [57]]. However, there are a
few of wavelength bands overlapped at the same
wavelength which are at 469, 697, and 868 nm. The
transitions in the UV-Visible region appear to be less
intense compared to those transitions in NIR region
due to the occurrence from the ground state of Nd**,
%192 to higher levels (*G and *F) and from the ground
state of Tm®, 3He to higher levels (3F) that are spin
permissible, (AS=0), except 3He>1Gs in Tm®,
where AS =2 thus, it explains the weak absorption
of the transition at wavelength 469 nm since the spin
is forbidden. Moreover, major parts of these
electronic transitions has been raised on account of
induced electronic dipole transitions, complying

with the selection rule, |AJ|36. Moreover, the

transitions for Nd3* from *lo/2 to 2Kis2+*Giis2, *G7ya,
and *Fg, also for Tm3*, 3He to 3Hs are marked as the
allowed magnetic dipole transitions owing to
A =0, £1. Furthermore, the 3Hs=>3Fs, 3He>3Hs,
and 3He>3H4 transitions of Tm3 and *lo/,>Fsp
transition of Nd** are called named as hypersensitive
transitions as they are very sensitive to the vicinity
of the host and among the most intense than other
transitions [[6], [58], [59]]. These transitions obey
the selection rule, |AS|=0, |AL|<2, and |AJ|<2.

However, the absorption peak assigned by -
*lo/22*Fos2 exhibits the most intense, but forbidden
by selection rules. The intensity of the individual
absorption bands largely increases with the addition
of ZnF; concentrations.
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Figure 4 - Absorption spectra of (a) 400-2000 nm and (b) 800-2000 nm Nd**/Tm3* doped tellurite glasses

Table 5 and Table 6 display the Nd** and Tm3*ions
doped tellurite glasses transition energies in
wavelength number, A (cm™), with the aquo-ion
values. Major outcome of change in the
characteristics of bonding between the Nd**/Tm3*
ions and neighbouring ligand ions (0%/F) in the host
is attributed by the nephelauxetic effect [[49], [60]].
When the glass compositions in embedded with
different modifiers in which also possess different
charges, the band position will be varied since the
ligands receive the charges from the central metal
ion [55]. The nephelauxetic ratio is calculated as
below [59].

ﬁ=u— (13)
1Y)

C

Where v, and oy, are the wave number (cm™)

of the corresponding transitions in the glass matric
and aqua ion.

Nonetheless, bonding parameter values
determine the nature of the bond between rare

earth ions and their ligands (O%*/F) are covalent or
ionic depending on positive on the magnitude
values. The formula for bonding parameter is as
following [59].

(14)

(o %)
7\
=
I}
=
N
X
[anY
o
o

Where S is the average nephelauxetic ratio.

The computed nephelauxetic ratio are 1.0917,
1.0911, 1.0912, 1.0926, and 1.0909 while the

bonding parameters are -0.0840, -0.0835, -0.0836, -
0.0848, and -0.0833 for glass samples TBNdTmZnFO,
TBNdTmZnF7, TBNdTmZnF14, TBNdTmZnF21, and
TBNdTmZnF28 respectively. The overall increase in
nephelauxetic ratio also explains the shift to higher
energy in absorption bands in Figure 4. As the nature
of bonding between Nd**/Tm3*ions and their ligands
are ionic and consistent with the studied glasses
[[49], [59], [60], [61]].

Table 5 - Calculated band positions (cm™), average nephelauxetic ratio (ﬁ_ ), bonding parameters (6) of Nd** in aqua

ion values in tellurite glasses

Energy TBNdTmZnFO0 | TBNdTmZnF7 | TBNdTmZnF14 | TBNdTmZnF21 | TBNdTmZnF28 Aqua
level ion

Hojp—>?Kspy | 21322 21322 21277 21322 21277 11527
+ Gy
492Gy, | 18939 18975 18939 18975 18975 12573
49p—%Gsy, | 17094 17094 17123 17123 17123 14854
*l9/2—>Fo)2 14556 14556 14556 14556 14556 17167
*l9/2—>Fs )2 12594 12594 12579 12610 12579 19103
*lo/2—>F32 11561 11416 11561 11561 11455 21563
Yij 1.0917 1.0911 1.0912 1.0926 1.0909 -
6 -0.0840 -0.0835 -0.0836 -0.0848 -0.0833 -
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Table 6 - Calculated band positions (cm™), average nephelauxetic ratio (ﬁ_ ), bonding parameters (8) of Tm3*in aqua

ion values in tellurite glasses

Energy level | TBNdTmZnFO | TBNdTmZnF7 | TBNdTmZnF14 | TBNdATmZnF21 | TBNdTmZnF28 Aqua ion
3H5—)1G4
21322 21322 21277 21322 21277 5811.0000
3Hs3F,3
14556 14556 14556 14556 14556 8390.0000
*He—>’Ha 12594 12594 12579 12610 12579 12720.0000
3 3
He—"Hs 8251 8258 8258 8251 8251 14510.0000
3He;—)3|:4
5914 5879 5865 5900 5914 21374.0000
B 1.4479 1.4477 1.4458 1.4480 1.4461 -
6 -0.3094 -0.3092 -0.3083 -0.3094 -0.3085
Photoluminescence Properties
The spectrain 0.7 P
) :: 467 —_— mZnF
Figure 5 shows the normalised ZnF, dependent 3 os- Mi‘ i . —— TBNATmZnF7
PL emission spectra of all glass samples in the visible = o B rBNATmZaF14
and partially near infrared range (500-900 nm) 05+ — TBNdTmZnF21
o iy H,,, 0 —— TBNATmZnF28
under the excitation wavelength of 467 nm at room % oal L g "
temperature. Seven prominent luminescence peaks § ’ ‘Gsz<loz
of Nd** and Tm** are identified centred around 509, = 03+ H M —F ',
586, 611, 626, 648, 795, 800 and 890 nm which the - “Gow 3
.. . A 021
transitions from excited states to ground states =
which are at 469/294|9/2, 4Gs/294|9/2, 2H11/294|9/2, 0.1 Fy 'Ly
3F3>%Hs, *Ha>3Hg, “Fsp>%lspp, and  *F3p>°lop,

respectively. The intensity and bandwidth of each
spectrum are observed to be sensitive to ZnF;
contents as they are varied. At wavelength 509 nm,
the intensity of *Go/,>*ls/, transition increases up to
21 mol% ZnF,. Nonetheless, it is noticed that the
intensity of the transitions, *Gs,>*%lo/2, H112>%92,
and “F32>%y), at 586, 626, and 890 nm have been
significantly decreasing with the presence of ZnF,
concentration. Meanwhile, at the transitions of
3F3>3Hs, 3Ha>3He, and *Fs/,>%19/2 at wavelength 648,
795, and 800 nm, the luminescence intensity
enhanced along with the addition of ZnF, content up
to 7 mol% and later on the intensity decreases with
further addition of ZnF, ( = 14 mol%) contents, due
to the phenomenon of concentration quenching
[62]. The strongest luminescence intensity observed
at 7 mol% of ZnF, which is the optimum
concentration of ZnF, obtained in the present study.
However, there are two emission bands of Nd** and
Tm3 partially overlapped and produced a wide
luminescence spectrum at wavelength 795 and 800
nm.

500 600 700 800 900
Wavelength (nm)

Figure 5 - Normalized PL spectra for all glass samples
with the wavelength range of 500-900 nm

Figure 6 displays the partial energy diagram for
the Nd**/Tm3* ions, where non-radiative (NR) and
radiative transitions are stipulated. In the presence
of 467 nm excitation, the Nd** ions are promoted to
the 2Dsj, 2P3, state while the Tm3* ions are
promoted to the !G, state. Afterwards, the
Nd*/Tm3* ions went through multi-phonon
relaxations processes and the lower states,
particularly for Nd**, *Goya, *Gs/2, 2H11/2, *Fs/2, and *F3/2
while for Tm3*, 3F; and 3H4 are occupied. Green,
orange, and red emissions are identified in Nd** ions
while orange and red are detected in Tm**ions. The
non-radiation transitions are attributed to the
strong interaction among the respective Nd3*/Tm3*
jons, as the distance between the ions decreases
[39].
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Figure 6 - Partially energy level diagram of Nd3*/Tm3*
ions in TBNdTmZnF glasses

Conclusions

Varying the ZnO/ZnF, contents in Nd3*'/Tm3*
doped Tungsten-Bismuth-Tellurite glass
demonstrate its substantial impact in physical and
optical properties of prepared glass. The absorbance
centred around 1691 nm, corresponding to Tm3*
ions improved with ZnF, contents. Physical
parameters such as density, molar volume, molar
refractivity, and electronic polarizability fluctuated
at different ZnF, concentration. The changes in
refractive index attributable to the polarizability
differences between fluoride and oxygen anions.
The prominent luminescence band is evidenced at
800 nm which highlighting the capable of ZnF; in

tuning the luminescence properties which it shifts
the wavelength towards NIR region. This work
suggested that ZnF; can alter the optical properties
of REls doped glass, that is useful in develop better
fiber optics and solid-state lasers materials operated
at NIR region.
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TYWIHOEME

3epTrensi.

LU bIHbIHbIH,

®opmynacsbl
6onatbiH WhiHblNAp (MyHaa x = 0, 7, 14, 21, 28 monb%) 6ankbiTy aaicimeH AaibiHAanagpl.

KYTblYbI

3eptrey Nd3*/Tm3* neripaeHreH Bosbdpam-BUCMYT-TENNYPUTTI LWbIHbIAAFBI 3PTYPAI ZnO aHe ZnF
KOHLLEHTPaLUMANAPbIHbIH, ONTUKANbIK-TA/IWbIKTbl KOHE KaTTbl KyhWAe KOAAaHy YLWiH acepiH

60,97Te0,-6,7W0:-3,3  Bi,03—0,03Nd203—1TmO—(28-X)ZnO-xZnF,

KoHe  GOTONOMUHECLeHUUACHI UV-Vis-NIR  KyTblly  XoHe
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dOTONOMUHECLLEHLMA CNEKTPOMETPIHIH KemerimeH enweHepai. 467, 525,581, 687, 726, 793, 870,
1211 xoHe 1691 HM OpTaNbIKTapblHAA CEerisre KyblK KYTbIy KOMAKTapbl aHbIKTanfaH, 6yn REI
(Nd3* »aHe Tm3* noHAapbIHbIH) Heri3ri KyWAeH KO3faH Kyiire aybiCKaH KyiiepiHe calkec Kenea;.
Oprtanbifbl 1691 HM 6onatbiH Tm3* wyTy Kabineti ZnF, meniwepi Kofapbl (28% monb) 6onfaHaa
Kakcapapl. TbIFbI3fblK, MONAPALIK Kenem, MOAAPAbIK CblHY KabineTi aHe 371eKTpoHAbI
nonapusaumanaty cuakTtbl ¢usMKanblk napametpnep ecentenedi. Nd3* sksHe Tm3* keTi
NIIOMUHECLLeHLMA WbIHAapbiHbIH 509, 586, 611, 626, 648, 795, 800 »kaHe 890 HM aliHanacbiHAa
OpHanackaH. JIoMUHeCLLeHUMAHDBIH, eH, }KoFapbl Kyweiyi 800 HM-ae b6aikanagbl, 6yn WbiHbIAAFbI
ZnO/ZnF, 3:1 KaTblHacblHa CaMKec Keneaj. Byn HaTUXeNep ONTMKANbIK Ta/lUbIKTAp MeH KaTTbl
Kynaeri nasepnep ywiH KONAAHLINATBIH WbIHbIHBIH, NIOMUHECLLEHTTIK KacueTTepiH e3reptyaeri
ZnF, peniH KepceTep,.
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AHHOTAUMUA
HacToswiee nccnenoBaHue U3yyaeT BAMAHUE PAa3nYHbIX KOHLEeHTpauuii ZnO u ZnF; B Bonbdpam-

BUCMYT-TEINYPUTHOM CTeKne, nermpoBaHHoM Nd3*/Tm3*, ana npumeHeHus B ONTOBONOKHE M
nonynposogHukax. Crekna d¢opmynbl 60,97Te02-6,7W03-3,3 Bi203—0,03Nd203—1TmO—(28-
X)ZnO-xZnF, rae x = 0, 7, 14, 21, 28 mon.%, nonyyaloT MeTOAOM 3aKajKku M3 pacnnasa.
MornoweHne 1 GOTONOMUHECLLEHLMIO CTEKNA U3MEPSAIOT C MOMOLLbIO CMEKTPOMETPA NOrN0oLLLEHUA
1 dpotontomuHecueHummn UV-Vis-NIR. BbIABNEHO OKONO BOCbMW NOMOC MOM/IOWEHUA C LLeHTpamu
okono 467, 525, 581, 687, 726, 793, 870, 1211 1 1691 Hm, COOTBETCTBYHOLLLMX COOTBETCTBYIOLLMM
P3U (MoHam Nd3* 1 Tm?3*), nepexoasLimMm U3 0CHOBHOTO B BO36YsKAeHHOe cocToAHMe. [ornoweHne
Tm?3* ¢ LeHTPoOM 0Ko/0 1691 HM yaydwanocb Npu 6onee BLICOKOM cogepxaHunm ZnF, (28% mon.).
PaccunTbiBatoTca duU3nMYecKkne napameTpbl, TakMe Kak NAOTHOCTb, MONAPHbIN 06bem, monapHas
npenomasAtoLLan cnocobHOCTb U 3NEKTPOHHAA NOAAPU3YEMOCTb. Bblan naeHTUdUUMPOBaHbI CEMb
3aMeTHbIX NMKOB itoMuHecueHumn Nd3* n Tm3*, cocpeaoTodeHHbix okono 509, 586, 611, 626, 648,
795,800 1 890 HM. Hanbonbluee ycuneHue NlOMUHECLeHUUM Habato gaetca npu aavHe BoiHbI 800
HM, YTO COOTBETCTBYeT COoOoTHOWeHuo ZnO/ZnF; B cTekne 3:1. 3TM pe3ynbTaThl NOAYEPKMBAIOT
ponb ZnF; B W3MEHEHUM NIOMWUHECLLEHTHbIX CBOWMCTB CTEKNAa A/ BOJIOKOHHOW OMTUKU W
TBEPAOTENbHbIX 1a3epOoB.
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ABSTRACT

The effective inclusion of polypropylene (PPH030) into bitumen during road building is essential
for improving the qualities of the material. This research examined the impact of mixing factors
on the homogeneity and effectiveness of PP-bitumen blends. The experiment conducted by
using granules with a size of 4.3 mm. The mixing process took place at temperatures between
158 and 160°C for a duration of 1.5 hours. Nevertheless, this procedure proved inadequate in
achieving enough blending and uniformity, resulting in the existence of unabsorbed particulate
matter in the mixing nozzle and vessel walls. Further tests were carried out to enhance the
mixing process. The temperature was adjusted to a range of 168-175 °C, and the mixing period
was prolonged to 2 hours. Additionally, the PP content was increased to 4 percent. The findings
showed a significant improvement in consistency, with no visible undissolved particles. In
addition, examination of the mixed samples indicated a rise in the softening point from 53.4 to
61.2 °C when the PP content was increased, accompanied by a loss in penetration and elongation
capabilities. The comparison with prior findings demonstrated that the adjusted circumstances
resulted in a reasonable degree of mixing, as seen by the constant softening point and decreased
penetration and elongation values.

Keywords: bitumen, polymermodifiedbitumen, mixing temperature, mixing time,
asphaltconcrete.
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Introduction

most widely used methods. Polyethylene (PE) and
polypropylene (PP), as well as thermo-plastic

Asphalt has been extensively used in road
construction during the last several decades
because of its excellent adhesion, temperature
sensitivity, friction characteristics, resistance to
ageing, and long-lasting nature. Nevertheless, the
ongoing increase in traffic volume and the adverse
effects of climate change, including global warming,
need enhanced performance standards for
bituminous pavement [1].

Out of all the efforts made to modify bitumen,
adding polymer to bitumen has been one of the

elastomers like styrene-butadiene-styrene (SBS)
and styrene-isoprene-styrene (SIS), have been
identified as very effective modifiers for bitumen
[2]. These polymers may enhance the qualities of
bitumen, including increased stiffness at high
temperatures, improved resistance to cracking at
low temperatures, and extended fatigue life. PE
and PP, being the most prevalent polyolefins, are
extensively used in the manufacturing of plastics
for wvarious applications [3]. Plastic items are
essential in today's lifestyle since they are
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lightweight, waterproof, versatile, and inexpensive
to produce. Nevertheless, the escalating utilization
of plastics has produced a substantial quantity of
plastic trash, leading to a significant environmental
issue owing to their inability to decompose
naturally [4].

Consequently, there is now great interest in
altering bitumen or asphalt to create polymer-
modified bitumen. However, no one technique or
technology can be universally applied to all types of
polymers. The size of the polymers, their
characteristics, and the exceptionally large surface
area all contribute to enhancing the physical
properties of bitumen. These improvements
include increased tensile strength and modulus,
reduced gas permeability, lower coefficient of
thermal expansion, and maintaining the optical
homogeneity of the bituminous material [5].
Various techniques may be used to integrate
polymer into bitumen, including increasing the
temperature, adjusting the mixing speed, and
controlling the duration of mixing [6].

Through the process of high-temperature and
high-shear mixing, the polymer is able to combine
with the asphalt molecules, creating a cohesive
network that encompasses the whole binder. This
leads to a substantial enhancement of the
viscoelastic characteristics when compared to the
unmodified binder. This process faces challenges
due to the low solubility of polymers, which
restricts the number of macromolecules capable of
both creating and preserving such a structure under
high-temperature storage in stationary conditions,
which may be required prior to applying the binder
[7]. Consequently, there have been many research
works focused on comprehending and enhancing
the structure and storage stability of polymer-
modified asphalts [8].

The uniqueness of this study is to ascertain the
optimal temperature and rotation speed required
to generate a homogeneous polymer-bitumen
product while considering the specific properties of
the polymer and bitumen produced in Kazakhstan.

Experimental part

The selected base bitumen with penetration
mark BND 100/130 used in this study was supplied
from the Pavlodar refinery with physical qualities in
Table 1 and polymer material is polypropylene
PPHO030, also produced in Kazakhstan with specific
characteristics including a melt flow rate of -3.3
g/10min, a yield indicator scatter within the batch

of 4.6%, a bending modulus of elasticity of 1187
MPa, a mass fraction of volatile substances of
0.04%, tensile yield strength of 33.0 MPa, an
elongation at the yield point of 11%, a granule size
of 4.3 mm, and a smell intensity of 1 point.

Table 1 - Physical characteristics of bitumen B

Properties Results
Penetration (252C, 100 gr, 5sec) 0.1 mm 118.4
Softening point, eC 46.0
Flashpoint, °C >220
Specific gravity (25 2C), gr/cm?3 1.017

The sample preparation. The polymer-modified
bitumen was created by combining base bitumen
with different amounts of polymers as mentioned
earlier [9]. The specific percentages of polymers
were selected based on the findings of review
articles and research conducted by professors
worldwide, which showed favourable outcomes
when using 2.5-4% of the total weight of bitumen.
To achieve this objective, a laboratory high-shear
mixer equipped with an electronically controlled
stirrer model, capable of operating at stirrer speeds
ranging from 30 to 2000 rpm, was used to carry out
the mixing process in Figure 1. The polymers were
incrementally introduced to the bitumen by weight
during the first 15 minutes of mixing, after 90
minutes of heating at a temperature of 165° C [[10],
[11]]. After a two-hour interval, the mixing
operation recommenced. The mixing temperature
was adjusted to a range of 170-175°C, and the
temperature was periodically measured using a
thermometer every 30 minutes.

B

Figure 1 - A laboratory high-shear mixer
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The test methods. Penetration testing is a
widely used laboratory technique for assessing the
elastic characteristics of bituminous materials,
including both unblended and polymer-modified
bitumen (PMB). It offers a method for assessing the
rheological characteristics of bitumen at a certain
temperature, namely its level of hardness or
softness [12]. The penetration test entails the
insertion of a standardized needle into a bitumen
sample, following the parameters specified in ST RK
1226-2003. Experiments are often carried out at
various temperatures, such as 25°C and 0°C. The
sample is subjected to the designated testing
temperature. The needle's vertical location on the
surface of the specimen is guaranteed. A
designated force is exerted on the needle for a
certain duration of time (5 seconds). The needle's
penetration into the bitumen in Figure 2, is
measured in increments of tenths of a millimeter or
hundredths of an inch [[13], [14]].

Figure 2 - The needle's penetration

The softening point test assesses the thermal
properties of bituminous materials, specifically the
viscosity of bitumen at elevated temperatures. To
get precise and consistent results, it is essential to
adhere to recognized guidelines such as AASHTO T
53 or ST RK 1227-2003, and ensure that the
equipment is appropriately calibrated, as is
customary for any other examination. A "ring-ball"
gadget typically comprises of two metal rings that
are concentric and a steel ball. The specimen is
located inside the central cavity of the ring, while
the ball is positioned directly above it. The sample
is positioned inside the metal ring, with the steel
ball positioned on top of it, and then exposed to
regulated heating at a consistent rate of 5°C per
minute [[15], [16]]. The softening point is the
temperature at which the bituminous material

becomes soft enough to contact the base of the
ring, causing the ball to pass through the specimen
in Figure 3. This change may be seen visually.

Figure 3 - The softening point test

A ductility test machine generally comprises a
water bath, a collection of brass or metal molds,
and a mechanism designed to apply pressure to an
asphalt briquette until it reaches its breaking point
[17]. The well-recognized benchmarks for
evaluating the malleability of bitumen are ST RK
1374-2005 and AASHTO T 51. The procedure
involves placing a representative sample of
polymer-modified bitumen (PMB) in a mold and
using a shaping process to create dense briquettes
in Figure 4. The briquette is shaped with a
predetermined cross-sectional area. A vertically
aligned plasticizer is used to accommodate the
cooled briquette. The briquette is regularly exposed
to a consistent tensile stress, at a pace of 50 mm
per minute. The bituminous material undergoes
continual length measurements until it reaches the
point of fracture [[18], [19]]. Ductility measures are
determined by calculating the extent to which
bitumen can stretch before it breaks, often
measured in millimeters [[20], [21]].

Figure 4 - A ductility test briquette




KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. Ne4(335), 2025

ISSN-L 2616-6445, ISSN 2224-5243

Results and Discussion

The study was conducted on both unmodified
and polymer-modified polymer bituminous binders
to ascertain the appropriate technological
temperature, mixing time, and speed. This was
achieved by analyzing the correlation between
penetration, softening point, and ductility tests.
The optimal dosage suggested by global
researchers initially began at 3%. To implement this
technology, we established the ideal blending
temperature and duration as 160-175 °Cand 1.5
hours, respectively.

Despite using a granule size of 4.3 mm and
subjecting polypropylene PPH030 to processing
duration of 1.5 hours at a temperature range of
158-160 degrees Celsius, the intended level of
mixing and homogeneity was not attained. An
analysis of the mixing procedure revealed the
existence of unabsorbed particulate matter in both
the mixing nozzle and the surfaces of the mixing
container. This discovery highlights a notable
difficulty in attaining complete scattering and
merging of the polypropylene particles within the
given circumstances.

Moreover, a thorough examination of the data
revealed disparities in the actual levels of
penetration, softening point, and elongation
features in comparison to the forecasts produced

by  well-established international scientific
approaches and theoretical frameworks. The
discrepancies are visibly shown in Figure 5

emphasizing the need for further examination and
improvement of processing parameters to enhance
the polymer blending process.

200

160 —

120 —

results properties

80 —

Depends of Softening Point,
Penetration and Ductility test

40 —

0

3% PP 3.5% PP
W Softening Point 54,8 54.8
M Penetration 57.7 56.7
Ductility 131 172

Figure 5 - A relationship between 3% and 3.5%
of PP HO30

Figure 5 illustrates a relationship between the
quantity of polypropylene HO30 and several key
properties. According to theoretical expectations,
an increase in the polypropylene content should
correspond to an increase in consumption point
while leading to a decrease in tensile properties
and penetration. However, the observed elongation
increase at 3.5 per cent suggests inadequacies in
the mixing conditions, specifically regarding
temperature and duration. This suboptimal process
results in a polymer bitumen blend that lacks
homogeneity, with a significant portion of
polypropylene remaining undissolved.

To enhance the dissolution of polypropylene
HO30 and achieve homogeneity, we made the
following  adjustments: we increased the
temperature to a range of 168-175 degrees Celsius,
lengthened the mixing duration to 2 hours, and
raised the polypropylene content to 4 per cent. The
results of these modifications are shown in Figure 6
below.

180

150

120

90 —
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results properties
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Depends of Softening Point,
Penetration and Ductility test

0

3% PP 3.5% PP 4% PP

M Softening Point 53.4 57 61.2
M Penetration 59,1 56.8 46.8
Ductility 171 122 100.5

Figure 6 - A relationship between 3% and 4% of PP H030
at the new condition of mixing temperature

Figure 6 analysis reveals a homogeneous
dispersion of polymer bitumens with no remaining
particles. When comparing the findings obtained at
temperatures below 160°C to those obtained
between 168-175 °C, it was seen that the polymer
treated at the higher
temperatures had little oxidation impact on the 3%
polypropylene content. This effect was attributed
to the longer processing period. The softening point
exhibited a substantial rise, rising from 53.4
degrees to 61.2 degrees Celsius, as a result of a 4%
increase in polypropylene content. Additionally, the
data shows that the penetration decreased from
59.1 mm to 46.8 mm and the elongation decreased

bitumen  mixture
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from 171 mm to 100.5 mm as the polypropylene
content increased.

In addition, when comparing the findings at a
polypropylene HO30 concentration of 3.5% with the
prior data, there was a rise in the softening point
from 54.8 °C to 57 °C. Furthermore, the penetration
and elongation values changed from 56.7 mm and
172 mm to 56.8 mm and 122 mm, respectively. The
data indicate a reasonable degree of blending in
the polymer bitumen mixture.

Conclusions

In conclusion, our extensive collection of over
30 experimental studies demonstrates that the
homogeneity of our polymer-bitumen
investigations can be significantly enhanced by
employing a mixing temperature ranging from
168°C to 175°C, along with a two-hour mixing
duration. Specifically, using 4.3 mm granules of
polypropylene HO030 ensures that the mixture
achieves the desired consistency. The addition of
polypropylene at a concentration equal to or

exceeding 4% meets the regional technical
standards for polymer bitumen. However, as
polypropylene exhibits high tensile strength,

chemical resistance, and a melting point of around
160°C it tends to increase the hardness of bitumen,
it is essential the inclusion of plasticizers or other
modifiers such as oil components or other types of
polymers, to achieve the required softness and
flexibility and balance the mechanical properties of
the polymer-modified bitumen to incorporate

additional additives. By carefully adjusting these
parameters, it is ensured that the polymer bitumen
meets the standards outlined in the local technical
documentation providing  improved
performance for road construction applications.
This optimization process highlights the importance
of precise control over mixing conditions and
additive selection to achieve the desired material
properties.
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TYRIHAEME

*on KypbuibicbiHaa 6utymra nonunponuneHai (PPHO30) Tvimai Kocy matepuangpliH, canacbiH
KaKcapTy YWiH KaxkeT. Byn 3eptTeyae apanacTbipy dakTopnapbiHbiH, PP-6UTYM KocnanapbiHbiH,
bipkenkiniri meH Tuimainirine acepi 3epTTengi. dkcnepumeHTte 4,3 MM Tyuipwiktep
KondaHbnabl. Apanactbipy npoueci 158-160°C Temnepatypaga 1,5 cafaT 60Wibl XKypAi.
[ereHmeH, 6yn npoueaypa KeTKiNiKTI apanactblpy mMeH bGipKenKiNnikke KON KeTkisy yLiH
JKETKiNiKCi3 6onabl, 6yn apanacTbipfbill CanTamafa KaHE KOHTelHep KabblpfanapbiHaa
CiHipiimereH KaTTbl 3aTTapablH, 60nybiHa aKenai. ApanacTblpy NPOLECIH ¥KaKcapTy YLWiH
KOCbIMLLA CbIHaKTap Kyprisingi. Temnepatypa 168-175 °C avana3oHblHA AeWiH KeTepinai »aHe
apanacTblpy KeseHi 2 cafaTka AeliH y3apTbingpl. COHbIMEH KaTap, NOAUNPONUAEHHIH, MenLepi
4%-fa peniH ecipingi. Hatvxkenep KOHCUCTEHUMAHbIH, alTap/blKTall »KaKcapfFaHblH KepceTTi,
KepiHeTiH epimereH 6enwektep 6onmagpl. COHbIMeH KaTap, apanac yAarinepai 3eptrey PP
MeLWePiHiH, KOFapblaybIMEH YMCapTy TemnepaTypacbiHbiH, 53,4-TeH 61,2 ° C-ka QHeWiH
apTaTbiHbIH KepceTTi, byn eHy KaHe y3apy KabineTiHiH TemeHaeyimeH bipre Kypai. AnabiHFbl
HaTUXKEeNepPMEH CanbICTbIPy LWapTTapAbl PeTTey apKblibl apanacTbipyAblH, KONalabl AapexKeciHe
KON KeTKi3inreHiH KepceTTi, Byn TypaKTbl KYMCAPTy HYKTECIHEH aHe eHy MeH y3apTyablH
TemMeHAeyiHeH KepiHedi. AnApblHFbl HITUMXKENepPMeH CanbICTbIpy WapTTapAbl Ty3eTy HaTUXecCiHae
KOMaWnbl  apanactblpy  A2pekeciHe KON  JKeTKi3inreHiH  KepceTTi, 6yn  KymcapTy
TemnepaTtypacbiHaH KaHe eHy (MeHeTpauus) KaHe y3apTy KepceTKiWTepiHiH, TemeHAeyiHeH
KepiHeaj.

TyiiiH ce3dep: GWUTYM, nonumepneHreH 6GWTyM, apanacTblpy TemnepaTypacbl, apanacTbipy
yaKbITbl, achanbT6eToH.
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AHHOTALMUA

3¢bdektnsHoe pobasnerHve noaunponuneHa (PPHO30) B 6MTymM npu CTpouUTENbCTBE A0POT
HeobxoaMMO ANA yAydlleHMs KayecTBa MaTtepuana. B gaHHOM uvccnefoBaHMM M3yvanocb
BAUAHWE HAKTOPOB CMELUMBAHUA Ha OAHOPOAHOCTb M 3ddeKTUBHOCTL MM-6UTYMHbIX cmecei. B
3KCNEepUMEHTE UCNONAb30BANUCL FPaHybl pasmepom 4,3 mm. Mpouecc CMewWwmrBaHUA NPoXoann
npu Temnepatype 158-160°C B TeyeHue 1,5 yacos. Tem He meHee, 3Ta NMpoueaypa OKasanacb
HEeO0CTaTOMHOM ANA OOCTUXKEHUA [O0CTaTOYHOrO CMEWMBaHWA U O4HOPOAHOCTH, YTO NPUBENO K
HannuMio HeabcopbUpPOBaHHbLIX TBEPAbIX YacTWL, B CMECUTE/NIbHOM Hacaflke M Ha CTeHKax
emMKOCTU. bBbinn  npoBeAeHbl  AONONHWUTE/IbHbIE  WUCMBITAHUA  ONA  YAydWeHWA npouecca
cMelwmBaHus. TemnepaTtypa 6Obiia oTperynvpoBaHa Ao AuanasoHa 168-175 °C, a nepwuog,
cmewmrBaHua 6bin npogsieH Ao 2 YacoB. Kpome Toro, cogepikaHwve noavnponuieHa 6bi1o
yBenuyeHo 0 4 %. Pe3synbTaTbl MOKasanuM 3HAYMTENbHOE YAyYLWEHUE KOHCUCTeHumu, 6e3
BUAMMbBIX HEpacTBOPEHHbIX YacTul. Kpome TOro, uccnefoBaHMe CMeELIAHHbIX 06pasuos
nokasano MoBbllleHWe TemnepaTtypbl pasmardeHna ¢ 53,4 po 61,2 °C npu yBeanyeHuu
cogeprkaHua MMM, YTo CONPOBOXKAANOCH CHUXKEHNEM NMPOHUKaKOLWEN CNOCOBHOCTU U CNOCOBHOCTU
K yanvHeHuto. CpaBHeHMe ¢ npeablayliyMmy pesyibTaTaMu MOKasasno, YTO B pesynbrarte
KOPPEKTUPOBKM YCNOBUIA BblNa AOCTUTHYTA NpUemaeman CTeneHb CMeLIMBaHuA, YTo BUAHO Mo
HEM3MEHHOW TemMnepaType PasmMArYeHUn 1 CHUKEHUIO NoKasaTenen neHeTpauum u yaiMHeHus.
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Knroueesbie caoea: 6UTYM, NoaMmepmoandULMPOBaHHbIA BUTYM, Temnepatypa CMmeluBaHus,
BPeMs cmelunBaHms, acGanbTobEeTOoH.
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ABSTRACT

In this article, maintaining the quality and commercial properties of mineral fertilizers during
repeated transshipment and long-term transportation is an important issue. The purpose of the
research work is to study the structure of granules in complex mixed fertilizers and to develop
methods to improve it at the production stage, thereby improving the physical and mechanical
properties of the finished product. In order to improve the granular structure of the mineral
fertilizer, the static strength of the granules, the mass fraction of moisture, the chemical
composition, and the structural shape of the granules were determined using an electron
microscope. To improve the structure and increase the strength of mineral fertilizers, a method
of encapsulation was used using 0.5% aqueous solutions of organic polymers of modified
polyacrylamide, followed by granulation and drying at a temperature of 75 °C and a tralchet
granulator. A comparative analysis was conducted to study the structure of mineral fertilizers,
diammonium phosphate, and encapsulated superphosphate using modern instrumental
methods. The structure of encapsulated superphosphate was studied, and its strength was
increased using 0.5% aqueous solutions of modified polyacrylamide at a temperature of 750 °C,
with an increase from 40 to 2000 times. Spectral studies of superphosphate treated with
polymer solutions were carried out, and structural features corresponding to the functional
groups of organic compounds were identified. The research results showed that aqueous
solutions of modified polyacrylamide allow structure formation, creating a polymer shell and
increasing the strength of mineral fertilizer granules.

Keywords: mineral fertilizer, strength, structure, grain, research.
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Introduction

The manufacture of mineral fertilizers is an
important area of the Kazakh agro complex,
occupying a leading position in non-hydrocarbon,

non-resource exports.

The country is experiencing an increase in the
production of complex mixed mineral fertilizers for

export.
The range of mineral fertilizers produced in the

Republic of Kazakhstan today is changing in favor of
mineral fertilizers, which meet modern consumer
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preferences. Complex mixed fertilizers, as a rule,
are more concentrated and require lower costs for
transportation, storage, and application compared
to single-component fertilizers.

Improved quality of exported mineral fertilizers
is a prerequisite for increasing export potential and
an important factor in  maintaining the
competitiveness of Kazakhstani producers. Thus,
the problem of preserving the quality of mineral
fertilizers during numerous transshipments and
long-term transportation is one of the key ones for
the industry as a whole. In addition, improving the
physicochemical properties of mineral fertilizers
can significantly increase the efficiency of their use
and avoid losses at the application stage [[1],[2]].

The consumer properties of granular mineral
fertilizers - static strength of granules, caking,
dustiness - are interrelated and depend on the
substance constituents and building of the
granules, which is largely determined by the
technological parameters of the production process
(3], [4]].

Currently, modern non-destructive methods for
studying the structure of solids, such as scanning
electron microscopy (SEM), have appeared and
become available. The use of these methods allows
us to study in detail the structure and distribution
of chemical elements in granules of complex
mineral fertilizers, as well as their relationship with
physical and chemical properties [[5],[6]].

The importance of scientific work is to study
the structure of granules of complex mixed
fertilizers, as well as to search and develop
methods for improving them at the production
stage to improve the physical and mechanical
features of the eventual product.

Experimental part

Object of research. To study the properties of
granular mineral fertilizers, the most popular
brands of mineral fertilizers produced by
Kazphosphate LLP selected.
preparation and sampling for experimental work
were carried out in accordance with the established
procedure [7].

Research methods. Determination of the static
strength of sample granules. The static strength of

were Sample

sample granules was measured according to GOST
21560.2-82. The static strength of the granules was
studied using an automatic dual Rockwell hardness
tester HRS150/45T-Z. The strength measurement
range is from 3.0 to 20 MPa, with a relative error
+1%.

Determination of mass fraction of water. The
mass fraction of hygroscopic and total water was
determined by drying in an oven in accordance with

[8].

Study of the structure and chemical
composition of granules using scanning electron
microscopy. The microstructure and a cut of a
sample of the mineral
instrumental method determined using scanning
microscopy SEM (JSM-6490lV, Jeol, Tokyo, Japan).
The scale of this microstructure is x50-2000 times
the increase from the actual state (600 micron,
spectral 0 - 20 keV).

fertilizers was an

Study the structural features of the studied
sample. An IR Fourier spectrometer (Zhimadzu IR
Prestige-21 with an attenuated total
reflection attachment, Miracle Pike Technologies
(Tokyo, Japan)) was used to study the structural
features of the studied sample.

internal

To improve the structure and increase the
strength of mineral fertilizers, a method of
encapsulation was used using 0.5% aqueous
solutions of organic modified
polyacrylamide, followed by granulation and drying
at a temperature of 75 °C and a tralchet granulator.

polymers of

The discussion of the results

The structure of granules of complex fertilizers
is determined, first of all, by the technology of their
production: the method of granulation, as well as
the modes of the method of introducing raw
materials. In turn, the structure of granules affects
the physico-chemical and physico-mechanical

characteristics of granular fertilizers - static
strength [[9], [10]].
The work of the author (Kochetova |.M.)

presents experimental images of the results of
microphotography and the distribution of chemical
elements on a chip of a DAP granule of grade 18-46,
treated with 1-40 oil (magnification x200).




Complex Use of Mineral Resources. 2025; 335(4):26-33

ISSN-L 2616-6445, ISSN 2224-5243

SIS X

| Mapping
MAG: 180x HV: 15kV_WD: 8,imm

Figure 1 - Microphotograph and distribution of chemical
elements on a chip of DAP granule grade 18-46 treated
with 1-40 oil (magnification x200)

It is noted here that the presence of surface pores
largely determines the hygroscopic characteristics of the
product and can also increase the consumption of
conditioning additives (Figure 1).

X40 . 1063 BEC

From Figure 2, it follows that the
microstructure of superphosphate granules with an
X40 magnification and treated with 0.5% aqueous
solutions of polycarilamide appears amorphous at a
temperature of 75 °C. In the top layer of
superphosphate, the formation of links occurs,
leading to structuring in the form of amorphous
and crystalline structures with the formation of a
polymer layer on the surface of the granules. The
binding of components with polymer solutions
during granulation and the polymer layer on the
surface of superphosphate have a positive effect on
the structure and strength of the granules.

Figure 3 - The microstructure with a cut of the sample of
the modified superphosphate (magnification x40)

From Figure 3, it follows that the pores of
superphosphate granules are associated with
cracks and are the centers for cracks, and the
formation of a thin film on the surface of the
granules provides an increase in strength up to 17
MPa.

Figure 2 - The microstructure of a sample of the
modified superphosphate (magnification x40)

Figure 4 - The microstructure of a sample of the
modified superphosphate (magnification x500)
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Figure 4 shows that barrel-shaped structures
with properties characteristic of phosphorus
compounds were detected.

This indicates that the appearance of these
fragments in the fertilizer structure is associated
with the aggregation of fertilizer particles and the
subsequent formation of large interconnected units
due to the adsorption properties and functional
groups of the polymer solutions, which influence
the structural strength of the entire system (Fig.4).

Figure 5 - The microstructure with a cut of the sample of
the modified superphosphate (magnification x500)

Figure 6 - The microstructure of a sample of the
modified superphosphate (magnification x2000)

From Figure 6, it follows that there is a
secondary adsorption layer in which the molecules
are directed, and on the outside, there is a
hydrophilic part that promotes coagulation binding

of particles.
From Figure 7, it follows that the structure is

observed on the surface of the granules, and in
parallel, it is visible how a polymer layer is formed
due to the interaction of the active centers of

mineral fertilizers and the active functional groups
of aqueous solutions of the polymer with the
formation of thin films.

Figure 7 - The microstructure with a cut of the sample of
the modified superphosphate (magnification x2000)

The improved mechanical properties of
superphosphate positively impact the fertilizer's
effectiveness. For example, due to its greater
strength, dust formation during application is
eliminated.

The obtained modified superphosphate had the
following functional groups during research. The
superphosphate was analyzed in an IR
spectrometer (Shimadzu IR Prestige-21), and the
results of the studies are shown in the table. 1 and
Fig. 8.

Table 1 — Spectral data of modified superphosphate

No Peak Intensity Corr. intensity
1 601.79 81.382 1.048
2 690.52 73.207 5.766
3 752.24 75.802 0.256
4 775.38 74.927 1.098
5 875.68 81.125 0.797
6 910.40 75.602 3.854
7 1002.98 68.732 3.190
8 1026.13 70.113 1.435
9 1365.60 86.484 0.112
10 1377.17 86.282 5.189
11 1558.48 86.358 0.447
12 3390.86 87.240 0.241
13 3618.46 91.620 0.855
14 3691.75 94.343 1.326
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Figure 8 - IR-spectrum of modified superphosphate

As can be seen from the data in Figure 8, there
are the following IR absorption spectra:

-non-intensive  absorption  spectra  with
wavelengths of 3691.75-3390.86 cm™ characterize
the presence of bonds (RC—COOH) carboxylic acids,
bonds (RC—COH) aldehydes and ketones (R—CO-R)
functional groups of superphosphate;

-non-intensive  absorption  spectra  with
wavelengths of 1558.48-1365.60 cm™ characterize
the presence of bonds (C—C) between carbons and
(C—H) hydrocarbon groups in superphosphate;

-intensive absorption of 1026.13-910.40 cm
determines the compounds of hydroxyl, sulfur,
nitrogen molecules —OH, N, S;

-Intensive absorption values of 875.68-752.24
cm? are characterize the presence of a bond
between phosphorus and sulfur (P=S).

-intensive absorption values of 690.52-601.79
cm® are are characteristic of Ca*> compounds in the
valence state O-Ca-O.

The authors' work presents data on
determining the basic physicochemical properties
of fertilizer for its mechanized application to
improve soils and increase crop yields [[11], [12]].
Using additions that improve the properties and
increase the effectiveness of waste-based fertilizers
corresponds with the modern approach to creating
waste-free technologies, observed in agriculture
and other branches of the economy [[13], [14]].

This work presents the results of research on
the leaching of solid phosphorus-containing waste
with humic acid. Such waste includes the by-
products of the electrothermal processing of
phosphate raw materials—phosphorus sludge and
cottrel dust [[15], [16]].

Conclusions

A literature review was conducted of scientists
who contributed to the study of the structure of
granules and their influence on the
physicochemical properties of mineral
fertilizers[[17], [18], [[19], [20]].

A comparative analysis was conducted to study
the structure of mineral fertilizers, diammonium
phosphate, and encapsulated superphosphate
using modern instrumental methods.

The structure of encapsulated superphosphate
was studied and its strength was increased using
0.5% aqueous solutions of modified polyacrylamide
at a temperature of 750 °C with an increase from
40 to 2000 times.

Spectral studies of superphosphate treated
with polymer solutions were carried out, and
structural features corresponding to the functional
groups of organic compounds were identified. The
research results showed that aqueous solutions of
modified polyacrylamide allow structure formation,
creating a polymer shell and increasing the strength
of mineral fertilizer granules.
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MuHepanabl TbIHAUTKbILWTAP TYMIPLWIKTEPiHiH KYPbINbIMbIHbIH,
onapAabiH PU3NKA-XUMUANDIK KacueTtepiHe acepi
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TYRIHAEME

MwuHepanabl TbIHAUTKbIWTaPAbI KalTa TUey XaHe y3ak mep3simre TacbiMangay KesiHge onapabiH,
canacbl MeH Tayap/blk KacueTTepiH cakTay MaHbi3abl macenenepgiH, 6ipi 6onbin Tabbinagpl.
fbINbIMU-3EPTTEY KYMbICbIHBIH, MaKcaTbl — KYPAENi apanac ToIHAWTKbIWTAPAbIH, TYMipLWIKTEPIHIH,
KYPbINbIMbIH 3€PTTEY, COHbIMEH KaTap AalblH OHIMHIH, (U3MKa-MeXaHWKanblk KacueTTepiH
JKAKCApTy MaKcaTblHA@ 6HAIpIC caTbiCbiHAA OHbl XKETingipy aaicTepiH Taby »kaHe asipney.
MuHepanapl TbIHAUTKbIWTLIH, TYWIPWIKTi KYPbIbIMbIH KAaKCapTy MaKcaTblHAA TYMipLWiKTepAiH,
CTaTUKaNbIK OepiKTiri, bIAFanablH, MaccanblK yneci, TYMipWiKTepaiH XMMUANBIK Kypambl MeH
KYPbINbIMAbIK ~ MiliHi  9N1EKTPOHABI MWKPOCKONTbIH, KemerimeH aHbikTanabl. MuHepanabl
TbIHANTKBILITAPAbIH, KYPbINbIMBIH ¥KaKCapTy aHe BepiKTiriH apTTbipy ywWwiH moguduKkaumuanaHFaH
NOSIMAKPUNAMUATIH, OpraHuKanblK nonumepnepidiv, 0,5% cynbl epiTiHAinepiH KonaaHbin,
KeWiHHEH TYMipLWiKTey KaHe KOHTeMHepAiK rpaHynsTopaplH, KemerimeH 75 °C Temnepatypaza
KenTipy apKblabl Kancynauua a4ici KongaHbingbl. 3amaHayu acnanTblK a4icTepai KonaaHa
OTbIPbIN, MWHEPaNAbl TbIHANTKBIWTAPAbIH, AMAMMOHUIA  docdaTbl MeH  KancynanaHfaH
cynepdocdatTblH,  KypblUIbIMbIHA  CanbICTbipManbl  Tangay  kacangbl.  KancynananfaH
cynepdochaTTbiH, KypbiNbIMbl MeH OHbIH, 6epikTiri MoaudUKaumAnaHFaH MNONNAKPUAAMUATIH,
0,5% cynbl epitiHainepiH 75 °C Temnepatypaga 40-taH 2000 ecere AeiiH apTTbipy apKblibl
3epTTeniHgi. Monvmep epiTiHainepimeH eHAenreH cynepdochaTka CnekTpAik 3epTTeynep
JKYPFi3inin, OpraHWKanblK, KOCbINbICTapAblH, PYHKUMOHANAbIK TONTapblHa COWKEC KeneTiH
KYPbIIbIMABIK ~ epeKLWenikTepi  aHblKTangpl. 3epTrey  HaTukenepi  moaubuKaumanaHfaH
NONMAKPUNAMMUATIH, CyNbl epiTiHAiNepi KypblabiMAbl KanbinTacTblpyfa, noavmep KabblKLacbiH
JKacayfa JKoHe MWHepanabl TbIHANTKbIW TYMipLWIiKTEpPiHiH, 6epiKTiriH apTTbipyFa MYMKIHAIK
6epeTiHiH KepceTTi.

TyliiH ce30ep: mnHepanapl ToIHAUTKbIW, BepiKTINIK, Kypblabim, TYMipLWik, 3epTTey.
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AHHOTALMA

CoxpaHeHMe Ka4yeCTBEHHbIX M TOBapHbIX CBOMCTB MUHEpPasbHbIX yA0OpeHni i Npyu MHOrOKPaTHOW
nepesanke W A/UTENIbHON TPAHCMOPTUPOBKE ABAAETCA OAHMM W3 BaXkHbix Bomnpocos. Llenb
Hay4YHO-UCCNea0BaTENbCKON PaboTbl — M3y4MTb CTPYKTYPY FPaHY/N KOMMAEKCHbIX CMEeLaHHbIX
yAobpeHnid, a TakKe HalWTM U pa3paboTaTb MeTOAbl ee yNyYlleHUA Ha 3Tane NPousBOACTBA C
Lenblo ynyyweHna $GpU3MKO-MeXaHUYECKMX CBOWCTB FOTOBOrO NpoAyKTa. C Uenbio yaydyleHus
3€PHUCTON CTPYKTYPbl MWHEpPaNbHOro yAO0bPeHMA C MOMOLLbIO 31EKTPOHHOTO MMKpOCKONa
onpeaenanu CTaTUYECKYI0 NPOYHOCTb FpaHya, MaccoBylo AOAI0 BAArM, XMMWYECKUW COCTaB U
Moctynuna: 28 mas 2024 CTPYKTYpHYtO dopmMy rpaHyn. [Na  yAyylleHUa CTPYKTYpbl W MOBLIWEHUA MNPOYHOCTU
PelieHsnpoBaHue: 28 utoHa 2024 MUHepanbHbIX yAobpeHnii 6bin MCNONb30BaH METOA, Kancynauua ¢ npumeHeHvem 0,5% BOAHbIX
MpuHATa B nedaTb: 5 cenmabpa 2024 PacTBOPOB OPraHNYECKUX NOMMEPOB MOAUDULIMPOBAHHOIO NOAMAKPUNAMUAE, C nocneaytoLei
rpaHynAaumMent u cylkol npu Temnepatype 75 °C € NOMOLLbIO TapanbyeTHOro rpaHynaTopa.
MpoBeaeH cpaBHUTENbHBIN aHANN3 CTPYKTYPbl MUHEpPabHbIX yaobpeHui anammonuniidocdaTa n
MHKancyMpoBaHHoro cynepdocdata ¢ WMCNONb30BAHMEM COBPEMEHHbBIX WMHCTPYMEHTA/bHbIX
MeTof0B. M3yyeHa CTPYKTypa WMHKancynnposaHHoro cynepdocdata, M ero NpoyHocTb bbina
nosbilleHa ¢ wucnonb3oBaHnem 0,5%-Hbix  BOAHbLIX  PAacTBOPOB  MOAUPULMPOBAHHOTO
nonnakpunammaa npu Temnepatype 750°C c¢ ysenunyeHvem ot 40 go 2000 pas. MposegeHbl
CneKTpanbHble uccnefoBaHua cynepdocpata, o6paboTaHHOrO MOSMMEPHBIMK pacTBOpPamu, U
NAeHTUOULMPOBAHbI CTPYKTYPHbIE 0COBEHHOCTM, COOTBETCTBYIOWME GYHKLMOHA/IbHBIM Fpynnam
OPraHUYecKMX CcoeauHeHuin. PesynbTaTbl UCCE[OBaHUN MOKasanu, 4TO BOAHblE PacTBOPSI
MOANDULMPOBAHHOIO MOAMAKpUAamuaa MNo3BONAT (GOPMUPOBATL  CTPYKTYpY, CO34aBas
noaMMepHyto 060104KY 1 NOBbILLAA NPOYHOCTL FPaHYN MUHEPaNbHOTo yA06peHua.

Knrouesbie cno8a: MuHepanbHoe ya06peHne, NPOYHOCTb, CTPYKTYPA, 3epHO, UCCNeA0BaHMe.
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ABSTRACT
Conversion of waste into innovative materials that contribute to the sustainable development of

infrastructure and the construction industry is an important task in today's society. Wood-cement
composites which are building materials that combine wood components and a cement matrix are
studied herein. These composites have a number of such advantages as high strength, excellent
thermal insulation properties, durability and environmental friendliness. The manufactured
composite material is a lightweight concrete based on secondary resources, binders and mineral
components. Standardized measuring equipment and methods intended to analyze the chemical
composition and physical and chemical properties of wood-cement composites (arbolite) were
used in laboratory experimental tests. All samples studied were 40 mm x 40 mm x 160 mm
lightweight concrete. Four options to obtain a wood-cement composite in various combinations
of binders, minerals and other additives were proposed in the research work. All samples were
tested to determine the physical and mechanical characteristics and the optimal composition with
improved properties. Secondary resources in the form of wood waste and ash from combined heat
and power plants (CHPP) were obtained from industrial structures of the Republic of Kazakhstan.
An X-ray diffraction analysis of the CHPP ash was performed to determine the chemical mineral
composition that showed a high content of silicon. According to the test results, the CH-4 sample
demonstrated high physical and mechanical characteristics. The compression strength of the
wood-cement composite sample reached 37.1 MPa, and the bending strength was 7.4 MPa on the
28th day, which proves the high performance properties of this composite.

Keywords: wood waste, CHP ashes, wood-cement composites, building materials, secondary
resources, arbolite.
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Introduction

The United Nations (UN) Sustainable
Development Goals (SDGs), established on
September 15, 2015, under the title “Transforming
our world: The 2030 Agenda for Sustainable
Development” are crucial in context. Some of these
UN Sustainable Development Goals, such as building
resilient infrastructure, promoting inclusive and
sustainable industrialization and innovation (Goal

11), sustainable cities and human settlements (Goal
11) and ensuring sustainable consumption and
production patterns (Goal 12), are closely linked in
improving the preparation of composite materials
with the use of industrial waste for infrastructure
development and construction in cities and
communities’ points of the world [1].

Global environmental challenges and the need
for sustainable development of infrastructure and
the construction industry have prompted scientists
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and engineers to look for innovative solutions to
create efficient materials using secondary resources
in recent decades. One of the promising areas is the
development of wood-cement composites (DCC)
with the use of wood waste. Wood-cement
composites combine the properties of organic and
inorganic materials, which provides them with high

mechanical characteristics, durability,
environmental friendliness and resistance to
adverse environmental influences. Researchers

have found that it is possible to improve the
characteristics of arbolite concrete composites by
purposefully changing their properties and structure
with the use of various additives from industrial and
vegetable waste [2].

Wood waste is a significant economic and
environmental problem. Recent studies found that
more than fifty million cubic meters of wood waste
are generated annually in the European Union [3].
Given the current technological capabilities, the
potential for recycling wood waste is still relatively
low. It is due to the lack of sustainable methods and
technologies for the reuse and recycling of
secondary resources [4]. To date, the possibility to
recycle wood waste can be either production of
energy in the form of a renewable energy source, or
use as an additive for building materials [5]. A study
demonstrated that a structural arbolite with a
strength of 1.5 to 6.0 MPa and a density in the range
of 600-950 kg/m3 can be produced using organic
cellulose aggregates in the form of wood waste [6].
These materials not only improve the mechanical
properties of arbolite but also contribute to its
environmental sustainability and energy efficiency.
Arbolite has strength, biostability, fire resistance,
frost resistance and other characteristics due to the
mineral binder in the composition that not only
make it more durable but also increases its
performance in various conditions [7].

Research on wood sawdust and cement
composites has been conducted by many scientists.
In the works of Chowdhury S. and others [8], it was
found that replacing part of the cement with wood
ash leads to an increase in the flexural strength of
the composite. The use of wood ash can improve the
material's resistance to moisture and aggressive
chemicals, as well as reduce its cost and
environmental impact due to waste recycling. Furtos
and colleagues investigated the properties of
geopolymer composites reinforced with wood fiber
and found that the inclusion of wood fiber helps to
reduce the density and thermal conductivity of these
new materials [9]. Coatanlem P. and colleagues

conducted a study of lightweight concrete to which
wood chips were added and confirmed that such
concrete can be produced using wood chips as an
additive [10]. They also found that the adhesion
between wood chips and cement matrix could be
improved by pre-soaking the chips in a liquid glass
solution. Xiao Song and co-workers [11]
demonstrated that cement-based wood composites
made by the hydrostatic method with the addition
of wood chips exhibited maximum flexural strength
at a wood content of 30% and a particle size of 5.0—
10.0 mm, while modification of wood with NaOH
and silane binder improved their performance. Kasai
et al. [12] used wood particles from construction
waste to produce wood chip concrete, which had a
density of 0.92 to 1.25 g/cm3?® and demonstrated
flexural strength in the range of 4-7 MPa and
compressive strength from 5 to 8 MPa; The ratio
between flexural strength and compressive strength
was 0.5-0.9, which was higher than that of ordinary
concrete, indicating the reinforcing effect of wood
particles, and the addition of synthetic lightweight
aggregates reduced the density to about 0.78 g/cm3
and resulted in lower flexural and compressive
strength values, which were 2.05 and 2.2 MPa,
respectively. In a study by Alireza Ashori et al. [13],
the feasibility of using waste wooden railway
sleepers as a filler for wood cement composites was
investigated and the effects of pressing temperature
(25 and 60 °C) and calcium chloride content (3%, 5%
and 7% by weight of cement) on the physical and
mechanical properties of the boards were assessed,
finding that the addition of calcium chloride
improved the properties of the boards and the
maximum strength properties were achieved at
pressing temperature of 25 °C and calcium chloride
content of 7%, making WTRS suitable for use in
lightweight concrete structures such as paneling,
ceilings and partitions. A. Quiroga and colleagues
investigated the effects of different wood treatment
methods such as water extraction, alkaline
hydrolysis and inhibitor retention on the mechanical
properties of wood fibre and wood-cement
composites, finding that alkaline hydrolysis was the
most effective method to suppress inhibitors and
improve the properties of the composites, and
presented empirical relationships describing the
effects of treatment on the compressive modulus
and compressive strength [14]. Insulation materials
with outstanding thermal insulation properties can
be produced using corn cob particles. Shao and
colleagues investigated the addition of these
particles to solutions by varying their concentration
(2.25%, 4.5% and 6.75%) and size (200 um and 500
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pum) [15]. Their work showed that this approach was
effective in preventing self-shrinkage cracking. At
the same time, Owczarek studied the effect of 1 mm
corn cob particles on the mechanical properties of
materials [16], finding that the addition of these
particles reduced thermal conductivity and
increased flexural strength. Kun Zhang and
colleagues investigated eco-concrete with corn cob
granules [17], shavings and wood chips, assessing
the effect of replacing corn cob particles on the
physical and mechanical properties of concrete.
Using NMR and MRI, they found that the addition of
biomass increased the content of harmful pores,
which reduced the compressive strength. However,
with the addition of wood chips up to 50%, the
uniaxial compressive strength increased by 18.9% to
2.565 MPa, meeting the requirements for self-
supporting wall blocks.

The purpose of this study is to develop an
effective technology for the production of wood-
cement composites with improved performance
characteristics, such as mechanical, thermophysical
properties, as well as to reduce the cost of building
material due to the use of secondary natural and
industrial resources.

Experimental part

2.1 Materials

This study used wood waste in the form of
poplar sawdust from a wood processing plant in
Karaganda, the Republic of Kazakhstan. The sawdust
was crushed and sieved to produce a homogeneous
fraction that is about 5mm in size for use in wood-
cement composite. Ash from the Ekibastuz CHPP,

Ekibastuz town, the Republic of Kazakhstan, and
Portland cement of the M 400 brand were also used
as a binder. Talcchlorite, calcium chloride,
aluminum sulfate, hydrated lime and liquid glass of
grade A were used in different combinations and
ratios as an additive. Some samples of wood-cement
composites were reinforced with polypropylene
fibers of the Polyfiber PM54 brand with a fiber
length of 18 mm.

2.2 Preparation of wood-cement composites

Wood-cement composites were manufactured
in various combinations and ratios of mineral binder,
reinforcing substances and additives with the use of
wood sawdust. The preliminary test of composites
was performed for four combinations (Table 1).

The sequence of introduction of components

into the mixer was as follows. 50% of the consumed
water was added to the mass of wood sawdust
during the preparation process. It was stirred during
5 minutes to ensure its even distribution in the
cement matrix. Then mineral and other additives, a
reinforcing substance and a binder in the form of
Portland cement and the CHPP ash according to the
formulation and the rest of the water were
introduced into the mass. The mixture was stirred
for 1.5-2 hours. The finished cement paste was
transferred into pre-prepared molds and formwork.

The formwork was a collapsible hollow cylinder
with blind ends with a steel working pipe placed
inside. The blocks were formed on a vibrating table,
and the mixture was laid in layers.

Table 1 — Data on the quantitative contents of the preliminary test for wood-cement composite samples.

Name CH-1 CH-2 CH-3 CH-4
m, kg m, kg m, kg m, kg
Organic filler Wood sawdust 3.65 3.65 3.50 3.50
Binder Port'a&iggme”t 3.17 3.17 3.00 3.00
CHPP ash - - 0.12 0.05
Hydrated lime 0.16 0.16 0.45 0.45
Grade A liquid glass 0.43 0.43 0.45 0.45
Supplements Aluminum sulfate 0.20 0.20 0.15 -
Calcium chloride - - - 0.15
Talcchlorite 0.45 0.45 0.45 0.45
Reinforcement Poryop:\r/gs;;:zﬂlfiier 0.01 - 0.01 -
Moistening Water 2.5 2.5 3.3 3.3
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The formwork was a collapsible hollow cylinder
with blind ends with a steel working pipe placed
inside. The blocks were formed on a vibrating table,
and the mixture was laid in layers. The specimens
were 40 mm x 40 mm x 160 mm as specified in JTG
3420-2020 (Test Methods for Cement and Concrete
for Road Construction) [18]. In 24 hours after
demolding, the samples were placed in a curing
chamber with a temperature of 20 + 2 °C and a
relative humidity of more than 95%. Bending and
compression strength tests were performed in 5 and
28 days, respectively. These conditions provided
optimal parameters for the assessment of the
mechanical properties of the composite material.
The finished wood-cement composites were stacked
and stored for further tests (Figure 1).

Figure 1 — Ready-made wood-cement composite blocks

2.3 Methods of analysis and testing.

2.3.1 Determination of the
composition of the CHPP ash.

Phase identification of the fly ash sample was
performed with the powder X-ray diffraction
method using the Rigaku Mini Flex Il Desktop X-ray
diffractometer manufactured by Rigaku Corporation
(Tokyo, Japan) [19].

chemical

2.3.2 Compression and bending tests

The compression and bending tests of wood-
cement composites were performed under the
requirements of the JTG3420-2020 (ISO)
specifications. For this purpose, three samples of 40
mm x 40 mm x 160 mm were prepared and kept
under standard curing conditions for 5 and 28 days.
After that, the samples were subjected to bending
and compression tests [20]. Bending and
compression strength tests were performed on the
AGS-X series universal testing machine (Shimadzu,
Japan).

The bending strength was determined by the
equation (1). The average of the test results of three

specimens was chosen as a representative bending
strength. If the difference between the mean values
was greater than +10%, the test data were
considered heterogeneous and the average of the
remained data was taken as the final bending test
results.

__ 1.5F¢L
=13

R¢ (1)

Where Rs is the ultimate bending strength; Fs is
the breaking load, N; L — a span of supports (100),
mm; b is the cross-section width of the specimen
(40), mm.

The compression strength was determined by
equation (2), and the results were rounded to the
nearest maximum and minimum values obtained
during the tests. The average of the remained data
was then calculated and taken as the final
compression strength of the specimen.

]

Re =% (2)

Where R. is the ultimate compressive on
strength; F. is the breaking load, N; A is the
compressed area of the specimen, 40 mm x 40 mm.

Discussion of the results

3.1 X-ray diffraction analysis (XRD)

X-ray diffraction analysis was performed to
determine the mineral composition of the CHPP ash.
An X-ray of the sample is shown in Figure 2. X-ray
diffraction analysis confirmed the presence of the
minerals specified in Table 2.

2000 | b

Intensity

1000 —|

i bi. ,Liﬂlza:[him J':j‘.u.ir
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Figure 2 - X-ray diffraction pattern of the CHPP ash
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Table 2 — X-ray diffraction analysis of the composition of
the CHPP ash

Name Formula Content, %
Sillimanite AlLSiOs 325
Mullite, syn A Al(Alo.g3 Si1.08 272
Oa.85)
Hedenbergite CaFe+2Si20s 12.4
Quartz low, syn SiO2 8.7
Hematite, syn Fe203 6.7

XRD analysis confirmed the presence of the
minerals - Sillimanite (Al2SiO5), Mullite, syn A
(AI(Al0.83 Si1.08 04.85), Hedenbergite
(CaFe+2Si206), Quartz low, syn (Si02) and Hematite,
syn (Fe203) in the CHPP ash sample. The XRD result
showed that the silicon mineral content in the
sample was higher than other existing minerals in
the CHPP ash sample.

3.2 Compression and bending strength

Samples of the wood-cement composite were
prepared in different combinations of components
(Table 1) and tested for compression and bending
strength on a universal testing machine AGS-X series
(Shimadzu, Japan) to determine the optimal
formulation. The test parameters were calculated
according to equations (1) and (2). The following
samples were tested: CH-1, CH-2, CH-3 and CH-4.
The results obtained at the end of the tests are
shown in Figure 3-4.

=3 days 28 days

284

Compressive strengh, MPa

CH-1 CH2 CH-3 CH-4

Types of specimens

Figure 3 — Compression strength

Figure 3 shows that the wood-cement
composite samples showed the same trend in
compression strength on Day 5 and Day 28. The CH-
4 sample had the highest compression strength, and
the CH-2 sample had the least one of the prepared
samples. The other two wood-cement composite
samples showed relatively similar compression
strength.

=35 days 28 days

&8

Flexural strengh, MPa
=

Types of specimens
Figure 4 — Bending strength

As shown in Figure 4, the bending strength
had a similar change tendency for the bending
strength on Day 5 and Day 28 of the physical-
mechanical measurement when it was tested with
the testing machine. On the 28th day, the CH-4
sample showed the highest bending strength. Thus,
the addition of CHPP ash and the use of calcium
chloride as a mineral additive, as specified in Table
1, significantly improved the compression and
bending strength of the CH-4 sample. So, we prove
that the use of secondary resources such as CHPP
ash and sawdust, in combination with mineral
additives, can be an effective way to improve the
performance of wood-cement composites,
contributing to the creation of more sustainable and
durable building materials.

Conclusions

A scientific study on the development of wood-
cement composite blocks for use as building
materials was carried out herein. Various mineral
additives and secondary resources, such as wood
sawdust and ash from the thermal power plant,
were combined to achieve this goal, and several
options for arbolite blocks were proposed. These
components have shown high potential for the
creation of wood-cement composites with improved
physical and mechanical properties. Secondary
resources in the form of wood waste and ash from
combined heat and power plants (CHPP) were
obtained from industrial structures of the Republic
of Kazakhstan. An X-ray diffraction analysis of the
CHPP ash was performed to determine the chemical
mineral composition that showed a high content of
silicon.

The CH-4 sample stood out among the proposed
samples after the tests demonstrating high strength
characteristics. The compression strength of the CH-
4 sample reached up to 37.1 MPa, and the bending
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strength increased up to 7.4 MPa on Day 20. It
proves the efficiency of use of secondary resources
in the development and production of wood-cement
composites for construction purposes. Recycling
secondary resources into new materials that
contribute to the sustainable development of
infrastructure and the construction industry is an
urgent task in the modern world.

This article can serve as an important reference
and theoretical resource for the integration of wood
waste into the composition of cement composites. It
is planned in the future to continue research aimed
at optimization of the proportion of wood chips in
composites to improve their mechanical properties.
Besides, future research will focus on the durability
of these composites, their resistance to various
external influences and operating conditions, as well
as on identification of additional advantages and

possible limitations on the use of wood waste in
building materials.
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KaiTa eHAaenreH pecypcrapra HerisgeareH TypaKTbl KYpblibiC MaTepuangapbl
peTiHAe afall LeMeHT KOMMNO3UTTIK MaTepuangapbiH 3epTTey XKaHe AamMbiTy

L2 nbmanmes XK., >}KaTtkaHbaes E.E, *Kyptnbaii K.A
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3KynaxcaHos amelHOarbl Ka3aK mexHon02ua #aHe 6usHec yHusepcumemi AK, AcmaHa, Kasakcmat
4 IK0102UANbIK H3HE BHAIpicMiK BuOMexXHO102UANAap FblAbIMU-8HOIpicMik opmansiFsl MLLIC, AcmaHa, KazakcmaH

TYWIHAEME

Makana kengi: 11 winde 2024
CapanTtamagaH eTTi: 26 mameiz 2024
Kabbinganapl: 6 Kbipkyliek 2024

Kanabiktapabl MHPPaKypbIibIM MeH KYpPblIbIC MHAYCTPUACBIHBIH, TYPaKTbl AaMyblHa biKnaa eTeTiH
MHHOBAUMANLIK MaTepuangapfa awWHangplpy Kasipri Kofamaafbl MaHbI3abl macene 6onbin
Tabblnagbl. Byn }KyMbICTa afall KOMMNOHEHTTEPi MeH LLeMEeHT MaTpULACbIH BipiKTipeTiH Kypbiibic
MaTepuangapbl 601bIN TabblNaTbIH afall-LLEMEHT KOMNO3UTTEPI 3epTTenesi. byn Komno3utrepain,
JKOFapbl GepiKTir, Tamalla Xblay OKLWaynafbiw KacuetTepi, BepiKTiri }KaHe KopllafaH opTafa
3UAHCI3AbIFbI CUAKTbI BipKaTap apTbiKWbIAbIKTapbl 6ap. OHAipiNeTiH KOMMNo3WUTTIK maTepuan
KaWiTa eHAenreH pecypcrapfa, 6alNaHbICTbIPFbILITAPFA KIHE MUHepansbl KOMMOHeHTTepre
HerisgenreH keHin 6eToH 6Gonbin Tabblnagpl. 3epTxaHanblk, TaXKipUbEnik cbiHaKTap KesiHge
CTAHAAPTTaNfaH e/ley Kypangapbl MeH afall-LeMeHT KOMMO3UTTEPiHIH, (apbonT) XMMUANDBIK,
Kypambl MeH GU3MKa-XMMUANDBIK KacueTTepiH Tangay afictepi KondaHblaabl. bapabiK cbiHanfaH
yarinepgid enwempaepi 40 mm x 40 mm x 160 mm 60naTbiH KeHin 6eToH 6onabl. 3epTTey
JKYMbICbIHAA 6aliNaHbICTbIPFbILITaPAbIH, MUHEPaNAapAblH, KaHe backa Aa KocnanapAablH apTypAi
KOMBMHALMANAPbIHAA aFall-LeMEHT KOMMO3ULMACBIH anyablH TOPT HYCKACb! YCbIHbIAAbI. Bapabik
yarinep ©GuU3MKanbiK-MeXaHUKaNbIK CUNATTaManapbliH KHE KaKcapTbliFaH Kacuettepi 6ap
OHTalNbl Kypamabl aHblKTay YWiH CbIHAKTaH ©TTi. Afall KangplKTapbl MEH Kby 31eKTp
CTAHUMANAPbIHbIH,  KyAi
OHEPKICINTIK KypblbiIMAApbIHAH anblHAbl. XUMUANBIK MUHEPANAbIK KYPaMblH aHbIKTay ywiH XK3C
Ky/liHe peHTreHAiK AMbPaKUMANbIK Tangay Xyprisingi, oHblH HITUXKECIHAE KPEMHUIAIH, KofFapbl
menwepi aHbikTanabl. CbiHaK Hatuxkenepi 6oibiHwa CH-4 yarici Kofapbl GU3UKaNbIK KaHe
MeXaHWKablK cunaTramanapabl KepceTTi. Afall-LeMEeHTTi KOMMO3ULUMANBIK YATiHIH KbiCyFa
6epikTiri 37,1 MMa-fa eTTi, an niny 6epikTiri 28-wi KyHi 7,4 MMNa 60nabl, 6yN 0Cbl KOMNO3UTTIH,
JKOFapbl OHIMAINIK KacueTTepiH ganengenai.

TypiHgeri KaWTanama pecypctap KasakctaH Pecny6avKacbiHbiH,

TYPI).

Tyiiin ce30ep: afaw afaw KangblkTapbl, MIC Kyni, afaw-uemeHT KOMMO3UTTEPi, KypblabIC
MaTepuanzapsl, Kaitanama pecypcrap, apboauT (aFaw YHTafbl KOCbIbIM }KacanaTblH XKeHin 6eToH
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AHHOTALUMA

MpeobpasoBaHne OTXOA0B B WMHHOBALMOHHbIE MaTepuanbl, CNocobCTByloWMe yCTOMYMBOMY
pasBUTUIO MHOPACTPYKTYPbI U CTPOUTENbHOM OTpacau, npeactasnset coboil BaxkHylO 3ajady B
coBpeMeHHOM obuiecTBe. B aaHHol paboTe nccnefoBaHbl ApeBECHO-LEMEHTHbIE KOMMO3UTHI,
KOTOpble MpeacTaBAAloT cobolt CTpouTesNbHble MaTepuanbl, ObbeguHAlOWME ApPEBECHble
KOMMOHEHTbI U LIEMEHTHYIO MaTpuLy. ITM KOMNO3UTbl 06134a0T PASOM NPEUMYLLLECTB, TAKUX KaK
BbICOKaA NPOYHOCTb, OT/INYHbIE TENJIOU30NALMOHHbIE CBOMCTBA, AONTOBEYHOCTb U SKONOMMYHOCTb.
M3roToBNEHHbI KOMMO3ULMOHHBIA MaTepuan npeactasnset coboi Nerkuini 6eToH Ha ocHose
BTOPUYHbIX PECYPCOB, CBA3YIOWMX BELLECTB U MUHEPA/IbHBIX KOMNOHEHTOB. Mpu NabopaTopHbIX
3KCMEPUMEHTANIbHBIX WUCMbITAHUAX WCMONb30BaZIUCL CTaHAAPTU3UPOBAHHbIE U3MEPUTENbHbIe
060pynoBaHMA U METOAMKM aHanu3a XMMUYECKOro COCTaBa M (U3MKO-XMMUYECKUX CBOMCTB
[APEeBEeCHO-LLeMEHTHbIX Komno3utos (apbonuta). Bce wuccneayemble o6pasubl 6bian nerkum
6eToHOM pazmepom 40 mm x 40 mm x 160 mm. B nccnesoBatenbckoit pabote 66110 NpeanoxKeHo
YyeTblpe BapuaHTa MONYYEHWUA APEBECHO-LEMEHTHOrO KOMMO3UTa B Pas/IUYHbIX KOMBUHaLMAX
CBA3YIOLLMX BELLECTB, MMHEPANbHbIX U APYruX A06aBOK. Bce 06pasLibl NoABeprasmch UCMbITAaHUAM
Ana  onpefeneHna  GU3MKO-MEXaHMYEeCKUX XapaKTepUCTUK W ONTUMAnbHOrO COCTaBa C
YAYYLEHHbIMK CBOMCTBaMU. BTopuuHble pecypcbl B BUAE APEBECHbIX 0TX0A0B U 30Abl TIL, 6bian
NosyYeHbl u3 NPOMbILLNEHHbIX CTPYKTYp Pecny6auKkun KasaxcraH. MNposepeH
PEHTTEHOCTPYKTYPHbIN aHanu3 3onbl TILL anA onpegeneHuMa XMMWUYECKOro MUHepasibHOro
COCTaBa, KOTOPbIV BbIABW/ BbICOKOE cofepKaHne KpeMHusA. Mo pesynbTaTam UCNbITaHWUIi obpasel,
CH-4 npoaeMOHCTPMpPOBan BbICOKME (GU3UKO-MEXaHUYECKME XapPaKTEPUCTUKU. MPOYHOCTb Ha
cKatne obpasua ApeBecHO-LEMEHTHOTO KoMno3suTa gocturaa 37,1 Mlla, a npoYyHOCTb Ha U3rnb
coctasuna 7,4 MMa Ha 28-i AeHb, YTO [0Ka3blBAeT BbICOKME 3KCMJyaTaUMOHHble CBOMCTBA
AaHHOro KomnoswuTa.

Kniouesble cnosa: ppesecHble o0TxoApl, 30abl TIL, ApeBecHO-LEeMeHTHble KOMMNO3WUTbl,
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ABSTRACT
Preliminary experiments have shown that the solution to the environmental problem of recycling

copper-electrolyte smelting slags is by sulfidization followed by leaching and subsequent
separation of selenium, tellurium, arsenic, and antimony from the solution. The first operation of
this technology, which provides high selectivity, is sintering. The results obtained indicate the
formation of metal thiosalts during sintering in the presence of sodium sulfate and carbonate and
a reducing agent at a temperature of 800 °C. An increase in temperature leads to the melting of
individual components of the charge and a slowdown in the process of sulfidization of slag
components. At lower temperatures, a decrease in the activity of the charge components is
observed. The optimal addition of Na,SO4 was 27 % of the slag weight, and Na,COs - 8.5 % of the
slag weight. Reducing agent consumption is 27 % of the slag weight, sintering time is 2 hours. The
optimal parameters for leaching the resulting cakes are temperature 90 °C, L:S ratio = 3:1, leaching
duration 2 hours, and sodium sulfide concentration 2 mol/l. The best results for cake melting from
cake leaching are temperature 1200 °C, heating rate 10 °C/min, and holding time 30 minutes.
Charge composition: cake, 30 % soda ash by weight of cake, 11 % activated carbon. During the
smelting, a metallized phase was obtained, consisting mainly of lead (90-91 %), and slag was
obtained with a residual content of lead and copper of no more than 0.5 %.

Keywords: slag, sintering, sintering, leaching, cake, smelting.
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Introduction

compounds of non-ferrous metals to clarify
fundamental issues of the relationship between the

The complex composition of artificial raw
materials, comprising various heavy, minor, rare,
and noble metals, presents substantial obstacles in
devising technologies to transform them into viable
products for the market. There is considerable focus
on further processing copper smelting residues,
including those derived from slag in copper smelting
[[11, [2], [3], [4], [5], [6], [7]]. The wide possibilities
for purposefully changing the properties of chemical

structure and properties of a substance, as well as to
solve several applied problems, served as the basis
for the development of a direction based on the
metallurgy of thiosalts. One of the most promising is
the improvement of functional properties, as well as
the acquisition of new characteristics [[8], [9], [10]].

One of the ways to search for and develop new
phases and materials using the method of directed
synthesis is the study of phase equilibria. A large
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amount of research has been carried out in this
direction. The phase diagrams of CulnS,-FelnS,,
phase equilibria in the Cu,S-La,Ss-EuS system, and
the polythermal section in the FeS-Sb,S3-Sm,S;
system were studied. Using DTA and X-ray
diffraction methods, phase equilibria in the Cu,S-
CusAsSs-S system were studied, diagrams of the side
quasi-binary systems Cu,;S-CusAsSs-S and CusAsSs-S
were constructed, the fields of primary
crystallization of phases, types and coordinates of
non- and monovariant equilibria were determined
[[11], [12], [13], [14]]. Phase equilibria in the Cu-
Cu,Se-As system have been studied [15]. The phase
equilibria in the quasi-ternary system Ag,S-SnS,-
Sb,S; along the Ag,SnS3-AgSbS, cross section have
been studied. It has been established that the
Ag,SnSs-AgSbS; system is a quasi-binary cut of the
eutectic type [16]. A phase magnetic diagram of
solid solutions of the CoCrS4-Coo.5GaosCraSas system
has been constructed; the most common solid
solutions on the diagram are those based on the
ferrimagnetic semiconductor CoCr,S4, which exhibits
properties in the field of magnetic ordering when
measuring the temperature dependence of the
dynamic susceptibility [17].

The electrical-physical properties of (Sb,Ss)1-
Xx(PbCuSbSs3)x solid solutions, which are p-type
semiconductors, have been studied [18]. The
influence of the ratio of starting substances on the
phase  composition and  electrical-physical
properties of Cu1gsZnSnSs and Cuis5ZN1.155N0.8554
solid solutions obtained from binary sulfides and
sulfur in the melt has been studied. It has been
shown that Cui1.5Zn1.15SNg.85S4 and Cus gsZnSnS, solid
solutions are p-type semiconductors [19]. The

crystal structures of SrLnCuSs (Ln = Er, Yb)
compounds were defined using methods of
minimizing the derivative difference in the

anisotropic approximation for all atoms. The
structure of SrLnCuSs compounds is described by
two-dimensional [LnCuSs] layers formed by
distorted CuS; tetrahedra and LnSe octahedra,
between which Sr?* ions are located [20]. The
ternary system Nd,S3-Ga,Ss-EuS has been studied. A
projection of the liquidus surface was constructed
and the boundaries of the glass formation region
were determined. It has been established that
during thermolysis in an inert atmosphere at a

temperature of 1010 K, glass
(Ga»S2)a 7(Nd>S2)a 52l FuS)a ns softens and

crystallizes at 1110 K [21].

then

The results of studies of the spectral and
luminescent properties of non-stereometric Ag-In-S
and Cu-Zn-S nanoparticles obtained in aqueous
solutions are summarized. The possibilities of size-
selective deposition of nanoparticles from colloidal
systems with photoluminescence quantum yields
have been demonstrated [22]. The FeS-PbS system
was studied using thermal, X-ray diffraction and
microstructural analysis methods, and
microhardness was measured. The system is a quasi-
binary section and belongs to the eutectic type [23].
The Cu,GeSs;-Ag,GeS; system was studied in the
temperature range 300-380 K. Current-generating
reactions were determined, with the help of which
standard thermodynamic functions of formation
and standard entropies of Cu,GeS; compounds and
Cu,-xAgxGeSs solid solutions were calculated [24].

Due to the dramatically changed composition of
the mineral raw materials of copper production, the
amount of impurities that must be extracted and
disposed of is increasing. Such impurities are lead,
zinc, arsenic, and antimony, which negatively affect
the main process of copper extraction, reducing
technical and economic indicators. The use of
previously developed technologies does not allow
for achieving high selectivity, as a result which there
is a need to create a new complex technology that
allows the extraction of all valuable metals into
commercial products and the disposal of toxic
components.

Experimental part

The object of research is the smelting slag
produced by the precious metal shop of the
Balkhash copper smelter. Slag is an oxidized
material, the chemical composition of which
includes, wt. %: 49.5 Pb, 17.3 SiO2, 1.5 Cu, 3.75 Sb,
13.3 Ba, 0.65 As, 4.5 Na, 0.2 Se, 0.24 Te, Au 0.39 g/t,
Ag 7.3 g/t, 14.66 others. Experiments to identify
optimal conditions for processing slags were carried
out in three stages.

Stage 1 - sintering of slag with sodium sulfate
and carbonate in the presence of carbon. Sintering
was carried out in alundum crucibles in similar
furnaces NTS 08/16 Nabertherm GmbH and SNOL
12/16. The sintering temperature is 500-800 °C, the
heating rate of the furnaces to the experimental
temperature is 10 °C/min. The holding time of the
charge at the experimental temperature is 2 hours.
The crucible was cooled with the furnace. After the
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experiment, the crucible was broken, the resulting
cake was weighed and stored in a desiccator in an
inert atmosphere to prevent the decomposition of
the resulting sulfides and thiosalts. The sulfidization
of non-ferrous metals, including the formation of
their thiosalts, was previously established using
microprobe analysis of sintered samples.

The 2-nd stage of the experiments consisted of
leaching the resulting sinters. Leaching was carried
out using standard laboratory equipment with a
mechanical stirrer and electrical heating. The sinter
was crushed in an amount of 100 g and leached at a
ratio of sinter and sodium sulfide solution of 3:1, and
4:1 at temperatures of 50, 75, and 90 °C, leaching
duration 1-2 hours. The content of sodium sulfide in
the solution was 0-2 mol/l. The solution after
filtration was analyzed for the content of antimony,
arsenic, selenium and tellurium; the cake was
washed with hot distilled water, dried at 50 °C and
weighed. The cake and the resulting solution were
analyzed for the content of major metals.

The 3rd stage consisted of melting the resulting
sinter to get lead and noble metals into a separate
phase. Meltings were carried out in the same
furnaces as sintering at the first stage. The
temperature of the melts varied between 1150-
1250 °C, the heating rate to the experimental
temperature was 10 °C/min. The exposure time at
the experimental temperature was 30 minutes for
all experiments. The sinter was melted with soda ash
and activated carbon in various ratios.

At all stages of the experimental work, the
problem of identifying optimal conditions for
sintering, leaching and melting of leach sinters was
solved.

Results and Discussion

Experiments carried out to study the process of
sintering precious metal slag with sodium sulfate
and carbonate in the presence of carbon indicate the

possibility of obtaining a sinter containing metal
sulfides and thiosalts. At temperatures of 500-600
°C, sintering of the charge components practically
did not occur, therefore, sintered sinters obtained at
a temperature of 800 °C were used, in which the
process of formation of thiosalts took place. A
temperature of 800 °C should be considered critical
since at a higher temperature the components begin
to melt.

The optimal addition of Na,SO4 was 27 % of the
slag weight, and Na,COs - 8.5 % of the slag weight.
The consumption of the reducing agent in the
experiments was 6, 7, 8 g or 20, 23, 27 % of the
weight of the slag, the sintering time was 2 hours.
Each experiment was repeated 3 times, and
approximately the same results were obtained for
the weight of the sinter. The main technological
parameters are given in Table 1.

Table 1 — Indicators of the sintering process of slag with
charge components

Charge composition, g
£ .
xper! Sintering Sinter
ment -, i
no conditions | slag | NasS | Na,COs | coal | weight, g
. Os
38.3-39.1
t=800°C | 55 1 765 | 255
2 —2h . . 39.3-39.5
3 8 |39.8-39.9

For leaching, cakes No. 1-3 were used, obtained
in the corresponding experiments at a temperature
of 800 °C with the addition of carbonate, sodium
sulfate and a reducing agent to the mixture. The
cake was filtered, dried and analyzed for lead, gold,
silver and copper content. The solutions were
analyzed for content

The results of leaching of three cakes obtained
at 90 °C are presented in table 2 and in figures 1 and
2.

Table 2 - Compositions of sinter leaching products at optimal leaching parameters (temperature 90 °C, L:S = 3:1, leaching

duration 2 hours, sodium sulfide content in solution 2 mol/l)

Sinter Solution composition, g/l Cake composition
sample
number
As Sb Te Se Pb, % Cu, % Au g/t Ag, g/t SiO2, %
1 0.21 3.60 0.16 0.11 63.8 1.8 0.24 4.3 21.0
0.19 3.60 0.14 0.09 68.6 1.9 0.19 3.9 19.5
3 0.17 3.51 0.14 0.13 69.3 1.7 0.20 3.8 19.8

— 44 ——



KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. Ne4(335), 2025

ISSN-L 2616-6445, ISSN 2224-5243

41

Sinter No.1

40

Cake weight, g
w w w w
(=) ~1 =] o

v
by

Cake weight, g

Sinter No.2

0.8 10 15 20
Content Na,S, mol/l

Cake weight, g

34 -
33 4
32
31 T T T | 29 T
0 04 0.8 1.0 15 20 0 04
Content Na,S, mol/l
40

4 Sinter No.3

y

B

BN =

04

0.8

1.0

Content Na,S, mol/l

15

20

Conditions for cake leaching: 1-1 h, L:S=3:1; 2 — 2 hours, L:5=3:1; 3 -1 hour, L:S=4:1; 4 — 2 hours, L:S=4:1.

Figure 1 — Variation in cake weight as a function of Na,S concentration, L:S ratio, and leaching duration at 90°C
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Figure 2 — Variations in metal content in leaching cake No. 2 based on sodium sulfide concentration at 90°C
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The change in the weight of the cake remaining
after leaching depending on the concentration of
sodium sulfide in the solution and L:S is quite
predictable. With an increase in the concentration of
sodium sulfide in the solution, an increase in L:S and
leaching time, the transition of sinter components
into the solution increases. This is especially clearly
visible when leaching sinter No. 2. Accordingly,
during leaching in the residual cakes, the content of
copper and lead increases and the content of arsenic
and antimony decreases.

It has been established that the most complete
leaching of the resulting cakes (slag, sulfate and
sodium carbonate in the presence of a reducing
agent) occurs at a temperature of 90 °C, L:S ratio =
3:1, leaching duration of 2 hours and sodium sulfide
concentration in solution of 2 mol/I.

The 3rd stage of the experimental work
consisted of melting the resulting cakes in order to
get lead and noble metals into a separate phase. All
previously obtained cakes were combined and
averaged, thus, the average composition of the
cakes was used for the melts. Meltings were carried
out in the same furnaces as sintering at the first
stage. The temperature of the melts varied between
1150-1250 °C, and the heating rate to the
experimental temperature was 10 °C /min. The
exposure time at the experimental temperature was
30 minutes for all experiments. The cake was melted
with soda ash and activated carbon in various ratios.

Conditions for smelting:

- smelting No. 1: temperature 1150 °C, heating
rate 10 °C /min, holding time 30 min; charge
composition: 100 g cake, 25 g soda ash, 9 g activated
carbon;

- smelting No. 2: temperature 1200 °C, heating
rate 10 °C /min, holding time 30 min; charge
composition: 100 g cake, 30 g soda ash, 11 g
activated carbon;

- smelting No. 3: temperature 1200 °C, heating
rate 10 °C /min, holding time 30 min; composition of
the charge: 100 g cake, 30 g soda ash, 5 g activated
carbon.

The results of the analysis of the compositions of
the resulting products are shown in Table 3.

During the smelting, a metallized phase was
obtained, consisting mainly of lead (90-91 %), and
slag was obtained with a residual content of lead and
copper of no more than 0.5 %. Thus, the optimal
conditions for the processes of sintering slags with
sodium sulfate and sodium carbonate in the
presence of a reducing agent, leaching of cakes in a
sodium sulfide solution and the process of melting

leaching cakes with soda ash and activated carbon
were determined.

Table 3 — Results of chemical analysis of cake leaching

Smelting Content in metal Content in slag, %
no. Pb,% | Au, Ag, Pb | Cu Zn
g/t | s/t
90.81 0.8 144 | 0.2 | 0.3 | 0.02
91.79 0.9 141 | 0.5 | 0.4 | 0.02
91.85 | 0.85 | 13.8 | 0.3 | 0.3 | 0.01

Conclusions

The results obtained indicate the formation of
metal thiosalts during sintering in the presence of
sodium sulfate and carbonate and a reducing agent
at a temperature of 800 °C. An increase in
temperature leads to the melting of individual
components of the charge and a slowdown in the
process of sulfidization of slag components. At lower
temperatures, a decrease in the activity of the
charge components is observed. The best results
were obtained with the addition of Na;SO,— 27 % of
the slag weight, and Na,CO; — 8.5 % of the slag
weight. Reducing agent consumption is 27 % of the
slag weight, sintering time is 2 hours.

The optimal parameters for leaching the
resulting cakes are temperature 90 °C, L:S ratio = 3:1,

leaching duration 2 hours, sodium sulfide
concentration 2 mol/I.
The best results for cake melting are

temperature 1200 °C, heating rate 10 °C /min, and
holding time 30 minutes. Charge composition: cake,
30 % soda ash by weight of cake, 11 % activated coal.
During the smelting, a metallized phase was
obtained, consisting mainly of lead (90-91 %), and
slag was obtained with a residual content of lead and
copper of no more than 0.5 %.
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TYWIHAEME

ANAbIH ana XyprisinreH Taxipubenep MbiC-31eKTPOAUTTI BaNKbITy KOXKAAPbIH KalTa eHAeyaiH
3KOIOMUANBIK MICENECIH LWelly cynbouaTey, OAaH KeWiH WwaliMmanay *aHe oAaH KeliH epiTiHaigaeH
CeneH, TENNYP, MbIWbAK, CypbMaHbl 66N any apKbl/bl Ky3ere acbipyfa 601aTbIHABIFbIH KOPCETTI.
YKoFapbl CeNeKkTUBTINIKTI KamTamacbi3 eTeTiH 6yn TexHonorusaHblH,  BipiHWi onepaumAcs
KylexeHTeKTey 60/1bIn Tabblnagbl. AnbiHFaH HaTUxKenep 800 °C TemnepaTypasa HaTpuit cynboatbl
MeH KapbOHATbIHbIH, OHe TOTbIKCbI3AAHABIPFLIWTHIH, KATbICYbIMEH KYyWEXKEHTEKTEY KesiHae
MeTanN TMOTY3JapbIHbIH, TY3iNeTiHiH KepceTedi. TemnepaTypaHblH, }OFapblaaybl WMKIKYPaMHbIH,
Keke Kypamaac 6enikTepiHiH 6ankyblHa KaHe KOX KOMMNOHEHTTEPIHIH, CyNbOUATEHY NPOLECIHIH,
basynaybiHa aKkenedi. TemeH TemnepaTypaga LWMKIKYpPaM KOMMOHEHTTEpPiHiH, 6enceHainiriHix,
TemeHzeyi 6arikanaapl. Na;SOs OHTalNbl KOCbIHABICHI KOX CanmafblHbiH, 27 %, Na.COs — KOX
canMafblHblH, 8,5 % KypaZbl. TOTbIKCbI3AAHABIPFLIWTBIH, LWbIFbIHbI KOX CanMafbiHbiH, 27 %
Kypanapbl, KyWeXeHTeKTey yaKbITbl 2 cafaT. ANblHFaH Cy3iHAINEpAi WwaimanayaplH, OHTalAbl
napameTpnepi: Temnepatypa 90 °C, L:S KaTtbiHacbl = 3:1, warimanay y3aKTbifbl 2 cafaT, HaTpUii
cyNbdUAiHIH, KOHUEHTPaumAcbl 2 MOb/A. KyWeeHTeKTi waimanayaaH anblHFaH cysiHginepai
6anKbITY YLWIH eH, XKaKCbl HaTUKeNep: TemnepaTtypa 1200 °C, Kbi3apblpy Kbingamabiebl 10 °C/muH,
ycTay yakpiTbl 30 MUHYT KesiHae 6onaabl. LLMKIKypaMHbIH, Kypambl: Cy3iHAj, CY3iHAIHIH, canmarbl
6oibiHWa 30% KanbuuHAaeHreH coga, 11% 6enceHaipinreH Kemip. banKkpITy KesiHae HerisiHeH
KopFacbiHHaH (90-91%) TypaTblH meTangaHfaH ¢pasa, an KopFacbiH MeH MbICTbIH, KanapblK meswepi
0,5 % acnaiTbiH KOXK anblHAbI.

TyliiH ce30ep: KOX, KYNeXKeHTeKTey, KyMeKeHTeK, Warimanay, cysiHgi, 6ankpity.

Keamkoeckuii Cepeeli Apkadbesuy

Asmopnap mypanel aKknapam:

TexHUKa  FoblabiMOapbIHbIH, — O0KMOpbl,  ayblp mycmi  mMemandap  nupomMemasnsnypauscel
3epMmXAaHAcbIHbIK MeHzepywici, Memannypeusa #aHe keH balisimy uHcmumymel AK, Cambaee
yHueepcumemi, lllesyeHko K-ci, 29/133, 050010, Aamamel, KazakcmaH. Email:
s.kvyatkovskiy@satbayev.university;, ORCID ID: https.//orcid.org/0000-0002-9686-8642

Koxcaxmemoe CyamaHbek Mbip3axmemosuy

TexHUKa FblabIMOapbiHbiH, O0KMOpbI, Mpogeccop, aysip mycmi memandap nupoMemaraypauscel
3epMXaHAceIHbIK 6ac FblabIMU Kbi3MemKepi, Memanaypaus #aHe KeH 6alisimy uHcmumymeol AK,
Cam6aes yHusepcumemi, LlllesyeHko K-ci, 29/133, 050010, Aamamel, KazakcmaH. Email:
s.kozhakhmetov@satbayev.university; ORCID ID: https://orcid.org/0000-0002-6955-4381

CemeHosa AHacmacus CepzeesHa

Mazaucmp, ayslp mycmi memandap nupomemansaypausAcsl 3epmxXaHACbIHbIH HemeKWwi UHXeHepi,
Memannypeus #aHe KeH 6alisimy uHcmumymeol AK, Cambaes yHusepcumemi, LLlea4eHKO K-Ci,
29/133, 050010, Anmamel, KazakcmaH. Email: a.semenova@satbayev.university; ORCID ID:
https.//orcid.org/0000-0003-4054-8268

Arocebekoea Mapan AdenvbekosHa

PhD, aybip mycmi memandap nupomemansypausicel 3epmMXAHACbIHbIH Kili FolabIMU Kbi3MemKepi,
Memannypeusa #aHe KeH 6alisimy uHcmumymeol AK, Cambaes yHusepcumemi, LLlea4eHKO K-Ci,
29/133, 050010, Anmamel, KazakcmaH. Email: a.semenova@satbayev.university; ORCID ID:
https://orcid.org/0000-0002-4359-9784

Laxanoe AnexkcaHop AnekcaHdposuy

Kazakmelic koprnopayuscel HKLUC uHxceHepi, bankaw, KazakcmaH. Email: a_shakhalov@inbox.ru;
ORCID ID: https://orcid.org/0000-0002-6336-7534

rmppoTtepmanbHaa nepepaboTKa cNeKoB cogepKaLux TMOCONM

LUBEeTHbIX meTaN/10B

*KsaTkosckuii C.A.,  Koxxaxmetos C.M., ! CemeHosa A.C., * ltoce6ekosa M.A., 2LLlaxanos A.A.

1 A0 Uhcmumym memannypauu u obozaujeHus, Satbayev University, Aamamel, KazaxcmaH

2 TOO Kopnopauyus Kaszaxmesic, banxaw, KazaxcmaH

—— 47 ——


https://doi.org/10.31643/2025/6445.38
mailto:s.kvyatkovskiy@satbayev.university
https://orcid.org/0000-0002-9686-8642
mailto:s.kozhakhmetov@satbayev.university
https://orcid.org/0000-0002-6955-4381
mailto:a.semenova@satbayev.university
https://orcid.org/0000-0003-4054-8268
mailto:a.semenova@satbayev.university
https://orcid.org/0000-0002-4359-9784
mailto:a_shakhalov@inbox.ru
https://orcid.org/0000-0002-6336-7534

Complex Use of Mineral Resources. 2025; 335(4):42-49 ISSN-L 2616-6445, ISSN 2224-5243

AHHOTALUMUA

MpeaBapuTenbHbIMU 3KCMEPUMEHTAMM MOKA3aHO, YTO pelleHMe 3KOorMyeckon npobnembl
YTUAN3ALMM WNAKOB NNAaBKU MEAE3/IEKTPO/IUTHBIX LUIAKOB AOCTUrAeTcA NyTem cyibduamnsaumm c
nocneayoLwmm BblLLEeNauYnBaHNEM U NOCAEAYIOLNM BblAENEHMEM U3 PAaCTBOPA CeNeHa, Tennypa,
MbILWbAKA, CypbMbl. [lepBoi onepauuelt 3TOM TexHoNOrMKM, obecneuvnBalowent BbICOKYIO
Moctynuna: 30 mas 2024 CENEeKTUBHOCTb, ABNAETCA cneKkaHue. MonyyeHHble pe3yabTaTbl CBUAETENbCTBYHOT O MPOXOXKAEHUN
PeveHauposahue: 11 utons 2024 npouecca obpas3oBaHMA TMOCONEN METANIOB NPU CNEKAHWUM B MTPUCYTCTBUM cybdaTa u KapboHaTa
MpuHaTa B neyatb: 10 ceHmabpsa 2024 HaTpua U BoccTaHoBUTENA Npu Temnepatype 800 °C. MoBblweHMe TemnepaTypbl NPUBOAUT K
OMNNABNEHUIO OTAENbHbIX KOMMOHEHTOB LWMXTbl M 3amen/ieHMIo npouecca cynbouamsaumm
KOMMOHEHTOB W/aKa. Mpu 6onee HU3KUX TemnepaTypax HabAOAAETCA CHUMKEHME aKTUBHOCTU
KOMMOHEHTOB WKXTbl. ONTMManbHas gobaska Na;SOs coctasnana 27 % ot Beca wnaka, NazCOs -
8,5 % oT Beca wnaka. Pacxop BocctaHoBUTensa — 27 % OT Beca LWaKa, BpemMa CneKaHua — 2 yaca.
OnTUManbHble NapameTpbl BblIWENAuYMBAHUA MONYYEHHbIX KeKoB - Temnepatypa 90 °C,
cooTHoweHun K:T = 3:1, NPOAO/IKUTENBHOCTb BbILLENAYMBAHMA 2 Y., KOHLEHTpauma cynbduaa

HaTpus 2 Monb/A. Jlydlwme pesynbTaTbl NAaBKM KEKa OT BblLLE/auynMBaHNA CMEKOB — TemnepaTtypa
1200 °C, ckopocTb Harpesa 10 °C/muH, Bblaepka 30 muH. CocTaB wuxTbl: Kek, 30 %
KanbUMHMPOBAHHOM coapl OT Beca Keka, 11 % akTuBMpoBaHHOro yrasa. lMpu nnaBkax 6bina
no/syyeHa MeTannM3vMpoBaHHas ¢asza, COCTOAWAA B OCHOBHOM, M3 cBMHUA (90-91 %) u 6bin
MOJIYYEH LWAAK C OCTAaTOYHbIM COAEPXKAHMEM CBMHLA U meau He 6onee 0,5 %.
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ABSTRACT

The decrease in the quality of mineral raw materials processed by industry, as well as the increase
in requirements for environmental protection, necessitate the development of new directions in
the technology of their processing. Biogeotechnology refers to one of the modern areas of
scientific and technological progress in the field of processing mineral raw materials. Biologically
active additives are increasingly used along with the use of microorganisms in the extraction
processes for non-ferrous and precious metals, in particular amino acids which are an integral part

Received: May 28, 2024 of the culture liquid of microorganisms. The processes of sulfuric acid leaching of copper from low-
Peer-reviewed: June 28, 2024 grade ore in the presence of amino acids of different structures and their effect on copper
Accepted: September 13, 2024 electrolysis were studied. Low-grade ore from one of the Kazakhstan deposits was used as the

starting raw material. The copper content in the ore is 0.39%. The diffusion nature of the
restrictions was established during the study of the kinetics of the process of sulfuric acid leaching
of copper, and the rate constants and value of the effective activation energy were calculated,
which amounted to 1.817 kJ/mol. The effect of amino acids with different structures on the
leaching process was studied. The positive effect was increased in the glycine - leucine - cysteine -
histidine - asparagine series. Depending on the structure of the amino acid, the degree of copper
extraction into the solution increases in the range of 1-15%. The effect of aminoacetic acid as a
biologically active additive on the process of electrolysis of copper from poor solutions was
studied. It was established that the process is inhibited by the reduction of monovalent copper to
the metallic state in the presence of glycine.
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Introduction

Currently, SX-EW technology (leaching - liquid
extraction - electrochemical reduction) is widely
introduced into the world industry to process low-
grade copper ores. It involves sulfuric acid leaching
of the original ore [1]. The copper extraction degree
into solution depends primarily on the composition
of the original ore. This method is most suitable for
oxidized ores. Up to 90% copper can be extracted
into solution from oxidized ores during sulfuric acid
leaching [2]. Biooxidation is used along with sulfuric
acid leaching for ores with more complex
mineralogical composition, in particular for sulfide
and mixed ores. Biooxidation is an attractive
alternative to traditional physical and chemical
methods of ore beneficiation, due to the reduced
resource intensity of the technology and less
harmful effects on the environment [[3], [4]].
Biotechnology for the extraction of copper from low-
grade ore was first introduced on an industrial scale
in 1982 at the Lo Aguirre copper mine of Sociedad
Minera Pudahuel (Chile). Then a similar process was
introduced at 17 enterprises, including 10 mines in
Chile, as well as in the USA, Peru, and Australia [5].

Such metals as copper, uranium, nickel and gold
are obtained with the use of biohydrometallurgy
[[6], [7], [8]]. The basis of biohydrometallurgical
technologies are the microbial oxidation processes
for hard-to-open minerals by acidophilic
microorganisms [9]. The use of microorganisms in
the processes of extraction of non-ferrous and
precious metals can significantly increase the
complexity of the use of raw materials and ensure
effective environmental protection.

At the same time, some works dedicated to the
leaching of low-grade copper-containing ores in the
presence of amino acids, which are an integral part
of the culture fluid during bioleaching, appeared
recently.

The authors studied the leaching of chalcopyrite
concentrate from the Sarcheshmeh copper mine
(Kerman, Iran) in a solution of aminoacetic acid
(glycine) in the presence of oxygen [[10], [11]]. The
effect of such parameters as glycine concentration
(0.4-2 M), temperature (30-90 °C), stirring speed
(250-750 rpm), pH (9-12), oxygen consumption (0.5
-2 |/min) and pulp density (1-20%) was studied.
Research was performed to extract copper from
chalcopyrite concentrate. The results show that an
increase in temperature from 30 to 60 °C increases
copper recovery, while at temperatures above 60 °C,
there is a decrease in copper recovery, probably as a

result of the conversion of glycine to glycinate and a
decrease in oxygen solubility. Moreover, long
leaching times at higher pH levels (10.5 and 12)
result in decreased copper recovery, primarily due
to the chemical precipitation of copper sulfide and
crystallization of copper glycinate. When pulp
density increases from 1 to 20%, copper recovery
decreases significantly. According to the results
obtained, the authors recommend using glycine
leaching under optimal conditions in the presence of
oxygen for the processing of low-grade chalcopyrite
concentrates and ores, as well as tailings shows the
efficiency of leaching copper contained in low-grade
ores in a solution of 0.1 mol/dm? sodium chloride, in
the presence of 0.05 mol/dm3 glycine or aspartic
acid at a temperature of 80 °C for 15 hours [12]. The
copper extraction degree achieved was 90%. The
object of study was ore crushed to a particle size of
2-3 mm with a copper content of 1.0%. Good results
were also obtained with the use of phenylalanine
hydrochloride, serine hydrochloride and protein
hydrolysates. Baker's yeast was used with a crude
protein content of 52% and nucleic acids of 5.8% to
obtain protein hydrolysates. Copper recovery was at
least 92%. It was established that the ability of
protein hydrolyzate to interact with copper ions is
due to its amino acid composition, i.e. the high
content of aspartic acid and glycine.

Thus, it follows from the above sources that
bioleaching is increasingly introduced into the
technological process; however, bioprocesses are
quite lengthy. Besides, they require adaptation of
microorganisms to environmental conditions, and
therefore, copper leaching study with the use of
substandard ores with sulfuric acid in the presence
of amino acids, and the effect of their structure on
the leaching process characteristics, is of great
interest.

The final stage of SX—EW technology is copper
electrolysis. The process conditions continuously
change during its electrolytic separation from dilute
solutions in a periodic mode: with a decrease in
copper concentration, the limiting current density
continuously decreases, and it increasingly exceeds
the limit while maintaining a constant electrolysis
current density, and the evolution of hydrogen
becomes more and more intense [13]. It is especially
noticeable during the extraction of copper from
waste electrolytes and poor solutions. In addition to
reducing process performance, there is a negative
impact of released gases (sulfur dioxide and
hydrogen in large quantities) on the environment. At
the same time, describes new methods for the
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formation of electrolytes using amino acids as
buffering, complexing and surfactant additives for
nickel [14]. They help to reduce the negative burden
on the environment without compromising the
quality of the final product.

In connection with the above, the purpose of
this work is to study the influence of amino acids, in
particular, their structure on the degree of leaching
of copper with sulfuric acid from substandard ores,
as well as on its electrolytic reduction from sulfuric
acid solutions.

Experimental part

Research methods. Test experiments intended
to leach the original copper ore were performed to
determine the optimal conditions for its leaching. A
unit including a reactor with a mechanical stirrer of
the PE 8399 brand from Ekros was used to leach the
original ore. Optimal conditions were established.
They are sulfuric acid concentration — 40 g/dm?3,
room temperature, process duration — 4 hours, S:L
ratio = 1:4.

The leaching process kinetics was studied by
transfer of a solution of sulfuric acid in the amount
of 0.1 dm? (acid concentration was 40 g/dm?3) and
ore in a ratio S:L = 1:4, as well as the specified
amount of amino acid, in 0.25 dm? conical flasks. The
concentration of aminoacetic acid (glycine) was
0.05, 0.1 and 0.5 M/dm?3, and that of leucine,
asparagine, histidine and cysteine was 0.5 M/dm?.
The flasks were hermetically sealed, and their
contents were intensively mixed on an orbital
shaker. The number of flasks was equal to the
number of samples taken during the sorption
process and corresponded to the number of points
on the graph. All experiments were performed in
duplicate. The result was equal to the average value.

Anode — — Cathode

3— F

T

L
Lo [
o

d -« U

Figure 1 — Unit for copper electrolysis
1 - electrolysis bath; 2- cathode; 3 — anode;
4 — rectifier; 5 — electrolyte

Copper electrolysis was performed in a unit
schematically shown in Figure 1. Stainless steel was
used as the anode, and lead was used as the anode.
The concentration of copper sulfate was 1 g/dm3
and glycine - 0.05-0.5 M/dm?.

Analysis methods

The quantitative content of copper was
determined in leaching solutions of the original ore,
as well as during the electrolysis process with the
use of an Optima 8000DV inductively coupled
plasma (ICP) atomic emission spectrometer.

X-ray diffraction data of the ore were obtained
with a D8 Advance diffractometer (Bruker AXS
GmbH) with a cobalt anode, a - Cu radiation, and X-
ray fluorescence data - with a Venus 200
“PANalytical” wave-dispersive spectrometer.
Diffraction patterns were interpreted, and
interplanar distances were calculated with EVA
software. The samples were interpreted, and phases
were searched with the use of the “Search/match”
program with the ASTM card database.

The method of scanning electron microscopy
(SEM) and X-ray spectral microanalysis (XMA) was
performed on a JEOL device - JXA-8230.

Substandard ore was used during the research.
It was crushed to a particle size of 0.071 mm.
Comprehensive studies of this ore were previously
performed using X-ray fluorescence, chemical, and
X-ray phase analysis, as well as scanning electron
microscopy (SEM) and X-ray spectral microanalysis
(XMA). The main component of the ore is quartz
according to phase analysis (Table 1), i.e. the ores
are dominated by silicate rocks, with smaller
quantities containing clinochlore, muscovite, albite
and microcline.

Table 1 - Phase composition of ore from the Bayskoye
deposit

Name Formula Content, %
Quartz, syn Si02 39.4%
Albite Na(AISi308) 21.5%
Microcline,

intermediate KAISi308 16.8%

Clinochlore-1Mlib, 11.4%

ferroan

(Mg, Fe)6(Si,Al)4010(0H)8

Muscovite-2M1 KAI2(AISi3010)(0OH)2 10.8%

The elemental composition of the ore is
presented in Table 2. It follows from there that the
main elements are creamium, potassium, calcium,
sodium, magnesium and iron.
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Table 2 - Results of X-ray fluorescence analysis of the
initial ore of the Bayskoye deposit

Based on the results obtained with the use of the
Arrhenius equation, the copper leaching rate
constants presented in Table 3 and the effective

(o] N M Al Si P S cl K C Ti . .
’ ¢ ' ° ' activation energy were calculated. It was 1.817
56. 14 1.3 7.0 25. 0.0 11 0.0 1.8 0.7 0.6
142 | 13 |85 | 77 | 813 | 78 | 42 | 27 | 37 | 53 | 14 kJ/mol.
Table 1.2.3 — Values of copper leaching rate constants at
Mn | Fe | Cu | Zn | As | Rb | Sr | zr | Ni Pb different temperatures and their logarithms
0.0 3.0 0.6 0.0 0.0 0.0 0.0 0.0 0.1 0.007
18 06 26 4 14 11 11 12 75 Leaching rate T, K
constant
293.0 313.0 333.0
The ore, along with copper, also contains zinc
ng PP . K- 10*, sec? 4.61 5.18 5.66
and lead according to scanning electron microscopy
and X-ray microanalysis (Fig. 2), i.e. the ore is lgK -3.337 -3.285 -3.247

classified as polymetallic, and the host rock, along
with silicates, includes chlorides and antimony
compounds. The copper content in the ore sample
was 0.39% according to chemical analysis.
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Figure 2 — Results of scanning electron microscopy and
X-ray microanalysis
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Figure 3 — Kinetic curves of copper leaching with sulfuric
acid solution, temperature, °C: 1 - 20; 1 - 40; 3 - 60.

The kinetics of the copper leaching process from
this raw material with sulfuric acid was studied in the
process of studying the physical and chemical
patterns of dissolution of non-ferrous metals. Figure
3 shows the kinetic curves of copper leaching at
temperatures of 20, 40, and 60 °C.

|— k0

The calculated value of the effective activation
energy (1.817 kJ/mol) indicates that the limiting
stage of the leaching of copper compounds is
diffusion.

In practice, there are several methods intended
to remove diffusion inhibition. It is an increase in
temperature, the speed of mixing the solution, and
the use of surfactants.

It can be assumed that amino acids will also
prove to be an additive that stimulates the process
because the formation of copper complex
compounds with amino acids is possible according to
the literature. It can help to increase the degree of
copper extraction into solution [[15], [16]].

The effect of amino acid concentration, using
glycine as an example, on the kinetics of copper
leaching was studied during the research. The
glycine concentration was 0.05 and 0.5 M/dm3. The
results obtained are presented in Table 4. It follows
from Table 4 that the main amount of copper is
leached during the first two hours. The copper
extraction degree increases as the concentration of
amino acids increases. When the glycine
concentration increases from 0.05 to 0.5 M/dm?3, the
degree of copper extraction increases from 64.8 to
75.1%.

Table 4 - Dependence of the degree of copper extraction
on the concentration of glycine in the solution.

Extraction rate, %
Time of Glycine concentration, M/dm3
0 0.05 0.1 0.5
30 39.9 42.1 45.5 48.1
60 50.3 53.3 57.8 62.8
120 55.4 57.6 66.4 70.1
240 60.2 62.2 69.5 73.9
360 61.9 64.8 70.9 75.1

53 ——
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Studies were performed for the leaching process
of this ore in the presence of the following amino
acids: cysteine, histidine, asparagine and leucine, to
identify the effect of the amino acid structure on the
degree of copper extraction. The results obtained
are presented in Figure 4, and it follows from it that
the copper extraction degree during the leaching
process increases in the presence of amino acids
located in the line of glycine - leucine — cysteine -
histidine - asparagine, i.e., the opposite relationship
is observed in comparison with the gold leaching in
the presence of amino acids [[17], [18], [19], [20]].

80
70
60
50
40
30
20
10

0

PNWR OO

Extraction, %

0 1 2 3 4
Time, hour .
Figure 4 - Effect of amino acid structure on the degree of
sulfuric acid leaching of copper.
1-blank; 2-asparagine; 3- histidine; 4-cysteine;
5- leucine; 6-glycine

It can be assumed based on the results obtained
that if the effect of the amino group in the resulting
complexes predominates during cyanide leaching of
gold then there is the effect of the carboxyl group,
on the contrary, during leaching copper with sulfuric
acid, i.e. the higher the contribution of ionic bonding
to the formation of copper complexes with amino
acids, the higher the positive effect of the amino acid
on the copper extraction degree during sulfuric acid
leaching. Consequently, aliphatic amino acids have
the strongest effect on copper leaching.

The effect of aminoacetic acid (glycine) on the
electrolytic reduction of copper was studied with the
use of model solutions as an example. We focused
on the copper content in poor electrolytes. The
concentration of copper and sulfuric acid was 1.0
and 100 g/dm3, respectively. CuSO, - 5 H,0 was used
to prepare the model solution.

Electrolysis was performed on the unit shown in
Figure 1. In the first stage, the optimal electrolysis
time was determined. The duration of the
experiments was sequentially 0.5; 1.0; 2.0; 4.0 and

6.0 hours, current density 0.2 A/m2. The resulting
kinetic curve is presented in Figure 5.

100
80
60
40
20

0
0 1 2 3

Extraction, %

Time, hour

Figure 5 — Kinetic curve of copper electrolysis
It follows from the figure that the optimal duration of
the process is 2 hours

Study of the sediment after 2 hours of
electrolysis by the X-ray phase method showed that
metallic copper was its basis. Besides, it contains a
small amount of cuprous oxide and copper sulfate
pentahydrate (Table 5). This composition of the
sediment may indicate a staged reduction of copper.

The divalent copper ions are reduced first to the
monovalent state, and then to metallic copper:

Cu? +e = Cu'
Cut +e = C°
Cu?2 +2e = CU°

Partial adsorption of the original electrolyte
takes place in addition.

After 4 hours, the sediment also contains lead,
along with copper. This fact indicates that by this
time there is a partial dissolution of the anode - lead,
which forms lead sulfate and is partially deposited
on the cathode (Table 6). The data obtained once
again confirm the fact that the optimal duration of
copper electrolysis should be considered to be 2
hours at a given current density.

Table 5 - Composition of the cathode deposit after 2
hours of electrolysis

Name Formula Content, %
Copper Cu 88.9
Cuprite, syn Cu20 7.4
Chalcanthite, syn CuS04:5H,0 3.7

—— 54 ——
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Table 6 - Composition of the cathode deposit after 4
hours of electrolysis

Table 8 - Results of X-ray phase analysis of the cathode

product (glycine concentration 0.1 M)

Copper electrolysis was performed at the next
stage under the same conditions in the presence of
aminoacetic acid - glycine. The glycine concentration
was 0.1 and 0.5 M. The results obtained are
presented in Figure 6.

100
80 =32
60
40
20

0
0 1 2 3 4 5

Extraction, %

Time, hour

Figure 6 - Kinetic dependence of copper electrolysis in
the presence of glycine
Amino acid concentration:
1- in the absence of an amino acid; 2 - 0.1M; 3 - 0.5M

As it follows from the figure, the presence of
glycine in the solution increases the recovery time of
copper, i.e. glycine in this case plays the role of a
depressant. It is confirmed by X-ray phase analysis
data (Table 7, 8), according to which the process is
inhibited by the reduction of monovalent copper to
the metallic state.

Table 7 - Results of X-ray phase analysis of the cathode
product (glycine concentration 0.5 M)

Name Formula Content, %
Copper(l) oxide | Copper Cu20 57.2%
Oxide

Copper Cu 33.5%
Chalcanthite, syn Cu2S04-5H,0 9.3%

Name Formula Content, % Name Formula Content, %
Cuprite, syn Cu 72.5 Copper(l) oxide | Copper Cu20 31.1%
Oxide
Anglesite, syn Pb(S0a4) 13.4 Copper Cu 59.1%
Copper Cu,0 11.1 Chalcanthite, syn Cu2504-5H20 8.8%
Kobyashevite CuS04-5H,0 3.0 . . . . .
Thus, amino acids as bio-additives play a positive

role in the leaching of copper from low-grade ore,
and they are depressants of the copper reduction
process during electrolysis. An increase in the
concentration of amino acids increases the
inhibition of the discharge of copper ions.

Conclusions

Biohydrometallurgical technologies are widely
used for the production of non-ferrous and precious
metals. The use of microorganisms can significantly
increase the complexity of the use of raw materials
and ensure effective environmental protection.
Recently, bio-additives, in particular amino acids,
which are an integral part of the culture liquid of
microorganisms, are increasingly used in the
production cycle, along with microorganisms.

The effect of amino acids on the leaching and
subsequent electrolysis of copper from low-grade
copper-containing ore, which includes quartz, albite,
microcline, clinochlore, and muscovite, was studied.
The copper content in the ore is 0.39%. The kinetics
of the ore-leaching process with sulfuric acid was
studied. The diffusion nature of the restrictions was
established with the use of the Arrhenius equation,
and the rate constants were calculated.

The effect of amino acids with different
structures on the leaching process was studied. It
was shown that the concentration of the amino acid,
as well as its structure, affects the degree of copper
extraction that decreases in the line of glycine -
leucine - cysteine - histidine - asparagine.

The final stage of hydrometallurgical copper
processing is electrolysis. It was found based on a
study of the use of aminoacetic acid - glycine as an
additive to the electrolyte during the electrolysis
process that its presence inhibits the process of
reduction of monovalent copper to the metallic
state.

Thus, amino acids, predominantly of the
aliphatic series, play a positive role as biological
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additives in the leaching of copper from low-grade
ore, and they act as depressants for the copper
reduction process during electrolysis, and an
increase in the concentration of amino acids
increases the inhibition of the discharge of copper
ions.
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AMUH KbIWKbINAAPbIHbIH, Canacbl TOMeH lI.IMKi3aTTapAaH MbIC anyfa acepi
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OHEepPKICINTIK XONMMEH eHAeNeTiH MUHepanabl WKKi3aT canacbiHblH TOMeHAeYi, COHbIMEH KaTap
KOpLUafaH OpTaHbl KOpfay TananTapbiHbIH, apTybl OonapAbl ©HAey TEeXHONOTMACHIHbIH, KaHa
6afbITTapblH  AambITyabl KaxKeT eTedi. buoreotexHonormsa MuHepanablk LWWKI3aTTbl eHaey
canacblHAAFbl FbIIbIMU-TEXHWUKANbIK NPOrpecTiH, Kasipri 3amaHfbl 6afbITTapbiHbIH, bipiHe KaTagpl.
TycTi »KaHe acbln meTangapgpbl any npouecrepiHae MUKPOOPraHM3Maepai KoNAaHyMeH KaTap,
6uonoruanbik, HenceHai Kocnanap, atan aWTKaHAA MUKPOOPraHWM3MAEPAiH, CYMbIKTbIFbIHbIH,
Kypamzac 6eniri 60abin TabbliaTblH aMMHKBIWKbINAAPbI KebipeKk KongaHbliagbl. DpTypAi
KYPbIIbIMAAFbl aMUH  KbIWKbIIAAPbIHbIH, KATbICbiIHAAQ TOMEH Canasibl KeHHEH MbICTbl KYKipT
KbILWKBIJILIMEH LWamanay npouecTepi, COHAal-aK onapapblH, MbiC 31eKTPOAK3iHe acepi 3epTTeng,.
Bactankpbl LWMKIi3aT peTiHAe Ka3aKCTaHAbIK KEH OpblHAAPbIHbIH, BipiHiH TeMeH cananbl KeHi
nangananoingpl. Kenaeri moic menwepi 0,39% kypanabl. LWekteynepaiH anddysumanbik cunatol
MbICTbI KYKIpT KbILKbI/IbIMEH LWaimanay NpoueciHiH, KMHETUKACbIH 3epTTey KesiHge 6enrinexin,
JKbINGAMAbIK, KOHCTaHTanapbl MeH Tuimai 6enceHaeHaipy sHeprusacbl ecentengi, on 1,817
KOK/Monb 6ongpl. KypblabiMbl apTypAi aMUHKbIWKbIAAAPbIHLIH, Waimanay npoueciHe acepi
3epTTengi. OH, acepaiH Kofapbliaybl MUUUH — NEeWUMH — LUCTEUH — TUCTEAMH — acnaparvH
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anblHy papexeci 1-15% apanbifblHAa apTaabl. Keael epiTiHainepaeH MbICTbl 31EKTpPoAM3aey
npoueciHe 6uonoruanbik benceHai Kocna peTiHAe amMMHCIPKe KbIWKbIbIHbIH, acepi 3epTrengi.
[NMUMHHIH, KaTbiCybiMeH 6ip BaneHTTi MbICTbl MeTanaplk Kyire KenTipy apKblabl npouecc
TexeneTiHi aHbIKTanabl.
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AHHOTAUMA
CHMKeHMe KayecTBa nepepabaTbiBaemMOro NpPOMbILW/IEHHOCTBIO MUHEPANbHOTO CbiPbA, a TaKke

yBennyeHne TpeboBaHWI K OXpaHe OKpy)Katowein cpeabl obycnaBnmBaloT HeobXxoAMMOCTb
pa3paboTKM HOBbIX HaNpPaBAEHMUI B TEXHONOMMM UX NepepaboTKu. BuoreoTexHoNOrMsA OTHOCUTCA K
OQHOMY M3 COBPEMEHHbIX Hanpas/ieHWW Hay4YHO-TEXHWYECKOro nporpecca B obnactu
nepepaboTKn MUHEPaNbHOrO CbipbA. Hapagy ¢ NnpUMMeHeHMeM MUKPOOPraHW3MOB B MpoLeccax
N3BNEYEHMA LBETHbIX U 6N1aropogHbIX MeTan1o0B BCe LMPEe UCMONb3YIT BUONOrMYECKN aKTUBHbIE
[06aBKM, B YaCTHOCTW, aMUHOKWUCIOTbI, KOTOPbIe ABAAIOTCA COCTAaBHOW YacTblo KyNbTypasbHOMN
KUAKOCTU MUKPOOPraHNM3MOoB. Hamu paccMOTpeHbl NPOLECChl CEPHOKUCNOTHOTO BblLLeNavYnBaHUA
MeAM U3 HU3KOCOPTHOM pyAbl B MPUCYTCTBUM aMUHOKMUCIOT Pa3HOM CTPYKTYPbI, @ TaKKe BAUAHME
WX Ha 3N1EKTPO/IM3 Meau. B KauecTse MCXO4HOTO CblPbsA UCNONb30BaN HU3KOCOPTHYIO pyAy OAHOMO
13 KasaxcTtaHcKux MmectopoxkaeHuit. CoaeprkaHune meau B pyge -0,39%. WccneposaHuem
KMHETUKM npoLecca CepHOKUCNOTHOMO BbilLeNauymMBaHUA Meam ycTaHoBneH AUbOY3MOHHbIN
XapaKTep OrpaHUMYeHWUi, PaccynTaHbl KOHCTAHTbI CKOPOCTM U 3HavyeHWe 3pPeKTUBHON sHeprum
aKTMBaumu, KoTopoe coctaBuio 1,817 kOK/Monb. M3y4yeHO BAMAHME aMUHOKMCIOT PasHOW
CTPYKTYpbl Ha mpouecc BbllenaymBaHuA. MoKasaHO yBe/NMYEeHUE MNONOKUTENbHOTO BAUAHUA B
pAagy: rUUMH — NeruMH — LUCTEUH - TUCTeAMH, - acnaparvH. B 3aBMCMMOCTM OT CTPYKTYpbI
AMWHOKMUCNOTbI CTENEHb U3B/IEYEHNA MeAM B PacTBOP YBesMumBaeTca B npeaenax 1-15%. N3yueHo
BAIMSIHNE aMUHOYKCYCHOW KWUCNOTbl B KauyecTBe BMONOrMYEcKM aKTMBHOM [06aBKM Ha mpouecc
3/1EKTPOIM3a Meaun U3 BefHbIX PacTBOPOB. YCTAHOBNAEHO, YTO B NPUCYTCTBUM TMLMHA NpoLecc
TOPMO3UTCA BOCCTAHOBAEHNEM OAHOBANEHTHOM Meau 0 METalIMYECKOro COCTOAHMUA.
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Enlarged laboratory experiments of ferrous metallurgy dust sintering
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ABSTRACT

In this work, large-scale laboratory experiments were carried out on high-temperature sintering
of clinker with CaCl.. New data were obtained on extracting zinc, lead and related impurities into
the targeted products of high-temperature sintering under process scaling conditions. The optimal
parameters for high-temperature sintering have been established: t =900 °C, t = 60 minutes, CaCl,
consumption is 1.3 times higher than its consumption from the stoichiometric required amount
(SRA). High-quality zinc sublimates were obtained. The maximum extraction of zinc into sublimates
was achieved - 98.2%. New data on changes in the quantitative ratios of clinker ingredients under
sintering conditions have been obtained. It has been established that zinc in the form of chloride
is concentrated in sublimations. The obtained results form the basis of the final stage of the
chlorination technology for processing lead-containing zinc dust from ferrous metallurgy and were
used in the developing of a general technology for the selective extraction of zinc and lead into
marketable products.
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Introduction

Today, accumulated dust from ferrous
metallurgy occupies huge areas and requires
disposal. Ferrous metallurgy specks of dust, in
particular zinc-containing specks of dust, are
characterized by a complex chemical and phase
composition. The need for their processing lies in the
fact that they contain valuable metals. On average,
the zinc content in dust is estimated at 8-10%. The
return of zinc-containing dust to smelting negatively
affects the technological parameters and smelting
modes: an increase in the zinc content in the
resulting smelting products and the formation of
localized deposits in the furnace. Several methods
are known, but they are not applicable due to the
multi-component composition of the dust obtained

under different melting conditions and parameters
[[11, [2], [3], [4], [5], [6], [7]]. Processing of zinc
sublimates (in the form of oxides) by fuming and
other processes leads to environmental
degradation, an example is the processing of zinc
sublimates at Kazakhmys LLP [[8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19]]. The use of a
pulverized coal mixture leads to a large yield of CO..

Based on the above, it follows that solving the
problem of complex processing of ferrous and non-
ferrous metallurgy dust is an urgent task and
requires finding new ways to process them.

In previously completed work [20], we
presented the general concept of combined
chlorination technology for the complex processing
of dust from Kazferrostal LLP (Almaty), obtained
from processing ferrous scrap into EAF. The
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technology includes the selective extraction of iron,
lead and zinc into targeted products through stage-
by-stage processing. The results of the studies
showed the fundamental possibility of developing a
technology for producing commercial products from
dust: an iron-containing product, high-quality lead
and zinc sublimates with a high recovery of lead and
zinc in them, over 98%.

At the initial stage of the technology, a magnetic
fraction (~70% Fe) is separated from dust using the
magnetic separation method, which is sent for
agglomeration before blast furnace remelting. The
non-magnetic dust fraction (46.74% Zn, 5.48% Pb) is
subjected to low-temperature chlorinating sintering
with NH.Cl with selective extraction of lead into
sublimates. The resulting zinc-rich clinker, in the
second stage, is subjected to high-temperature
sintering with CaCl, with selective extraction of zinc
from it into sublimates and the production of final
clinker with a high iron content, suitable for
producing steel.

Lead and zinc sublimates of high quality can be
used as commercial products and sent for sale, or,
after processing by known methods (smelting,
electrolysis), they can be processed to obtain pure
lead and zinc. The minimum content of impurities in
them will allow further operations to be carried out
with low material costs.

The purpose of this research is to test the
reproducibility and accuracy of the results of the
method for extracting zinc from clinker by high-
temperature sintering with calcium chloride [21]
under scaling conditions with the establishment of
optimal technological process parameters.

Materials and research methods

As the initial object, clinker was used, obtained
after low-temperature sintering of dust with NH4CI,
composition, wt.%: 49.74 Zn; 0.23 Pb; 20.08 Fe; 7.74
Si02; 18 O and others.

The conditions, experimental procedures and
methods for studying the initial and resulting
products were similar to those used in laboratory
experiments [21]. Technological experiments were
carried out with an initial sample of clinker of 500 g.
The consumption of CaCl, in the experiments was
1.0; 1.1; 1.3 and 1.5 times higher than its
stoichiometric required amount (SRA) for
chlorination of zinc oxide, which was calculated
based on the zinc content in clinker. Experiment

temperatures were 600, 700, 800, 900 and 1000 °C.
Duration — 60 minutes. Each experiment at a given
temperature and CaCl; flow rate was repeated three
times in order to be reproducible and obtain
accurate results. The average value was taken as the
final result.

The number of sublimations was determined by
the difference between the initial sample and the
resulting clinker, taking into account the content of
lead, zinc and iron in them. The degree of extraction
of zinc and lead into sublimates was determined by
the formula:

__ (g1xm1) — (g2Xm?2)

EMe (g1xm1)

(1)

where: g1 — a mass fraction of the element in the
original clinker;

m; — mass of the initial clinker sample, 500 g;

g, - a mass fraction of the element in the
clinker after sintering;

m; - a mass of clinker after sintering.

Based on the results of experiments, the
material balance and extraction of zinc and lead into
sintering products were calculated with a
comparative analysis of the data.

Results and discussion

The established values of A H>0 kl/mol for the
reaction of zinc oxide with CaCl, show that the
chlorination process is endothermic and the
efficiency of the ongoing reactions during high-
temperature sintering of clinker is closely related to
temperature.

To check the effectiveness of extraction of Zn
and Pb from clinker, the mixture (clinker + given
CaCl; flow rate) in an amount of 500 g was subjected
to sintering at a temperature of 600-1000 °C for 60
minutes at an airflow rate of 100 ml/min.

The study of the influence of temperature on the
dynamics of changes in the content of Zn and Pb in
the sintering products was carried out at a constant
sintering time of 60 minutes and consumption of
CaCl; 1.3 times higher than its stoichiometric
required amount (SRA) for the reduction of zinc
compounds to chloride. The choice of parameters is
determined by the need to conduct a comparative
assessment of the results for reproducibility and
accuracy with laboratory experiments.

The effect of temperature on the content of zinc
and lead in sublimates and clinker is shown in Fig. 1.
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Fig. 1 - Dependence of Zn and Pb content
in sublimates (a) and clinker (b) on temperature

As can be seen in Fig. 1 (a), under high-
temperature sintering conditions, the main
contribution to the formation of sublimates is made
by zinc chloride. The Zn content in sublimates
changes greatly with increasing temperature: an
increase in temperature from 600 to 1000 °C
increases the zinc content in sublimates from ~35 to
~41%. At high temperatures of 800 °C and above, the
lead content in sublimates is minimal and varies
slightly within low limits from 0.003 to 0.002%. The
fact seems quite natural, since in the considered
temperature range 600-1000 °C, the Zn content in
clinker shows a sharp decrease from 1.43 to 0.92%.
At the same time, as can be seen in Fig. 1 (b), the
nature of the curve of the change in lead content
practically does not change and shows a stable value
at the level of 0.26%.

SEM images of clinkers obtained after
chlorination sintering at a temperature of 700, 800,
900 and 1000 °C are presented in Fig. 2.

Fig.2 - SEM images of samples (clinker) chlorinated at
different temperatures: 700 °C, 800 °C, 900 °C, 1000 °C

In the range of 700-900 °C, with increasing
temperature, calcined clinker gradually begins to
sinter and undergoes phase transitions. At elevated
temperatures due to a decrease in the porosity of
the material, kinetic conditions chlorination
reactions are hindered: CaCl, particles are not
completely in contact with zinc and lead
compounds. At temperatures above 1000 °C, clinker
begins to melt (Fig. 2), and at higher temperatures
(above 1200 °C) it passes into the liquid phase, which
seriously reduces the extraction of zinc and lead into
sublimates. Consequently, an increase in the
sintering temperature, although it provides high
productivity, significantly increases the material
costs of the process: the consumption of
chlorinating agent increases (CaCl,), and the quality
of the resulting sublimates decreases. Based on the
obtained results and taking into account the
established patterns of the influence of temperature
on the quality of the resulting sublimates, as well as
taking into account the cost of calcium chloride and
energy consumption, a temperature of 900 °C was
taken as the optimal temperature for the sintering
process.

In the process of high-temperature chlorinating
sintering of clinker, the distribution of Zn and Pb
between products is significantly affected by the
consumption of CaCl, - as an active chlorinating
reagent, providing effective selective chlorination of
zinc with low energy consumption and minimal
environmental pollution.

The physicochemical essence of the process of
high-temperature sintering of clinker with CaCl, can
be interpreted as a direct and indirect mechanism of
metal chlorination [22].

The mechanism of direct chlorination can be
represented by the reaction:
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CaCl,+ MeO = 2Ca0 + MeCl,, (2)

where solid calcium chloride reacts directly with the
metal oxide to form the corresponding chloride.

The indirect mechanism of metal chlorination is
usually represented as a stepwise one: first, the
decomposition reaction of solid CaCl,(s) occurs due
to oxygen to its oxide with the formation of gaseous
chlorine (Cly(g)). The chlorine then reacts with the
metal oxide and reduces it to the corresponding
chloride. The general mechanism is described by the
occurrence of reactions:

2C8C|2(5) + Oz(g) =2Ca0 + 2C|2(g), (3)
ZMEO(S) + 2C|2(g) = ZMEC|2(g) + Oz(g). (4)

The physicochemical patterns that occur during
the sintering of clinker with CaCl; can be interpreted
by the mechanism of direct chlorination, wherein
the ZnO-Fe,0s-CaCl, system, at temperatures above
the melting point of CaCl, (>700 °C), calcium chloride
with zinc oxide reacts directly according to reaction
(1) to form gaseous ZnCl,.

The effect of CaCl, consumption on the zinc
content in sintering products, set at an optimal
temperature of 900 °C, is shown in Fig. 3.

Me content in sublimate, %

0 - - +
1 11 12 13 14 15 16

CaCl? consumption , fractions of SRA ratio

+Pb min

a)
- 1.5
S N .___‘x_‘
E 1 —y
£ 05
[=} & + %
£ 0
E 1 1.2 1.4 1.6
§ CaCl2 consumption, fractions of SRA ratio
[0}
=

¢Pb WZn
b)

Fig.3 - Dynamics of changes in the content of Zn and Pb
in sublimates (a) and clinker (b) depending on the
consumption of CaClz: t =900 °C, T =60 minutes.

As can be seen in Fig. 3, the Zn content in the
sintering products strongly depends on the CaCl,
consumption. Interesting results were obtained in
experiments conducted without the addition of
CaCly. When simply heating the clinker at 900 °C for
60 minutes, the residual content of Zn and Pb in the
resulting clinker, although insignificant, showed a
decrease from the initial 50.46% and 0.24% to
49.78% and 0.21%, respectively. This phenomenon
is explained by the fact that at high temperatures,
zinc and lead compounds present in clinker in the
form of solid chlorides, having high vapor pressure,
partially begin to sublime.

With an increase in the consumption of CaCl,
from 1.1 to 1.3 times higher than its consumption
from the SRA, the zinc content in the sublimates
increases from ~40 to ~50% (Fig. 3 (a)). With a
maximum zinc content in sublimates, the lead
content in them is minimal and amounts to ~0.002%.

An increase in the consumption of CaCl;
increases its contact with the oxides of Zn and Pb
and promotes the intensification of the chlorination
process, accelerating the speed and completeness of
the reactions. However, it has been established that
with an increase in the consumption of CaCl, (above
its SRA = 1.3), the zinc content in the sublimates
slows down. This is explained by the fact that when
the consumption of calcium chloride is equal to SRA
= 1.3, the processes of formation of zinc chloride and
its sublimation are almost completed. This is
evidenced by the established minimum contents of
Zn, and Pb in clinker, equal to 0.92% and 0.23%,
respectively, at a consumption of CaCl, = 1.5 SRA
(Fig. 3 (b)). It follows that the optimal conditions for
high-temperature chlorinating sintering, ensuring
high extraction of zinc into sublimates, are achieved
at consumption of CaCl, not exceeding its
stoichiometric required amount by 1.3 times for the
reduction of zinc from its oxide.

The dynamics of the extraction of lead and zinc
into sublimates depending on the consumption of
CaCl,is shown in Fig. 4.

Figure 4 shows that with a consumption of CaCl,
1.5 times higher than its consumption from the SRA
for the reduction of zinc oxide to its chloride, a high
extraction of Zn into sublimates is achieved, equal to
98.4%, with a minimum extraction of lead into
sublimates - 2,6%. At the same time, a large excess
of CaCly in the process increases the extraction of
volatile lead chlorides and impurities into
sublimates, which will significantly reduce the
quality of the resulting zinc sublimates. Based on
this, and also taking into account the increase in
material costs, it is advisable to take the optimal
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consumption of calcium chloride in the work as 1.3
times higher than the consumption from the SRA
required to reduce zinc oxide to volatile zinc
chloride.

98.5
98.4 »
98.3
98.2 ]
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Fig.4 - Dependence of extraction of zinc (a) and lead (b)
to sublimates from CaCl2 consumption:
t =900 °C, T =60 minutes

Thus, the obtained results completely confirm
the previously established patterns of behaviour of
zinc and lead obtained in laboratory conditions.
Optimal process parameters corresponding to t
=900 °C, process time - 60 minutes and CaCl,
consumption 1.3 times higher than its consumption
from SRA for the recovery of zinc from its oxide
provide a high recovery of zinc into sublimates of
more than 98%.

The yield of products at optimal parameters
after sintering was, % of the weight of the charge
(clinker + CaCl; ): clinker - 43%; sublimates — 50%,
others.

High-quality zinc sublimates were obtained,
wt.%: 47.39 Zn; 0.005 Pb; 51.77 Cl, others.
Composition of the final clinker, wt.%: 22.53 Fe; 4.1
Si; 44 Ca; 18.26 Cl; 7.21 O; 0.26 Pb; 1.0 Zn, others.
Extraction of zinc into sublimates — 98.2%.

The obtained data are in good agreement with
laboratory experiments [21], which show the high
reproducibility of the process under scaling

conditions and the accuracy (more than 98%) of the
results obtained.

The establishment of quantitative relationships
between Zn, Pb, Fe and associated impurities in the
final clinker has a great practical importance. To
carry out the calculations, the contents of all
possible impurities were established within the
lower limits of their detection in the clinker obtained
after sintering. Based on the results, the clinker
ingredients (kg/t) were determined and their ratios
were calculated, which are presented in Fig. 5.
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Fig.5 - Ingredients of clinker obtained after
high-temperature sintering: t =900 °C, T =60 minutes

It is easy to see that the amount of basic
ingredients (Zn, Ca, Fe, Si) of clinker undergoes
significant changes after sintering: the amount of Zn
in clinker sharply decreases from 480 kg to ~10 kg,
while the contents of Fe and Si remain almost at the
same level. A significant increase in the amount of
calcium in clinker from 30 kg to 400 kg is explained
by the introduction of an additional amount of
calcium chloride into the process as a chlorinating
reagent. From the general spectrum of detected
impurities, a decrease in the content of lead and
titanium from their base content in the original
clinker was established by 1.2 and 2.3% abs.,
respectively. The remaining impurities are almost
completely concentrated in clinker. The obtained
results show that the sublimates in the process are
mainly represented by zinc chloride vapors with a
minimal content of lead, titanium and tin chlorides.
With further processing of the resulting zinc
sublimates, their presence will not require a
significant increase in costs.

Conclusions

It has been established that the minimum zinc
content in clinker of 1.01% is achieved at a
temperature of 900 °C. A high zinc content in
sublimates of 47.42% was achieved at a
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consumption of CaCl; 1.3 times higher than its SRA
for the reduction of zinc oxide.

The optimal parameters for high-temperature
sintering have been established: t =900 °C, t =60
minutes, CaCl, consumptionis 1.3 times higher than
its consumption from the SRA. High-quality zinc
sublimates were obtained, wt.%: 47.39 Zn; 0.005 Pb;
51.77 Cl, others. The maximum extraction of zinc
into sublimates was achieved - 98.2%.

New data were obtained on changes in the
guantitative ratios of clinker ingredients under
sintering conditions. It has been established that the
most important ingredient (Zn) of clinker, due to the
high volatility of its chloride, is concentrated in
sublimates during the sintering process. Minor loss
of volatile impurities is characterized by lead,
titanium and tin chlorides. The remaining impurities
are concentrated in clinker in the form of oxides and
chlorides.

The obtained results were used in the
construction of a common technology for the
selective extraction of zinc and lead from ferrous
metallurgy dust.
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Kapa meTannyprus waHblH Kanbuuii xnopugimeH bipre KyiiexkeHTeKkTeyAaiH
KeHeuTinreH sepTxaHanbik Taxipnbenepi

Nocmyxamegos H.K., KoitwmHa .M., 2XKongacb6aii E.E., Ap#biH A.9., 2Nuesa 10.B6.
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TYWIHAEME

3epTXaHanbIK,

Makana kengi: 6 maycoim 2024
CapantamagaH eTri: 30 mayceim 2024
KabbingaHabl: 16 Keipkyliek 2024

Hymbicta knnHKepai CaCl-meH Kofapbl TemMnepaTtypaga KymeeHTeKTey GoWblHLWA ipineHreH-
ToXipnbenep  Kyprisingi.
TemnepaTtypanbl KyWesKeHTeKTeyAiH, MaKcaTTbl eHiMAepiHe MbIpbIll, KOpFacbiH aHe inecne
Kocnanapgpl 6enin any 6oMblHWA KaHa gepekTep anbiHAbl. ofapbl TemnepaTypasbl
KYMeXKeHTeKTeyAiH, OHTalbl napameTpsepi aHblkTangpl: t=900 °C, =60 MuHyT, CaCly WhbIfbIHbI
CKM-HeH 1,3 ece Ken. }ofapbl canasbl Mbipbll BO3roHAAPbl a/biHAbI. BO3roHaapfa MbipbIWTbIH,
MaKkcumanabl 6eniHyi Kon ketkisingi - 98,2 %.
MHrpeAMeHTTepPIHIH, CaHAbIK apaKkaTblHACTapbl Typasbl aHa MajimeTTep anbiHAbl. Bo3roHaa
MbIPbIWTBIH,  XA0pUA,  TypiHAe 6GonaTbiHAbIFbI
MeTanNypruaaarbl KOpFacbiHbl 6ap MbIpbILL WaHbIH BHAEYAIH X10pay TEXHONOTUACBIHbIH, COHFbI
CaTbICbIHbIH, HEri3iH Kypaiabl aHe UMHK NeH KopfacbiHAbl Tayap/blK eHimre ipikten anyablH,
JKaNMbl TEXHONOTUACLIH KypyAa KoAAaHblNaTbiH 601aabl.

Mpouecti macwrabray KafganblHAA  KOFapbl

KyiexkeHTeKTey KafaanbiHAA KAUHKep

aHblKTanabl. ANbIHFAH HITMXKenep Kapa

TyiiiH ce30ep: WwaH, KOpPFacbiH, MblpbiL, 66nin any, XNopAbl KyHAipy.
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YKpYynNHeHHO-1a60paTopHbie ONbiTbl CMEKAHUA NblIM YEPHOI MeTannyprum
COBMECTHO C XJIOPMAOM KanbLuus
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AHHOTALMUA

B paboTe npoBeaeHbl YKpYNHEHHO-N1abopaTopHbIE OMNbITbl MO BbICOKOTEMMNEPATYPHOMY CNEKAHUIO
KNMHKepa ¢ CaCl,. MonyyeHbl HOBblE AaHHbIE MO U3BAEYEHWIO LMHKA, CBUHLLA U COMYTCTBYHOLLMX
npumeceii B  LeNeBble  MPOAYKTbl  BbICOKOTEMNEPATYPHOrO  CMeKaHus B YCI0BUAX
Noctynuna: 6 uioks 2024 macwTtabrpoBaHua npouecca. YCTaHOB/AEHbI ONTUMA/IbHbIE NapameTpbl BbICOKOTEMNEPATYPHOro
PeueHsuposaHue: 30 utoHa 2024 cnekaHua: t=900 °C, 1=60 muHyT, pacxos CaCl. 8 1,3 pasa npesblwatowwuii ero pacxos, ot CHK.
MpwvHATa B neyatb: 16 ceHmaAbpsa 2024 MonyyeHbl UMHKOBble BO3rOHbl BbICOKOrO KayectBa. [JOCTUrHYTO MaKCMManbHOE WU3BNeYeHue
LUMHKA B BO3rOHbl — 98,2 %. YCTaHOB/EHbl KO/IMYECTBEHHbIE COOTHOLUEHWUA WHIPEAUEHTOB
KAVHKepa B YCNOBUAX CMeKaHMA. YCTaHOBAEHO, YTO UMHK B BMAe X/10puAaa B BO3roHax.
MonyyeHHble pe3ynbTaTbl COCTaBAAOT OCHOBY 3aK/OUMTENIbHOW CTaAWuM  XNopupyloLLen
TEXHONOTMM NepepaboTkn CBUHELCOAEPIKALLEN LMHKOBOW MbIAN YEPHON MeTannyprum u byayt
MCNONb30BaHbl MPWU MOCTPOEHUMN OBLLEN TEXHONOMUU AN CENEKTUBHOMO W3BNEYEHUA LMHKA U
CBMHLLA B TOBapHble NPOAYKTbI.

Kntoyesbie €a108a: Mbifib, UMHK, CBUHEL, U3BJIEYEHNE, XNOPUPYIOLLEE CMEKAHMUE.
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ABSTRACT

The paper presents the study results of the thermal behavior of synthetic copper telluride in an
inert atmosphere at pressures of 92 and 0.07 kPa under isothermal and non-isothermal vacuum-
thermal conditions. The thermal analysis results showed that the synthesized copper telluride
undergoes polymorphic transformations at 185.7, 259, 318, 350, 470, and 834.5 °C. These
transformations were established by early studies and are characteristic of copper tellurides of
stoichiometric and non-stoichiometric compositions. It was found that the reduction of the
pressure in the system slightly increases the final value of mass loss of the synthetic sample. The
X-ray phase analysis results of the residues obtained at constant and increasing temperatures at a
pressure of 0.07 kPa showed the absence of the formation of new phases relative to the initial
composition. A change in the quantitative ratio of the available phases was found in the direction
of an increase in the amount of CuosseTeo.344 relative to the initial composition with an increase in
the process temperature.
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Introduction

Due to the depletion of natural resources and,
as a consequence, the involvement of poor and
substandard raw materials in production, the issue
of improving existing technologies for processing
copper-containing raw materials remains relevant
today [[1], [2], [3], [4], [5]]. At the same time, the
final stage of most copper production around the
world continues to be copper electrorefining.

A multicomponent product — copper electrolyte
sludge containing chalcogenes in the form of their
compounds with copper, silver, and gold is produced
during the electrorefining of copper [[6], [7], [8]].
First of all, the sludge serves as a raw material to

obtain noble metals, besides the products of its
processing are selenium and tellurium. There is quite
a wide range of methods of sludge processing
associated with the complexity and diversity of
chemical and phase compositions of sludge. Some of
the proposed methods can be found in [[7], [8], [9],

(10], [11], [12], [13], [14], [15], and [16]].
Schemes intended to obtain tellurium from

copper-electrolyte sludge are a process combining
hydro-, pyro-, and electrometallurgy methods [[13],
[14], [17], [18]]. A valuable product in this scheme is
copper telluride in addition to tellurium of different
purity. Copper telluride contains phases of both
stoichiometric (Cu;Te) and non-stoichiometric
compositions (CuxxTe) and includes impurities of
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other elements and compounds [[19], [20], [21],
[22], [23]]. Some companies prefer to accumulate or
sell copper telluride at relatively low prices rather
than further separate tellurium and copper. This
approach is associated with the presence of
technological and technical difficulties due to
multistage, significant consumption of reagents,
formation of large volumes of wastewater
containing heavy metals, etc. Therefore, the
development of an economical and environmentally
safe process for the extraction of Te and Cu from
copper telluride is of great importance for the

metallurgical industry.
In this regard, there has been a growing interest

of scientists in the issue of the creation of new and
improvement of existing technologies for processing

copper telluride in recent years.
Traditionally, the tellurium-containing middling

product is subjected to oxidative-alkaline leaching
with the addition of NaOH at the first stage [[14],
[17]]. As a result, tellurium is concentrated in the
solution in the form of sodium tellurite (Na;TeOs),
and copper — in the residue. The solution is further
sent for electrolysis, and the copper-containing
residue is sent for copper extraction. Liang Xu et al.
[22] compared the classical leaching method at
atmospheric pressure with their proposed autoclave
leaching. The best performance was achieved with
autoclave leaching: more than 95 % of tellurium was
transferred into solution. The residue contained
exclusively crystalline phase Cu,0 that allows it to be
returned to copper production. Neutralization of the
tellurium-containing solution with sulfuric acid is
proposed to precipitate tellurium in the TeO; form.
The resulting tellurium-containing residue contains
95 % of TeO,. When H,0; was used in a two-stage
oxidative-alkaline leaching process [24], the degree
of tellurium recovery was 93 %. The total through
the recovery of tellurium was almost 90 %, and the
content of TeO; in the obtained residue was 96 %.
The authors also suggest that the tellurium-
containing residue should be sent to the electrolytic
production of elemental tellurium.

The most preferable methods well combined
with schemes intended to obtain the pure element,
are pyrometallurgical ones. According to the
dependences of tellurium vapor pressure over solid
Cu;Te specified in studies [[25] and [26]],
decomposition of the compound into copper and
tellurium is possible only at above 2704 °C [27]. As a
consequence, pyrometallurgical methods have not

found both application in practice and the
development of research in this area.

An effective way to reduce process temperature
is to perform the process at low pressure. Besides,
the use of a vacuum contributes to the improvement
of the personnel’s working conditions because the
process is performed in hermetically sealed and
compact equipment. However, theoretically, the
production of tellurium by decomposition of Cu,Te
in real conditions of the vacuum-thermal method is
also not possible, due to the low dissociation
pressure of liquid copper telluride at the rate of 0.7
kPa at 1780 °C. Nevertheless, we have established
the fact of extraction of tellurium from industrial
copper telluride in an inert atmosphere (argon)
during the development of a pyrometallurgical
method of tellurium extraction at low pressure in
oxide form [28]. In this regard, it is of interest to
study the pyrolysis of copper telluride in an inert
atmosphere to determine the presence or absence
of the formation of less stable phases during
vacuum-thermal processing.

The state diagram of the tellurium-copper
system is given in [29] and is characterized by the
presence of three compounds of stoichiometric
composition: Cu,Te, CusTes, and CuTe. Further
studies of the system summarized in [30] showed
that the Cu,Te phase has several polymorphic
modifications: A-Cu,Te, B-Cu,Te, C-Cu,Te, D-Cu,Te,
and E-Cu,Te; whose formation depends on the
synthesis temperature of the compound. The
presence of peritectoid and eutectoid reactions at
below 317 °C resulted in the formation of phases
stable at elevated temperatures (Cuis:xTe7, CugsxTes,
and CusTes), as well as phases existing at room
temperature as monophase or in alloy with other
phases (Cuiz«Te7, CugsTes, CusTes, and CusxTes). In
this case, the compound Cu,Te is the only
congruently melting one in the system. Its melting
temperature is generally accepted to be 1125 °C.

The analysis of available information has shown
that the matter of structural changes in copper
telluride close to the composition Cu,Te at
atmospheric pressure up to temperatures of 500-
600 °C is well enough studied. At the same time,
there is no data on the behavior of telluride at higher
temperatures and low pressure.

This paper presents the results of our laboratory
study of the thermal behavior of synthetic copper
telluride in an inert atmosphere at pressures of 92
and 0.07 kPa under isothermal and non-isothermal
vacuum-thermal conditions.
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Figure 1 — Phase composition of synthetic
copper telluride

Experimental part

Material Synthesis.

Synthetic copper telluride obtained by direct
fusion of the initial components in an evacuated
guartz ampoule was used in this paper.

Synthesis and production of copper telluride
were performed in RT 50/250/ 13 tubular electric
furnaces (Nabertherm, Germany) with a B-180
controller. The vacuum system consisting of a 2NVR-
5DM  UHL4 vacuum rotary vane pump
(Vacuummash, Russia) and McLeod manometer was
used for ampoules evacuation. Argon (as an inert
gas) was used to wash the ampoules. The material of
the ampoules was quartz glass.

The initial components for synthetic copper
telluride production were electrolvte copper
shavings (99.99 %) and elemental tellurium powder
(99.98 %) taken in the amounts of 49.92 wt. % of Cu
and 50.08 wt. % of Te which corresponds to the
stoichiometric composition of the compound Cu,Te:
66.667 at. % of Cu and 33. 333 at. % of Te. The
svnthesis temperature was 1200 °C. The heating rate
of the suspension to the required temperature was
2 °C/min. The svnthesis time was 6 hours. Slow
cooling of the obtained allovs in the furnace was
performed after the expiration of the specified
holding time.

X-ray phase analysis with Bruker D8 Advance
diffractometer with Cu-Ka radiation was used to
identify the phase composition. The obtained X-ray
diffractograms were analyzed using the ICDD PDF-2
(relies on 2020) and literature data [[31], [32]].

The object of the study.

The phase composition of the averaged sample
of the obtained copper telluride is shown in Figure 1.
The synthesized material is mainly represented by a
mixture of copper tellurides with stoichiometric
(CuaTe) and non-stoichiometric (CuxxTe)
compositions. The phase of Cu;Tes (or Cuy7sTe) is the
base of the alloy. Besides, there is a phase
CuossaT€0.336 (or CU1.91TE) in the aIon. The
heterogeneity of composition can be explained by
the fact that the production of homogeneous
samples having reproducible stoichiometric
composition is complicated since the generally
accepted melting point of the compound (1125 °C)
exceeds the boiling point of Te (990 °C) [33]. A slight
shift and differences in the intensity and shape of
the peaks are possible due to the different grain
sizes of milled samples, defects in the crystal
structure, and the joint presence of several
polymorphic modifications of copper telluride [34].

Pyrolysis of the copper telluride.

The experimental part intended to study copper
telluride pyrolysis was performed with the use of
vacuum units with horizontal and vertical reactor
arrangements.

The horizontal unit (Figure 2) consists of a
Nabertherm electric furnace with a B-180 controller,
a 2NV3-5DM UHL4 vacuum pump, and a quartz
reaction vessel where a boat with a suspension of a
given mass was placed. A split porcelain condenser
required to collect the condensing material was
placed on the boat. Chromel-alumel thermocouple
(DTPK021-1.2/0.7 thermoelectric converter) with a
single-channel TRM1 microprocessor meter-
regulator was used to control the temperature in the
reaction zone. The pressure was measured with a
McLeod manometer with an accuracy of £10 Pa and
an M110 aneroid barometer with an accuracy of
10.13 kPa.

The methodology of the experiment was as
follows. An alundum boat with a copper telluride
sample of a given mass was placed in the reactor.
The system was sealed and flushed with argon
several times. The required pressure in the system
was created using a vacuum pump and controlled by
a barometer and manometer. When the pressure in
the reactor reached the desired value, the retort
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with the sample was transferred into an electric
furnace heated to the required temperature so that
the sample was in the isothermal zone of the
furnace. The reactor was removed from the furnace
and cooled under vacuum after the end of the
process. The system was then disassembled. The
boat with the residue was weighed. The residue was
further pulverized and sent for quantitative and
qualitative analyses. The extraction degree was
calculated from the quantitative analysis based on
the difference in tellurium content in the initial
sample and the vacuuming residue. The sample was
weighted before and after the experiment on
PA214C analytical scales (Ohaus-Pioneer) with an
accuracy of £0.1 mg.

The material composition was studied by X-ray
fluorescence analysis using an Axios “PANalytical”
wave dispersive combined spectrometer.

X-ray phase analysis on a Bruker D8 Advance
diffractometer with Cu-Ka emission, and ICDD PDF-
2 bar graph reference database (2020) was used to
identify the phase composition.

A horizontal unit (Figure 3) was used to
determine the mechanism of mass loss during the
heating of copper telluride under non-isothermal
conditions at a pressure of 0.07 kPa. The apparatus
was a retort made of two parts: the lower one was
made of alloy steel, placed in the RT 50/250/13
electric furnace, and the upper one was made of
heat-resistant glass. A crucible with a sample of
copper telluride was mounted on a hollow
suspension inside the steel retort. The junction of a
platinum and platinum-rhodium thermocouple was
placed inside the suspension at the level of the
crucible with suspension. The suspension was
supported on the scales of the mass loss
measurement system placed in the upper part of the
retort. The retort parts were articulated by a rubber
seal placed outside the high-temperature zone. The
lower and upper parts of the retort were separated
by screens to reduce heat flow from the high-
temperature zone. The upper part of the retort
contained the pressure measurement system,
channels for gas evacuation and argon filling, and
thermocouple end outlets. The mass, pressure, and
temperature measurement systems had signal
outputs to a multi-point potentiometer that
recorded measurements on a chart tape.

A sample of the allov was placed in a auartz
crucible and then mounted on a suspension with a
disconnected retort outside the heating zone to
experiment. Then the lower part of the retort was

1 —temperature controller in the reaction zone;

2 — control thermocouple; 3 — electric furnace; 4 — boat;
5 —isothermal zone; 6 — suspension; 7 — reactor; 8 — split
condenser; 9 —filter; 10 — barometer and manometer;
11 —vacuum pump; 12 —furnace controller

Figure 2 — Scheme of the unit intended to study the
pyrolysis process of copper telluride

T

/
i

1 —crucible; 2 — suspension; 3 — weight measurement
system; 4 — pressure measurement system;
5 —thermocouple; 6 — electric furnace; 7 — flow valve;
8 — gas evacuation channel; 9 — inert gas supply channel;
10 —screen; 11 — caisson

Figure 3 — Scheme of the unit intended to study the
pyrolysis process of copper telluride

articulated with the upper one. Gases were
evacuated from the retort by a vacuum pump and
filed with argon during studies in an inert
atmosphere. Then the lower part of the retort was
placed in the isothermal zone of the electric furnace,
and the furnace heating was switched on. The mass
loss of the material sample and the change in its
temperature, as well as the change in pressure in the
system, were recorded during the heating process of
the furnace synchronously. A leak valve was used to
keep the pressure in the system constant. The retort
was removed from the furnace at the end of the
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process. The curve of mass change over time was
used to determine the degree of mass loss of the
material at certain time intervals.

A thermal analysis was performed with the use
of an STA 449 F3 Jupiter synchronous thermal
analysis instrument to find phase and structural
transformations occurring in synthetic copper
telluride during heating in an inert atmosphere at a
pressure of 92 kPa. The furnace space was
evacuated before heating, (evacuated volume level
~92 %) and then purged with inert gas for 5 minutes.
The heating of the sample was performed at a rate
of 5 °C/min in an atmosphere of highly purified
argon. The total volume of incoming argon was kept
within the range of 100-110 ml/min. The results
were processed with the use of NETZSCH Proteus
software.

Results and Discussion

Several researchers, for example [[35], [36],
[371, [38], [39], [40], [41], and [42]], studied the
structural changes in copper telluride of various
compositions up to temperatures of 500-600 °C.
Thus Stevels [35] showed by a combination of
thermal and X-ray phase analyses that the
compound of Cu,Te (or Cuy«Te, where 0 < x £ 0.2)
underwent 4 polymorphic transformations at 190,
260, 310, and 475 °C. It was noted that the
compound Cu;Tes (or CuizsTe) had the following
transformation temperatures: 255, 305, and 340 °C.
In the paper [36], found by thermal analysis that the
compound CuxxTe (where 0 < x < 0.16) underwent

structural changes at 172, 305-320, 360, and 425-
560 °C. Similar temperatures of polymorphic
transformations were obtained for the compound
Cu,«Te (where x < 0.05) [37] and for the compound
containing 35.2 at. % of Te [38]. At the same time,
[39] states that the combination of endothermic
effects with maximum development at 180, 305,
345, and 465 °C shows the presence of the
compound Cu,«Te with a homogeneity range of
33.3-34.2 at. % Te, which corresponds to the
compound CusTe.

Figure 4 shows the results of the thermal
analysis of copper telluride in an argon atmosphere
at a pressure of 92 kPa. As it can be seen the DTA
curve showed several endothermic effects of varying
intensity during heating of the synthesized material
at a rate of 7 °C/min. Their extremes occurred at the
following temperatures: 185.7, 259.5, 318, 350, 470,
507.8, 834.5, and 948.5 °C. An additional
endothermic effect with an extremum was recorded
on the dDTA curve at 459.5 °C.

For clarity, the temperatures of phase
transitions from various sources, including our
study, are summarized in Table 1. It should be noted
that the differences in the temperatures of
polymorphic transformations are related to the
amount of tellurium in the compound, as well as
differences in the methods used to obtain the data.
The presence of transformation in the interval 255-
275 °C, according to [37], indicates the presence of
the rhombohedral phase of telluride in the initial
compound.
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Figure 4 — Thermogram of synthetic copper telluride at atmospheric pressure
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Table 1 — Temperatures of polymorphic transformations in CuzTe

Source Temperatures of polymorphic transformations in Cu2Te
190 260 310 475
[35] 255 305 340
[36] 172 305-320 360 425-560
[37] 175 275 320 365 575
[38] 190 310 360 460 550
[39] 180 305 345 465
[42] 160 258 317 360 568
our research 185.7 259 318 350 470
o A 31 ——o007ima lﬁ
] —e— 0.133 kPa
0.7 kPa
44 —— 133 kPa
. c\oﬁ | 13.3 kPa
5 za
o g
Q =
. =
o ) 20
o & Q
(] i
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Pressure, kPa Temperature, °C

Figure 5 — Dependence of mass loss on pressure (a) and temperature (b)

As can be seen, the data obtained by us are in
good agreement with the known values of the
temperatures of polymorphic transformations. So,
the combination of effects at 185.7, 259, 318, and
470 °C refer to the compound Cu,Te (or Cux«Te,
where 0 £ x<0.2). At the same time, the presence of
an endothermic effect at 350 °C is explained by the
presence of non-stoichiometric telluride CujssTe.
The peak on the dDTA curve at 459 °C probably
refers to the melting of unreacted elemental
tellurium (450 °C). The endothermic effect with
maximum development at 507.8 °C probably reflects
the decomposition of copper telluride [40]. the
polymorphic transformation €5 mentioned by
Hansen in [41] is at 834.5 °C.

The residue obtained after thermal analysis is a
molten material, although the generally accepted
melting point of Cu,Te is 1125 °C [13]. Therefore, the
effect at 948.5°C can be attributed to the melting of
copper telluride with subsequent evaporation of
tellurium from it. This conclusion is also supported

by information [42] about a lower
temperature (875-1111 °C).

A slight increase in mass loss was observed
(Figure 5a) when the pressure was lowered to 0.07
kPa. The curves of copper telluride mass loss (Figure
5b) at continuous temperature increase up to
1100 °C and low pressure (0.07-13.3 kPa) are
characterized by two stages. At the same time, the
condensation of tellurium in the cold zone of the
reactor can also be visually divided into two stages.
The first of them refers to process temperatures of
about 500 °C and is characterized by a light grayscale
(at a pressure of 0.07-0.7 kPa). The second stage
occurs in the range of 700-800 °C and is
accompanied by a sharp increase in the amount of
condensate in the deposition zone and a change of
its color to black. At a pressure of 13.3 kPa,
condensation of tellurium is noted at higher
temperatures. The vacuumization residue is a
sintered material with elemental copper on the
surface.

melting
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Figure 6 — X-ray radiographs of residues obtained at constant (a) and increasing (b) temperature

Samples intended to analyze possible phase
transitions in copper telluride during its heating in
vacuum were obtained at a pressure of 0.07 kPa
under conditions of constant (600, 800 and 1000 °C)
and increasing temperatures (up to 600, 800 and
1000 °C). The X-ray phase analysis results (Figure 6)
of the obtained residues showed the absence of
formation of new phases relative to the initial
composition. At the same time, there are changes in
the quantitative ratio of the existing phases in the
direction of increase in the amount of CuggssT€o.344
with increase in the process temperature. It should
be noted that the specified phase is predominant
with the content up to 86 % in process conditions
with heating of samples.

A partial amorphization of the obtained
samples, expressed by the presence of an
amorphous halo, was also established using X-ray
phase analysis. The presence of the latter in the X-
ray diffraction patterns is probably related to the
partially disordered structure of the material due to
polymorphic transitions.

Conclusions

Thus, a laboratory study was performed to
investigate the thermal behavior of synthetic copper
telluride in an inert atmosphere at pressures of 92
and 0.07 kPa under isothermal and non-isothermal
vacuum-thermal conditions.

The results of the thermal analysis showed that
the synthesized copper telluride at 185.7, 259, 318,
350, 470, and 834.5 °C undergoes polymorphic
transformations established by earlier studies and
characteristic  for  copper tellurides  with
stoichiometric and non-stoichiometric
compositions.

The nonlinear character of the curve of mass loss
dependence on temperature was established during
the determination of the mechanism of mass loss
during the heating of copper telluride in non-
isothermal conditions at low pressure. In this case,
lowering the pressure in the system insignificantly
increases the final value of mass loss of the synthetic
sample.

The results of X-ray phase analysis of residues
obtained at constant (600, 800, and 1000 °C) and
increasing temperatures (up to 600, 800, and 1000
°C) at a pressure of 0.07 kPa showed the absence of
formation of new phases relative to the initial
composition. Changes in the quantitative ratio of the
existing phases towards an increase in the amount
of CugessTeosas Were established at the increasing
process temperature. Partial amorphization of the
obtained samples was also established. It is probably
connected with a partially disordered structure of
the material due to polymorphic transitions.

The obtained data are theoretical.




Complex Use of Mineral Resources. 2025; 335(4):67-77

ISSN-L 2616-6445, ISSN 2224-5243

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

CRediT author statement. A. Nitsenko:
Conceptualization, Writing-Original Draft,
Methodology, Formal analysis. X. Linnik: Writing —

Conceptualization, Methodology. F. Tuleutay:
Investigation. N. Bakhytuly: XRD Investigation.

Acknowledgments. This study was funded by
the Science Committee of the Ministry of Science
and Higher Education of the Republic of Kazakhstan

review & editing, Investigation.

V. Volodin: (Grant AR19576910).

Cite this article as: Nitsenko AV, Linnik XA, Volodin VN, Tuleutay FKh, Bakhytuly N. Pyrolysis of synthetic copper telluride in an
inert atmosphere. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2025; 335(4):67-77.
https://doi.org/10.31643/2025/6445.41

CUHTETUKANbIK MbIC TeANYPULiHIH MHePTTI atTmocdepagarbl NUPOAU3I

HuueHko A.B., JiunHuk K.A., BonoguH B.H., Tyneytait ®.X., baxbitynbi H.

Memannypaus #aHe keH 6alieimy uHcmumymel AK, Coambaes YHusepcumemi, Aamamsi, KazakcmaH

Makana kengi: 23 winde 2024
CapantamagaH eTTi: 16 Kbipkyliek 2024
Kabbinganapl: 26 Keipkyliek 2024

TYAIHAEME

KyMbICTa M30TEPMUANDBIK KaHE U30TEPMUANLIK eMeC BaKyyM-TEPMUANbIK YPALIC KafaanWbiHAA
MHepTTi aTmocdepasa 92 xaHe 0,07 KMa KbICbIMAA CUHTETUKANbIK MbIC TENNYPUAIHIH, XKbITYbIK
9pEeKeTiH 3epTTey HaTuKenepi bepinreH. TepMuANbIK Tangay HaTUMKeNepi CUHTe3LeNreH MbiC
Tennypuai 185,7, 259, 318, 350, 470 kaHe 834,5 °C TemnepaTtypanapblHAa epTe 3epTreynepae
aHbIKTaNFaHAAl CTEXMOMETPUANDBIK KIHE CTEXMOMETPUANDBIK EMEC KyPamaafbl MbiC TeNNypuaiHe
ToH nonumopdTbl e3repicTepre YLWbIPaTbiHbIH KepceTTi. Myiheperi KbiCcbiMAbl TemeHAeTy
CUHTETMKANbIK YATiHIH, MacCcanblK *KOFaNybIHbIH, COHFfbl M3HIH C3/1 }KOFapblaaTaTbiHbl aHbIKTANAbI.
0,07 klMa KpicbiIMAa TYpaKTbl KaHe KeTepineTiH TemnepaTypada ajblHFAH KanabiKTapapl
peHTreHAiK dasanbik Tangay HaTwkenepi 6acTankbl Kypamfa KaTbICTbl KaHa dasanapabiH
TY3iNMENTIHIH KepceTTi. YpAicTiH, TemnepaTypacbiHbiH, YKOfapblnaybiMeH 6acTankbl Kypamfa
KaTblcTbl CUoessT€0344 MO/LWEPIHIH yNfaloblHA Kapait Konga 6ap ¢asanapgplH,  CaHAbIK
KaTbIHACbIHbIH, ©3repyi aHbIKTanabl.

TyliiH ce30ep: NMPON3, TENNYP, MbIC, MbIC TeANYpUAi, dasanbiK Kypambl, TEPMUANBIK Tanaay.
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AHHOTAUMA
B pabote npuBeaeHbl pesynbTaTbl M3yYeHUA TEPMUYECKOrO MOBEAEHWUA CUHTETUYECKOro

Tennypuga mMeaum B MHepTHoW atmocdepe npu pasneHun 92 u 0,07 kMa B ycnosuax
M30TEPMUYECKOTO U  HEU30TEPMMYECKOro BaKYyM-TEpMUYECKOro npouecca. PesynbTtaTtbl

NPOBEAEHHOr0 TEPMMUYECKOTO aHasn3a MoKasanu, YTO CUMHTe3MPOBaHHbBINA TeAAYPUEA Mean Mnpu
Moctynuna: 23 utonsa 2024 !

PeueHsnpoBaHue: 16 ceHmabpsa 2024
MpuHATa B NevaTb: 26 ceHmabpa 2024 YCTQHOB/NIEHHbIE  PAHHUMW  WUCCNEAOBAaHUAMWM U  XapaKTepHble Ana TeAnypuaos  meamn

Temnepatypax 185,7, 259, 318, 350, 470 n 834,5 °C npeTepneBaeT NnoAnmopdHble NpespaLleHns,

CTEXMOMETPUYECKOTO U  HECTEXMOMETPUYECKOr0 COCTaBOB. YCTAHOB/IEHO, YTO MOHUMKEHue
[aBNEHUA B CUCTEME HE3HAUYUTE/NbHO MOBbIWAET KOHEYHOe 3HayeHMe MoTepu Macchl
CUHTeTUYecKoro obpasua. Pe3ynbTaTbl PeHTreHoPa3oBOro aHaAW3a OCTaTKOB, MOMYYEHHbIX NPU
MOCTOAHHOW M MOBbILWAlOLWEecA TemnepaTypax npu AasneHun 0,07 klMa, nokasanu otcyTcTeue
06pa3oBaHMA HOBbIX a3 OTHOCWUTENbHO WMCXOAHOro coctasa. C MOBbiEHWEM TemmnepaTypbl
npoL,ecca yCTaHOB/IEHO U3MEHEHUE B KOIMYECTBEHHOM COOTHOLLEHUU MMEOLLUXCA $a3 B CTOPOHY
yBesI4eHMA Konnvectsa Cuo,ese €o344 OTHOCUTE/IBHO MCXOAHOTO COCTaBaA.

Kmoueesble cnoea: nvuponvs, TeAnyp, meap, Tennypua meam, Gasosblit COCTas, TEPMUYECKMIA
aHanus.
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ABSTRACT

Hydrometallurgy plays a critical role in the metallurgical industry by providing an efficient method
for extracting metals from ores and secondary materials using aqueous solutions. This approach is
particularly advantageous for processing low-grade and complex ores, as well as secondary
resources that cannot be effectively processed by traditional pyrometallurgical methods. The
objective of this study is to develop specialized software to automate and optimize the calculations
necessary for metal extraction in hydrometallurgical processes. The software integrates a
complete computational framework for automating the various stages of the hydrometallurgical
process, including ore composition initialization, total element mass calculations, and the
determination of metal concentrations in both metal products (matte) and by-products (slag). The
methodology involves the design and implementation of a web-based application using Django for
the user interface and MySQL for robust data storage. The computational module, written in
Python, automates the mathematical operations required to simulate complex chemical reactions
and metal extraction processes. This module supports real-time processing and ensures accurate
calculations for each stage of metal extraction, including leaching, extraction, re-extraction,
sorption, and electrolysis. The software also features detailed tables and dynamic graphs that
allow users to analyze the distribution of valuable metals and assess the influence of key
operational parameters on extraction efficiency. The results show that the developed software
successfully manages large datasets, enhances the precision of hydrometallurgical calculations,
and minimizes the risk of human error. The implementation of the software leads to significant
improvements in the economic efficiency of production by optimizing metal recovery rates and
reducing operational costs. Additionally, it supports comprehensive process control by providing
actionable insights into each stage of extraction, thus improving the quality of the final metal
product. Overall, the software represents a significant technological advancement in the field,
offering a scalable solution for industries aiming to streamline hydrometallurgical processes.
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Hydrometallurgy

Introduction

is

a

vital

the extraction of metals such as copper, gold, and
rare earth elements due to its ability to process low-
field in the grade and complex ores, as well as secondary

metallurgical industry, providing efficient extraction  resources that cannot be effectively processed using
of metals from ores and secondary materials using  traditional pyrometallurgical methods [[1], [2], [3]].
aqueous solutions. This method plays a key role in ~ For example, in studies on the hydrometallurgical
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treatment of industrial waste from copper
production at a copper smelter in Kazakhstan, the
process of copper leaching from man-made mineral
formations was investigated. Analysis showed that
the copper content in the raw material was 0.481%,
present in various mineral forms, including sulfates
and sulfides [4]. The use of gravity concentration and
flotation  methods allowed for obtaining
concentrates with copper contents of 9.35% and
46%, respectively, and sulfuric acid leaching in a
mixing mode enabled copper extraction from the
enriched raw material [5].

Research and development trends in
hydrometallurgy have evolved significantly over the
past several decades. Modern hydrometallurgy has
been developing for more than 100 years, with a
continuous accumulation of related articles. A
bibliometric analysis of articles in
"Hydrometallurgy", the most authoritative journal in
this field, highlights several key trends from 1975 to
2019 [6]. For instance, in [7] an innovative
hydrometallurgical process for  selectively
recovering base and precious metals from waste-
printed circuit boards, showcasing the potential of
hydrometallurgy was demonstrated. And as one of
the principles of circular hydrometallurgy, which
emphasizes designing energy-efficient and resource-
efficient flowsheets that consume minimal reagents
and produce minimal waste, the implementation of
real-time analysis and digital process control is
important [8].

Precise calculations in hydrometallurgy are
crucial for optimizing the metal extraction process,
contributing to reduced production costs, increased
product yield, and minimized environmental impact.
In industrial production conditions, errors in
calculations can lead to significant financial losses
and technological problems. Traditional calculation
methods, based on manual data entry and basic
tools like spreadsheets, are prone to human error
and do not provide the necessary accuracy and
promptness.

Hydrometallurgical processes include several
key stages where accurate metal extraction
calculations are important [9]. The first stage
involves calculating the extraction of metal from the
initial ore, where the solid material transitions into a
liguid. This method is used to determine the
efficiency of metal leaching from the ore using
various agents and leaching conditions [10]. The
second stage involves calculating metal extraction
from the solution during the extraction and re-

extraction processes, where the metal is transferred
from the productive solution to the rich electrolyte,
which is especially important in copper production.
The third stage involves calculating metal extraction
in the sorption and desorption processes, where
metals are extracted from solutions onto solid
sorbents and then desorbed for further use. The
fourth stage involves calculating the extraction of
the obtained metal on the cathode from the rich
solution, which is important in electrolytic processes
where metals are deposited on cathodes from rich
electrolytes. Finally, the fifth stage includes a
combined extraction scheme that covers several
stages of the technological process, allowing for a
comprehensive assessment of metal extraction
efficiency from ore to the final product [11].

One of the central goals of hydrometallurgical
process design is to determine what resources are
required to produce the desired annual amount of
product [12]. Flowsheet simulation is widely used in
metallurgical design to provide data for equipment
sizing, process strategies, and cost estimates.
Simulations are crucial for predicting plant water
balance and reagent usage during various study
stages [13]. Many other works on the automation
and simulation of hydrometallurgical processes have
been conducted, mainly aimed at the development,
optimization, and practical application of
technologies for efficient metal extraction [[14],
[15], [16], [17], [18], [19]]. For example, in [14], two
processes for a small gold mining enterprise were
modeled using PRO/II and Python, allowing for the
analysis of the impact of uncertainties on extraction
indicators and economic metrics. In [[15], [16]], a
modular stationary simulator, PRISMA, was
developed for modeling and  simulating
hydrometallurgical processes using object-oriented
programming technology. In [17], the role of
simulation software in the design and operation of
metallurgical plants, considering mineral processing
and hydrometallurgical installations for concentrate
and pure metal production, is discussed. The use of
JKSimMet software for the size-based design of
mineral processing units and METSIM and IDEAS for
developing energy and mass balances is highlighted.
Modern technologies and software significantly
simplify and speed up the calculation process,
minimizing human errors and ensuring high accuracy
and reproducibility of results. Also, recent research
highlights the growing adoption of soft computing
techniques, such as artificial neural networks and
fuzzy algorithms, which are increasingly used to
optimize and control complex, non-linear mineral
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INPUT DATA

ORE

ion
| Ore mass |

A list of dictionaries is provided as input, where each
dictionary represents data for one day of copper extraction
observations. Each dictionary contains keys corresponding
to various indicators at different stages of copper extraction.

| Copper content in ore |

| Initialization of copper mass in ore

1) EXTRACTION 3) RE-EXTRACTION

OUTPUT DATA

FINAL COPPER BALANCE (%)

Explanation
| Remaining in ore ‘

| In raffinate | In electrolyte |

The output provides the results of the extraction indicators'
dynamics for each stage of metal extraction for each day of

CnCu(p.s-s) Cneygernr
Concentration of copper in the productive solution Concentration of copper in the rich electrolyte on
on the n-th day of extraction the n-th day
Vi p.s.s -
i i Vigergr
Volume of productive solution on the n-th day
Volume of rich electrolyte on the n-th day

CnCu(raf)
‘Concentration of copper in the raffinate on the n-th
day of extraction

4) ELECTROLYSIS 2) ORGANIC
Cieyiels Vn(org)
§ . ,( u(el-OD Volume of organic solution on the n-th day
Concentration of copper in the depleted /
electrolyte on the n-th day
Vileron

Volume of depleted electrolyte on the n-th day

. It also the final copper balance.
In organic
‘ phase | On cathodes
1) EXTRACTION 2) ORGANIC
EcuEx
Percentage of copper extraction during extraction .
Ceugorg 0

Copper content in the depleted (organic phase)

C Cu(org) R
Copper content in the rich organic phase

4) ELECTROLYSIS ‘

mlicy-cathod

Theoretical mass of ¢

(growth) copper on the Ealhcdes

3) RE-EXTRACTION

Meyiotal
Total mass of copper accumulated on the Ecy (el-t). from org.

cathodes P of copper extraction in the electrolyte

E from the rich organic phase
“through

Through extraction of copper from ore to cathode o
metal P‘('u (3a-1), from p.s-s
Percentage of copper extraction from the

Ecy productive solution into the electrolyte

Total copper extraction

S

< oemysaL )
T
N

Django web-application

A

COMPUTATIONAL MODULE

New job initialization. Entering of "copper extraction process” input parameters for every day

v View(Controller) '
Ore

Ore | Ore parameters initialization
CopperExtractionData < L

CopperExtractionResult

‘Interface‘ | ORM Django ‘

CopperTotalBalance

| Calculate "copper extraction process™ output parameters for every day

l

| Calculate total balance of copper

Figure 1 — General architecture of the system

processing stages, offering advanced alternatives to
traditional methods [20].

To address the challenges of automating metal
extraction calculations in  hydrometallurgical
processes, specialized software has been developed.
This tool is a web application that automates the
calculations of the full combined scheme of the
hydrometallurgical metal extraction process,
providing accuracy and ease of use.

The use of the developed software offers several
advantages. Firstly, it increases the accuracy and
reliabilitv of calculations, eliminating human errors
and enhancing precision through automation.
Secondly, it significantly reduces the time required
to perform calculations, allowing for faster
production processes. Thirdly, the intuitive interface
makes the software accessible to both researchers
and production specialists. Thus, the development
and implementation of software for automating
hydrometallurgical calculations represent a

significant step forward in optimizing metal

extraction processes.

Experimental part

This experimental part describes the methods
and computational processes used to model and
calculate  hydrometallurgical metal recovery
processes. The focus is on the calculations and
application of software that automates these
processes

1. Architecture

The architecture of our system, shown in Figure
1, is designed to optimize the copper extraction
process and includes a MySQL database, a Django
web application, and a computational module. Input
data is entered through the Django web application
and stored in the MySQL database.

The computational module receives the input
data, processes it using calculation algorithms, and
stores the output data in the database.




KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Cbipba. Ne4(335), 2025 ISSN-L 2616-6445, ISSN 2224-5243

Explore Metals

Select Metal

Metal from Excel v

Select Metal

New metals

Add Metal

Name: Ore mass: Metal content: Submit Metal

Add Metal Extraction Data

Day: C cu prod: V prod:
C cu raf: C cu electrolyte V electrolyte
rich: rich:
V organic: C cu electrolyte V electrolyte
depleted: depleted:
Meta: e v

Submit Metal Extraction Data

Figure 2 - Explore Metals

Metal Extraction Calculate

Metal from Excel v

Figure 3 - Metal calculations

in_raf percent i ganics_percent _remain_percent

Job2Task 7843 033 24.92 66.42 0.15 8.19

Organic re-

Extraction Copper concentration in Copper concentration in extraction Electrolyte re- Copper Total mass of Through copper Total final
efficiency lean organics rich organics efficiency extraction efficiency gain accumulated copper recovery recovery

2 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00 4.33
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 5.27
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o000 5.85
S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.74
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.33
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.67
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.90
9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.67
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.33
1 80.00 0.60 9.60 93.75 75.00 0.00 0.00 0.00 10.00
12 81.25 0.24 5.73 95.90 87.03 0.00 0.00 0.00 10.77
13 80.00 0.25 5.85 95.71 79.77 0.00 0.00 0.00 16.95
14 83.81 0.20 7.20 97.18 84.39 0.00 0.00 0.00 2249

Figure 5 - Table of extraction rate dynamics
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The system uses Python and Django for the web
application, employing Django's ORM for database
interaction and MySQL for data storage. The
computational module, also written in Python,
ensures reliable and efficient data processing.

2. Data

Various methods are necessary for the

successful calculation and analysis of metal
extraction in hydrometallurgical processes. Here are
the main ones:

1. Calculation of metal extraction from the
original ore (solid = liquid):

This method is used to determine the amount of
metal that can be extracted from the ore through
leaching. The process starts with crushing the ore
and immersing it in a solution that dissolves the
metal. This method is important for assessing the
economic feasibility of mining, as it allows
understanding how much metal can be obtained
from a specific volume of ore. It is used at various
scales, from laboratory tests to industrial processes.

2. Calculation of metal extraction from the
solution in the process of extraction/re-extraction
(liquid - liquid):

The extraction process involves transferring the
metal from the productive solution to the organic
phase and then to the electrolyte. This method is
used for the purification and concentration of
metals, such as copper, before the electrolysis stage.
The organic phase absorbs the metal from the
aqueous solution, reducing its concentration, and
then the metal is transferred to another solution for
further processing.

3. Calculation of metal extraction from the

solution in the process of sorption (liquid - solid)
and desorption (solid = liquid):

Metals from solutions are adsorbed on solid
sorbents, such as activated carbon. After the sorbent
is saturated with metal, desorption is performed,
where the metal is returned to the solution for
further processing.

This method is often used for precious metals,
such as gold, due to its high efficiency and cost-
effectiveness.

4. Calculation of metal deposition on the
cathode from the rich solution:

At this stage, the metal, which has been
concentrated in the electrolyte, is deposited on the
cathodes during the electrolysis process. This
method allows obtaining pure metal of high purity.
The concentration of the metal in the solution must
be maintained at a certain level to prevent
crystallization and ensure optimal conditions for
metal deposition.

5. Combined or complete extraction scheme
(through extraction - from ore to cathode metal):

This method involves the sequential application
of all the above processes for maximum metal
extraction from the ore to the production of finished
cathode metal. Using this scheme allows for
achieving high efficiency and minimizing metal
losses at each stage. The combined approach
ensures the integration of various technological
processes, leading to the optimization of the entire
production cycle, cost reduction, and improvement
in the quality of the final product.

In our work, we use the fifth method because it
provides the maximum efficiency and completeness
of metal extraction from the ore. This allows for
minimizing losses and increasing the economic
profitability of the process, ensuring full control at

each stage of processing.

2.1. Input Data

The system receives a list of dictionaries as
input, where each dictionary represents the data of

one day's observation of the copper extraction
process. Each  dictionary  contains  keys
corresponding to various indicators at different
stages of copper extraction. The input includes
values such as:

For the Ore (Leaching) Stage:

e Name
e Ore mass
e Metal content — Concentration of the

desired metal in the ore

®  Chcupss) — Copper concentration in the
productive solution on the n-th day of
leaching

o Cncurafl — Copper concentration in the

raffinate on the n-th day of leaching
®  Vppss — Volume of productive solution on
the n-th day

For the Extraction and Re-Extraction Stages:

®  Vhorg) — Volume of organic phase on the n-th
day

e  Chcueryr — Copper concentration in the rich
electrolyte on the n-th day

®  Vye-)r — Volume of rich electrolyte on the n-
th day

For the Electrolysis Stage:

®  CncueryD — Copper concentration in the
depleted electrolyte on the n-th day

®  VneryD — Volume of depleted electrolyte on
the n-th day
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2.2.0utput Data

The output provides the dynamics of indicators
for each stage of extraction for each observation
day. Additionally, the overall copper balance is
calculated (Remaining in the ore, in the raffinate, in
the organic phase, in the electrolyte and on the
cathodes). With the start of each stage, new
indicators for calculation are added (formulas for
their calculation also change with the onset of a new
stage, as explained in more detail in section 3):

For the Ore (Leaching) Stage:

e  E(cy— Total copper extraction

For the Extraction and Re-Extraction Stages:

o Ecuexy — Copper extraction percentage
during extraction

CcuorgD — Copper content in the depleted
(organic phase)

Ccuiorg)R — Copper content in the rich (organic
phase)

hd ECu(eI-t), from org - Copper extraction
percentage into the electrolyte from rich
organic

®  Ecuely), from pss — Copper extraction
percentage from the productive solution
into the electrolyte

For the Electrolysis Stage:

®  Mu.cu - cathode — Theoretical mass of copper
deposited (growth) on the cathodes

®  Mcu-total — TOtal accumulated copper mass
on the cathodes

®  Einrough — Through copper extraction from
ore to cathode metal

3. Computational Module

This module connects the input and output data
by using the input data to perform mathematical
operations and outputs the results of these
operations as output data. The module's logic is
entirely implemented in Python.

Since the days for the initiation of stages can be
chosen independently, for the sake of simplicity, we
used pre-selected intervals. This standardizes the
process, making it more predictable and
manageable. The extraction stage begins on the
12th day, and electrolysis starts on the 19th day. The
entire process lasts a total of 30 days.

3.1. Stages and Formulas

As the formulas change with each new stage, it
is better to explain them separately and show their
changes.

Days 1-10: Leaching
Initially, the mass of the desired metal in the ore
is calculated:

Mcuinit = (Ore Mass * Metal Content) / 100 (1)

Next, using the obtained mass, the total copper
extraction (Ec) is calculated over the next 10 days:

Ecu = (Ceu X Vp.ss) / Mcuinit 100 % (2)

Days 11-18: Extraction and Re-Extraction

Elcy (elt), from p.s-s (COpper extraction percentage
from the productive solution into the electrolyte),
Elcy (elt), from org (COpper extraction percentage into
the electrolyte from the rich organic phase), Cey(org)D
(Copper content in the depleted organic phase),
Ccuiorg)R (Copper content in the rich organic phase),
Ecuexe (Copper extraction percentage during
extraction), and the formula for Ec, are updated.

Ecutxe = (CnCu(p.s—s) - CnCu(raf)) / (CnCu(p.s—s)) x 100% (3)

Elcu(elt), fromp. s-s = (CLley(er-t) X V1iekty — COcufel-t) X (4)
VO(e|.t)) / (ClcU(p,s.s) X le.s—s) x 100%

ElCu (el-t), from org. = (C1Cu(el—t) X Vl(el-t) - COCu(eI-t) X (5)
Vo(el—t)) / (C1Cu (org. R) X Vlorg.R) x 100%

ClCu(org) D= ((C1Cu(p.s—s) X le.s-s - C]-Cu raf X Vlraf) (6)
— (Clcy(eryy X V1eryy — COcy(el-ty X VO(e-y)) / Vorg
+ COCu(org) D

C]-Cu(org) R= ((C1Cu(p.s—s) X le.s—s - C]-Cu raf X Vlraf) (7)
/Vlopr + COCu(org) D

Ecu= (C1Cu(p.s—s) X le.s—s — COcyraf X VOrat + COCu(el- (8)
1 X VOiel) / Mcu.init X 100%

e 1 -indicators for the current day

e 0 -indicators for the previous day

e R-rich or saturated solution (electrolyte,
organic phase)

e D - depleted, poor solution (electrolyte,
organic phase)

Days 19-30: Electrolysis

m1+Cu-cathode (Theoretical mass of copper
deposited (growth) on the cathodes), mCu - total
(Total accumulated copper mass on the cathodes),
Eskv. (Through copper extraction from ore to
cathode metal). During electrolysis, the formulas for
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CCu(org)O, ECu(el-t), from org, ECu(el-t), from p.r-ra,
and ECu are updated.

M1icu-cathode = (C]-Cu(el—t)R X Vl(el-t)R — (9)
C]-Cu(el-t)D X Vl(e|.t)D)

Mh(Cu-total) = Mi+Cu-cathode + M2+Cu-cathode (10)
+.... ¥+ Mnicu-cathode
En(through) = Mp(cu-total) / Mcu.init X 100 % (11)
Clcyorg D= ((Clcu(p_s—s) X V1ps-sa— Cleuraf
% V1rar) = (Cleu(elt) X V1ert) — COcuert) X VO (12)
1)) = MO:cu-cathode) / V1org + COcuforg) D
ElCu (el-t), from org. = (C]-Cu(el—t) X Vl(el-t) - (13)
COCu(eI-t) X VO(e|.t) + m0+Cu-cathode) / (C]-CU (org. R)
x Vlorgs) X 100 %
Elcy (el-t), from p.s-s = (C]-Cu(el—t) X Vl(el-t) - (14)
COCu(eI-t) X VO(e|.t) + m0+Cu-cathode) / (C1Cu(p.s-s) X
le_s-s) X 100 %
Ecu = (C]-Cu(p.s-s) X le.s-s — COcuy raf X VOrar + (15)

COcu(ett) X VO(el-t) *MOcu-totar) / Mcu.init X 100%

Result: Copper Balance

The copper balance represents the percentage
distribution of copper across various components of
the technological process after completing all
processing and extraction stages. It shows how much
copper remains in each of the following categories:

1. Residual in the ore: Copper remaining in the
original ore after extraction.

2. In raffinate: Copper remaining in the solution
used for washing and purification.

3. In the electrolyte: Copper is present in the
electrolyte after electrolysis.

4. In the organic phase: Copper is present in the
organic phases (e.g., in extractants).

5. On the cathodes: Copper deposited on the
cathodes during electrolysis.

This balance helps assess the efficiency of the
copper extraction and processing processes and
identify losses at various stages of the technological
process.

Residual in the ore:

16
CUQre = 100% - CUraf_ CUQl-t - CUQrg - ( )
Cucathode
Residual in the raffinate:
Curaf= (CCu(raf) X V(p.s-s)) / Mcu.init X 100% (17)

Residual in the electrolyte:

Cuel-t= (CCu(eI-t)O X V(el»t)o) / Mcu.init X (18)
100%
Residual in the organic:
Cuorg = (Ceu(org)O X Viorg) / Meuinit X (19)
100%
Residual on the cathode:
CUcathode = Mcu-total / Mcu.init X 100% (20)

Results and Discussion

As a result of the conducted research, a
specialized website was created to simplify the
process of monitoring parameters during metal
extraction.

Main functions of the website:

e Adding input data via the interface

e Calculating the dynamics of

parameters

e Displaying the calculation results in a table

Initially, the user is greeted with the "Explore
Metals" page (Figure 2), where they can either select
existing data or add their own metal and all input
data (section 2.1).

Next, the user should navigate to the "Metal
Calculations" page (Figure 3), where they need to
confirm the start of the calculation process.

Finally, the user can go to the "Metal Results"
section to view the results (Figures 4-5).

As shown in Figure 5, a table displays the daily
dynamics of the extraction indicators. This table
allows the user to track the progress of the process.

output

Conclusions

This research and the development of
specialized software for hydrometallurgical copper
extraction processes have vyielded significant
technological advancements. By leveraging a
Django-based architecture with MySQL as the data
storage backbone, the software ensures consistent
and accurate data  processing, enabling
comprehensive monitoring and management of the
extraction process. The inclusion of various stages,
from leaching to electrolysis, in a single combined
extraction method, has proven highly effective for
optimizing metal recovery and minimizing
operational inefficiencies.

The software's design allows users to input data
seamlessly, calculate complex parameter dynamics
in real time, and view detailed results through clear

—— §4 ——
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tables and graphs. This not only aids in tracking
process parameters but also empowers users to
perform deep analysis of each stage’s efficiency,
making the decision-making process more data-
driven and precise. The system, thus, significantly
enhances the overall productivity and profitability of
the copper extraction process, improving the quality
of the final product while reducing both time and
costs.

Despite these successes, there is substantial
room for future improvements. One promising
direction is integrating artificial intelligence and
machine learning algorithms into the software. This
would enable predictive modeling, allowing the
system to forecast outcomes under different
conditions and optimize processes accordingly. Such
capabilities could enhance the software’s
adaptability, especially when dealing with variable
ore compositions and changing operational
parameters.

Moreover, expanding the software to support
multi-metal extraction processes and handle more
complex ores will increase its applicability in diverse
industrial settings. Future enhancements could also

focus on improving the user interface and ensuring
the scalability of the system to meet the demands of
larger operations. Integration with cloud-based
infrastructure for real-time global access and further
automating the monitoring of environmental impact
during the extraction process would also be valuable
additions to the software's roadmap.
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MeTann anyfa apHanfaH rMaApoMeTanyprusanbik ecenteynep ywiu
6afgapnamaHbl a3ipney
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TYWIHAEME

Makana kengi: 5 mamei3 2024
CapanTtamagaH eTri: 24 mamei3z 2024
Kabbinganabl: 27 Kelpkylek 2024

TmapomeTannyprua MeTannyprua eHepKacibiHae cynbl epiTiHAinepAi naiganaHa oTbipbin,
KeHAepAeH KaHe KalTanama matepuangapaaH Metangapabl anyablH TMiMA] saiciH KamTamacs!3
eTy apKblibl MaHbI3gbl pen aTtkapagbl. byn Tocin acipece TemeH CypbinTbl oHe KypAeni
KeHaepai, CoOHAan-aK ASCTYPAi NMPOMETANNYPIUANbIK dAICTEPMEH TUIMAI eHAeyre KeamenTiH
KaliTanama pecypcrapabl eHAey YWiH Tuimai. byn 3epTreyaiH, makcaTbl rMAPOMETANNYPrUANbIK
npouecTepae mMeTanabl any yLWiH KaXKeTTi ecenteynepai aBTOMaTTaHAbIPY KaHe OHTalNaHAbIpy
yWiH apHaibl baFpapnamansik KamTamacbi3 eTygi »kacay 6onbin Tabbliagbl. barpapnamansik
KamTamacbi3 eTy rMApoOMeTanNlypruanbiK MPOLECTiH SpPTYpAi KeseHAepiH aBTomaTTaHAbIpyFa
apHanfaH TO/bIK ecenTey »KyheciH BipikTipeai, OHbIH, iWiHAE PYAa KYPamblH MHWULMANAM3aLMANAY,
3/1EMEHTTEPAiH, Xannbl maccacblH ecenTtey, MeTain eHimaepiHaeri (LWTenHAeri) KaHe XaHama
eHimaepaeri (Wwnak) meTangapAplH, KOHLEHTPAUMACBIH aHbIKTay. daicTeme naniaanaHyLubl
nHTepodelici ywiH Django KaHe ceHimai AepeKkTepdi caktay ywiH MySQL apKbiibl Beb-
HerisgenreH KongaHbaHbl kobanay meH eHrisyai Kamtuabl. Python TiniHae KasbinFaH ecentey
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MOZYANI KypAaeni XMMUANbIK peakumanap meH meTangapAbl any npouectepiH moaenbaey YwiH
KaXKeTTi MaTemaTuKanblK onepauuanapabl aBTomaTTaHAblpadbl. Byn moaynb HaKTbl yakbIT
pexumiHae eHaeyai KoNaanabl KaHe CinTiney, sKCTPaKLMA, KalTa IKCTpaKuua, copbumsa aHe
3/IeKTPONM3A] KOca anfaHga, MeTangapl anyablH, apbip KeseHi YWiH Adn ecenteynepai
KamTamacbl3 eTeai. baraapnamanbik ¥KacakTamaza COHbIMEH KaTap naiganaHywblinapfa 6afanbl
MeTangapAblH, TapanyblH Tangayfa »KoHe Herisri onepauuasnblK nNapameTpaepaiH, eHaipy
TUimginiriHe acepiH Gafanayfa MyMKIHAIK 6epeTiH enken-Terkeinni kectenep MeH AMHaMUKanbIK
rpaduKkTep 6ap. HaTuenep asipneHreH 6aFaapaamanbiK KacakTama YIKeH AepeKTep UbIHbIH
CaTTi 6acKapaTbiHbIH, FMAPOMETANNYPIUANLIK ecenTeynepaiH A/N4INH apTTbipaTbiHbIH KaHe
afaMm KaTeniriHii KayniH 6apbiHLWa a3aiTaTbiHbIH KepceTesi. bafaapnamanbik KAMTamachi3 eTyai
€Hri3y MeTann any KepceTKiTepiH OHTaWNaHAbIpy KaHe naiganaHy LWbIFbIHAAPbIH a3anTy
APKbI/Ibl BHAIPICTIH, IKOHOMUKANbIK TUIMAINIFIH alTapAbIKTal »KaKcapTyFa aKkenepi. byFaH Koca,
O 3KCTPaKLMAHbIH apbip KeseHiHe acep eTeTiH TYCiHiKTep 6epy apKpbiabl NPOLECTi KeleHai
6aKblnayabl Konganapbl, ocbliaiwa COHFbl METaNN eHIMiHIH canacblH KakcapTagbl. TyTactai
anfaHpa,  GaFpapnamanblk  KamTamacbi3s  eTy  TMAPOMETANNYpPrusanbliK  npouecTepsi
OHTalnaHAblpyFa 6afblTTanfaH cananap YWiH aykpimapl LWewim ycblHATbiH Byn canagarbl
MaHbI34bl TEXHONOTUANBIK Mporpecc 60nbin Tabblnagp.

TyliiH ce30ep: rMapOMETanNyprus, ecenteynepai aBTomaTTaHAbIpy, MeTann any, maTemaTuKanbik,
mMoZaenbaey.
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AHHOTALMUA

TMApOMETanNyprua  UrpaeT K/YEBYHO pPOAb B  METa//IypPruyeckoi  MpPOMbILIEHHOCTH,
npeaocTasann 3GGEKTUBHbIA METOZ, U3BEYEHNA METANN0B U3 PYL U BTOPUYHbBIX MaTEPUANOB C
MCNONb30BaHMEM BOAHbIX PACTBOPOB. JTOT Moaxosd OCobeHHO nosfe3eH Ana nepepaboTKu
HW3KOCOPTHBIX M C/IOMHBIX PYA, @ TaKKe BTOPWYHbLIX PECcypCcoB, KOTOpble He MOryT 6biTb
abdekTMBHO 06paboTaHbl TPAAULMOHHBIMM NUPOMETANNYPIUYECKUMM  MeTogamu. Llenbio
JaHHOrO  WCCedoBaHWA  ABnfeTcAa  paspaboTka  CneuuanusMpoBaHHOTO  NPOrpaMMHOro
obecnedyeHns ans aBToMaTM3auMM M ONTUMM3ALMM PACYETOB, HEOBXOAUMBIX AN U3BAEYEHUA
MeTaNNoB B MMAPOMETANNYPrUYeckmx npoteccax. NMporpammHoe obecneyeHne BKAOYAET B ceba
NOMHYIO  BbIYUCAWUTENbHYIO  CTPYKTYpY  AAA  aBTOMATM3aLMM  Pas/vyHbIX  3Tanos
rMAPOMETaNYPrMYECKOro NpoLecca, TakMX Kak MHWLMANM3auma coctaBa pya, pacdetbl obuiei
MacCbl 3/1IEMEHTOB U OnpeAeneHne KOHUEHTPaUuii MeTanioB B NPOAYKTax (WTeiH) n NoboYHbIX
npoayktax (wnak). Metogonorua BkatoyaeT paspaboTky 1 BHeapeHUe Be6-npunoxeHus Ha base
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Django ana wuHTepdeiica nonbsosatens M MySQL Ana HAZEKHOTO XPaHEHWA AaHHbIX.
BbIUMCAUTENbHBIA MOAY/b, HanWCcaHHbIN Ha A3blke Python, aBTomaTtusuMpyeT matemaTudyeckue
onepauuu, Heobxoaymble ANA MOLENMPOBAHUA CAOKHBIX XMMUUYECKMX PEeaKumii M npoueccos
M3B/JIEYEHMA METa/IoB. ITOT MOAY/Ib NOAAEPKMBAET 06paboTKy AAHHLIX B PEXMME PeasbHOro
BpeMeHU 1 06ecreynBaeT TOUHbIE PACYEeTbl HA KaXAOM 3Tane U3B/eYeHWs METassoB, BKOYan
BbllENaYMBaHNE, SKCTPAKLUMIO, PE3KCTpaKkumio, copbumio M 3nekTponus. [porpammuoe
obecrneyeHune TakKe BK/IOYAET NogpobHble Tabauupl M AMHaMmuueckue rpaduku, No3sonaowme
NoNb30BaTENIAM aHANM3MPOBATb PACMpPefeNeHne LEeHHbIX METassioB WM OLEeHMBaTb BAWAHUE
K/IOYEBbIX  OMepauuoHHbIX NapameTpoB Ha 3bGEKTUBHOCTb  M3BreYeHusA. PesynbTatsl
MOKa3sblBalOT, 4YTO pa3paboTaHHOe nporpammHoe obecneyeHne YCMEeWHOo ChpaBaseTcs C
06paboTkol 60bLIMX 06BEMOB AaHHbIX, MOBbILWAET TOYHOCTb MMAPOMETANNYPIUYECKUX PACHETOB
Y MUHUMU3UPYET PUCK Ye0BEYECKMX OWMBOK. BHeapeHue 3Toro MO NpuBOAMT K 3HAUUTENIbHOMY
Y/IyYLIEHUIO SKOHOMMUYECKOMN 3GPEKTUBHOCTM NMPOMU3BOACTBA 33 CYET ONTUMM3ALLMM NOKasaTenein
M3B/IEUEHUS METa/NIOB W CHUMKEHWUS DKCMIyaTaLMOHHbIX PacxogoB. Kpome Toro, oHO
NoAAEePKMBAET KOMIMJIEKCHOE YNPaB/ieHWe NPOLECcCOM, NPeA0CTaBAAsA NPAKTUYECKME faHHble ANs
Ka)[oro sTana WM3B/leYeHUs, YTO y/ydLaeT KadeCcTBO KOHEUYHOr0 METa/IMYecKoro Npoaykra. B
Lesom, nporpaMmmHoe obecneveHne npeacTaBnseT coboi 3HAUMTENIbHOE TEXHONOrMYECKoe
[OCTUKEHME B AaHHOW 06nactv, npeanaras macwTtabupyemoe pelieHue AnA NpeanpusaTuii,
CTPEMALLMXCA ONTUMM3UPOBATL M’MAPOMETAIIYPruYeckme NPoLEecchl U NoBbICUTb 3bdEKTUBHOCTL
U3BAEYEHUNA METANNNIOB.

Knioyeeble cn06a: rMApoOMeTanyprus, aBTOMaTU3aLMA PacyeToB, W3BJEYEHUE MEeTas/oB,
MaTeMaTUyecKoe MoAennpoBaHue.
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The aluminium production process through the electrolysis of cryolite-alumina melts involves a
series of interconnected, sequential, and parallel technological operations, each defined by a
specific level of engineering and technological advancement. The development of the modern
aluminum industry is closely tied to the adoption of resource-efficient and environmentally
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against the corrosive atmosphere, refractories with the highest possible density (low porosity)
and a high concentration of mullite in the matrix (the finely ground component of the batch) are
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pressing method, which ensures high grain packing density and leads to the formation of a
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Introduction which are a powerful lever for increasing

production efficiency [1].
The production of aluminum by electrolysis of

cryolite-alumina molten includes several The development of the aluminum industry at
interrelated and sequentially parallel technical the present stage is associated with developing and
processes, each characterized by a certain level of  implementing resource-saving and environmental
engineering and technology development. Despite  technologies for processing secondary resources
the constant progressive development in terms of  and technical waste. Implementing technological
improving the means and methods of solutions aimed at reducing material and labor
implementing technical processes, several technical  costs in ¢ production and involving illiquid waste
problems remain unresolved. The existence of and production products in efficient processing will
these problems is due to the lack of theoretically increase competitiveness, economic attractiveness
and economically informed technical solutions, and environmental safety [2].
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Since fluorinated carbonaceous materials
release fluorine into the gas phase at relatively low
temperatures, both fluorine and alkali metals from
the same waste will be present in the gas phase
within the working area of the fluorinated waste
heat treatment plant. To enhance the durability of
the furnace lining against the corrosive effects of
this atmosphere, it is essential to use refractories
with high density (low porosity) and a maximum
concentration of mullite in the matrix (the finely
ground portion of the material). These
characteristics can only be achieved by producing
refractories through semi-dry molding, which
ensures a high packing density of grains and results
in a ceramic-mullite bond after firing [[3], [4]].

For the lining of thermal units that utilize
fluorinated carbon waste as fuel or a reducing
agent, the use of mullite-silica or mullite refractory
pressed and fired products is recommended.

In the production of mullite-silica refractories,
two stages are conditionally distinguished: the
production of high-alumina chamotte and the
production of products. The basis of production is
the production of densely baked high-alumina
chamotte, which serves as a thinning material and
binds when pressing products with high-plastic clay
[5].

Production of «clay in batches: In the
manufacture of mullite-silicon products, finely
ground high-plasticity clay is utilized. The
characteristics of the raw clay and the degree of
grinding directly influence the properties of the
final products [[6], [7]].

In the semi-dry production method, where clay
is added in limited quantities and needs to be
evenly distributed across the surface of the
chamotte grains, the maximum particle size is
restricted to 0.2-0.5 mm. The process flow for
preparing binder clay is illustrated in Fig. 1.1.

After rough crushing to pieces of no more than
50 mm, the clay enters the drying drum for drying,
where it is dried in direct flow, i.e. the coolant and
clay in the drying drum move in the same direction.
In this case, the temperature of the coolant drops
sharply at the beginning of the drum due to a large
amount of evaporating water from the clay,
thereby eliminating the possibility of drying the clay
[8].

After rough crushing to pieces of no more than
50 mm, the clay enters the drying drum for drying,
where it is dried in direct flow, i.e., the coolant and
clay in the drying drum move in the same direction.
In this case, the temperature of the coolant drops
sharply at the beginning of the drum due to a large

amount of evaporating water from the clay and
thereby eliminating the possibility of drying the
clay.
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Figure 1.1. - Technological scheme of preparation
of binder clay

Flue gases from natural gas combustion, waste
heat from kilns, etc. are used as heat carriers. The
temperature of the incoming gases into the drying
drum is no more than 900 ° C, at the outlet — not
less than 100 ° C. The moisture content of clay in
the drying process decreases from 15-20 to 7-10%.
The residence time of clay in the drying drum is
within 20-30 minutes with a drum length of 8-14 m.
The capacity of the drying drum is 10-14 t/h. It is
not recommended to over-dry the clay, since when
grinding such clay is very dusty and may lose its
plastic properties.

The grinding of dry clay is carried out in
hammer or ball mills [9].

Waste gases containing dust up to 25 microns
in size are sent to a dust cleaning system consisting
of cyclones, the efficiency of which is not higher
than 70-75%. For more efficient purification of
gases coming from drying drums, two-stage
systems are used, where more highly efficient
devices are used in the second stage. Such devices
are electrofilters and bag filters, with a degree of
dust capture which is at least 98%.

Strict quality standards for mullite-silicon
products also extend to the binding clay. The levels
of undesirable impurities, such as iron oxides,
calcium, magnesium, and others, must be kept to a
minimum.

Mullite-silicon products are produced using a
multi-chamotte process, with the clay binder
comprising 10-20% of the mixture. Different
preparation methods for mullite-silicon chamotte
are employed depending on the raw materials used.
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Utilizing technical alumina or alumina-containing
waste (such as slags, spent catalysts, or dust from
cleaning processes) allows for the production of all
types of mullite-silicon products [10].

The experimental part

The ratio of clay to technical alumina is
calculated based on the final product requirements,
ensuring that the Al203 content in the chamotte is
5-10% higher than in the finished product. This is
necessary because the clay used for binding
contains a lower Al203 content.

Technical alumina, in the form of spherulites,
has poor sintering properties, so it is finely ground
in vibrating mills along with the dry portion of the
binder clay. Steel balls, 10-15 mm in diameter, are
used as grinding media. The fineness of the grind is
controlled by the residue left on a sieve with 10,000

rel./cm?, which should not exceed 2% [11].

The mixing of young alumina and clay is carried
out in a mixer of the SM-115 type with
simultaneous moistening of the mixture to 17-18%.
Mixing with waterlogging up to 25-28% is carried
out in a two-shaft mixer with subsequent
processing and compaction in a vacuum belt press.
The resulting blanks with dimensions of 50 x 50 x
50 mm are sent for firing into a rotating furnace

The chamotte is fired at higher temperatures,
and the higher the content of A1203 in the charge.
The firing temperature ranges from 1350-1550 ° C.
The water absorption of burnt chamotte should be
no more than 1-3%. The chamotte coming out of
the rotary kiln has the following grain composition,
%:

Fraction, mm >10 10-3 3-0.5 <0.5

Content, % 30-50 | 25-30 | 25-30 | 5-10

The dust captured by the gas cleaning system
contains a lot of technical alumina, so it is fully
returned to production at the briquette forming
stage [[12], [13]].

Several reactions are possible between the
aluminosilicate  refractory and the main
components of the electrolyte — cryolite and
sodium fluoride:

18(NaF)i + 2(Al2032Si02)s +5(Si02)s = 9(NaAlISiO4)i +

3(NasAlFg)| (1)
6(NaF)i + 3(Si02)s +23(Al2032Si02)s = 3(NaAlSiOa)i +
3(NasAlFe), (2)
6(NasAlFs) + 23(Si02)1 + 23(Al2032Si02)s = 18(NaAlISiOa) +
9(SiF4)g (3)

The appearance of the refractory samples after
operation during one cupola movement is shown in
Fig. 1.2. and 1.3.

Figure 1.2 — Samples of refractory after operation in
the cupola shaft

Figure 1.3 — Samples of refractory after operation in
the furnace of the cupola

The product after use in the shaft (Fig.1.2)
carbonized throughout the depth and has molten
crusts on the treated surfaces. The shape of the
untreated surfaces is mostly preserved, and the
crusts from processing are evenly erased. Slag is
also visible on the sides, which indicates the
penetration of molten components and the vapor
phase into the seams between the materials. There
is no mechanical destruction of the samples [[14],
[15]].

The product after use in the oven (Fig. 1.3) has
irregularities, especially on treated surfaces, where
molten crusts up to 5 mm thick are visible.
Carburization is not observed. The sample is
fragmented by internal cracks formed as a result of
mechanical action. Melting and compression zones
are observed inside the product and at the joints
with neighbouring products [[16], [17]].

Discussion of the results

This study observes that the product exhibits a
denser structure after operation in the cupola mine
than after service in the furnace. This behavior is
unusual and suggests the presence of volatile
components in the charge melt, which act as
stronger sintering agents for aluminosilicate
refractories compared to iron oxide and metallic
iron, the primary components of the furnace
workspace. The uniform influence of the sintering
factor on the overall structure of the refractory
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across the thickness of the lining is noteworthy. For
instance, in previous studies [E. A. Sidorina, A. Z.

Isagulov, I. D. Kashcheev, K. G. Zemlyanoi, New
refractories No. 5 2022 "Development of
technology for superdense slag-resistant

aluminosilicate refractories" Similar results have
also been reported regarding the behavior of
aluminosilicate refractories under various operating
conditions [[18], [19]]. On the basis of
aluminosilicate raw materials of the Republic of
Kazakhstan, a technology for producing superdense
aluminosilicate refractories with increased slag
resistance for thermal processes of utilization of
fluorinated carbonaceous waste is proposed. The
use of "ceramic" technology, which allows to obtain
a structure with a water absorption of less than 1%
for both chamotte and refractory products with
different AlI203 content. Further, products after
operation in the cupola furnace show a clearly
defined melted crust in the working area, formed at
the point of contact with molten cast iron. This
area, formed as a result of impregnation by molten
cast iron and/or slag into the refractory, shows
significant modification. In contrast, the transitional
and impregnated (slightly modified) zones exhibit
structures that differ little from the original
refractory, even though the sintering factor in the
furnace shaft impacts the structure's density,
including the furnace lining. Comparing these
findings with other studies on refractory behavior
under similar conditions could provide additional
insights into the factors influencing the observed
structural changes. When selecting a grain
composition, an intermittent grain composition is
employed, where clay and chamotte are ground
together. Grinding high-alumina chamotte presents
significant challenges due to its high hardness.
Large chamotte pieces are initially crushed in a jaw
crusher and then further reduced in size using a ball
mill with self-seeding [[20], [21]]. The chamotte
stream undergoes repeated magnetic separation to
remove metallic iron, ensuring that the content of
metallic iron in the coarse fraction does not exceed
0.05%, and in the fine fraction, it does not exceed
0.7%. From the analysis of the literature data, it
follows that in order to increase the economic
efficiency of metallurgical production, various man-
made carbon wastes can be used as fuel and
reducing agent instead of significantly more
expensive coal and coal coke. The issue of
utilization of fluorine and alkali-containing
carbonaceous waste from aluminum production is
particularly relevant for the Republic of Kazakhstan.

Conclusions

In practice, the following charge compositions
are used:

- mullitosilicon products with A1203 content of
28-45 wt. % contain chamotte fractions 3-1 mm 55-
65% and joint grinding of clay and chamotte 35-
45%. In the joint grinding, the clay content is 35,
and the chamotte is 65%. The total clay content in
the charge is ~ 25 %;

- mullite products with A1203 content > 45 wt.
% contain chamotte fractions 3-1 mm 55% and joint
grinding of clay and chamotte 45%. In the joint
grinding, the clay content is 25, and the chamotte is
75%. The total clay content in the charge is ~ 13%

Mixing is carried out on runners with heavy rollers
with strict observance of the order of feeding
materials into the mixer. First, a large fraction of
chamotte is loaded and a clay slip with a density of
1.30-1.35 g / cm3 is introduced. After 5 minutes of
mixing, a finely ground mixture of joint grinding is
loaded. The total mixing cycle is 15-20 min. The
humidity of the prepared mass is 5-6%.

Pressing of products is carried out on hydraulic
presses. To improve the quality of products, the
number of presses per minute is reduced to four.
The density of the formed raw material, depending
on the type of press used, is in the range of 2.70-2.85
g/ cm?3,

Drying of mullite-silica products does not cause
difficulties and is carried out in tunnel dryers
combined with a tunnel furnace. The final moisture
content of the raw material after drying is not more
than 2%.

The products are fired in tunnel furnaces with a
flat arch of 156 m long and 3.1 m wide. The height
from the bottom of the trolley to the archis 1.1 m .
The height of the cage is small, since the firing
temperature, depending on the content of Al203,
ranges from 1350-1550 ° C. The firing duration is 80
h. The low height of the cage is necessary in this
case for uniform firing and exclusion of
delamination when the coolant moves along the
height of the tunnel furnace channel.
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KypambiHaa ¢Topbl 6ap KanabikTapabl 6HAEUTIH KOHAbIPFbINAP YLWiH
aNOMOCUIMKATTbI OTKA Te3imai bybimaapAabl eHAIPY TEXHOOIMMACHI

CupopuHa E.A., ! Ucarynos A.3. ! Pabatynbl M., 2Yang Y.

1 96inkac CarblH08 ambiHAaFbl KaparaHObl mexHUKansiK yHusepcumemi, KaparaHosl, KazakcmaH
2 Conmycmik-Leirbic MyHali yHugsepcumemi, ayuH, Keimadli

TyliiHaeme

ANOMUHUIAA]  KPUOAUT-TAMHO3eMA bankbimanapibl 371eKTpoAusgey HerisiHge any esapa
6ainaHbICTbl, 6ipi3ai XaHe napannenbai TEXHONOTUANBIK YAEPICTEP KeLeHiH KaMTUbl, 0N1apAabIH,
OPKAMNCBICHI  UHMKEHEPAIK-TEXHONOMUANBIK  AaMyAplH,  Genrini  6ip  KeTKeH  AeHrelimeH
cunatTanbiHagpl. Kasipri antomnHui eHepKacibiHiH 3BONOLMACH KaliTanama Kopaapapl KaHe
TEXHOTeHAIK KanablKkTapabl eHaeyre 6afbiTTanfaH KoOp YHEMAEWTIH JKaHe 3KONOTUANbIK
TEXHONIOTUANAPAbI 93IPNIEYMEH KaHEe eHrisymeH 6ainaHbiCTbl. PTOPAbI KEMIPTEKTI MaTepuanaap

Makana kengi: 31 mameip 2024 Kbi3ablpbinFaH Kesge ¢Topapl ra3 ¢asacbiHa canbiCTbipManbl Typae TemMeH TemnepaTypaja
CapanTtamagaH eTTi: 19 mayceim 2024 Wblfapaabl, cofaH KeliH GTopAabl KanaplKTapabl ©HAEMNTIH Kby KOHAbIPFbINAPbIHBIH, *KYMbIC
Kabbinganabi: 2 kasax 2024 KeHicTiringe on ras ¢asacbiHaa 6onagpl, COHbIMEH KaTap CON KangbikTapaa 6onaTbiH cinTini

meTangap. [emek, new atmocdepacbiHbiH, KOPPO3UAIbIK aCepiHe TOCEMHIH, BepiKTiriH apTTbipy
YWIiH MaTpULAJaFbl eH, YKOFapbl TbIFbI3Aplfbl (KEYEKTINIM TOMEH) KIHE MaKcumangbl Mynaut
menwepi (WKXTaHbIH, ycak yHTaKTanfaH 6eniri) 6ap oTKa Te3imai 3aTTapabl KOAAAHY KaXKeT.
MyHZal KaceTTep XKUbIHTbIFbIH TEK KapTblNal KypFaK KanbinTay a4iciMeH anblHFaH OTKa Te3imaj
eHimaepaeH anyfa 6onagbl, 6yn A3HAEPAIH KOFapbl TbIFbI3AbIFbIH KaMTaMacbi3 eTefi KaHe
KepaMuKanblK MynauT 6alinambl anbiHFaHFa AeliH Kyhgipinesi. MynautTi KpemHUA gUOKcUAj
Hemece KbICBIMMEH KyWZipinreH MynautTi  oTKa Tesimai  bylbimaap  dTopKemipTekTi
KanablKTapabl  OTbIH  HEMece  TOTbIKCbI3AAHAbIPFbIW  PeTiHAe  NaifdanaHaTtblH  Kblay
KOHAbIPFbINAPbIH TECEY YLWiH KONAAHbINAAbI.

TyiiiH ce30ep: kypambiHaa GTop 6ap KeMipTeKTi maTepuangap, ycakray, MyAauTTi OTKA Tesimai
3aTTap, »KOfapbl MAACTUHAMbl Ca3, YHTAKTay, MyAAUT-KpemMHUNi Bbyibimaap, 6ainam, wamor,
KenTipy, Kynhaipy.
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AHHOTauuA

Mpouecc nNpou3BoACTBA a/NOMUHUA C UCMO/Ib30BAHMEM 3NEKTPO/M3A KPUOAUT-TIMHO3EMHbIX
pacnnaBoB BK/OYAET KOMMIEKC B3aMMOCBA3AHHbIX, MNOCAEA0BATE/bHbIX M NapannenbHbIX
TEXHO/NIOTMYECKMX 3TanoB, KaXKAbli M3 KOTOPbIX XapaKTepusyeTcAa ornpeaeséHHbIM YpPOBHEM
WH}KEHEPHO-TEXHONIOTUYECKoro pa3sutuA. CoBpemMeHHas aNloMUHMEBAA MNPOMbIWIEHHOCTb
pasBuBaeTca 6narogapa paspaboTke U BHEAPEHMIO TEXHONOMMM, OPUEHTUPOBAHHLIX Ha

MNoctynuna: 31 masa 2024 3KOHOMMIO PECYPCOB M OXpaHy OKpY’KaloWen cpedbl, YTO BK/AlOYaeT nepepaboTKy BTOPUYHbLIX
PeueHsnposaHue: 19 uroHA 2024 pecypcoB M TeEXHOreHHbIX 0TX0A40B. Mpu HarpeBaHuu GpTopcoseprKallme yriepoaHble Matepuasnbl
MpuHATa B neyaTtb: 2 okmAbpa 2024 BblAENAT GTOp B razoobpasHoit Gopme y:Ke NpU OTHOCUTENbHO HU3KUX TeMMNepaTypax, uYTo

NPUBOAMT K ero NPUCyTCTBUIO B ra3oBoi dase B TeN/0BbIX arperatax, nepepabatbiBaloLmx Takme
OTXOZbl, HAPAAY C LLENOYHBIMW METANNIAMM, COAEPHKALMMMUCA B ITUX OTXOAAX. 1A NoBbIlWEHMA
YCTOMUYMBOCTM GYTEPOBKM K KOPPO3UOHHBIMU BO3AENCTBUAM MeyHoW aTmochepbl Heobxoammo
MCMONb30BaTb OFHEYNOPbl C MAKCUMaNbHOW MONHOCTbIO (HW3KOW MOPWUCTOCTbIO) U BbICOKUM
COAEPKAaHWEM MY/IIUTA B MATPULLE (TOHKOM3MENBYEHHOW YacTh WKXTbl). [JocTUYb Takoro Habopa
CBOWCTB BO3MOHO TO/IbKO NPU MPOU3BOACTBE OrHEYNOPHbIX U3AENUIA NOAYCYXMM METOLOM
dbopmoBaHuMA, KOTOpbI ObecrieumBaeT BbICOKYID MOTHOCTb YMAaKOBKU 3EPeH U 06Xur Ao
NONYYEHUA KePaMUYECKOM MyNIMTOBOM CBA3KWU. Myn/IMTOBbIE KpEMHE3EMHbIE MU MYIUTOBbIE
OrHeynopHble U3fenun, 06oXKKEHHbIE MO AaBNEHUEM, TPUMEHAIOTCA ANA GYTEPOBKM TENI0BbIX
arperaTtos, MCNOb3YOLWMX GTOPYrNepoaHble OTXOAbI B KAYECTBE TOM/IMBA UM BOCCTAHOBUTENSA.

Kniouesbie cnosa: dTopcofepKallme yrnepoaucTble MaTepuanbl, APoBAeHUe, MyNIUTOBble
OrHEeynopbl, BbICOKOMAACTUHYATBIE TMHA, NOMOJ, MYAIUTOKPEMHE3EMUCTbIE U3LENMA, CBA3KA,
LIAMOT, CyLLKa, OBKMUT.
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ANNOTATION

This work is dedicated to the analysis and development of an integrated production system that
combines wells and surface facilities to select the optimal operating mode for equipment. The
main focus is on studying data analysis methods, as well as collecting and processing information,
which ensures high accuracy in process control and optimal use of technological capabilities. The
integration of data from various levels of the production chain, from the well to the surface
facilities, opens up new opportunities for optimizing equipment performance and improving
resource management quality. Integration of wells and surface facilities — The effective integration
of wells and surface facilities is crucial for optimizing production processes, minimizing operational
costs, and reducing environmental impact. Integrated management systems allow the automation
of many processes, providing continuous monitoring of operating parameters, automatic
adjustment of settings, and supplying data for quick decision-making. This includes real-time data
collection, analysis, and the use of the obtained information to select optimal operating modes,
which helps improve both overall efficiency and safety in production processes. In the modern oil
and gas industry, the efficient use of equipment at all stages of hydrocarbon production is of
particular importance. Optimizing the operation of wells and surface facilities is a key aspect for
increasing economic efficiency and reducing environmental impact. In this regard, the
development and application of integrated systems that enable real-time control and adaptation
of equipment operating modes has become a relevant and significant task.

Keywords: integrated system, surface facilities, integration of wells and surface facilities,
geotechnology, geotechnological methods, well, filtration.
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Introduction

Modern technological and economic conditions
in the oil and gas industry require increased
efficiency and reliability of equipment [[1], [2]]. The
contemporary oil and gas sector faces the need to
enhance the efficiency and sustainability of its
operations. One promising direction is the use of

integrated production systems that combine wells
and surface facilities [3]. These systems allow for the
optimization of equipment operating modes, which
contributes to increased productivity and reduced
operating costs. This article examines various
aspects of the application of such systems and
optimization methods, as well as examples of
successful implementation and development
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prospects. Integration of processes at the well-
surface facility level not only optimizes operational
parameters but also significantly reduces
environmental impact, making this study relevant
and important for the further development of the

industry.
When servicing wells, the operator follows an

established route and inspects the condition of
surface  equipment. The operator records
instrument readings, inspects wellhead equipment,
and collects fluid samples. As instructed by the
supervisor, dynamograms are recorded. The
operator participates in well depourification
operations [4], transmits information from the sites

to the dispatcher, and prepares wells for repair.
A well workover team replaces downhole

equipment. More complex repairs, such as
formation work, retrieval of stuck equipment, or
transitioning to different horizons, are carried out by

the well major repair teams.
Automation and Digitalization - Integrated

Digital Platforms: Discussion of the role of IT
solutions in production management, including real-
time monitoring, automatic well control, and
predictive equipment maintenance [5].

Robotics and Drone Technologies: The use of
automated systems and unmanned aerial vehicles
(UAVs) for monitoring, inspection, and even repairs

at oilfields.
Computer-Integrated Manufacturing (CIM) is a

manufacturing approach where computers control
the entire production process. Such integration
allows individual processes to share information
with each other and initiate actions. Through
computer integration, production can become faster
and less prone to errors, with the primary benefit
being the ability to create automated production

processes. CIM typically relies on feedback control
processes based on real-time sensor input, also
known as flexible design and manufacturing.

A recognized model for a company managing
information, responsible for the current level of
automation, is the hierarchical model of computer-
integrated manufacturing (CIM). According to this
model, upper-level systems operate with
aggregated data over relatively long periods of time,
while lower-level systems work with real-time data
streams.

SCADA systems are highly distributed systems
used to manage geographically dispersed assets,
often spread over thousands of square kilometers,
where centralized data collection and control are
critical for system operation. They are used in
distribution systems such as water supply and
wastewater collection systems, oil and gas pipelines,
electrical grids, and railway transport systems.

SCADA systems consist of both hardware and
software. Typical hardware includes a Master
Terminal Unit (MTU) located in a control center,
communication equipment (such as radio,
telephone lines, cables, or satellites), and one or
more geographically distributed field devices
consisting of Remote Terminal Units (RTUs) or
Programmable Logic Controllers (PLCs), which
control actuators and/or monitor sensors.

Research methods

Lower-level models represent elements of data
collection (sensors), device control (e.g., controllers,
CNC machines), and the automated SCADA system
(Supervisory Control and Data Acquisition),
interacting with hardware. An overview of
integration approaches is shown in Figure 1.

Integration
Approaches

1. Horizontal and
vertical integration

2. Technology integration

3. Supply Chain Integration

Figure 1 - Overview of Integration Approaches
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Providing examples from the practices of large
oil and gas companies that have successfully
implemented integration approaches. These could
be cases from various countries and regions,
demonstrating how technological and managerial
innovations have helped improve productivity and
reduce costs. Summarizing the analysis, highlighting
key findings and recommendations for oil and gas
companies seeking to enhance their
competitiveness and operational efficiency.

The Internet of Things (loT) is a network of
connected devices that collect and exchange data in
real-time. In the oil and gas industry, loT is used to
create "smart" wells and surface facilities where all
system elements are interconnected and centrally
managed [6]. The digitalization of extraction
processes enables the creation of digital twins of
wells and surface facilities, which assist in simulating
and analyzing various operational scenarios. These
digital models allow for testing different parameters
and conditions without risking real equipment,
improving the accuracy and reliability of decisions.

The flow in the water supply pump group is first
forecasted using an LSTM network for 24 hours.
Then, the water intake pump group's flow is planned
for 24 hours, along with the water level in the clean
water tank, based on the water supply pump group's
flow and engineering expertise. Secondly, nonlinear
models of the operating pumps are configured
based on historical data. Finally, intelligent joint
optimal planning tasks are set, allowing for the
minimization of pump consumption and the number
of switch-ons, using flow constraints in the intake
and supply pump groups, pressure in the main pipe,
and water levels in the pump system's clean water
tank. The optimal operating schedule for the intake-
supply pump groups, setting the pumps' operating
configurations at each moment in time, can be
obtained using the DP algorithm.

Modern integrated production systems include
complex control and monitoring systems that use
software and hardware tools to collect, analyze, and
visualize data. These systems ensure continuous
control over all production stages, from well
conditions to the transportation of finished
products. Information technologies, such as SCADA
(Supervisory Control and Data Acquisition) and DCS
(Distributed Control System), play a crucial role in
this [7].

One of the main advantages of an integrated
system is the ability to enhance hydrocarbon
extraction efficiency. By integrating all system
components and using modern monitoring and
control technologies, operators can optimize

extraction processes, reducing losses and increasing
productivity. For example, precise control of pumps
and valves allows maintaining optimal conditions for
oil and gas extraction.

Forecasting the flow in the water supply pump
group: Based on historical data analysis, water
temperature and pressure in the main clean water
pipe are important factors influencing the flow in the
water supply pump group. Since the LSTM network
can remember and learn long-term data
characteristics, a forecasting model is created to
predict the water supply pump group's flow using
the LSTM network. The forecasted flow in the supply
pump group for the next 24 hours is adjusted for the
difference between the predicted and actual flow in
the supply pump group over the past 24 hours. The
output variable is the supply pump group's flow for
the next 24 hours.

An LSTM network consists of an input layer, a
hidden layer, and an output layer. The LSTM
network differs from RNNs by adding a forget gate f;,
input gate i, output gate o, and memory cell CG: to
meet the needs of time series data. These gates can
open or close depending on the memory state of the
network (the previous network state) [[8], [9], [10]].

Developing an integrated system for optimal
equipment operation in the oil and gas industry is a
complex project that requires a deep understanding
of both technical aspects and management
processes. It is crucial to create a system that not
only enhances operational efficiency but also takes
into account environmental and economic factors.
Adaptive control systems enable quick responses to
changing extraction conditions and adjustments to
equipment operation modes in real time. Such
systems use data from sensors to automatically
adjust the operating parameters of pumps, valves,
and compressors. This allows for maintaining
optimal conditions for hydrocarbon extraction and
processing, minimizing losses, and increasing
productivity.

Production and technological processes have
made significant progress. The key is not only to
create new equipment components but also to
increase the degree of automation in managing
production and technological modes at facilities and
across utility industries. In this context, it is worth
noting that fundamentally new forms of operation
have emerged for current and future management
systems.

Modern automated control systems can
memorize [[11], [12], [13], [14], [15]], compare, and
even find optimal modes for controlled processes.
They select the best modes based on pre-




KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Cbipbsa. Ne4(335), 2025

ISSN-L 2616-6445, ISSN 2224-5243

programmed data, data obtained during the
system's operation, as well as process simulations,
all of which are implemented with minimal
investments. Integrated systems significantly reduce
operating costs by more effectively utilizing
resources and minimizing equipment downtime.
Modern monitoring systems enable quick
identification and elimination of malfunctions,
reducing repair and maintenance time. Equipment
wear is also reduced, extending its service life and
decreasing the frequency of replacements. Thanks
to optimized operation modes and timely
maintenance, the equipment operates longer and
more reliably. Integrated systems enable regular
equipment condition checks and forecast potential
breakdowns, allowing for pre-planned maintenance
and the replacement of worn-out components.

Dynamic well modeling involves analyzing well
behavior at various production levels, pressure
changes, and temperature conditions. Using
specialized software suites, such as ECLIPSE and
Petrel [[3], [4]], engineers can simulate different well
operation scenarios and select the optimal
parameters for maximum productivity and
extraction stability.

Pipeline flow modeling allows for the evaluation
of a system's hydraulic characteristics and the
selection of optimal conditions for hydrocarbon
transportation. Software packages such as OLGA and
PIPESIM are used to conduct hydrodynamic
calculations, which help prevent overloads and
pressure losses, as well as optimize the operation of
pumps and compressors.

The complete system of governing equations
that describe the processes in the asynchronous
electric drive of centrifugal pumps consists of four
groups: electromagnetic equilibrium equations
(Kirchhoff’s laws) describing the electromagnetic
processes in the motor, electromechanical energy
conversion equations, equations describing the
mechanical load on the motor shaft, and equations
representing the output parameters and properties
of the energy sources.

The first step was the analytical method, based
on the classical definition of the optimal cross-
sectional value, which allowed us to determine the
qualitative characteristics, laws, and methods to
reduce costs in the frequency-controlled electric
drive operating under centrifugal load.

The main distinction from known methods is the
use of refined mechanical characteristics of the
central pump, which we obtained earlier [2].

2 \2
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Where

ko - relative losses in coils, steel and no-load
current.

The accuracy of the method is determined by
the accuracy of the approximation of the
magnetization curve.

Figure 2 shows the dependence of the optimal
values of the magnetic flux on the back pressure at
the outlet of the pumping unit. The “kink” of curves
2 and 3 indicates a decrease in the operating range
of pump wheel speed adjustment with an increase
in the value of the static back pressure of the
pipeline. The calculation was carried out using the
same values of weight loss coefficients [[13], [14],
[15], [16]].
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Figure 2 — Fopt Curves(w) for different values of
relative pressure losses (w)

When selecting motors and designing the
optimal automatic control system (ACS) for the
central pump drive, the influence of induction motor
(IM) parameters on the variation of optimal
magnetic flux across the impeller's speed control
range is of particular interest. Specifically, the value
of Fopt Often depends on the distribution of costs
based on baseline arterial pressure. Figure 4b shows
the results of calculating the optimal magnetic flux
value based on inherent cost values common to
mass-produced asynchronous motors.

The next phase of research involved the
harmonic method, which takes into account the
non-sinusoidal distribution of magnetic induction in
the machine. In this case, the steel's magnetization
curve is approximated by a hyperbolic sine, and the
magnetic forces are represented by a series using

Bessel functions.
The analytical studies conducted allowed us to

establish the main patterns of the frequency-
controlled electric drive for a centrifugal pump. The
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evaluation of real numerical relationships was based
on the digital harmonic method of optimal
calculation in terms of minimizing costs, accounting
for system nonlinearity, precise core geometry,
high-frequency control, and other factors. An
algorithm was developed to solve this problem.

All processes in the induction motor are
described by a system of linear equations of
magnetomotive force (MMF) F, electromotive force
(EMF) E, and torque M, which are fuzzy functions of
the harmonic magnetic induction amplitude along
the longitudinal and transverse axes.

Based on the harmonic method, a mathematical
model of the "frequency-controlled induction motor
— centrifugal pump" system was created, taking into
account the technological parameters of the central
pump, the geometric parameters of the motor core,
and the actual distribution of magnetic induction.
The model includes the entire set of electrical
parameters, core structural parameters, and, most
importantly, accurately considers the nonlinearity of
the magnetic circuit.

Numerical studies conducted on the developed
model determined the main patterns and methods
for reducing motor energy consumption. Optimal
laws and frequency control for the central pump
drive were calculated for different core options,
ensuring minimal motor costs. The obtained IM
characteristics confirm the effectiveness of the
proposed control algorithms and the high level of
energy efficiency.

The created mathematical model can be directly
used as an element of the automatic control system
for the electric drive according to the "PC-IM"
scheme for centrifugal units optimized for energy
consumption.

Figure 3 shows the operating characteristics of
the system: torque, useful power, consumed power,
and power consumption. Using the proposed
optimal cost-minimizing frequency control law, the
efficiency of the central pump remains high and
equal to the nominal value across the entire flow
control range.

1.2

0g

0.6

Figure 3 — Operating characteristics of blood pressure in
the control range of the central pump with optimal
frequency control

The calculation of energy consumption and
energy performance of the torque-controlled drive
(TCD) has several features compared to other
induction motor (IM) control schemes (Figure 4). In
the TCD, the rotor speed of the induction motor is
adjusted by introducing an additional voltage U,
into the rotor circuit. This voltage can be controlled
in terms of magnitude, frequency, and phase.

Pis
—>
4

Figure 4 — Two-speed machine

The calculation of the static modes of operation
of the DCS is reduced to determining the values of
U, and & from a joint solution of the electrical
balance and electromechanical balances necessary
to ensure the operating mode. Thus, we have
obtained a mathematical model of the electric drive
of a centrifugal pump according to the scheme of
two feeding machines.

The power part of the SCH500 station is made
according to a two-transformer circuit with a low-
voltage frequency converter of the SM500 series
with a voltage of 690 V.

There are many standard sizes for a power of
250 kW and 320 kW. Depending on the output
power of the CM500, up to four HTM modules can
be installed.

6(10)8

6(10)8

Figure 5 — Description of the station
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All HTM modules are identical, with one being
the master and the rest as slaves. Synchronization of
the parallel operation of the modules is carried out
at the "PMO" level. Power transformers can be used
in standard configurations, either oil-filled or dry-
type.

The KSO cells include switching equipment for
group control. Structurally, the CM500 frequency
converter (Figure 5) is a set of floor-standing
cabinets.

The process controller is based on an industrial
computer with a TFT monitor. The controller
manages the electrical circuit of the SN500 station
and the equipment of the main technological chain
of the pumping station.

The power section of the SN500 station is
designed using a dual-transformer scheme with a
low-voltage frequency converter of the CM500
series, operating at 690V.

There are multiple size options with capacities of
250 kW and 320 kW. Depending on the output
power, up to four HTM modules can be installed in
the CM500.

All HTM modules are identical, with one being
the master and the rest as slaves. Synchronization of
the parallel operation of the modules is carried out
at the "PMO" level. Power transformers can be used
in standard configurations, either oil-filled or dry-
type.

The KSO cells include switching equipment for
group control. Structurally, the CM500 frequency
converter is a set of floor-standing cabinets.

The process controller is based on an industrial
computer with a TFT monitor. The controller
manages the electrical circuit of the SN500 station
and the equipment of the main technological chain
of the pumping station.

Information is displayed graphically in three
main user windows:

Process window (displaying current information
in a technological flowchart);

Control window (setting the operating mode
and main control parameters);

Archiving window (access to two main archives:
alarm archive and event archive).

Additionally, the controller can
telemetry functions.

Advantages of using a variable frequency drive
(VFD):

Smooth regulation of the motor speed in most
cases eliminates the need for additional control
equipment, significantly simplifying the
technological system, increasing its reliability, and
reducing operating costs. A frequency-regulated

expand

motor start ensures smooth acceleration without
inrush currents or mechanical shocks, reducing
stress on the motor and associated transmission
mechanisms, thereby increasing their service life. In
this case, the power of the drive motors for loaded
mechanisms can be reduced according to startup
conditions. The built-in microprocessor-based PID
controller allows for speed regulation of controlled
motors and associated technological processes.

Using feedback from the system to the
frequency converter guarantees high-quality speed
maintenance of the motor or the controlled process
parameter under variable loads and other
disturbances.

The frequency converter, paired with an
asynchronous motor, can replace DC drive systems.

A frequency converter, supplemented by a
programmable microprocessor controller, can be
used to create multifunctional drive control systems,
including systems with backup mechanical units.

Using a variable-frequency drive (VFD) allows for
energy savings by eliminating unnecessary energy
consumption. Significant efficiency is achieved by
using frequency converters to regulate the
operation of pumping units, which were traditionally
controlled by throttle mechanisms in pump
discharge pipes.

Throttle regulation involves energy losses due to
local resistance created by control devices. These
losses are eliminated when the pump's performance
is controlled by regulating the motor speed. Energy
savings from using VFDs in pumps typically amount
to 10-30% of the power consumed by pumps under
throttle control.

The implementation of variable-frequency
drives (VFDs) at water supply and sewage pumping
stations allows for optimizing the hydraulic regime
of the water distribution network, addressing
energy-saving objectives, reducing operating costs,
and minimizing pipeline damage by maintaining
optimal pressure in the network.

The automation of production processes was
carried out in stages. Initially, an automated control
system for technological processes was created and
put into operation at two sewage pumping stations
(SPS). Control over the operation of these stations
was provided from the workstation of the dispatcher
at the SPS workshop. A central database (CDB) was
created on the dispatcher server in the workshop.

Automated operation requires complete
monitoring of all parameters and the ability to make
correct decisions in any situation. To ensure high
equipment reliability, more than a hundred variable
indicators characterizing the operation of the
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equipment, as well as the primary and secondary
technological processes, are recorded. At the same
time, the number of control actions set by the
automated control system reaches twenty types.
Almost complete control over the station's
operation allowed for the development of control
actions for all situations, eliminating the need for
manual management from the dispatch room. This
provided full protection against unauthorized or
accidental access to the automated control system.
The high reliability of the specialized controllers
ensured monitoring and registration of all
parameters characterizing the equipment's
operation and the technological process.

Despite the high reliability of the automated
control system, the transition to operating the
pumping equipment without service personnel was
limited by several external factors. The SPS
workshop's automated control system was built on
its own computer radio network operating at a
frequency of 450 MHz. The rapid development of
the city, the appearance of new high-rise buildings,
and the significant distance between the SPS
facilities made it difficult to use the computer radio
network at some sites.

Thus, the requirements for the creation of the
automated control system at the NDS workshop
(Figure 6) expanded, necessitating the use of mobile
communication channels and telephone
connections (GSM, CDMA modems) due to objective
difficulties in data transmission within the computer
network.

The PTC PNO allows solving the following tasks
(Figure 7):

Continuous monitoring of pumping stations,
obtaining key indicators (energy consumption,

GSM, COMA
modems

—
Dial-up modems

—
ADRL modems of dedicated lines -

|
|
| COS Server
|
|
|

——
Radio station

Additional jobs in departments of

MUE <Gorvodokanale |

volume of waste
consumption);

Obtaining objective and reliable data to justify
the selection of pumping equipment during
reconstruction;

pumped, specific energy

Processing data on system expenditures and
identifying issues in pressure pipelines;

Comparing the operating time of pumping
equipment with the standard adjustment interval
and optimizing maintenance [[16], [17], [18], [19],
[20], [21]].

When creating the control and automation
system for KNS, the primary task was to solve the
issue of data transmission and to choose the main
communication channel between local dispatch
centers. Existing power lines were tested. As a
result, a data transmission network was created
between the local dispatch centers based on existing
communication networks, using SHDSL modems.

According to the technological scheme of the

NDS, variable indicators characterizing the
equipment operation at all stages of the
technological process were determined. The

selected variables are used for automating the work
and/or managing the facilities of the store, taking
into account the technological and administrative
division. Part of the information received from the
communication nodes of local dispatch centers is
transmitted to the central dispatch center of the USC
for evaluating the technological process, the
operation of workshops, their facilities, and the
enterprise as a whole. Based on variable indicators,
the technical characteristics of local dispatch points
and the devices of the central dispatch point have
been determined.
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Figure 6 — Block diagram of automation of technological processes in the pumping station workshop

— 102——



KomnnekcHoe Ucnonb3oBaHme MuHepanbHoro Coipba. Ne4(335), 2025

ISSN-L 2616-6445, ISSN 2224-5243

[~ Sewage control station syste

Figure 7 - A fragment of the mnemonic diagram of the
dispatching control of a sewage pumping station (6 kV)

The information from the aforementioned
facilities is transmitted to SHDSL modems via Wi-Fi
wireless data transmission modems (the
communication center of the local dispatch point of
the corresponding workshop) and then transmitted
via special lines to the central dispatch center (CIC)
and displayed on the monitor.

The system's performance results showed that:

Low costs for installing special data transmission
lines, high noise immunity, reliability, and data
transmission speed;

Wireless data transmission networks using Wi-Fi
technology are characterized by high mobility of
data collection points, reliability, noise immunity,
high data reception speed, low installation costs,
and short implementation time;

In general, a local computer network has been
created for the system, providing information from
control measuring instruments and equipment
control systems in local control centers for all
workshops and in the Central Dispatch Center (CIC).

It is worth noting the possibility of dual use of
the technical and software solutions included in the
APKS (Automated Process Control System) for
related tasks. For example, the technical and
software tools of the SPC shop's APCS (Automated
Process Control System) are used for analyzing
pressure in water supply lines at control points.
Information received from the water supply system
pressure sensors is sent to the local automation
system and transmitted to the central database of
the pumping station, from where it is further
transmitted to the central dispatch point.
Measurement results, after processing, are

displayed in the water supply service work centers
and in the central control point.

The design solutions adopted are based on the
experience of existing automation systems and are
aimed at maximizing the coverage of technological
process parameters on a unified information
platform "Wander-ware," ensuring both the length
of parameters and their interconnection in the
technological chain and information flows.

Based on the design solutions, in 2009, the
automatic filter washing systems of NFS-1 and NFS-
5 are planned to be commissioned, and the internal
pressure monitoring system expanded to 45 control
points in the water supply network.

At present, plans are underway to equip the
relevant divisions with new control and measuring
equipment to use objective results for the
implementation of APCS capabilities, enabling the
acquisition of comprehensive characteristics of
technological processes in automatic mode.
Predicting equipment conditions and performing
preventive maintenance are important aspects of
optimizing operational modes. The use of predictive
analytics and machine learning technologies allows
predicting  possible failures and planning
maintenance in advance. This reduces the likelihood
of emergency situations and helps maintain
equipment in optimal condition.

Equipment required for automation: The
SIMATIC S7-1200 PLC is a new family of Siemens
microcontrollers designed for various low-level
automation tasks. These controllers are modular
and versatile. They can operate in real-time and can
be used to create relatively simple local automation
blocks or units supporting complex automatic
control systems.

This algorithm is designed to control the main
and backup pumps operating alternately in the same
network. It is used for controlling circulation pumps
in heating and hot water supply systems. In
combination with a shutoff and control valve, the
controller can be connected to a system using water
from a tank. In this device modification, two inputs
are used: the first can be connected to a switch,
closing which initiates the algorithm, and the fourth
input is connected to a pressure sensor. This could
be a flow sensor that closes the output contact when
the required pressure is achieved in the network or
modern pressure sensors with a single current
output. A pressure relay is used to control the main
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and backup pumps. A third relay can be connected
to an alarm system or a third pump.

The automatic control system ensures even use
of the main and backup pumps by alternating their
operation. The pump operation time is programmed
by the user (the maximum possible pump operation
time is 63 days). In case one of the pumps fails, the
device switches to the other, triggering an LED alarm
indicator. If all pumps fail during operation, the third
relay is activated, triggering an alarm or switching on
backup pumps (without pressure control in the main
line).

In the algorithm based on pressure sensor use,
during pump start-up, the pressure sensor readings
are not monitored for the user-specified time period
(30 seconds by default). Additionally, the controller
ignores short-term (2 seconds by default) drops in
pressure sensor readings.

System efficiency analysis

Integrated well-surface facility systems and
operational mode modeling open up new
opportunities for improving the efficiency and
reliability of the oil and gas industry. Implementing
such technologies requires significant investments
and a highly skilled workforce, but the long-term
benefits—such as reduced costs and increased
productivity—justify  these  efforts. = Modern
technologies and approaches to production process
management allow for achieving high results and
ensuring sustainable development of the industry.

A specific model corresponds to the basic
scheme of the Integrated Production Planning (IPP).
The main task of particular modifications is to fully
declare all temperatures and losses at any given

time and in each region of the GIS. Key information
for modifications includes the selection of heat
exchangers for heating, ventilation, and hot water
supply systems; the choice of the standard
forecasting interval, up to one calendar month,
which is analyzed in full; and brief details about the
modeling area, including temperature diagrams of
the heat carrier. Depending on the external
atmospheric temperature, the heat carrier
temperature, and the heat source, the
thermosensitive heat carrier at the IPP inlet and the
predicted heat recovery vary. The controllers’
resources are linked to temperature and
temperature changes incorporated into heat theory,
which are connected to the changes in natural
products. Based on the properties of the control
valve, it causes changes in the flow rate within the
sleeve element and the valves.

The effect of incoming heat on the temperature
Ti(t) can be determined by the gain factor k and a
first-order system with a time constant t. The
influence of ambient temperature can be
represented as a first-order system with a gain factor
and time constant. The water temperature Tu(t),
supplied to the heat exchanger loop, is regulated by
a Pl controller. The Pl controller is one of the most
versatile controllers. Essentially, it is a proportional
controller  (P-controller) with an additional
integrated component. This integrated component,
as the name implies, is added primarily to eliminate
the static error inherent to the proportional
controller. The integral part acts as an accumulator,
accounting for the history of the current input
variable to the Pl controller (1) (Figures 8-10).
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Figure 8 — Mathematical model in the Matlab environment
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Figure 9 — Parameters of the Pl controller
The following parameters of the Pl controller are set in the Matlab environment

Conclusions

This study emphasizes the critical importance of
developing and applying integrated management
systems in the oil and gas industry to enhance
efficiency and reduce environmental impact.
Automation and optimization of processes at all
levels of hydrocarbon production, from the well to
surface facilities, are key elements for achieving
these goals. The implementation of developed
algorithms and software, as well as their successful
testing and adaptation in real-world conditions,
demonstrate the potential for significant
improvements in operational efficiency and
economic benefits.

The research also revealed that integrating
modern technological solutions and analytical
methodologies can lead to a deeper understanding
and better management of production processes,
which will inevitably reduce environmental impact
and improve the safety of operations. These findings
represent a valuable contribution to the scientific
community and provide practical guidelines for
application in the industry.

In the future, based on the data obtained and
the methods developed, the scope of integrated
systems application will be expanded, along with the
investigation of their adaptability to different
conditions and the specifics of various fields. The
prospects for further research include the
development of advanced models for adaptation
and optimization, which will promote the broader
adoption of these technologies in the industry.

The shift toward more sustainable and
economically efficient production methods is
becoming an integral part of the oil and gas
industry's development. The implementation of
integrated management systems not only increases
overall productivity but also enables companies to
comply with stringent international environmental
safety standards. This, in turn, enhances the
companies' reputation in the global market, boosts
their competitiveness, and opens up new
investment opportunities and market access.

Focusing on the use of advanced technological
solutions and analytical tools makes the industry
more adaptive to market changes and better
prepared to respond to challenges such as
fluctuations in hydrocarbon prices and regulatory
changes. This approach not only optimizes current
processes but also helps predict future changes in
production parameters, ensuring stability and
resilience in operations.

Additionally, the development and application
of integrated systems create a foundation for
continuous learning and skill improvement among
employees. The adoption of the latest technologies
requires ongoing professional development and
training, which leads to an increase in internal
expertise and improves the quality of work at all
levels. This, in turn, fosters a culture of innovation
and a drive for continuous process and performance
improvement.

Based on the research conducted, the following
recommendations can be formulated for the
development of integrated production management
systems in the oil and gas industry:
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Digitization and data integration: Expand the use
of digital technologies for data collection, storage,
and analysis. This will improve process
understanding at all levels and enable more
effective resource management and response to
changes in the production environment.

Development of adaptive systems: Design
systems that can adapt to changing operating
conditions and market demands. Adaptive
management systems will help maintain optimal
operating parameters under various conditions and
reduce the risk of losses due to unforeseen
circumstances.
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MiHAEeTKe altHanyaa.

KemekTeceai. Kasipri

Byn }yMbIC KabAbIKTbIH OHTaM/Ibl }KYMbIC PEXMUMIH TaHAAY YLIH KIHEe XKep YCTi KypblNbiIMAapbIH
BipiKTIpETIH MHTErpaLmManaHFaH eHAIPICTIK KyieHi Tanaay MeH a3ipaeyre apHanfaH. Herisri Hasap
AepeKkTepai Tangay oficTepiH 3epTreyre, akmapaTtTbl WHAy MeH eHaeyre 6eniHreH, 6yn
npouectepai 6ackapyablH Kofapbl ANAIMH KIHE TEXHONOTUANBIK MYMKIHAIKTEPAl TUimAai
nanganaHyabl KamTamacbi3 eTesi. ¥YHFbIMaZaH Kep YCTi HblcCaHAapblHa AeliHri eHAipic Ti3beriHiH,
apTYpAi AeHreinepiHeH aepekTepai BipiKTipy KabAblK KYMbICbIH OHTAMNAHAbIPY YLWIH KaHe
pecypcTapapbl 6ackapy canacbliH apTTbipy YLUiH KaHa MYMKIHAIKTEp awwagbl. ¥YHFbIMA/bIK XKaHe XKep
YCTi KOHAbIPFbINAPLIH TMIMAi BipiKTIPY OHAIPICTIK NpouecTepai OHTANAAHABIPY KaHe NnanganaHy
WbIFbIHAAPbI MEH KOplUafaH opTafa acepdi asalTy yWiH eTe MaHbI3apl. UHTerpaumanaHsaH
6ackapy Kyienepi KenTereH npouecTepai aBTOMaTTaHAbIPYFa, KYMbIC NMapameTpiepiH y3AiKci3
6akblnayra, H6anTaynapapl aBTOMaTTbl TypAe Ty3eTyre aHe Kejen lwewim Kabbingay yuwiH
[epeKTep yCbiHyFa MYMKIHZiK 6epegi. byn HaKTbl yaKbITTa AepeKTepAi }UHayAbl, Tanfayabl )aHe
anblHFaH MaNiMeTTepAi NaiJanaHa OTbIPbIN, OHTAN/IbI XKYMbIC PEXMMAEPIH TaHAAYAbl KAMTUAbI,
byn e3 KeseriHge OHAIPICTIK NpouecTepAiH »annbl TMIMAINIMIH KaHe Kayinci3giriH apTTbipyFa
3aMaHfbl MyHai-ra3 eHepKacibiHge 6apablK eHAaipy KeseHaepiHae
}KababIKTbl TMIMAI NailganaHy maceneci epeklle MaHbi3fa Me. ¥HfblManap MeH Xep YCTi
KYPbINbIMAAPbIHbIH, NailaanaHy npouectepiH OHTalAaHAbIPY SKOHOMMUKAbIK TUIMAINIKTI apTTbipy
YKIHE IKONIOTUANBIK SCepi a3aiTy YLWiH MaHbI3apbl acnekT 6oabin Tabblnaabl. OcbifaH 6ainaHbICTbI
KabABIKTbIH, KYMbIC PEXMMAEPIH HaKTbl YaKblT peumiHae bGakblnayFa aHe benimpeyre
MYMKIHAIK BepeTiH MHTerpaumanaHfaH »Kymenepai asipsiey XaHe KONLaHY ©3eKTi api MaHbI3abl

TyiiiH ce30ep: WHTerpaumsnaHFaH >Kyie, Kep YCTi KabAbIKTapbl, YHFbIMa MeEH Xep YCTi
»KabAbIKTapblH MHTErpauuanay, reoTexHoA0r1aA, reoTeXHOOMMANbIK, SAICTEDP, YHFbIMA, CY3Y.
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AHHOTALMUA

[aHHas paboTa nocesleHa aHanvMly U pa3paboTke WMHTEerpuMpoBaHHOM cucTembl A06bluM,
obbeguHaoLwei B cebe CKBaXKMHY M NOBEPXHOCTHbIE COOPYKEHMS, ANA nogbopa ONTUManbHOro
pexxuma paboTtbl 0bopyaoBaHuAa. OCHOBHOE BHUMaHWE YAENEHO WCCNEA0BAHUIO METOA0B
aHanu3a AaHHbix, cbopy u obpaboTke WHPOpMmaLMK, YTO NoO3BONAET ObECcneunTb BbICOKYHO
TOYHOCTb yMpaBAEHUA MpoueccaMM W ONTUMaNbHOE WCNONb30BaHWE TEXHO0rMYEeCKUX
BO3MOXHOCTEN. MHTErpauma AaHHbIX C PasAUYHbIX YPOBHEN MNPOU3BOACTBEHHOW LEMOYKM,
HaUMHaA OT CKBaXXMHbl U 3aKaH4YMBasA MOBEPXHOCTHbIMWU COOPYKEHWAMM, OTKPbIBAET HOBble
BO3MOHOCTU AN ONTUMU3aLMKU paboTbl 060PYAOBaAHUA U YNYYLLIEHMA KavyecTBa ynpasieHus
pecypcamn. IPPEKTUBHAA WMHTErpaLUMA CKBAXKMHHbBIX U MOBEPXHOCTHbIX COOPYMKEHWUMN KpaiiHe
BaXKHa A4/17 ONTUMM3ALUMM MPOLECCOB A00bIMM U MMHMMM3ALMKU OMeEpaLMOHHbIX 3aTpaT W
3KONIOTMYECKOro  BO3AeWCTBUA.  WHTEerpMpoBaHHble  CUCTEMbI  YMpaBAEHUA  MO3BONAOT
aBTOMATM3MPOBATb MHOMECTBO MNpoLeccoB, obecneymsas HeNpepbIBHbIA  MOHWUTOPUHT
napameTpoB paboTbl, aBTOMATUYECKYIO KOPPEKLMIO HAaCTPOeK M NpepocTaB/ieHue AaHHbIX ANns
NPUHATUA ONepPaTUBHBIX PeLLleHui. ITo BKAKoYaeT B ceba cbop AaHHbIX B peasibHOM BPeMeHU, UX
aHa/sM3 U UCNO/Ib30BaHME NONYYEHHbIX CBEAEHWI ANA NoA60pa ONTUMA/IbHBIX PEXKMMOB PaboTbl,
4YTO MOMOraeT MOBbICUTb Kak 06LLyo 3¢PeKTMBHOCTb, Tak U 6E30MNacHOCTb NMPON3BOACTBEHHbIX
npoueccos. B coBpemeHHoW HedTerasoBoi NpombIlWAEHHOCTM ocoboe 3HauyeHWe npuobpeTtaeT
BONpoc 3$pPEKTUBHOIO UCNONb30BAHUA 06OPYAOBaHNA Ha BCeX aTanax A06bluM yrieBoAopoAoB.
OnNTMMM3aLMA NPOLLECCOB IKCM/YyaTaLUMU CKBAXKMH M MOBEPXHOCTHbIX COOPYXKEHWW ABAAeTcA
KNOYEeBbIM aCMeKTOM AN MOBbIWEHUA 3KOHOMUYECKON 3GPEeKTUBHOCTU W yMeHbLUeHUA
3KO/IOTMYECKOTO BO3AENCTBUA. B 3TOM cBA3M, pa3paboTKa M NMPUMEHEHUE WHTErPUPOBAHHbIX
cUCTeM, MO3BOJIAIOLWMX KOHTPOAMPOBATb M afanTUMPOBaTh PeXMmMbl paboTbl obopyaoBaHuA B
peanbHOM BpeMeHW, CTAaHOBUTCA aKTyaslbHOM M 3HAYMMOI 3aga4ei.
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