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Assessment of the physical and mechanical characteristics of sand for the
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ABSTRACT

The article presents the results of experimental studies of the properties of quarry sand to assess
their suitability for use in the production of foam concrete. The sites of quarry sand extraction in
the territory of the Akmola region are analyzed and their physical and mechanical characteristics
are characterized. Evaluation of the physical and mechanical characteristics of sand was made
for four types of sand. The main evaluation parameters were: particle size distribution,
homogeneity, shrinkage, density and moisture content of sands. The results of the study showed
that the physical characteristics of sands vary depending on their type, which indicates the
differences in the natural composition and properties of these materials. Evaluation of the
homogeneity of the different types of sands confirms the significant differences between the
types. The highest homogeneity (Xmax=77.45; Xmax1=14.98; Cc=73.5%) was observed in type 1
sand, while type 4 sand shows the minimum degree of homogeneity (Xmax=47.30; Xmax1=42.28;
Cc=8.7%). According to the test results, the maximum values of both densities in type 2 are:
pa=1.519 g/cm?, pw=1.951 g/cm?, and the minimum values of both densities in type 4 are:
pd=1.438 g/cm?, pyw=1.894 g/cm?2. The maximum natural moisture content in Type 1 samples is
vn=9.5%, while the minimum values are 7.6% and 7.2% (Type 2 and 4). The obtained private
density values have a high degree of convergence because the coefficients of variation have very
low values: for Type 1 sands are 0.1-0.3%; for Type 2 sands are 0.7-0.8%; for Type 3 sands are
0.5-0.7%; for Type 4 sands are 0.4-0.6% (variation of private density values of dry and wet sands,
respectively). Analysis of the results of tests on the shrinkage of samples showed that the
maximum shrinkage is observed for sands of type 1 equal to 15.63%, while the minimum
shrinkage is characteristic of samples of type 3 and 4 (11.25% and 11.88%). Taking into account
the suitability of sand for the production of foam concrete, the most preferable is Type 1 sand
mined in the Eltok building sand deposit.

Keywords: sand, foam concrete, physical and mechanical characteristics, shrinkage, particle size
distribution, degree of homogeneity.
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Introduction

construction market. Foamed concrete s
characterized by a variety of physical and

In the context of the rapid development of the
construction industry, a variety of building
materials have appeared, and one of the most
interesting and promising of them is foam concrete
[[1], 2], [3]]. The relevance of this study is due to
the high demand for foam concrete in the modern

mechanical characteristics, ease of production,
relative economy and small mass of blocks, which
makes it very attractive for use in construction [[4],
[5], [6]]. Special interest in this material is caused
by its unique properties, such as density, thermal
conductivity and features of the cellular structure.
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One of the main characteristics of foam concrete is
its porous structure [7], which makes it an ideal
material for a wide range of construction
applications.

Foamed concrete belongs to promising building
materials and has several significant functional
properties that favorably distinguish it from heavy
and lightweight concrete: low thermal conductivity,
good vapor permeability, low energy costs for its
production, good sound insulation, environmental
friendliness, durability, and fire safety. In recent
years, foam concrete has been widely used in
construction as a heat-insulating and structural-
insulating material.

In modern conditions, there are a variety of raw
materials that can be used in the production of
foam concrete. The process of making foam
concrete consists of the integration of ready-made
foam into the cement-sand mixture, which
contributes to the creation of a closed pore system
[[81, [9]]. It is important to note that the quality and
characteristics of the components used are critical
to ensure the required strength of foam concrete.
Even minor use of low-quality aggregates can lead
to a decrease in the strength of foam concrete
structures [[10], [11], [12]]. Therefore, the selection
and quality of raw materials play a crucial role in
the production of foam concrete.

An important aspect is the durability of cellular
concrete, the basis of which is cement binder and
fine aggregate [13]. One of the key factors
determining the quality of sand is the ratio of
different fractions of its grains [[14], [15]]. In the
production of foamed concrete, fine and very fine
sand is used, and sometimes this sand may contain
harmful impurities such as sulfur and sulfuric acid
compounds, mica, and amorphous modifications of
silica. The latter is especially dangerous, as they can
interact with alkalis and cause destruction of the
cement matrix. Therefore, control of sand quality
and its composition is important to ensure the
durability and reliability of foam concrete
structures [[16], [17], [18], [19], [20]].

The purpose of this study is to conduct a
comparative analysis of the physical and
mechanical characteristics of quarry sand to assess
its suitability for further use in the production of
foam concrete.

Experimental technique

Based on the results of the analysis of the
market of non-metallic building materials (sand) in

Astana city, samples of raw materials were selected
for testing. The list of selected samples includes the
following quarries:

Type 1. Eltok sand deposit is located in Arshalyn
district of Akmola region near Volgodonovka
village, 44 km southeast of Astana city.

Type 2. Aryktynskoe sand deposit is located in
Korgalzhyn district of Akmola region 1.5 km north
of Arykty village, 40 km east of Korgalzhyno village,
100 km south-west of Astana city.

Type 3: Sensembay sand deposit is located in
Arshalyn district of Akmola region, 1.5 km north-
west of Volgodonovka village.

Type 4. Zhana-Zhol sand deposit is located in
the Tselinograd district of Akmola region, 1.0 km
southwest of Karazhar village and 30 km southwest
of Astana city.

The main research indicator of sand is the
evaluation of its particle size distribution, exactly
the determination of clay particles in its
composition, possible dust-like impurities and
inclusions affecting the quality of the manufactured
product - foam concrete. The tests are carried out
under conditions of statistical evaluation of this
indicator, i.e., at least 100 kg of sand will be
selected to evaluate each type, which is more than
20 samples for each of the three types of sand
being compared. Subsequently, the sand sieved by
particle size distribution will be used to evaluate
the quality of cement, instead of polyfractional
sand. The sand composition for cement evaluation
will be selected based on average statistical data of
granulometric analysis of the type of sand to be
selected for use in production. In the end, we will
get the results of the activity and setting time of
cement under the conditions of its interaction with
real components that will be used in the production
of foam concrete.

Additional tests of sand will be unregulated
shrinkage tests of sand shrinkage during soaking.
The amount of shrinkage will give us an
understanding of the potential change in the
volume of the final product relative to the initial
product, which may be useful when pouring large-
scale structures (in further performance studies
and possible formulation adjustments for a mobile
plant).

Sand studies include the following sequence of
activities:

- sampling of each of the three types of sand to
be compared, weighing at least 100 kg;

- washing the sand with hot water and
measuring the mass (before and after washing)
using a 0.05 sieve (when draining the water);
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- carrying out tests of particle size distribution
according to aggregated indicators: dust particles O-
0,05 mm (residue on the pallet); fine sand 0,05-0,25
mm (residue of sieve 0,05); medium sand 0,25-0,5
(residue of sieve 0,25); coarse sand 0,5-2,0 mm
(residue of sieve 0,5); gravel >2,0 (residue of sieve
2,0), according to the test method regulated by
GOST 8735

- analysis of the obtained granulometric (grain)
composition, with the selection of the optimal type
of sand suitable for the production of foam
concrete;

- evaluation of sand shrinkage, as well as
evaluation of sand densities to determine the
dosage: bulk density, density in dry state, wet state,
etc.

The sample tests for the evaluation of natural
indices were performed for selected samples,
immediately after transportation. However, to
determine the density in the dry and water-
saturated state, a preliminary quartering was
performed (Figure 1), the purpose of which was to
obtain results as close as possible to the average
statistical indicators with a minimum number of
tests (in our case, 5 tests of each type). After
guartering, 1000 ml samples were taken (for more
convenient density estimation).

Sand shrinkage was assessed using the soaking
method, Figure 2. The sequence of work included:

- a sampling of the compared soil types,
totaling at least 15 kg for each of the sand types;

- determination of sand density at natural
moisture content;

- drying the samples to a constant mass;

- determination of the density of dry sand;

- Soaking of sand with the determination of
shrinkage and density in a water-saturated state.

Soaking of sand samples was carried out in a
measuring container with a graduated scale until
complete stabilization (constant value) of sand
shrinkage, Figure 2. The weighing of samples was
carried out on calibrated scales.

This methodology allowed us to conduct a
subsequent comparative analysis of the qualitative
characteristics of the studied sands in the context
of their applicability in the production of foam
concrete products.

Results and Discussion

Tabulated data of sand grain size distributions
are presented in Tables 1-4, which were compiled
to investigate the fractional composition of each of
the studied sands in more detail.

Figure 2 - Evaluation of sand shrinkage
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Table 1 - Results of granulometric composition of Type 1 sands

Sample Weight of sand in a sieve Sample mass Loss, %
number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue After Before

d=2mm | d=0.5 d=0.25 d=0.05 >0.05 mm

mm mm mm

1 27 300 3760 919 4 5010 5010 0.000
2 30 311 4059 866 4 5270 5270 0.000
3 25 308 3917 786 3 5039 5040 0.020
4 35 297 3813 872 2 5019 5020 0.020
5 24 324 3797 854 5 5004 5005 0.020
6 21 350 3934 700 4 5009 5010 0.020
/ 22 429 3805 739 5 5000 5000 0.000
8 25 358 3997 631 4 5015 5015 0.000
2 40 373 3955 646 4 5018 5020 0.040
10 25 349 3938 638 4 5004 5005 0.020
11 35 375 3942 661 4 5017 5020 0.060
12 30 398 3762 671 4 4865 4865 0.000
Average 28 348 3890 753 4 5023 5023 0.017
Deviation 6 42 99 102 1 _ _ _
Variation, % 21 12 3 14 20 _ . _

Table 2 - Results of granulometric composition of Type 2 sands

Sample Weight of sand in a sieve Sample mass Loss, %
number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue After Before

d=2 mm d=0.5 d=0.25 d=0.05 >0.05 mm

mm mm mm

1 387 783 2613 1235 2 5020 5020 0.000
2 421 820 2588 1178 6 5013 5015 0.000
3 345 756 2646 1257 5 5009 5010 0.020
4 389 815 2506 1294 5 5009 5010 0.020
5 311 810 2720 1167 7 5015 5015 0.020
6 402 789 2522 1289 3 5005 5005 0.020
7 367 793 2558 1302 3 5023 5025 0.000
8 379 738 2618 1275 4 5014 5015 0.000
9 328 816 2637 1228 3 5012 5015 0.040
10 354 718 2740 1195 6 5013 5015 0.020
11 387 785 2658 1189 5 5024 5025 0.060
12 404 766 2642 1204 3 5019 5020 0.000
Average 373 782 2621 1234 4 5015 5016 0.017
Deviation 33 32 71 48 2 B B B
Variation, % 9 4 3 4 36 _ B B
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Table 3 - Results of granulometric composition of Type 3 sands

Sample Weight of sand in sieve Sample mass Loss, %
number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue After Before
d=2 mm d=0.5 d=0.25 d=0.05 >0.05
mm mm mm mm
1 45 1782 2419 761 2 5009 5010 0.000
2 42 1653 2500 812 3 5010 5010 0.000
3 32 1735 2584 655 3 5009 5010 0.020
4 37 1758 2496 711 3 5005 5005 0.020
5 31 1733 2528 719 3 5014 5015 0.020
6 26 1672 2531 772 2 5003 5005 0.020
7 36 1645 2570 753 3 5007 5010 0.000
8 38 1812 2379 782 2 5013 5015 0.000
9 42 1741 2469 756 2 5010 5010 0.040
10 34 1795 2468 699 4 5000 5000 0.020
11 33 1776 2454 737 2 5002 5005 0.060
12 38 1649 2566 756 3 5012 5015 0.000
Average 36 1729 2497 743 3 5023 5010 0.017
Deviation 5 60 63 42 1 - - -
Variation, % | 15 3 3 6 24 - - -
Table 4 - Results of granulometric composition of Type 4 sands
Sample Weight of sand in sieve Sample mass Loss, %
number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue After Before
d=2 mm d=0.5 d=0.25 d=0.05 >0.05
mm mm mm mm
1 12 2134 2340 516 8 5010 5010 0.000
2 17 2009 2527 452 5 5010 5010 0.000
3 21 2067 2406 511 7 5012 5015 0.020
4 14 2178 2249 567 7 5015 5015 0.020
5 18 2113 2328 538 5 5002 5005 0.020
6 14 2016 2398 576 5 5009 5010 0.020
7 19 2231 2310 453 6 5019 5020 0.000
8 23 2166 2387 428 5 5009 5010 0.000
9 15 2095 2415 475 5 5005 5005 0.040
10 21 2154 2303 526 5 5009 5010 0.020
11 19 2183 2305 497 6 5010 5010 0.060
12 16 2075 2470 442 5 5008 5010 0.000
Average 17 2118 2370 498 6 5015 5015 0.017
Deviation 3 69 79 49 1 - - -
Variation, % | 19 3 3 10 18 - - -

Analysis of the data presented in the tables
allows us to make the following observations:

- The average particle size for each of the
studied sand types has different characteristics. It
varies from 28 to 3890 for Type 1, 373 to 2621 for
Type 2, 36 to 2497 for Type 3, and 17 to 2370 for
Type 4.

- The deviation from the mean particle size also
varies by sand type. For Type 1, the deviation
ranges from 6 to 102, for Type 2 from 32 to 71, for
Type 3 from 5 to 63, and for Type 4 from 3 to 79.

This indicates a considerable diversity of fractions
in each type.

- The variation in the mass of the material
ranges from 3 to 21%, indicating that there is
considerable variability in the composition of the
sand in the different types.

- The percentage of material loss during sieving
is small at less than 0.1%, indicating that the sieving
procedure is effective and has little effect on the
total amount of material.

Tables 5-8 show the results of the percentage
of particle size distribution of the compared sands.
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Table 5 - Percentage of particle size distribution of Type 1 sands

Sample Granules percentage, %

number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue
d=2 mm d=0.5 mm d=0.25 mm d=0.05 mm >0.05 mm

1 0.54 5.99 75.05 18.34 0.08

2 0.57 5.90 77.02 16.43 0.08

3 0.50 6.11 77.73 15.60 0.06

4 0.70 5.92 75.97 17.37 0.04

5 0.48 6.47 75.88 17.07 0.10

6 0.42 6.99 78.54 13.97 0.08

7 0.44 8.58 76.10 14.78 0.10

8 0.50 7.14 79.70 12.58 0.08

9 0.80 7.43 78.82 12.87 0.08

10 0.50 6.97 78.70 13.75 0.08

11 0.70 7.47 78.57 13.18 0.08

12 0.62 8.18 77.33 13.79 0.08

Average | 00.56 6.93 77.45 14.98 0.08

Table 6 - Percentage of particle size distribution of Type 2 sands

Sample Granules percentage, %

number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue
d=2 mm d=0.5 mm d=0.25 mm d=0.05 mm >0.05 mm

1 7.71 15.60 52.05 24.60 0.04

2 8.40 16.36 51.63 23.50 0.12

3 6.89 15.09 52.82 25.09 0.10

4 7.77 16.27 50.03 25.83 0.10

5 6.20 16.15 54.24 23.27 0.14

6 8.03 15.76 50.39 25.75 0.06

7 7.31 15.79 50.93 25.92 0.06

8 7.56 14.72 52.21 25.43 0.08

9 6.54 16.28 52.61 24.50 0.06

10 7.06 14.32 54.66 23.84 0.12

11 7.70 15.63 52.91 23.67 0.10

12 8.05 15.26 52.64 23.99 0.06

Average | 7.43 15.60 52.26 24.62 0.09

Table 7 - Percentage of particle size distribution of Type 3 sands

Sample Granules percentage, %

number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue
d=2 mm d=0.5 mm d=0.25 mm d=0.05 mm >0.05 mm

1 0.90 35.58 48.29 15.19 0.04

2 0.84 32.99 49.90 16.21 0.06

3 0.64 34.64 51.59 13.08 0.06

4 0.74 35.12 49.87 14.21 0.06

5 0.62 34.56 50.42 14.34 0.06

6 0.52 33.42 50.59 15.43 0.04

7 0.72 32.85 51.33 15.04 0.06

8 0.76 36.15 47.46 15.60 0.04

9 0.84 34.75 49.28 15.09 0.04

10 0.68 35.90 49.36 13.98 0.08

11 0.66 35.51 49.06 14.73 0.04

12 0.76 32.90 51.20 15.08 0.06

Average 0.90 35.58 48.29 15.19 0.04
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Table 8 - Percentage of particle size distribution of Type 4 sands

Sample Granules percentage, %
number Sieve 1 Sieve 2 Sieve 3 Sieve 4 Residue
d=2 mm d=0.5 mm d=0.25 mm d=0.05 mm >0.05 mm
1 0.24 42.59 46.71 10.30 0.16
2 0.34 40.10 50.44 9.02 0.10
3 0.42 41.24 48.00 10.20 0.14
4 0.28 43.43 44.85 11.31 0.14
5 0.36 42.24 46.54 10.76 0.10
6 0.28 40.25 47.87 11.50 0.10
7 0.38 44.45 46.03 9.03 0.12
8 0.46 43.24 47.65 8.54 0.10
9 0.30 41.86 48.25 9.49 0.10
10 0.42 43.00 45,98 10.50 0.10
11 0.38 43.57 46.01 9.92 0.12
12 0.32 41.43 49.32 8.83 0.10
Average 0.35 42.28 47.30 9.95 0.11
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Figure 3 - Graphs of granulometric composition of sands

Figures 3a - 3d show the graphs of particle size
distribution of the compared sand types. The X-axis
shows the values of fraction sizes, and the Y-axis
shows their percentages. In this case, the ordinate
axis represents the percentage of particles whose
fraction sizes are smaller than the corresponding
value on the abscissa axis. That is, according to the

graph of Figure 3, the fraction size is 7.49%, greater
than 0.5 mm, of which 6.93% is less than 2 mm and
0.56% is greater than 2 mm (according to the
summary table). It can also be interpreted that
those fractions 100-7,49=92,51% with dimensions
less than 0,5 mm.
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According to the statistical results, all the
obtained data have a close relationship with the
evaluated indicators. For type 1, the coefficient of
variation within the size fractions does not exceed
20%, inaccuracy lies in the range from 1.8 to 19.87
%. For type 2 this value does not exceed 35%, and
for dusty fractions, the fractional content of which
does not exceed 0.1% by mass of samples. For the
rest, the sandy fractions in samples of type 2, the
variation does not exceed 9% (from 2.55 to 8.42). A
similar pattern is observed for Type 3 samples: the
variation of clay particles has an unstable value of
24.45%, and within the sand fractions, the
coefficient varies from 2.51 to 14.78%. For type 3,
the coefficient of variation within the size fractions,
just as in the case of type 1 does not exceed 20%,
exactly ranges from 3.36 to 19.19%.

In general, it has been observed that maximum
instability of mass ratios of fractions in the
boundary ranges. That is, in the extreme ranges of
sandy soils (or rather lying outside it) corresponding
to the maximum (not more than 2 mm) and
minimum (not less than 0.05 mm) allowable
fraction for sand. For types 1 and 4, the maximum
instability was detected in the range exceeding the
maximum allowable value of sand fractions:
fractions of size greater than 2 mm. In both cases,
the mass fraction of such inclusions in the samples
does not exceed 1%, which can be regarded as an
error. For sand types 2 and 3, the maximum
instability of the results corresponds to the lower
limit of the range of sandy soils, and clay inclusions,
the total content of which on average does not
exceed 0.1% by mass in both cases. This low
percentage can also be excluded from the particle
size distribution analysis.

To assess the homogeneity of the composition,
we can use the classical formula for the degree of
heterogeneity of sandy soils:

Table 9 — Degree of homogeneity of sands

Cc =T (1)

where C. is a degree of heterogeneity of soils;

Deo is a particle diameter, less than which 60%
of grains are in the soil;

Dio is a diameter of particles, less than which
10% of grains are in the soil.

The classical homogeneity assessment (Table 9)
does not work, because the particle size
distribution assessment is performed according to
an enlarged scheme. To evaluate the particle size
distribution, selected only those sieves that
correspond to the boundary sizes of fractions, i.e.
their limiting maximum and minimum values. If
intermediate sieve values were used, the results
would have been more correct, with more
appropriate data regarding the estimation of
homogeneity by the conditional index Cc. The
homogeneity of the sands will be assessed by direct
estimation of the percentage of particles of each
fraction. Figure 4 shows the values of the
percentage of particle content by fractions. The
graph shows that most of the fractions of all four
compared types of sands have a size range of 0.5-
0.25 mm (not inclusive), with the maximum value
of the percentage of such particle size observed in
the samples of Type 1. The dependence that has
developed to estimate the soil homogeneity of this
particular case:

100—Xmax

Ce=(1- )x100 (2)

100—Xmax—1

where, C. - degree of heterogeneity;

Xmax - percentage ratio corresponding to the
maximum distribution of particles by mass;

Xmax-1 - percentage ratio corresponding to the
second maximum particle mass distribution.

Sample | Sand type Degree of homogeneity Homogeneity criterion
number

1 Type 1 Cc=0,5/0.05=10 <3 heterogeneous

2 Type 2 Cc=0,5/0.05=10 <3 heterogeneous

3 Type 3 Cc=0,5/0.05=10 <3 heterogeneous

4 Type 4 Cc=2/0.05=10 <3 heterogeneous
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Figure 4 - Percentage distribution of fractions by weight

Table 10 — Evaluation of sand homogeneity

Type Max Max-1 Cc
Type 1 77.45 14.98 73.5
Type 2 52.26 24.62 36.7
Type 3 49.86 34.53 23.4
Type 4 47.30 42.28 8.7
This dependence takes into account the the difference with the second value of the mass

following evaluation conditions: the percentage of
the maximum fraction relative to the total mass of
the sample, as well as the criterion of relativity of
the maximum fractions to the fractions
immediately following the maximum value (by
mass). Thus, an assessment of homogeneity is given
both relative to the total mass of the sample and
relative to the available difference between the
percentage distribution. For a comparative (not
absolute) assessment, it is sufficient to compare the
percentage ratio of the maximum value of the
particle mass distribution to the second value of
the maximum particle distribution. The degree of
heterogeneity ranges from 0 to 100%, and the
interpretation of the result is summarized as
follows: the larger the value of the degree, the
greater the homogeneity of the sand. The results of
the calculations are presented in Table 10.
According to the results, type 1 sand has
maximum homogeneity and type 4 sand has
minimum homogeneity. In general, the results of
the heterogeneity assessment are quite logical:
Type 1 has the maximum distribution index, and

distribution is also maximum; Types 2 and 3 have a
relatively similar pattern to Type 1, but both of
these indicators are inferior to Type 1; Type 4 has
the lowest distribution values with the minimum
difference between the maximum and second after
the maximum mass distribution of fractions.

From the point of view of the suitability of sand
about the prevailing size of fractions, the most
preferable is the sand Type 1 deposit of building
sands Eltok, located in the Arshalyn district of
Akmola region near the village of Volgodonovka, 44
km southeast of Astana. This type of sand has the
highest percentage of the smallest fractions,
relative to other comparable types of sand. For the
production of foam concrete, the grain size index is
important, the smaller the size of sand fractions,
the more structured the final product will be, with a
more stable pore structure.

Figure 5, table 11 shows the results of weighing
sand samples of 1000 grams in the dry state (after
drying to constant weight) and in water-saturated
state.
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Figure 5 — Weighing results of sand samples

Table 11 — Results of density and moisture estimation of sands

Sand type Dry sand Wet sand Sand particle Natural density | Natural Moisture at
density pd, density, pw, density, ps, of sand, pn, humidity, vn, % | full water
g/cm? g/cm? g/cm? g/cm? saturation,

vw, %

Type 1 1.475 1.918 2.648 1.615 9.5 79.5

Type 2 1.519 1.951 2.674 1.634 7.6 76.1

Type 3 1.453 1.904 2.647 1.579 8.7 82.1

Type 4 1.438 1.894 2.643 1.542 7.2 83.8

Table 12 — Results of sand shrinkage evaluation

Sand Dry sand | Soaked sand | Shrinkage Relative Quadratic Variation

type volume, volume, ml volume, ml | shrinkage, % deviation coefficient, %
ml

Type 1 160 138 22 13.75 1.7 1.231884

Type 2 160 135 25 15.63 1.9 1.407407

Type 3 160 142 18 11.25 1.5 1.056338

Type 4 160 141 19 11.88 1.8 1.276596

In the graphs, each point corresponds to a
private value of density, and the values of the

According to the test results, the maximum
density in the natural state is in type 2 sands and

central lines correspond to the average values of
each of the compared types of sand. The results of
density determination are shown in Table 11. The
table also shows the results of calculations of the
natural moisture content of sands and their
moisture content after their complete water
saturation.

minimum in type 4 sands, and in both cases, the
natural moisture content is a minimum of 7.6 and
7.2 % respectively. The maximum natural moisture
content is observed in type 1 samples. Maximum
density in dry conditions and water-saturated
conditions was found in type 2 sands and minimum
of both densities in type 4. A similar pattern was

—— |4 ——
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found when comparing the densities of soil
particles, with the only difference being that the
results of densities of all the types compared are
closer. The percentage of the difference between
the maximum and minimum values in the case of
dry soil density is +/- 5% and in the case of particle
density +/- 5%.

The obtained private density values have a high
degree of convergence because the coefficients of
variation have very low values: for sands of type 1
are 0.1-0.3%; for sands of type 2 are 0.7-0.8%,; for
sands of type 3 are 0.5-0.7%; for sands of type 4 are
0.4-0.6% (variation of private density values of dry
and wet sands, respectively). The low variation
indices testify to the qualitative quartering
performed before the tests, as well as to the high
approximation of the obtained results to the
average statistical values.

Table 12 shows the results of the shrinkage of
samples after soaking. According to the test results,
the maximum shrinkage was found in type 1
samples and the minimum shrinkage in type 3 and
4 samples. The test results can be decisive in the
choice of sand for the production of foam concrete
with other equal evaluation indicators. According to
the analysis of statistical indicators, we also
conclude that there is a sufficiently close
relationship between the individual values among
themselves, hence, the high reliability of the
obtained averages.

Conclusion

Based on the results of the tests performed, the
following generalized conclusions can be drawn:

1. The physical characteristics of sands vary
from one type to another, indicating differences in
their natural composition and properties.

2. The maximum density in the natural state is
observed in type 2 sands while the minimum
density is observed in type 4 sands. Both types of
sands are characterized by low levels of natural
moisture content of 7.6% and 7.2% respectively.

3. Maximum density in dry and water-saturated
conditions is also found in type 2 sands while
minimum density in both the states is found in type
4 sands.

4. As a result of shrinkage tests of the
specimens, maximum shrinkage is found in type 1
sands while minimum shrinkage is observed in type
3 and 4 specimens.

5. From the point of view of sand suitability for
the production of foam concrete, the most
preferable is Type 1 sand from the construction
sand deposit Eltok, located in Arshalyn district of
Akmola region near Volgodonovka village, 44 km
southeast of Astana. This type of sand has the
highest content of the smallest fractions compared
to other types of sand. For foam concrete
production, the size of fractions is important, and
the smaller it is, the more structured the final
product will be with a more stable pore structure.
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Makana kengi: 23 KasaH 2023
CapantamagaH eTTi: 23 kapawa 2023
KabbingaHapl: 5 aknax 2024

TYWIHAEME

Makanaga kebik 6eToH eHAipiciHAe KongaHyFa KapamaplabifblH 6aFanay makcaTbiHAA Kapbep
KYMbIHbIH, KacueTTepiHe XyprisinreH Taxipnbenik 3eptreynepaiH Hatuxenepi bepinreH. Akmona
06/1biCbl ayMaFblHAAFbl Kapbep/ik KyMabl ©HAipy aimaKkTapbl TangaHbin, onapAabliH, ¢usmKa-
MeXaHWKanblK KepceTKiwTepi 6oWblHWa cunatramanapbl  KenTipinreH. KymHbiH — du3mKa-
MeXaHWKanblK cunatTamanapbl KyMHblH TepT Typi 6oibiHwa 6afanaHgpl. Herisri 6aranay
napameTpaepi: rPaHyNOMETPUANbIK Kypambl, GipKenKiniri, weryi, Tbifbi3aplfbl XoHE KYMHbIH,
bINFaNAbIIbIFbl 6oNnapl. 3epTTey HaTUXKenepi boMbiHWa KymaapabiH, GU3MKanbiK cunaTtamanapsbl
0N1apablH, TypiHe 6alnaHbICTbl ©3repeTiHiH KepceTTi, byn ocbl MaTepuangapabld, Tabuen Kypambl
MeH KacueTTepiHAe albipMalbINbiK 6ap eKeHAiriH Aanengenai. OpTypAai TUNTEri KymAapablH,
6ipTekTinirin 6aranay, Typaep apacbiHAafbl eneyni albipmallbINbIKTapAbl pactanapl. EH »Kofapbl
BipTeKTINIK  (Xmax=77,45; Xmax1=14,98; Cc=73,5%) 1-tunti Kymga 6alikanca, 4-TvnTi Kymaa
BipTEKTINIKTIH, MUHUManabl gapexeci (Xmax=47,30; Xmax1= 42,28; Cc=8,7%) b6aiikanagpl. CbiHaK
HaTUXKenepiHe calikec 2-TUNTi KYMZA €Ki TbIFbI3A4bIKTbIH, 4@ MaKcMmangpl MaHaepi: ps = 1,519
r/cm?, pw = 1,951 r/cm?, an 4-Tvn yWiH eKi TbifbI3AbIKTbIH, €H TOMeHri MaHaepi: ps = 1,438 r/cm?,
pw = 1,894 r/cm? 6onaabl. 1-TUNTI yATiAEpP YLWiH Makcumangpl TabusK biAFanablbIK Vn=9,5%, an eH,
TOMEHri MaHAepi 7,6% xaHe 7,2% (2- kaHe 4-TunTep). ANbIHFAH ¥KapTblnai TbiFbI3AbIK, MaHAEPI
KOHBEPreHUMAHbIH, }KOFapbl AapexeciHe ne, elTKeHi Bapnauua KoadpduumeHTTepi eTe TomeH: 1-
TUNTI Kymaap ywiH onap 0,1-0,3% Kypaiapl; 2-TnTi Kymaap ywin onap 0,7-0,8%; 3-tunTi Kymaap
ywiH onap 0,5-0,7%; 4-tunti Kymaap ywiH 0,4-0,6% Kypaiapl (COMKeciHwwe KypFaK KaHe AbIMKbIA
KYMHbIH, HaKTbl TbIfbI3AbIKTapbl e3repesi). CoiHamanapablH Wweryi 60MbIHWA CbIHAY HITUMXKENepiH
Tanpay KepceTkeHaew, eH, }koFapbl wery 1-Tunti kymaapaa 15,63% TeH, an eH a3 wery 3- }aHe 4-
™mnTi yarinepre ToH (11,25% »koHe 11,88%). Kebik 6€TOH eHAjipiciHe KYMHbIH apamablabliFblH
eckepe OTbIpbIn, ENTOK Kypbl/ibiC KYM KEH OPHbIHAA eHAipinreH 1-TunTi Kym eH Konaiabl 6onbin
Tabblaabl.

Tyiiin ce30ep: Kym, KebIKOETOH, dU3MKa-MeXaHWKanblK cunaTramanap, wery, TYMipLIKTIK
Kypambl, BipTeKTiNik gapeKeci.
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AHHOTALUMUA

B cTaTbe npepacTaB/ieHbl pe3y/ibTaTbl SKCNEPUMEHTAsIbHbIX UCCIE[0BaHNUI CBOMCTB KapbepHOro
MecKka C Le/Iblo OLEHKM WX MPUrOAHOCTU AJIA UCMOMb30BaHWA B MPOWU3BOACTBE MeHOGEToHa.
MpoaHann3npoBaHbl y4acTKM A06blUM KapbepHOro Necka Ha TeppUTopun AKMONMHCKOM 06aacTu
M fJaHa WX XapaKTepucTMKa Ha QU3MKOo-mexaHuyeckve nokasatenn. OueHka usnko-
MEeXaHMYECKUX XapaKTePUCTUK MecKa npoussedeHa A7 YeTbipex TUMOB necka. OCHOBHbIMMU
OLIEHOYHBIMW MapameTpamMu, ABAAIUC: TPaHYJIOMETPUYECKUIA COCTaB, OAHOPOAHOCTb, YCaAKa,
MJOTHOCTb M B/IAXKHOCTb MecKoB. Pe3ynbTaTbl UCCNeAoBaHWA MOKasanu, 4uto dusuyeckue
XapaKTEPUCTUKM MECKOB BapbMPyHOTCA B 3aBUCMMOCTM OT WX TUMA, YTO CBUAETE/NbCTBYET O
pasnnumuAX B NPUPOLHOM COCTaBe U CBOMCTBAxX 3TUX maTepuanos. OLEeHKa 04HOPOAHOCTM NECKOB
Pa3NNYHbIX TUMOB MOATBEPKAAIOT 3HAUWTE/IbHbIE Pa3/MuMA Mexay Tunamu. Haubonbluas

0AHOPOAHOCTb (Xmax=77,45; Xmax-1=14,98; Cc=73,5%) oTmeuyeHa y necka Tuna 1, Toraa Kak necok
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T™MNA 4 [EeMOHCTPUPYET MUHUMANbHYHO CTeneHb OAHOPOAHOCTU (Xmax=47,30; Xmax-1=42,28;
Cc=8,7%). CornacHo pe3ynbTaTtam MCMbITaHUIA, MaKCMMasibHble NOKa3aTenu 060ux NIOTHOCTeN y
TMna 2 cocrasnsfeT: pd =1,519 r/cm?, pw=1,951 r/cm?, a MUHMMaNbHble MOKasaTenn ob6oux
nAoTHOCTEN y TMNa 4 coctasnsaeT: pa=1,438 r/cm?, pw=1.894 r/cm2. MaKcManbHas ectecTBeHHas
BNIAXKHOCTb y 06pa3syoB TMna 1 - vi=9,5%, Toraa Kak MMHUMasbHble 3HadeHus 7,6% u 7,2% (Tun 2
M 4). TonyyeHHble YacTHble 3HAYeHWA MNAOTHOCTM WMMEIOT BbICOKYIO CTeneHb CXO4MMOCTH,
NMOCKO/IbKY KO3bOULMEHTbI BapuauumM MMEIOT OYeHb HU3KME MoKasaTenu: AnA neckos Tvna 1
coctasnatoT 0,1-0,3%; ans neckos Tmna 2 coctasasatoT 0,7-0,8%; ana neckos TMna 3 cocTaBAAlOT
0,5-0,7%; ans neckos Tuna 4 coctasnsatoT 0,4-0,6% (Bapuaumm HaCTHbIX 3HAYEHWUI NIOTHOCTU
CYXOr0 M MOKPOTrO MECKOB COOTBETCTBEHHO). AHaNM3 pe3y/ibTaToB WCMbITaHWMI NO ycadke
06pasLoB NOKasas, YTO MaKCMManbHas ycagKa Habnogaetca y neckos Tuna 1 pasHas 15,63%, B
TO BpEMA KaK MUHUMA/IbHaA ycafKa XxapakTepHa ana obpasuos tmna 3 n 4 (11,25% 1 11,88%). C
y4eTomM MPUro4HOCTM Mecka Ana nNpous3BoacTBa neHobeToHa, Hambosiee NpeanoYTUTENbHLIM
ABNAETCA Necok Tuna 1, 406blIBaeMbli B MECTOPOXKAEHUMN CTPOUTEbHBIX NECKOB ENbTOK.

Kniouesble cnoea: necok, neHO6ETOH, ¢M3MKO-M€X3HMHECKME XapPaKTeEPUCTUKKM, YyCa[Ka,
I'paHy!'IOMeTpl/I"IeCKMl‘;I COCTaB, CTeneHb O 4HOPOAHOCTU.
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ABSTRACT

Biodegradable polymeric represents a growing field. Owing to their wide-ranging properties, both
synthetic and natural polymeric materials perform a vital and ubiquitous role in everyday life.
Amended natural polymeric materials such as starch, cellulose, lignin, chitosan, cottonseed shell
(CTS), and cotton gin trash (CGT) have enhanced properties, while synthetic Biodegradable
polymeric materials such as poly (vinyl alcohol) (PVA), biodegradable plastics, biodegradable
foams. Bioplastics are a kind of polymers able to be degraded by different microorganisms to small
molecules (e.g., H.0, CO,, and CHa). Bioplastics are observed to solve waste materials and
biodegradability is just a new material to be exploited at the end of its life in specific terms. They
should be used for applications that require cheap methods to dispose of items after it has fulfilled
their job (e.g., for food packaging, agriculture, or medical products).

Keywords: Biodegradable polymers, starch, biodegradable plastics, biodegradable foams.
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Introduction

Biodegradable polymers were raised as
promising eco-friendly, but they are susceptible to
enzymatic cleavage. Many BPs developed until now,
and microorganisms capable of degrading them
have been found in nature [1]. Plastic objects
become part of the present society because they
possess many properties [6]: light-weight, flexible
and elastic, easy to shape and colour, and electric
insulation. These properties are rewardingly

exploited for various applications. Some include
containers with hard form as well as flexible films for
application packaging, sell sheets, fibres for textiles,
ropes, and mattresses or most kinds of coverings
surface, and assembling agents such as coatings;
elastomers; sealants and adhesives. These different
applications demand different combinations of
properties. Particularly required applications can be
reached by reinforcing polymers with glass or
carbon fibres, for forming composites [2].
Biodegradable plastic degradation is caused by
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bacteria as well as fungal enzymes. The
biodegradability of plastic bags depends on different
factors including sand, water, humidity, and
temperature. Also, plastics can be degraded by
organisms to CO,, methane, water, and edible
compost. Many commercial plastics are converted
into compost rather than gaseous products. For
plastic to be compostable, the organic matter
formed should be harmless to animals or plants.
The compost can form an industrial compost at
room temperature with waste food, in industrial
facilities at controlled temperatures (typically
58 °C)[3]. So, classification of biodegradable
polymers: Natural and biodegradable polymers
—e.g., poly(saccharides), like starch, lignin,
cellulose, chitosan, guar gum, collagen, albumin, etc.
Synthetic biodegradable polymers
- e.g., aliphatic polyesters like polyvinyl alcohol
(PVA), poly(orthoesters), poly(anhydrides),
poly(phosphazenes), poly (amino acids), trimers,
BDMPs, etc.

Natural Biodegradable polymeric
materials (BPMs)

Starch(S)

Starch is a natural polysaccharide, and is a
homopolymer of Glucopyranose units with the
molecular weight (C¢H100s)n. Amylose and
amylopectin are two different forms of polymer
chains that make up starch. While amylopectin is a
branching polymer consisting of -1,4-glycosidic with
branched-chain linked by-1,6-glycosidic bonds,
amylose is a straight chain -1,4-glyco-sidic links. Each
of these polymers receives unique features as a
result of this conformational change. For instance,
the crystalline area of the granules is caused by the
short branching of amylopectin at the-1,6-glycosidic
linkages [4].

For example, authors studied PVA with corn
starch (CS) at a 70/30 weight per cent proportion,
arranged utilizing an answer projecting technique,
and integrated attapulgite at different sums (0.0-1.0
grams). The review is expected to evaluate the effect
of attapulgite on the biodegradability and ductile
properties of the PVA/CS lattice, contrasting all
outcomes and the control test (PVA/CS). The
presence of attapulgite blocked the debasement
cycle in enzymatic, soil, and manure entombment
conditions. Water sorption content expanded with
longer inundation times. The PVA/CS with 0.2 grams
of attapulgite content showed the most noteworthy
rigidity and stretching at break among the tried
examples [5].

Another study, revised the effect of PVA and
nano-Si0; on the enzymatic hydrolysis of
thermoplastic starch (TPS) mixes utilizing a-amylase
and amyloglucosidase catalysts [6]. Mixes with 5
wt.% nano-SiO; displayed a critical decrease in the
rate and degree of starch hydrolysis, proposing
communications among starch and nano-SiO; that
obstructed enzymatic assault — the absolute solids
staying following 6000 minutes diminished with
expanding nano-SiO, content. The pace of glucose
creation diminished with nano-SiO, expansion: 226
pg/mlh (TPS: PVA), 166 pg/ml h (TPS: PVA:1% nano-
Si0O3), 122 pg/ml h (TPS: PVA:3% nano-Si0;), and 94
pg/ml h (TPS: PVA:5% nano-SiO;). The review laid
out that nanoparticles block debasement, and the
weakness to enzymatic corruption follows the
request: TPS: PVA > TPS: PVA: nano-SiO..

, Domene-Ldpez et al. [7] made biodegradable
coatings by dissolved blending potato starch and
PVA with various centralizations of rosin. Glycerol
was utilized as a plasticizer. Rosin, an inexhaustible
item, went about as a handling help and support
specialist because of its moderately high sub-atomic
weight. The expansion of 8% rosin to starch/PVA
mixes brought about films with rigidity surpassing 10
MPa and stretching at a break near 2000%. These
qualities are practically identical Iskalieva et al. [8]
united mix copolymers (PVA/S) with polyethylene
glycol methyl methacrylate (PEGMA) in different
proportions to concentrate on the effect on
biodegradability. The mix copolymer was made out
of poly (vinyl alcohol) (PVA) and starch (S). FTIR
spectroscopy uncovered hydrogen bond
connections between PVA, S and PEGMA. The
chemical structure of the (PVA/S)-g-PEGMA
obtained. TGA and SEM investigations portrayed the
subsequent polymers (PVA/S/PEGMA). Mechanical
properties of the mix films were fundamentally
affected by PEGMA, with film corruption time
expanding with higher PVA and S contents and
atomic weight (MW) of PEGMA. The MS8 test
(PVA/S/PEGMA in a 3:1:2 proportion, separately)
with an MW of 950 g/mol displayed the most
minimal extension at break (67.5%), while M1
(PVA/S/PEGMA in a 1:1:1 proportion, separately)
with a MW of 300 g/mol had the most noteworthy
(150%). Uniting PEGMA onto the mixing polymer
further developed film rigidity and stretching at the
break. The glass progress temperature (Tg) and
softening temperature (T,,) expanded with higher
PEGMA MW, recommending that expanded chain
and atomic weight be added to raised Tg and Tn, in
the copolymers.
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Cellulose

Cellulose is a renewable polymer found in trees,
bacteria, algae, plants as well as tunicates. The
structure of cellulose is a linear called
homopolysaccharide with highly ordered B-1.4-
linked anhydro-D-glucose units, which aggregate to
form cellulose fibrils. Cellulose results from the
extraction of the crystalline from the amorphous
portion by acid hydrolysis [9].

For instance, Ong et al. [10] examined PVA
composite coatings with the consolidation of
microcrystalline cellulose (MCC), commercial-grade
cellulose nanocrystals (NCCA), and nanocellulose
(NCCB) from oil palm fiber. The nanofillers showed
uniform scattering in the PVA lattice, with shifting
molecule sizes. The expansion of 5 wt%
microcrystalline cellulose worked on extreme
elasticity (UTS) and vyield strength however
decreased greatest lengthening. Integrating 5 wt.%
nanocellulose from oil palm fibre expanded UTS,
yield strength, and flexible modulus while keeping
up with the greatest prolongation. Adding business-
grade cellulose nanocrystals (up to 10 wt.%)
improved UTS, yield strength, and most extreme
extension while keeping up with flexible modulus.
Soil internment tests uncovered sped-up corruption
with dampness, and the coatings were completely
disintegrated following 7 days. Under controlled
conditions, the heaviness of coatings remained
generally unaltered following 28 days. The created
PVA composite coatings displayed better
mechanical execution and biodegradability looked
at than a financially accessible biodegradable plastic
pack (Bio-PB), recommending their true capacity as
harmless to the ecosystem options.

In another study, Haque et al. [11]presented a
financially savvy strategy for creating bio-plastic
from a mix of PVA and cotton gin junk (CGT) as a
possible option in contrast to non-biodegradable
plastics in bundling. The effect of plasticizers
(diethylene glycol, glycerol, and urea) and the
covering specialist ethyl cellulose (EC) was
examined. Urea displayed the best execution as a
plasticizer, giving adaptability, decreased
crystallinity, and further developed dampness
ingestion, transmission, and warm security. The
composite coatings, with properties equivalent to
business LDPE, showed higher elasticity and water
opposition. The expansion of EC upgraded water
opposition and UV obstruction, making the coatings
cloudy. The assessed cost of power and synthetic
substances per gram of film creation was viewed as
financially reasonable. Generally speaking, this

study presents a functional strategy for delivering
water-safe adaptable bioplastic with the possibility
to address flow plastic contamination issues.

Lignin

Lignin is the second renewable biomass polymer
and has potential as a sustainable material because
of its abundance and high concentration of
aromatic, complex lignin with poor chemical
structure and excessive reaction sites limit its
applications [12].

For instance, Su et al. [13] studied improving the
presentation and decreasing the expense of PVA
films for biodegradable mulch applications. The
synergistic impact of sodium alginate and
guaternary lignin was recognized as a key element.
The composite coatings showed further developed
water maintenance, UV obstruction, heat
assortment, light transmission,  mechanical
properties, and soil combination. Lignin expansion
guaranteed total UV obstruction, while sodium
alginate  synergistically improved mechanical
strength and water-holding properties. The coatings
exhibited better soil drooping, and their water fume
porousness came to 109.2 g/m? day. The self-
corruption properties of sodium alginate and lignin
worked with film debasement, with a 55%
debasement seen following 50 days. In general, the
review features a promising methodology for
creating practical and elite execution biodegradable
coatings for mulch applications.

Synthetic biodegradable Polymeric materials
Polyvinyl alcohol (PVA)

PVA is sold form dissolved in water and
biodegradable polymer which is used in various
biological applications. PVA has high aqueous phase
solubility and biodegradable properties due to its
polymeric nature. PVA and its derivatives have
demanded great recent attention [14].

For example, Belay [15] tends to the natural
worries related to customary plastics and features
the rise of biodegradable plastics as another option.
Specifically, it centres around agar and PVA as
promising biodegradable materials that don't add to
deforestation or affect food supplies. Nonetheless,
these materials show impediments like high water
ingestion and moderate rigidity. The survey
examines physicochemical change strategies utilized
by scientists to upgrade the properties of
biodegradable polymers, with a particular
accentuation on agar and PVA. Points covered
incorporate the rudiments of polymers, the science
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of biodegradation, the ecological effects of
biodegradable polymers, and endeavors to work on
their properties for different applications.

Authors revised [16] the impacts of glycerol and
sorbitol as plasticizing specialists on the properties
of biodegradable polyvinyl alcohol
(PVOH)/rambutan skin squander flour (RWF) films.
Glycerol-plasticized films showed higher extension
at break, yet lower rigidity and Young's modulus
contrasted with sorbitol-plasticized films. The
expansion of plasticizing specialists expanded the
water fume transmission rate (WVTR), with glycerol-
plasticized  films  showing  higher = WVTR,
demonstrating glycerol's more prominent water
partiality than sorbitol. In biodegradability tests,
unplasticized PVOH/RWF films displayed lower
weight reduction contrasted with glycerol-and
sorbitol-plasticized films.

In another study, Li et al. [17]explored the effect
of phytic corrosive (PhyAc) on the intermolecular
hydrogen-holding, structure, chain elements, and
mechanical properties of PVA in a biodegradable
PVA/PhyAc composite. Sub-atomic element
recreations and trial strategies were consolidated
for the investigation. The quantity of PVA-PhyAc
hydrogen bonds per PhyAc atom and complete
hydrogen bonds show various conditions on PhyAc
content. The composite with 1.9 wt% PhyAc shows
diminished free volume and a more modest
dissemination coefficient. The glass progress
temperature (T,) of PVA arrives at its greatest at
around 1.25 wt % PhyAc. Remarkably, the expansion
of 10 wt % PhyAc brings about the most elevated
elasticity and great antibacterial capacity in PVA. The
review gives experiences into how little atoms
impact the construction and mechanical properties
of polymers, extending the likely utilization of
PVA/PhyAc in different businesses.

Panda et al. [18] in their survey centres around
the new improvements in PVA and normal polymer-
based films for applications in food bundling. PVA-
based materials are esteemed for their
biocompatibility, biodegradability, antimicrobial
properties, non-harmfulness, and simplicity of film
arrangement. While past writing has focused on
manufactured PVA or PVA-based nanomaterials,
there is a developing interest in normal polymers
because of their harmless to the ecosystem nature.
The survey features the utilization of PVA/regular
polymer-based films in food bundling and examines
the joining of bio-waste and organic product strips in
composite coatings. Furthermore, research patterns
in PVA films are investigated, giving bits of

knowledge into the measurements of distributions
in this field.

Authors researched and successfully created
and analyzed environmentally friendly materials for
the first time. These materials are made of a fully
biodegradable substance called PVA and belong to a
category known as single polymer composites (SPC)
[19]. Through various tests, they demonstrated the
feasibility of producing these composites within a
suitable temperature range. Microscopic images
showed that the desired reinforcement structure
was maintained only when using high melting
temperature fibres like WN8. The addition of PVOH
fibres significantly enhanced the stiffness, yield
properties, and Vicat softening temperature of the
original PVA matrix, depending on the number of
fibores added. However, as the fibre content
increased, there was a decrease in the material's
ability to stretch, and it became more prone to
breakage. The introduction of fibres had a positive
impact on the stability of the composites, leading to
notable improvements in their viscoelastic
properties. The storage modulus and glass transition
temperature increased compared to the pure PVA,
while the creep compliance values decreased
significantly across all tested temperatures.

Rahman and Goswami et al. [20] studied the
mechanical as well as barrier properties of PVA,
which are useful for packaging purposes. The
influence of bioactive elements added to the PVA
matrix was also studied, particularly their ability to
protect food from pathogens and prevent rapid
expiration. Furthermore, an examination has been
conducted on mitigation measures, specifically
focusing on the biodegradability of industrial wastes
generated by various manufacturing facilities.

Biodegradable foam (BF)

For instance, in Hendrawati et al. [21], the
influence of PVA on the production of biodegradable
foam from sago starch was determined. The
production of biodegradable foam occurs at 125°C
during the baking process, with a duration of one
hour. The concentrations of PVOH varied from 0 to
50 wt. %. According to the results of the water
absorption test, biodegradability test, and tensile
test, an increase in PVOH concentration has a
positive impact on water absorption,
biodegradability, and tensile strength. The ideal
state was achieved through the incorporation of
30% PVOH, resulting in water adsorption,
biodegradability, and tensile strength values of
29.42%, 25.13%, and 2.22 MPa, respectively.




KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Cbipbsa. Ne1(332), 2025

ISSN-L 2616-6445, ISSN 2224-5243

Authors studied that mixing of microfibrillated
cellulose (MFC) suspension and polyvinyl alcohol
results in the formation of MFC-based thin
membrane-like biodegradable composites. The
desired MFC content within the composites could be
easily achieved by adjusting the concentration of the
PVA solution [22]. To enhance the mechanical and
thermal properties of the composites and render
PVA partially water-insoluble, chemical crosslinking
of PVA was conducted using glyoxal. Examination of
the composite surfaces and fracture topographies
revealed a strong bond between MFC fibrils and
PVA, with uniform  distribution. Infrared
spectroscopy demonstrated the formation of acetal
linkages in the MFC-PVA composites through
glyoxal crosslinking.

Chemically altered waxy corn starch is a
promising substance for creating biodegradable
bioplastics. Yahia et al. [23] have studied the
performance of films made from chemically
modified waxy corn starch, along with their
degradation by microbial enzymes. The effects of
pre-gelatinization and the addition of cardanol oil as
a mixed plasticizer with sorbitol were investigated.
Biodegradable films were produced by blending
waxy maize acetylated di-starch adipate (WADA)
and waxy maize pregelatinized acetylated di-starch
adipate (PWADA) with polyvinyl alcohol polymer
using sorbitol and cardanol oil as plasticizers. The
biodegradability of the films was studied through
enzyme mixture testing and soil burial tests. The
results showed that PWADA had a weight loss of
96% and a degradation percentage of 95.5%, which
were significantly lower than WADA. The
degradation was also evident from an increase in
osmolality and the physical appearance of the film
after 21 days. Various techniques were used to
analyze the film's morphology, chemical structure,
crystallinity, transparency, and thermal stability.
Under an electron microscope, PWADA films had a
more uniform surface. The film’s infrared spectra
indicated similar chemical structures. The X-ray
diffraction analysis revealed that WADA had an A-
type crystalline structure, while after
thermoplasticization, PWADA showed a V-type
crystal pattern. The addition of cardanol oil resulted
in UV absorber films. Furthermore, thermal stability
was improved with the addition of cardanol oil. The
water uptake rate and water vapor permeability
increased after the pre-gelatinization of WADA films
but slightly decreased after the addition of cardanol
oil. Additionally, pre-gelatinization decreased the
film's elongation but increased its strength. Overall,

the chemically modified waxy maize starch film has
the potential to be a biodegradable, thermally
stable, and UV absorber film for packaging materials.

Liu et al. [24] explored how different amounts of
polyvinyl alcohol (PVA) and its hydrolysis degree
could improve the properties of the foams. By diving
into the complex relationship between melt
viscoelasticity and foam characteristics, we
discovered some intriguing results. Increasing the
hydrolysis degree of PVA had a significant impact on
the foams, making them more suitable for various
applications. The improvements observed in their
foaming behaviors, viscoelastic properties, thermal
stabilities, and mechanical performances were all
linked to the interactions between starch and PVA
chains, like hydrogen bonding and intermolecular
entanglements. Additionally, incorporating PVA led
to an impressive reduction in water absorption
capacity. The foam that comprised 20% PVA with a
hydrolysis degree of 98% demonstrated exceptional
properties, including minimal water absorption, low
density, excellent foaming ratio, and remarkable
porosity. These qualities were on par with those of
commercially available expanded polystyrene (EPS).
Moreover, the addition of 20% PVA resulted in the
highest compressive strength and recovery, hinting
at its great potential for diverse cushioning
applications. In conclusion, this research sheds light
on the extensive possibilities for using starch-based
foams in large-scale industrial settings, opening
exciting avenues for their wider application.

There have been guestions and
misunderstandings surrounding the impact of liquid
detergent capsules on the issue of environmental
microplastics. To clarify, the film used in these
detergent capsules is highly soluble in water,
including cold water, as it needs to fully dissolve
during the washing process. The film is typically
made from water-soluble grades of polyvinyl
alcohol, which is a recognized biodegradable
material. Byrne et al. [25] conducted tests to confirm
the biodegradability of various polyvinyl alcohol
films commonly used in detergent capsules. The
results showed that these films are readily
biodegradable. Moreover, their high water solubility
means that these detergent capsule films do not fall
within the category of microplastics. Additionally,
their biodegradability ensures that there are no
concerns regarding persistence or accumulation in
the environment.

In the world of packaging, there is a growing
need for biodegradable composite plastics that can
outperform synthetic polymer materials. Su et al.
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[26] studied the use of a solvent-casting method to
create different combinations of composite plastics
using polyvinyl alcohol (PVA), esterified starch, and
gliadin. Comparing these to pure PVA plastics, we
found that the PVA/starch/gliadin composites
exhibited lower hydrophilicity, superior tensile
properties, and higher biodegradability. Although
the elongation at break was lower, these composites
showed promising characteristics. Through various
analytical techniques, such as scanning electron
microscopy, atomic force microscopy, X-ray
diffraction, Fourier infrared spectra, and light
transmittance measurements, we observed that the
PVA/starch/gliadin  plastics  exhibited good
compatibility due to hydrogen bonding.
Interestingly, the different ratios of components in
the plastics led to varying colours. Additionally, as
the content of esterified starch increased, the
melting and crystallization enthalpies of the
composite plastics increased. Notably, at a ratio of
25% PVA and 75% starch/gliadin, the composite
plastics had the lowest hydrophilicity, surpassing
that of pure PVA plastics. When PVA comprised 50%
and the ratio of starch to gliadin was 75%/25%, the
ternary composite plastics demonstrated the
highest tensile properties. Furthermore, when PVA
accounted for 75% and starch accounted for 25%,
the elastic modulus of the PVA/starch plastics
reached its peak. Moreover, composite plastics
showed higher biodegradability compared to pure
PVA plastics. These environmentally friendly
PVA/starch/gliadin plastics, with their versatile
composition ratios, have great potential for various
applications, including packaging water-sensitive
goods and bearing heavy objects in real-world
production scenarios.

To combat the pollution caused by mishandling
petroleum-based plastics, there has been a
significant interest in green composites that utilize
biodegradable plastics and biomass waste.
However, there is still a challenge in finding the right
balance between mechanical performance and
biodegradability. Tian et al. [27] proposed a novel
concept for water-soluble composite materials using
PVA and biomass waste. Unlike conventional
degradation into small molecules, the PVA matrix in
our composites can dissolve in water when in
contact with soil. To enhance the mechanical and
thermal properties, we utilized solid-state shearing
milling (S3M) technology to composite PVA with
waste cottonseed shell (CTS). This resulted in
impressive performance, with the PVA/CTS
composites achieving a maximum tensile strength of
10.3 MPa and a degradation temperature of

approximately 250 °C. Furthermore, our soil burial
test demonstrated that even if the PVA matrix does
not degrade in the environment in the short term,
its water-soluble nature ensures environmental
friendliness. Within just 10 days, the PVA matrix
dissolves in the soil without causing any adverse
effects on plants (specifically wheat) or animals
(particularly earthworms). This research not only
presents the development of a range of eco-friendly
PVA/biomass composites but also contributes new
insights into the environmental compatibility of
PVA-based materials.

Starch-based biodegradable films (S-BFs)

S-BFs are not ideal for food packaging due to
their weak mechanical strength and limited barrier
properties. However, by combining two or more
polymers, there is a possibility to create innovative
materials with enhanced functionality. Gomez-
Aldapa et al. [28] explored various proportions
(ranging from 0% to 60%) of polyvinyl alcohol
(PVOH) in potato starch films to examine the impact
on water absorption, water vapour permeability
(WVP), mechanical properties (elongation at break
and tensile strength), and thermal properties (Tg).
Throughout all the formulations, the two polymers
demonstrated excellent compatibility during
processing and in the resulting material. The
inclusion of PVA significantly improved the
functional properties, gas permeability, and
mechanical strength of the potato starch films.
Notably, the formulation containing 60% PVA (S4P6)
showcased the greatest resistance to water vapour,
lower density, enhanced solubility, and superior
mechanical performance. PVA proved to be a
valuable addition to potato starch films, rendering
them suitable for potential use in food packaging
and as an eco-friendly alternative to synthetic
packaging materials.

In response to increased environmental
awareness and regulations, the plastic industry has
been making efforts to develop environmentally
friendly products and processes. For example,
authors [29] make an overview of the advancements
made in thermoplastic starch, polyvinyl alcohol
blends, and nanocomposites. These materials offer
a wide range of physical properties and other
benefits, all at an acceptable cost and rate of
biodegradation, making them suitable for various
applications. To further enhance their properties,
such as mechanical strength and moisture
resistance, innovative techniques like cross-linking
and the incorporation of new nanoparticles have

—— 94 ——
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been explored. These advancements have enabled
the creation of materials with diverse property
profiles that can even rival synthetic polymers in
terms of both price and performance in different
applications.

Authors [30] conducted a study to analyze how
additives affect the properties of biodegradable
films composed of PVA and tapioca starch. Three
additives, specifically glycerol (GLY), polyethene
glycol (PEG), and glutaraldehyde (GLU), were utilized
in the research. The PVA/tapioca starch blend films
were produced through a mixing process followed
by casting. Higher levels of GLY and PEG resulted in
increased elongation at break for the blend film.
However, the tensile strength decreased therefore.
Additionally, the inclusion of a plasticizer improved
the blend film's biodegradability, water absorption,
and water vapour transmission. Interestingly,
contrasting outcomes were observed when GLU was
incorporated into the blend film.

Patil et al. [31] aimed to enhance the properties
of starch-based biodegradable films through
polymer blending. To achieve this, composite films
were created by incorporating different proportions
of PVA (ranging from 10% to 90% of starch weight)
using the solvent casting method. Several aspects,
including mechanical behaviour, barrier properties,
water solubility, water contact angle, and
biodegradability, were examined for all the films.
The addition of PVA to the starch polymer had a
significant positive impact (p < 0.05) on the
mechanical and barrier properties of the composite
films. Notably, the highest improvement in
mechanical behaviour was observed in the SP90
composite film, which contained a higher
percentage of PVA. This film demonstrated a
remarkable 1.93-fold increase in tensile strength
(TS), a 3.74-fold increase in elongation (E), and a
1.72-fold increase in breaking strength (BS)
compared to the pure starch film. In terms of barrier
properties, the maximum incorporation of PVA
resulted in a 52% decrease in water vapour
permeability (WVP) and a 57% decrease in oxygen
permeability (OP) in the composite films, making
them effective barriers against moisture and oxygen
gas. The Fourier-transform infrared spectroscopy
and scanning electron microscopy analysis of the
films confirmed the excellent compatibility between
starch and PVA polymers. Interestingly, these
composite films degraded rapidly when subjected to
moistened soil, with complete degradation
occurring within three weeks of burial. The
biodegradability study revealed the promising

films as
food

potential of starch-PVA composite
environmentally friendly materials for
packaging applications.

Alonso-Lépez et al. [32] examined the potential
impact of polyvinyl alcohol (PVA)-based polymers
upon release into the marine environment, focusing
on biodegradation in seawater (evaluated by the
percentage of Theoretical Oxygen Demand, or %
ThOD, for each compound) and aquatic toxicity
using the standard toxicity test with Paracentrotus
lividus larvae. Three materials were tested, including
two PVA-based ones with glycerol and another
made from pure PVA. The biodegradation of PVA
under marine conditions without an acclimated
inoculum appears negligible, but it shows a slight
improvement when combined with glycerol,
achieving 5.3% and 8.4% ThOD after 28 days. The
toxicity of pure PVA is also minimal (<1 toxic unit,
TU), but it increases slightly when glycerol is
included in the material (2.2 and 2.3 TU). These
findings contribute to a more comprehensive
understanding of the behaviour of PVA-based
polymers in marine environments. Despite the low
biodegradation rates observed, further research is
necessary to develop PVA polymers that are
genuinely degradable in real marine scenarios.

Pérez-Blanco et al. [33] prepared blends using
ethylene-vinyl alcohol samples containing 27% and
38% ethylene, incorporating 30% and 50%
thermoplastic starch (TPS) plasticized with glycerol.
The biodegradability and cytotoxicity of these
blends were examined using various techniques
(XRD, DSC, TGA, CA, ATR-FTIR, SEM). The presence
of TPS had a notable impact on copolymer
behaviour, evidenced by the emergence of O-H IR
bands at 1000-1170 cm™and an overall reduction in
ethylene-vinyl alcohol crystallinity, melting point,
thermal stability, and hydrophobicity.
Biodegradation was more effective in the presence
of TPS, leading to the formation of a resilient biofilm
by a consortium of three bacteria.

Lower ethylene content facilitated
biodegradation, rendering the material more easily
metabolizable. Mineralization percentages reached
up to 66% (EVOH- 27/TPS 50:50) after a 40-day
bioassay at 45 °C. In vitro, cytotoxicity assays
showed no cytotoxicity both before and after
biodegradation. EVOH/TPS blends are proposed as a
potential environmentally friendly substitute for
pure synthetic polymers.

Julinovda et al. [34] investigated the
biodegradation of blow-molded films composed of
poly(vinyl alcohol) (PVA)/protein hydrolysate (PH),




Complex Use of Mineral Resources. 2025; 332(1):19-31

ISSN-L 2616-6445, ISSN 2224-5243

incorporating starch (S) and lignin (LI) as
biodegradation enhancers. The goal was to enhance
the biodegradation rate of PVA while maintaining or
improving the technical and usage properties of the
blends. The objective was to achieve the maximum
breakdown rate, facilitating rapid disintegration of
PVA at a wastewater treatment plant. Activated
sludge from a municipal wastewater treatment plant
was chosen as the biological material. The
preparation of blends involved the use of glycerol
(G) as a plasticizer, enabling successful processing
but extending the lag phase of PVA breakdown and
reducing its final biodegradation percentage. The
influence of G, in this regard, remained unaffected
by the inclusion of PH. While S and LI mitigated the
impact of the plasticizer, they caused a breakdown
rate comparable to PVA alone. Conversely, adapting
biomass to PVA, when G was applied, resulted in a
threefold increase in the PVA breakdown rate, albeit
with a fivefold prolonged lag phase. However, the
extended breakdown duration, surpassing the
retention time of wastewater during activation,
negated the positive effect. The addition of PH to the
blends did not show a favourable impact. The
incorporation of S led to a shorter lag phase, and the
degradation rate increased by approximately 1.5
times. The combination of LI and S significantly
accelerated blend degradation, but the drawback
was an incomplete breakdown of the substrate,
lowering the final biodegradation percentage. As a
compromise, a blend of PVA/G PH S was identified,
with a breakdown time half that of pure PVA and
mechanically more convenient films.

Haque et al. [35] created a biodegradable
composite plastic film by combining cotton gin trash
(CGT), a promising lignocellulose resource, with
poly(vinyl alcohol) (PVA). The composite film
maintained a 50:50 CGT/PVA ratio, utilizing both
coarse and fine CGT powder particles. The study
investigated the impact of particle size on various
properties such as morphology, crystallinity, tensile
strength, optical transmittance, thermal stability,
and biodegradability. The scanning electron
microscope (SEM) image revealed a uniform
distribution of CGT in the PVA matrix, especially with
the fine powders (~5.7 um). The incorporation of
CGT improved tensile strength, biodegradability,
and thermal stability, and provided complete UV
protection. Although the flexibility of the composite
film decreased, the tensile strength increased by
10% and 20% with the coarse and fine CGT powders,
respectively, compared to the pure PVA film.
Considering the estimated fabrication cost in the
study, findings suggest that CGT has significant

potential as a cost-effective reinforcement material
for PVA in the production of biodegradable plastic.

Song et al. [36] enhanced the toughness of poly
(vinyl alcohol)-cryogens (PVA-CGs) by adjusting
three key parameters: PVA concentration (7.5%—
12.5%), freezing—thawing cycles (1-5 FTCs), and the
inclusion of 0%—10% glycerol as a cryoprotectant.
This research explored the impact of shear stress-
induced destruction (SSID) on mechanical strength,
achieved by inducing rapid erosion through high
frictional force. The tolerance to SSID (Tol-SSID)
demonstrated varying sensitivities and trends based
on the fabrication parameters. The assessed Tol-
SSID displayed consistent and inconsistent
correlations with tensile strength and swelling,
respectively. The evaluation of Tol- SSID provides
valuable insights into the practical mechanical
strength of PVA- CGs against intense friction,
simulating extreme shear stress in a bioreactor. A
PVA-CG with a 10% PVA concentration and two FTCs
showed Tol-SSID and tensile strength of 88.3% and
0.59 kPa, respectively. Additionally, 5% glycerol was
added to maintain bacterial respiration activity for
immobilized nitrifiers, resulting in a survival rate of
88.6% and an oxygen consumption rate of 0.097 mg-
0,/g-VSS-min. In continuous nitrification mode using
the optimized PVA-CG for 10 days, an ammonia
removal rate of 0.2173 kg-N/m3-d was achieved,
representing an improvement compared to cases
without glycerol addition (0.1426 and 0.1472 kg-
N/m3-d for PVA-CGs in two and three FTCs,
respectively).

Pan, Y. et al. [37] studied wastewater containing
poly(vinyl alcohol) (PVA) can have a dissolved
organic carbon concentration of up to 10,000 mg/L,
leading to significant chemical oxygen demand
(COD) issues, especially in industries like textiles and
chemicals. To address this, we propose a two-stage
treatment method involving Fenton pre-oxidation
and Ca-induced coagulation to reduce PVA and COD
levels. Optimal concentrations of FeSO4 and CaCl2
per gram of PVA were found to be 0.8 g/g- PVA and
4.0 g/g-PVA, respectively—considerably lower than
reported in other treatments. Successful oxidation
broke down the long chains of PVA molecules,
partially converting hydroxyl (OH) groups to carboxyl
(COOH) groups. In the coagulation stage, Ca®" is
effectively bound to the pre-oxidized PVA products,
forming insoluble compounds. Applying this two-
stage process to wastewater with initial COD and
PVA concentrations of 20,450 and 10,000 mg/L,
respectively, resulted in the removal of up to 81.3%
COD and 96.0% PVA. Additionally, the sludge residue
demonstrated a capacity to adsorb Sb (lll) from the
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wastewater, achieving an adsorption capacity of
16.0 mg/g. This study offers valuable insights into an
economical and efficient approach for treating high-
concentration PVA- PVA-containing wastewater.

Lan et al.[38] created active biodegradable
packaging films using a combination of polyvinyl
alcohol (PVA), chitosan (CS), and d-Limonene (DL).
The study systematically investigated the impact of
varying DL content levels (0%, 2.5%, 5%, 7.5%, and
10% w/w) on the structural, mechanical,
biodegradable, and antimicrobial properties of
PVA/CS films. Fourier transforms infrared (FTIR)
spectroscopy and scanning electron microscopy
(SEM) revealed the favorable compatibility between
DL and PVA/CS, as well as a more uniform
continuous, flat, and smooth surface. The
incorporation of DL significantly enhanced the
antibacterial, mechanical, and barrier properties of
PVA/CS films, contributing to their substantial
biodegradability. However, excessive DL loading was
found to weaken the hydrogen bonds between
polymer chains, negatively impacting the physical
performance of the film. Notably, the PVA/CS/DL-5%
film exhibited the highest water contact angle and
transmittance value. Moreover, it effectively
preserved packaged mango fruits over a 10-day
storage period at 20 + 2°C, as evidenced by
assessments of fruit weight loss, decay rate,
firmness, titratable acidity, soluble solids, and
ascorbic acid. In conclusion, DL/PVA/CS composite
films show promise as environmentally friendly
packaging materials for food preservation.

Bian et al. [39] investigated that bacteria
capable of degrading polyvinyl alcohol (PVA) were
identified through screening sludge samples, where
PVA served as the sole carbon source. A new
bacterial strain, identified as Bacillus 9iacin, was
isolated based on partial 16S rDNA nucleotide
sequencing and morphological analysis. The PVA-
degrading enzyme (PVAase) from Bacillus 9iacin was
then immobilized as cross-linked enzyme aggregates
(CLEAs) through a process involving ammonium
sulfate precipitation followed by glutaraldehyde
cross-linking. The impacts of precipitation and cross-
linking on PVAase-CLEAs activity were studied and
characterized. Precipitation with 70% ammonium
sulfate and a 1.5% glutaraldehyde cross-linking
reaction over 1 hour resulted in approximately 90%
activity recovery for PVAase-CLEAs, indicating the
potential for extended use without additional
purification  steps. Immobilization did not
significantly alter the optimal pH and temperature
values of the PVAase. The PVAase-CLEAs exhibited a

spherical morphology and demonstrated improved
efficiency in degrading PVA compared to the free
PVAase in solution. Additionally, the PVAase-CLEAs
displayed outstanding thermal stability, pH stability,
and storage stability when compared to the free
PVAase. After four usage cycles, the PVAase-CLEAs
retained approximately 75% of their initial activity,
suggesting their potential applicability for PVA
degradation in industrial settings.

Biodegradable plastics (BP)

BP has emerged as a viable alternative to
traditional plastics [[40], [41], [42], [43], [44], [45]].
This research employed the solvent casting method
to create ternary plastics using varying proportions
of octenyl succinic anhydride (OSA) esterified potato
starch, gliadin, and polyvinyl alcohol (PVA), with
subsequent characterization of their structural,
physicochemical, and degradable attributes. The
findings indicated that the composite plastic
exhibited higher elastic modulus (EM), water
resistance, and degradability compared to pure PVA.
Optimal compatibility was achieved when the ratio
of OSA potato starch to gliadin was 1:1, and PVA
replacement was at 25%. Notably, with PVA
constituting 75% of the total plastic composition, the
composite plastics displayed larger values for Tm,
AHc, and AHm compared to pure PVA plastics. This
implies that the addition of OSA potato starch and
gliadin enhances the biodegradability of PVA
plastics, making them effective as food packaging
materials with improved properties.

Authors [46] examined the impact of PVA
molecular weight on the biodegradable properties
of PVA/starch blends by blending PVAs of different
molecular weights with varying compositions of
cross-linked starch (CLS). A PVA exhibiting superior
biodegradability was identified from the PVA/starch
blends with higher biodegradability. Subsequently,
this selected PVA was blended with acid-modified
starch (AMS) to systematically investigate the
effects of starch modification on the biodegradable
characteristics of the PVA/starch blends. Higher
molecular weight PVA demonstrated greater
biodegradability across all PVA/starch blends. The
biodegradability of PVA/modified-starch blends
increased with higher modified starch contents, with
PVA blended with 1N AMS showing superior
biodegradability. Bio-reaction kinetics experiments
indicated the decomposition tendencies of the
PVA/starch blends under ambient conditions.
According to the first-order reaction kinetic model,
it is estimated that PVABF- 17/starch blends with
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20% and 40% CLS would take approximately 16.20
years and 12.47 years, respectively, to degrade by
70%. In contrast, the specimen meets the
biodegradable material criteria of the
Environmental Protection Administration (EPA) of
Taiwan. Overall, PVA/AMS specimens exhibit better
decomposition potential than PVA/CLS specimens
([43], [47]].

Conclusion

Eco-friendly plastic materials become an
interesting area due to their safety in industries such
as packaging materials for the food industry, and
applications in the medical and agricultural fields
Novel biodegradable packages based on the
percentage of biodegradablility of materials in
different conditions and atmosphere attention. The
produced biodegradable composite exhibits
excellent tensile strength, outstanding thermal
stability, pH stability, storage stability and
environmentally friendly materials, making them
effective barriers against moisture and oxygen gas

Prospects. The processes of development of
biodegradable polymers are still in progress and to

be simple with special recyle and cost-effective Also,
many processes of development of biodegradable
composites are expected soon as these new
biodegradable polymers may possess effective and
important properties such as excellent tensile
strength, outstanding thermal stability, and
environmentally friendly materials.
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BuonorvsanbiK blablpaiiTbiH noavmepsiep Byn Aambin Kene KaTKaH »KaHa cana. KeH ayKbimabl
KacMeTTepiHiH, apKacblHAA CUHTETUKANbIK aHe Tabufu nonumepni matepuangap KyHAenikTi
eMipZie MaHbI3abl XaHe bap/biK Kepae KongaHbinagpl. Kpaxman, Luenntonosa, AMrHUH, XUTO3aH,
MaKTa Kabblifbl (CTS) skaHe MaKTa TasapTaTblH MalMHaAaH wWbiFaTbiH KOKbIC (CGT) cuaKTbl
TYPAEHreH Tabusu NOAMMEPAIK MaTepUanaap *Kakcbl Kacuettepre ve. NMoansuuun cnuprti (MBA),
610NOrMANBIK blABIPAWTBIH NAIACTUKTEP, BUONOTUANBIK, biAbIPANTbIH KEBIKTEp CUHTETMKANbIK BK1o-
blAbIPAATbIH MoAMMepni maTepuangap. buonnactuka - 6yn apTypai MMKPOOPraHU3MAEPLiH
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apKacblHAa wWwafblH Monekynanapfa (mbicanbl, H20, CO: aHe CHa) AeniH blablpalTbiH
nonumepnepdid, 6ip Typi. BuonnactMKa  KanablkTapgpl  epitedi, an  6MONOrMANbIK
blAbIPATBIHAbIFBIHBIH, apKacbiHAa 6Genrini 6ip Kafgakinapda  KbI3METiHIH COHbIHA  AeliH
nanganaHyfa 6onatblH »KaHa KacuveT. BMOMAAcTUKTEP ©3 JKYMbICTapblH OpbIHAAFaHHAH KeWiH
3aTTapabl Kagere »apaTyAblH ap3aH a4iCTepiH KaeT eTeTiH KongaHbanap ywiH KonaaHbiybl
KepeK (Mbicanbl, a3blK-TYNiK OpaybllWTapbl, aybll LWapyawWwbiAbifbl HemMece MeaMULMHANbIK
6yibimaap).

TyliiH ce30ep: BUONOTMANDBIK bIALIPANTLIH NOUMEP/EP, Kpaxman, BUONOTUANBIK blAblPaNTbIH
nnactmaccanap, 6MonormANbIK blAbIPANTLIH KEBiKTep.
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AHHOTaumA
Buopasnaraemblie nonnmepbl NpeacTaBnatoT coboi passuBatoLLytoca obnactb. bnarogapa ceoum

pasHoobpasHbIM CBOWCTBAM KaK CUHTETUYECKME, TaK M NPUPOAHbIE NOAUMEPHbIE MaTepUanbl
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61onNNacTMKM pacTBOPAIOT OTX0Abl, @ BMopasnaraemoctb — 3TO BCEro AUWb HOBOE CBOWCTBO,
KOTOpPOE MOXHO WCMOAb30BaTb B KOHLE €ro CPoKa CAy:Kbbl B onpeaeneHHbIX ycnoBuax. Ux
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npesMeToB NOC/E TOTO, KaK OHM BbINOJHWAKN CBOKO PaboTy (Hanpumep, ANA YNaKoBKM NULLEBbIX
NPOAYKTOB, NPOAYKTOB CE/bCKOro X03AMCTBA U MEAULMHCKUX TOBAPOB).
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ABSTRACT
Investigating the effect of different types of rare-earth oxides on zinc borotellurite glass is

important to determine the potential application in optical devices. The addition of rare-earth
oxides in zinc borotellurite glass is well-known to enhance the optical properties due to the effects
of 4f-4f transitions. In this work, we aim to compare the effect of different rare-earth oxides on
zinc borotellurite glass denoted as ZBTNd, ZBTHo, ZBTEr and ZBTSm. The glass samples were
successfully fabricated via the melt-quenched technique. The physical investigation of the glasses
has been done by measuring the density and molar volume. It was found that ZBTNd glass has the
lowest density than the other glasses due to the small atomic radius in neodymium oxide. High-
density value for ZBTHo glass shows potential to be used as radiation shielding properties. The
high value of molar volume for ZBTNd glass is advantageous for fiber optics as ZBTNd glass has
good performance in elasticity. It was found that ZBTEr has a lower refractive index than the other
glasses due to low dispersion characteristics. However, ZBTEr glass has good performance to be
used in optical communication applications. It was found that the optical absorption shifts to a
longer wavelength beginning from ZBTEr > ZBTHo > ZBTNd > ZBTSm. The optical band gap energy
for ZBTEr glass is higher than the other glasses due to the Coulomb repulsion energy for erbium
which is greater than neodymium and samarium and slightly higher than holmium. The pattern of
electronic polarizability for all glasses was found as follows ZBTSm>ZBTNd>ZBTEr>ZBTHo. The
optical basicity for ZBTEr was found highest which indicates a higher acidity, meanwhile, the ZBTNd
glass has the lowest value which corresponds to a higher basicity.

Keywords: tellurite glass, rare-earth oxides, optical properties
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Introduction

There is no denying the extensive ongoing
investigations on glass science and technology,
which discuss discoveries in photonics and optical
applications [1]. Rapid development and innovation
in telecommunications enhance the production of
new materials for optical fiber and laser [2]. A wide
range of glass materials has often been produced to
manufacture optical devices. Silicate-based glass is
widely utilized as the primary core of the optical
fiber. However, silicate-based glass has more than
1500 °C melting point, moderate absorbency and
high signal loss [3]. The high quality of optical glass
is essential for the advancement of current
optoelectronic devices. Whilst tellurite-based glass
is the best choice for high-quality glass materials [4].

Tellurite oxide is comprised of double triangular
bipyramids which are surrounded by four oxygen
atoms in the tellurite glass network. Four oxygen
atoms are located at a distance of 1.95 A from the
tellurite ion [5]. Hence, the tellurite ion is located in
an intermediate state between four oxygen atoms.
Pure TeO, glass is not stable and exists in a crystal
state with four coordination numbers as Te*. The
addition of modifier ion in tellurite oxide, TeO, may
lead to the formation of the glassy state and hence
vitrified TeO,. The tellurite ion in the glass network
is more stable in four coordination numbers than in
six coordination numbers. This trend is due to the
shrinking distance between tellurite and oxide
atoms, Te—0 as the valence electrons increase in the
glass network. Besides that, if the modifier ions have
the same coordination number and size as TeOs, the
six-atom coordination state of Te** might be stable
[6].

Erbium oxide is a well-known material to be
used in fiber amplifiers such as erbium-doped fiber
amplifier (EDFA) devices [7]. In previous research,
holmium oxide has been used extensively in
telecommunication and solid-state lasers [8].
Moreover, samarium oxide is one of the best
lanthanide compounds to be utilized as an optical
amplifier and fiber [9]. Meanwhile, neodymium
oxide has the greatest interest in the area of optical
materials due to its near-infrared lasing properties
ataround 1.06 um [10]. Hence, the inclusion of these
rare-earth oxides is beneficial to improve the optical
properties of the current zinc borotellurite glass.
Extensive studies have been done to incorporate
these rare-earth oxides in tellurite glass. However,
the detailed comparative analysis between these
rare-earth oxides is rarely documented.

This study aims to compare the role of holmium,
erbium, neodymium and samarium oxides on the
physical and optical performance of zinc-
borotellurite glass. The objectives of this study are
to determine the physical properties of the glasses
such as density and molar volume. The optical
analysis such as optical absorption, optical band gap
energy, Urbach energy, electronic polarizability,
optical basicity and metallization criterion is
investigated. The outcomes of this study will provide
a detailed comparative analysis between rare-earth
oxide inclusions in zinc borotellurite glass. These
reports will be useful to manufacture novel
materials to be used in optoelectronic applications.

Methodology

A conventional melt-quenching method was
used in the chemical formula of {{[
(Te02)o.70(B203)0.30]0.7(Zn0)0.3},(RE203)1.y, RE= H0,03,
Er,0s, Nd;Os; and= 0.005, 0,01, 0,02, 0.03, 0.04,
0.05). High-purity chemical powder (99 per cent
purity grade) of erbium oxide, Er,03 (Reacton, Alfa
Aesar), holmium oxide, Ho,03 (Reacton, Alfa Aesar),
neodymium oxide, Nd,Os; (Reacton, Alfa Aesar),
samarium oxide, Sm;0s; (Reacton, Alfa Aesar),
tellurite oxide, TeO; (Reacton, Alfa Aesar), boron
oxide, B,Os; (Reacton, Alfa Aesar) and zinc oxide, ZnO
(Reacton, Alfa Aesar) were collected and used. The
raw materials were measured with a +0,0001 g
accuracy and carefully mixed to produce 13 g of
mixed powder by using an electrical balance.

The mixture was placed in the alumina crucible
and preheated by an electric furnace at 400 OC for 1
hour. The aim of the preheating process is that the
excess hydrogen molecules are removed from the
mixture. The mixture in the alumina crucible was
then melted in the second electric furnace at a
temperature of 900 OC for 2 hours. During this
process, the molten mixture was formed. The
molten was then transferred to the cylindrical
stainless-steel mold which was preheated for 1 hour
at 400 OC. During the quenching process, the glass
sample was formed. For the annealing process, the
glass sample in a cylindrical stainless-steel mold was
heated for 1 hour at 400 OC. The aim is to increase
mechanical strength and remove stress during the
cooling process. The glass sample was then cooled
down at around 5 hours at room temperature. By
using Isomet Buehler high precision low-speed saw
machine, the obtained glass sample was cut to a
thickness of about 2 mm. The sample was polished
to get a smooth surface on either side of the sample
with a various sandpaper grade (1000 grid, 1.500
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grid and 2.000 grid). Shimadzu-1650PCUV-Vis
spectrophotometer was used to analyze the
absorption band of the glass sample.

Results and discussions

Physical comparative analysis

The density of the glass system has a significant
effect on the elastic properties, the refractive index
and the mechanical strength [11]. High high-density
glass matrix is known to be beneficial for increasing
the refractive index. In contrast, a low dense glass
matrix has an excellent contribution to the elastic
and mechanical properties of the glass matrix.

The density calculation can be made using the
following formula:

— Wa
P =5 Wa _Wt (1)
where Pt is the density of water "2 and Wi

are the weight of the sample in the air and water
respectively.

The change in density may be due to several
factors, such as the softening or compactness of the
structure, the type of doping, the coordination
number and the atomic radii of the components
[12]. The results of density for different types of
rare-earth doping are shown in Figure 1. Figure 1
shows that neodymium oxide doping has the lowest
density among doping, while holmium oxide has the
highest value. Several factors may explain the large
differences in density between ZBTNd and ZBTHo.
The first factor is the atomic radius of the dopant,
which is higher in holmium oxide than in neodymium
oxide.

The high degree of atomic radius may
significantly contribute to an increase over free
space in the glass matrix [13]. As a result, the
compactness of the glass matrix will be reduced due
to an increase in free space. In addition, the bond
length between the rare earth atom and oxygen has
a significant effect on the oxygen packing density in
the glass matrix [14]. Table 1 shows that neodymium
oxide has a higher bond length than holmium oxide,
which reduces the oxygen packing density. The
density of ZBTEr and ZBTSm glasses shows small
differences in number compared to ZBTNd glasses.
However, erbium oxide has a similar atomic radius
with holmium oxide and small differences in bond
length. The small degree of density of erbium oxide

compared to holmium oxide can be explained by the
change in the number of polyhedral coordination
after the formation of the glass system [15].
Holmium oxide has a higher number of polyhedral
coordination than erbium oxide, which in turn
increases the density [16]. In addition, the
properties of radiation shielding are highly
dependent on the density value. High glass density
contributes to excellent shielding properties. ZBTHo
glasses therefore have a high potential to be used as
shielding properties due to their high-density value.

The investigation of the molar volume of the
glass system is important for the analysis of the
spatial distribution of oxygen in the glass matrix [17].
The molar volume is directly affected by the density
of the glass system through the compaction and
expansion of the glass structure [18]. In addition, the
result of molar volume is more significant in the
analysis of structural changes in the glass network,
except mass (m) from density, and the inclusion of
equal particles for comparison between samples.
The molar volume can be calculated by the following
formula:

xM, M (2)
P 2

where X; and M, denote the molar fraction

and molecular weight of the respective component
and M is the total molecular weight of the
composition. The obtained values for molar volume
are listed in Table 1 and plotted in Figure 2. It is
noted from Figure 2 that the molar volume is higher
in ZBTNd than in the glasses. The interatomic
spacing between the atoms may influence the molar
volume in the glass network [19]. The high bond
length in neodymium oxide may lead to the increase
in interatomic spacing which in turn increase the
molar volume. Moreover, the high number in ionic
radius may increase the tendency of free expansion
in the glass matrix [20]. The low number of molar
volume values is obtained in ZBTHo glasses which
represent the reciprocal value of density. Bulk
modulus has a high dependency on molar volume
which determines the elasticity of optical fiber.
Based on the obtained molar volume data, ZBTHo
glasses have a lower performance in elasticity than
ZBTNd glasses. Hence, ZBTNd glasses is more
preferable to be used for optical fiber than ZBTHo
glasses.

— 3y ——



KomnnekcHoe Ucnonb3oBaHue MuHepanbHoro Coipba. Ne1(332), 2025 ISSN-L 2616-6445, ISSN 2224-5243

5,100 ;
4,900

4,700 ]

>

U1

o

S
1

Density, kg/m?3
&
w
]

4,100 ]
3,900 1

3,700 1

3,500 A

ZBTNd ZBTEr ZBTSm ZBTHo
Glasses (RE = 0.05 mol fraction)

Figure 1 - Density of ZBTNd, ZBTEr, ZBTSm and ZBTHo glasses

Table 1 - Density of ZBTNd, ZBTEr, ZBTSm and ZBTHo doped tellurite glass

Glasses Density (kg/m?) Molar Volume Atomic radius Bond Ion.ic
(m3/mol) (pm) length radius
ZBTNd 3.931 128.200 - - -
ZBTHo 5.006 26.043 - - -
ZBTEr 3.960 32.955 - - -
ZBTSm 4.080 31.570 - - -
Single constituents
TeO> - - 140 1.974 2.210
B203 - - 85 1.236 0.230
Zn0 - - 135 1.975 0.740
Nd203 - - 185 2.559 0.983
Ho203 - - 175 2.385 0.901
Er.03 - - 175 2.310 0.890
Sm203 - - 185 2.509 0.958
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Figure 2 - Molar volume of ZBTHo, ZBTSm, ZBTEr and ZBTNd glasses

Refractive index

The refractive index is an important parameter
to be used in a variety of applications such as smart
glass, lenses, optical fiber and electronic displays
[21]. The structure of an amorphous glass network is
closely associated with the amount of non-bridging
oxygen in the glass network. The existence of non-
bridging oxygen will contribute to improving the
polarization of materials which, in turn, may impact
the value of refractive indexes. There are two effects
of polarization on the transmission of light in a
medium;

1. Some light transmission may be absorbed,

2. The delay in the velocity of light waves passes
through the medium.

The large polarizability of the glass system
minimizes the velocity of light propagation in a
medium which, in turn, generates a high refractive
index. The results of the refractive index are shown
in Table 2 and shown in Figure 3. Figure 3 shows that
the highest refractive index is the ZBTSm glasses.

Factors that affect the value of the refractive
index are the characteristics of dispersion, doping
coordination  number, non-bridging oxygen,
electronic cloud density, polarization and density
[22]. Based on previous data, the density of the
ZBTHo glasses is higher than that of the ZBTSm
glasses. It is therefore presumed that the refractive
index of the ZBTHo glasses must be higher than the
rest of the series of glasses. However, the density of
the glass system is not the only factor affecting the
value of the refractive index.

Cation polarization values for single samarium
oxide and holmium oxide are 1.16 A and 0.91 A
respectively. The high
polarizability can therefore contribute to the
increase in the refractive index value. The high value
of the refractive index is beneficial to produce fiber
optics as it widens the angle of reflection by
increasing the critical angle. The lowest refractive
index value is found in the ZBTEr glasses due to the
low cation polarization (0.89 A) compared to the
other dopants. Another possibility is that ZBTEr
glasses may have low dispersion characteristics
compared to other dopants as one of the important
parameters for optical is the
dispersion characteristic.

number of cation

communication

High-dispersion characteristics may reduce the
performance of optical fiber by increasing the
optical pulse and limiting the information-carrying
capacity of the fiber. It can therefore be justified that
ZBTEr glasses are also a good choice to produce fiber
optics, particularly as a core material. In addition,
the amount of non-bridging oxygen may contribute
to the variation of the refractive index as the
existence of lone-pair electrons is high in non—
bridging oxygen. Based on the trend of the refractive
index, the ZBTSm glasses produce high levels of non-
bridging oxygen compared to ZBTHo, ZBTNd and
ZBTEr glasses.
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Table 2 - Refractive index of ZBTEr, ZBTNd, ZBTHo and ZBTSm glasses

Glasses Refractive index
ZBTEr 1.740
ZBTNd 1.863
ZBTHo 1.980
ZBTSm 2.051

Optical absorption and band gap energy

Optical absorption spectra have a significant role
in determining the properties of the electronic
structure of non-crystalline solids. The optical
absorption in glass materials can occur by two
mechanisms which are electronic polarization and
the excitation of an electron from the valence band
to the conduction band [23]. The occurrence of
optical absorption by electronic polarization only
depends on the light frequency in the constituent
atoms. Meanwhile, the process of optical absorption
during the transition of an electron from valence to
conduction band depends on the electronic band
structure of semiconducting materials.

The promotion of an electron from the valence
band to the conduction band is due to the
absorption of photon energy from the electron.
Figure 4 shows the optical absorption spectra for
ZBTSm, ZBTNd, ZBTHo and ZBTEr glasses. It can be
seen from the figure that the optical absorption
shifts to a longer wavelength beginning from ZBTEr
> ZBTHo > ZBTNd > ZBTSm. In comparison, the
absorbance is higher at the lower wavelength and
lower at the higher wavelength for all glasses
indicating an increase in the absorption factor.

Sharp peaks are observed in the absorption
spectra of all dopants leading to the excitation of
electrons from the ground to the excitation state.
This trend can be explained by the type of orbital in
rare—earth oxide. It is well established that rare
earth oxides have 4f orbital, which are localized due
to their strong intra-atomic Coulomb association
[24]. The 4f-4f orbital in rare earth materials leads to
a strong magnetic dipole and an electric dipole force
which, in turn, produces sharp peaks in the
absorption spectra [25].

The investigation of the optical band gap is
important, as the tendency of glass materials to be
more applicable in semiconductor devices is
expected. Optical absorption in glass materials may
arise through two different mechanisms, e.g.
electronic polarization and electron excitation from
the valence band to the conduction band. The
occurrence of optical absorption by electronic
polarization relies only on the frequency of light in
the constituent atoms. Meanwhile, the process of
optical absorption during the transition from
valence to conduction band depends on the
electronic band structure of semiconductor
materials. The promotion of the electron from the

— 37 ==
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valence band to the conductive band is due to the
absorption of photon energy from the electron.

There are two types of optical band gaps that
work in both crystalline and amorphous structures
that are direct and indirect optical band gaps. In the
case of glass materials, the indirect optical band gap
is more accurate in describing the behavior of
electronic transitions due to the long-range
structural disorder in the glass matrix.

The absorption coefficients near the absorption
edge of the glass samples are calculated by:

o (A)=2.3037 (3)

Where A applies to absorption and d refers to
the thickness of the glass samples. The
absorbance of the glass materials often impacts the
absorption coefficient with a directly proportional
behavior to the absorption coefficient value. More
evidence of the electronic states of the glass system
is given by the higher energy components of the
spectral region corresponding with the electronic
transition. Electrons are excited through photon
absorption from a filled band to an empty band. The
following formula can be used to measure photon
energy

h hc
hw=§ (2rf) = hf = - (4)
where ¢=2.9979 x 108 m/s and h = 4.14 x 10-15
eVs. As a result of the electron transitions, the
absorption coefficient a(to) increases significantly.
The relationship between a (a), the photon energy
of the incident radiation, and the absorption
coefficient, can be written as follows:

_ B(hw—Egp)"
B hw

o(w) (5)

Where the tailing parameter is denoted as B,
Eopt is the optical bandgap energy, n is the type of
transition where n=2 in the indirect transition, n=1/2
in the forbidden indirect transition, n=1/3 in the
prohibited direct transition, and n=1/3 in the
forbidden direct transition. Electromagnetic waves
interact with electrons in the valence band, which
are raised across a fundamental gap in the
conductive band in direct and indirect transition
cases [25].

The absorption coefficient is calculated near the
absorption edge of all the different glass samples.
Amorphous materials are well known to fit equation
(3) where n = 2 which is an indirect transition. The

equation (3.8) is therefore converted to the
following equation:

((ahw)?=B(hw-Eop) (6)

The optical band gap can be used to provide
insight into the state of solid-state materials. The
Urbach energy (AE) be computed by the plot of the
logarithm of the absorption coefficient (a(v)) as a
function of the photon energy of the amorphous
material as given below:

a(0)=Bexp () 7

Where B is a constant, h is the plank constant, v
is the frequency of the photon, and AE is the Urbach
energy (Maheshvaran et al., 2013).

Figure 5 shows the optical band gap pattern for
ZBTSm, ZBTNd, ZBTHo and ZBTEr glasses and the
data are listed in Table 3. It can be seen from Figure
5 that the ZBTEr glass has the highest number of
optical band gaps than the other glasses. The
variations in optical band gap can be explained by
the Coulomb repulsion energy between the glasses.
The Coulomb repulsion energy for rare-earth is
shown in Figure 6. It is noted that the Coulomb
repulsion energy for erbium is greater than
neodymium and samarium and slightly higher than
holmium.

Coulomb repulsion energy confines the electron
in orbital which affects the mobility of electrons to
be excited from the ground state to the excited state
[26]. Hence, it can be justified that the higher
number in the optical band gap may be due to the
Coulomb repulsion energy which is greater in
erbium. ZBTSm glass has the lowest number of
optical band gaps which reflects the lower number
in Coloumb repulsion energy. Besides that, the 4f
states for rare-earth may affect the excitation of
electrons to the conduction band. The unoccupied 4f
orbitals may experience the energetic up-shift to the
conduction band which improves the optical band
gap for ZBTSm [27]. The highest optical band gap
value for ZBTEr reflects the lower number of
unoccupied 4f orbitals. However, all glasses fall in
the range of semiconductor energy gap which is
compatible to be wused in semiconductor
applications.

Figure 7 and Table 3 depicted and listed the
values of Urbach energy for the glasses. The
exponential area in the absorption coefficient and
near to the optical band edge is called as Urbach tail.
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The appearance of the Urbach tail is due to the
localized states in the amorphous structure which is
extended in the band gap. The localized states are
associated with the disorders of structure which
gives the information of defects in the glass system.
The high number of Urbach energy indicates the
higher tendency of the weak bond in the glass
structure to be converted to defects. It can be seen

from Figure 7 that the ZBTSm glass has the highest
number of Urbach energy which reflects the fragility
of the glass structure. The lower value of Urbach
energy in ZBTEr glass shows that the glass structure
is less likely to convert the weak bond into defects.
Hence, ZBTEr is more stable than the other glasses.
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Figure 4 - Optical absorption of ZBTHo, ZBTEr, ZBTNd and ZBTSm glasses
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Figure 6 - Coulomb repulsion energy for rare-earth. Reproduced figure from [27]
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Table 3 - Optical band gap and Urbach energy of ZBTEr, ZBTHo, ZBTNd and ZBTSm glasses

Sample (0.05) Optical band gap Urbach Energy
Samarium 2.980 0.660
Neodymium 3.151 0.320
Holmium 3.268 0.432
Erbium 3.380 0.153
Electronic polarizability and oxide ion inter-ionic interaction, refractive index,
polarizability conductivity, optical basicity and non—linear optical

Electronic polarization was used to describe the
deformation of electron clouds by applying an
electromagnetic field. Electronic polarization affects

properties. The early study of polarization in the
field of glass materials was carried out by Fajans and
Kriedl in 1948 [28]. Polarizability values have been
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determined for three types of oxide glasses which
are; 1. Acid oxides, 2. lonic oxide, 3. High ion oxides.

The Lorentz-Lorenz equation explains the
relationship between the refractive index and the
molar volume as shown below:

(3~ 1) .
T mi+2) " ®
When Rm represents molar refraction, nO
signifies linear refractive index, and Vm implies
molar volume. The Lorentz-Lorenz equation
represents the average molar refraction for isotropic
substances that are liquids, glasses and cubic
crystals. The average electronic polarizability can be
computed from the Lorentz-Lorenz equation by
applying the number of the Avogadro to the given
equation:

3
- R
%m =N, ™

(9)

Where NA defines the Avogadro’s number
corresponding to the number of polarizable ions per
mole. The value 41/3 is known as a constant in the
Lorentz function. Electronic polarization provides
the magnitude of the electron response by
incorporating the electromagnetic field into the
electron clouds. With the a,, in (A3), equation (3)
can be altered into the given formulas:

Ay =

R
_m (10)
2.52

o o
N s

[o2}

Electronic Polarizability, A3
o o o
SN o o]

o
)

(6]

ZBTHo ZBTEr

Glasses (RE = 0.05 mol fraction)

ZBTNd ZBTSm

Figure 8 - Electronic polarizability of ZBTHo, ZBTEr, ZBTNd and ZBTSm glasses

Table 4 - Electronic polarizability, oxide ion polarizability, optical basicity and metallization criterion of ZBTHo, ZBTEr,

ZBTNd and ZBTSm glasses

Glasses (0.05)  Electronic Polarizability

Oxide ion polarizability

Metallization Criterion

Optical Basicity

0.404
ZBTHo 5.098 2.361 1.151

0.411
ZBTEr 5.274 3.216 1.165

0.483
ZBTNd 5.843 3.306 1.173

0.549
ZBTSm 6.472 3.516 1.195
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The obtained values of electronic polarizability
for all glasses are depicted in Figure 8 and listed in
Table 4. The pattern of electronic polarizability for all
glasses is as follows ZBTSm>ZBTNd>ZBTEr>ZBTHo.
This pattern shows that the ZBTSm glass has a higher
tendency to be more polarized than the other
glasses. The variations of electronic polarizability
can be explained by the attraction between
electrons and the nucleus and Hooke’s law of
potential energy. Furthermore, the values of
electronic polarizability differ with various types of
compounds. In other words, the values of
polarizability depend on the density of charge
distribution in both negative and positive ions.
Hence, the ZBTSm glass has a higher density of
charge distribution than the other glasses.

Moreover, the number of non-bridging oxygen
has an important role in the tendency of glass to be
polarized. Non-bridging oxygen has a lone pair which
is independent of the chemical bonding and high
mobility. ZBTSm glass may have a higher number of
non-bridging oxygen than the other glass which
contributes to high electronic polarizability.
According to Fajan’s rule, the polarizing power of the
cation increases with decreasing its size and number
of filled orbitals and with increasing its positive
charge [28]. It is known that the samarium has a
lower number of occupied 4f orbitals than the other
glass system. Hence, this effect may increase the
polarizing power of the cation according to Fajan’s
rule. Besides that, Sm3* trivalent ions have a higher
positive charge which leads to higher electronic
polarizability.

Previously, Dimitrov and Sakka, 1996 illustrated
the computation of the polarization of oxide ions
based on optical band gap energy [29]. The
deformity of the oxide ion’s electron cloud is wider
than that of the cation. This is due to the increased
tendency of the cation electron to hold onto the
cationic charge. This effect will contribute to the
cation's electron cloud being not particularly
polarised. The correlation between \/E and 1-
Rm/Vm was presented by Duffy and Ingram in 1991
for a large number of simple oxides as shown in the
given equation:

Ey = 20(1 — 2my2
9 Vin (11)

The oxide ion polarizability can be obtained by
the substitution of Equation (6) into Equation (4) as
shown by the following formula:

oz () = [2%<1 ) E) = ai] Mo)™ (12)

This equation has been accepted to be
compliant with heavy metal oxide glasses.

The obtained values of oxide ion polarizability
for all glass samples are illustrated in Figure 9 and
listed in Table 4. The pattern of oxide ion
polarizability for all glass samples is as follows;
ZBTSm>ZBTEr>ZBTHo>ZBTNd. It is noted that ZBTSm
has a higher number of oxide ion polarizability which
reflects the high density of non-bridging oxygen in
the glass system. Samarium oxide may enhance the
formation of non-bridging oxygen in the glass
system than erbium oxide, holmium oxide and
neodymium oxide. The free electrons of the oxides
in ZBTSm glass are independent of the nuclear
charge and chemical bonding which improve the
oxide ion polarizability. Moreover, the existence of
localized states in the forbidden gap for different
compounds leads to variations of oxide ion
polarizability. The low number of polarizabilities in
ZBTNd glass indicates that the neodymium oxide has
low tendency to form the non-bridging oxygen in the
tellurite glass as compared to other constituents.

Optical basicity and metallization criterion

The deep understanding of optical basicity was
described by the work of Duffy and Ingram, 1971.
Duffy and Ingram, 1971 proposed the theoretical
calculation of the optical basicity for the multi-
component oxide glasses as given below [30]:

A=X1A1+ XoAo + ... + XnAn (13)

Where X, X3,...., Xncorrespond to the equivalent
fractions of each oxide which contributes to the
overall material stoichiometry and A1, Az,....,An
correspond to the optical basicity of each individual
oxide in the glass system.

The obtained values for the optical basicity of
all glasses are shown in Figure 10 and Table 4. The
pattern of optical basicity for the glasses is as
follows; ZBTNd>ZBTHo>ZBTSm>ZBTEr. The low
number of optical basicity for ZBTEr glass indicates
higher in acidity. Meanwhile, the high number of
optical basicity for ZBTNd glass corresponds to
higher in basicity. It is known that a single
neodymium oxide has higher number of optical
basicity A (1.014) than erbium oxide A (0.929).

Hence, it is noted that ZBTNd glass has greater
number of optical basicity than ZBTEr. Meanwhile,
optical basicity values for holmium and samarium
oxides are A (0.945) and A (0.984), respectively. The
difference in optical basicity for single oxide
contributes to the variations of overall optical
basicity.
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Figure 9 - Oxide ion polarizability of ZBTNd, ZBTHo, ZBTEr and ZBTSm glasses

1,2

Optical Basicity
-
-
~

1,16 1

1,15 ]

1,14

ZBTEr ZBTSm ZBTHo ZBTNd
Glasses (RE = 0.05 mol fraction)

Figure 10 - Optical basicity of ZBTEr, ZBTSm, ZBTHo and ZBTNd glasses
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Figure 11 - Metallization criterion of ZBTHo, ZBTEr, ZBTSm and ZBTNd glasses
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The concept of metallization of the condensed
matter can be explained by the theory proposed by
Herzfeld [31]. The condition of Rn/Vm= 1 in the
Lorentz-Lorenz equation describes that the
refractive index becomes infinite. This is in
accordance with the metallization of covalent solid
materials. In other words, the electrons become
itinerant and acquires metallic status. The nature of
metallic and non-metallic of oxide glasses can be
predicted by the following conditions: Ruy/Vm<1
(non-metal) and Rn/Vm>1 (metal). Subtracting by 1
gives the equation of metallization criterion as
shown in the following expression:

R
M=1-—+ (14)
Vi
This equation indicates that when the

metallization criterion becomes zero, the transition
to the metal states will occur. The metallization
criterion based on refractive index and optical band
gap can be calculated by transforming Equation (10)
to the following expression:

1

(n§ — 1) _ Eg1
= (% 2 (15)

S YT
The obtained values of the metallization
criterion for all glasses are depicted in Figure 11 and
tabulated in Table 4. The pattern of metallization
criterion for the glasses is as follows;
ZBTNd>ZBTSm>ZBTEr>ZBTHo. It is noted that all
glasses are non-metallic and have a relatively large
refractive index. The lower number of metallization
criteria for ZBTHo indicates that the glass
containing holmium oxide tends to be more metallic
than neodymium oxide. Meanwhile, the high
number of metallization criteria for ZBTNd shows
the tendency of glass to be more insulator. The high
metallization criterion reflects the widen of the
forbidden gap and reduction in overlapping

electronic transition. However, all glasses are poor
conductive materials and good for semiconductor
devices.

Conclusions

The glass series identified as ZBTSm, ZBTHo,
ZBTEr, and ZBTNd were fabricated using the
conventional melt-quenching method, leading to
distinct physical and optical properties among them.
The density of these glasses showed a pattern of
ZBTHo>ZBTSm>ZBTEr>ZBTNd, with ZBTHo glass
being highlighted as an ideal material for radiation
shielding. In terms of refractive index, the order was
ZBTSm>ZBTHo>ZBTNd>ZBTEr, positioning ZBTEr
glass as a promising candidate for optical
communication applications due to its low
dispersion. Optical absorption trends indicated a
shift to longer wavelengths in the order of ZBTEr >
ZBTHo > ZBTNd > ZBTSm. Additionally, the optical
band gap followed the sequence
ZBTEr>ZBTH0>ZBTNd>ZBTSm, influenced by
Coulomb repulsion energy in rare-earth oxides. The
electronic polarizability adhered to the pattern of
ZBTSm>ZBTNd>ZBTEr>ZBTHo, with ZBTSm glass
exhibiting a higher charge distribution density,
enhancing its electronic polarizability. These findings
underscore the exceptional optical characteristics of
the selected rare-earth oxides, underscoring their
utility in optical communications applications.
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TYRIHAEME

Cupek ep 31eMeHTTepi OKCUATEPIHIH, apPTYpAi TUNTEpPiHiH, Mbipbiw 6OPOTENNYPUT LWbIHBICbIHA
9CepiH 3epTTey ONTUKaNbIK Kypblafbinapaa a/1eyeTTi KONAaHy MYMKIHAIMH aHbIKTay YLWiH
MaHbI34bl. MbIpbill 6OPOTENNOPUTTI LbIHbIFA CUPEK KEP 3NeMeHTTepi okcuaTtepiH kocy 4f-Af
ayblCyNapblHbIH, 9CePiHEH ONTUKANbIK KAaCMETTEPAI ¥KaKcapTaTbiHbl 6enrini. byn )ymbicta ZBTNd,
ZBTHo, ZBTEr xaHe ZBTSm paen 6enrineHreH MblpblluTbiH, 6OPOTENNYPUT WbIHBICBIHA IPTYPAI
CUPEK }Kep 31eMeHTTePi OKCUATEPIHIH, aCcepiH canbICTblpy Makcat eTinreH. LUbIHbl yarinepi 6ankpity
aaicimeH panbiHaanabl. WbiHbinapra GuU3MKanbiK 3epTTey ThiFbI3AbIK MEH MONAP/bIK Kenemai
e/illey apKblbl Kacangbl. Heoaum okcupiHaeri atTomablk paguyc a3 b6onfaHabiktaH, ZBTNd
LUbIHBICbIHBIH, 6AaCKa LWhbIHbINAPFa KapafaHAa eH TOMEH Tbifbl3apblfbl 6ap eKeHi aHbiKTanabl. ZBTHo
LIbIHBICBIHbIH, *KOFapbl TbIfbI3AbIFbl OHbIH, PaAVaLMAAAH KOpFay peTiHAe NaiaanaHy MyYMKIHAiriH
kepceTesi. ZBTNd wWwbIHbl YWiH MONAPAbIK KONEMHiH KOfapbl MaHi TUIMAj TaNlbIKTbl ONTUKA
60n1bIn Tabblnagpl, eiTKeHi ZBTNd wWwhIHbI cepnimainik 6oMbiHLWA KaKCbl KepceTKiwke ne. ZBTEr
TOMEH AWCMNEPCUANDBIK cunaTTamanapfa ue bonfaHAbIKTaH Gacka aWiHeKTepre KapafaHAa CblHY
KepCceTKili TOMEH eKeHi aHbiKTangpl. [ereHmeH, ZBTEr aiHeri onTuKanblK 6ainaHbic
KongaHbanapbl peTiHAe nahganaHy YWiH YKaKcbl KepceTkiwke ue. ONTUKanbiK CiHipy ZBTEr >
ZBTHo > ZBTNd > ZBTSm 6acrtan y3afblpak, TONKbIH Y3bIHAbIFbIHA ayblcaTbliHbl aHbIKTanapl. ZBTEr
LUBIHBICBIHBIH, ONTUKaNbIK AMAaNasoHAbIK SHepruAacbl spbuiaiH, KyNoHAbIK Tebiny sHepruacbiHa
6ainaHbICcTbl 6acKa LWbIHbINAPFA KapafaHAa KOFapbl, O HEOAMM MEH CaMapUIALEH YIKEH KaHe
roNbMUAEH CAN ¥KOFapbl. BapAbIK WbIHbINAPABIH 3EKTPOHAbIK NOAAPU3ALMANBIK YATICi Kenecigen
ZBTSm>ZBTNd>ZBTER>ZBTHo 60n1aabl. ZBTEr ywiH ONTUKanbIK, Herisainik eH, >kofapbl 60nabl, 6yn
KbILKbINABIKTbIH, }KOFapbl eKeHiH KepceTeai, an ZBTNd LbIHBICbIHbIH, KbILWKbIAABIFBI TOMEH, 6y
HEeri3giniKTiH, Xofapblpak MaHiHe cailkec Kenegi..

TyliiH ce30ep: TeNNYPUTTI WbIHbI, CUPEK XKep 3NeMEHTTePi OKCUATEPI, ONTUKANbIK KacueTTep.

Aemopnap mypanel aknapam:
®dusuKka Kagedpacsl, FulabIM HaHe mamemamuKka ¢akyasmemi, MeHdukaH CyamaH Mopuc

Azlina Y. ] .
zlina yHusepcumemi, 35900 TaHOxcoHe Manum, Mepak, Manatizus
Azlan M.N Jlokmop, ¢pusuka Kagheopacel, FblabiM HaHe MamemamuKa pakynememi, leHOukaH CyamaH
o Udpuc yHusepcumemi, 35900 TaHoucoHe Manum, Mepak, Manadisus
Suriani A.B dusuka Kaghedpacel, FoiabiM HaHe Mamemamukxa gakyasmemi, lNeHouxkaH Cyamax Mopuc
yHusepcumemi, 35900 TaHdxoHe Manum, Mepak, Manalizusa
. dusuKa Kagedpacel, FolnbimM HaHe mMamemamuka gakynsmemi, [leHoukaH CyamaH Mopuc
Shaari H.R. ; o
yHusepcumemi, 35900 TaHOxcoH2 Manum, lNepak, Manalizus
LU, i32i b
Naif Mohammed Al-Hada aHOOHe 6ug¢;u3uxacwam Hezi32i 5 3epmxaHacel, buoguzuka uHcmumymel,  [euxcoy
yHusepcumemi, fleuxcoy 253023, Keimali
Umar S.A @usuka Kagedpacel, folabiMm akynbmemi, Jlagusa ¢pedepandviK yHusepcumemi, Jlagus,

Hacapasa wmamel, Huzepua

KeHycanuee ba2daynem KeHxcanuesuy

Mpogpeccop, m.£.0., Memannypeus waHe KeH balieimy uHcmumymel, Coambaes YHusepcumemi,
Anmamel, KazakcmaH

dusuka OdenapmameHmi, FbiabiM akyaememi, YHusepcumem [lympa Manalizusa, 43400,

Zaid M.H.M. o
CepdaHe, CenaHeop, Manatizus
. KondaHbanwl Feinbimdap pakynsmemi, MARA mexHonoausnelk yHusepcumemi, 40450 Lax
Hisam R. "
Anam, CenaHaop, Manaliizus
Iskandar S.M. dusuka mekmebi, CaliHc Manalsus YHusepcumemi, 11800 USM, lNMeHaHe, Manatizus
Yusof N.N. @usuka mekmebi, CaliHc Manatlizus YHusepcumemi, 11800 USM, lMeHaHe, Manali3us
«AMbIH CUpeK Hep #aHe mamepuandel eHoey» opmanvirbl (GREAT), 6uouHyceHepus MaHe
Abdul Hafidz Yusoff mexHonozuanap ¢axkynememi, Manalizus KeaaHmaH yHusepcumemi, xceau 17600, KeaaHmaH,

Manalisus

—— 45 ——



Complex Use of Mineral Resources. 2025; 332(1):32-48 ISSN-L 2616-6445, ISSN 2224-5243

BHeapeHue Heoguma, ronbmmsa, 3pbua u camapua (okcuaos) B
LMHK6OpOTENNypUTHOE CTEKNO: GU3NYECKUIA U ONTUYECKUIA
CpPaBHUTENbHbIN aHaNU3

'Azlina Y., *Azlan M.N., 'Suriani A.B., *Shaari H.R., 2Naif Mohammed Al-Hada, *Umar S.A.,
“Kenzhaliyev B.K., 5Zaid, M.H.M., ®Hisam R., "Iskandar S.M., Yusof N.N., 8Abdul Hafidz Yusoff

YHusepcumem lMeHduduxkaH Cyaman Ndpuc, 35900 TaHAxoH2 Manum, Mepax, Manalizus
2 MIHcmumym 6uodgusuku, YHueepcumem [suxcoy, a4xcoy 253023, Kumadi
3 ®edepansHeili yHusepcumem Jlaguu, Jlagpus, wmam Hacapasa, Hueepus
“UHCcmumym memannypauu u obozaweHus, Cambéaes YHusepcumem, Aamamel, Kazaxcman
> YHusepcumem lympa Manatiizus, 43400, CepdaHe, CenaHzop, Manalizua
6 TexHonozuveckul yHusepcumem MARA, 40450 LLax Anam, CenaHzop, Manalizus
’lUIkona ¢pusuku, YHueepcumem CaliHc Manali3us, 11800 USM, lMeHaHe, Manatizus
8 YHusepcumem Manatizuu KenaHmaH, Axcenu 17600, KeaaHmat, Manatizua

AHHOTALMUA

NccnepoBaHne BAMAHWMA  Pas3/IMYHbIX  TUMOB OKCUAOB pefAKO3eMesibHbIX 3/1eMeHTOB  Ha
LUMHKOOPOTENNYPUTHOE CTEKNO BaXHO A/ ONpeAesieHUA MNOTEHLMANbHOTO MPUMEHEHUA B
ONTUYECKMX YCTPONCTBaX. M3BecTHO, YTo fobaBneHWe OKCMAOB pPeAKOo3eMesIbHbIX 31eMEHTOB B
UMHKBOPOTENNYPUTHOE CTEKNO YAy4yllaeT OMNTMYECKMe cBoicTBa 3a cyeT addektos 4f-4f-
nepexofos. B pAaHHOW paboTe Mbl CTPEMMMCA CPaBHWUTb BAMAHWE PA3/IUYHBIX OKCUAOB
pefAKOo3eMeNIbHbIX 3/1IEMEHTOB Ha UMHKBOpOTennyputHoe cTekno, obosHaueHHoe Kak ZBTNd,
ZBTHo, ZBTEr u ZBTSm. O6pasupl cTekna 6bliv yCrnewHo M3roToB/eHbl MeTOAOM 3aKasku B
Moctynuna: 13 dexabps 2023 pacnnase. dPU3nMyecKoe nccneoBaHue cTekon bbl1o NPOBEAEHO MYTEM U3MEPEHUA MOTHOCTU U
PeueH3upoBaHue: 23 aHeapa 2024 MONAPHOro obbema. YcTaHOBNEHO, YTO cTekno ZBTNd mMmeeT camylo HUM3KYIO MIOTHOCTb MO
MpuHATa B nevaTb: 22 ¢pespana 2024 CPaBHEHUIO C APYTMMMU CTEKNaMM M3-3a MasIoro aTOMHOro pajuyca oKkcuaa Heoduma. Bbicokas
NNOTHOCTb cTekna ZBTHoO yKa3biBaeT Ha ero NoTeHuMan AN UCNONb30BaHUA B Ka4yecTBe 3allyTbl
OT paguauun. Boicokoe 3HaYeHne MonapHoro obbema crekna ZBTNd ABaseTca npeMmyLLecTBom
OMNTOBO/MIOKHA, MOCKOAbKY cTekno ZBTNd wumeeT xopolume MoOKasaTennM 31acTUYHOCTM.
YcTaHoBneHo, 4To ZBTER nmeeT 60nee HU3KWIA NOKa3aTe b NPeNoMIeHNs, Yem Apyrue CTekna, Us-
33 HU3KUX OUCNEPCUOHHbIX XapaKTepUCTUK. Tem He MeHee, ctekno ZBTER umeeT xopowwue
XapaKTEPUCTUKU ANA UCNONb30BAHMA B MPUIOMKEHUAX ONTUYECKOW cBA3U. OBHApyKeHO, 4To
ONTUYECKOE MOr/IOLLEHNE CMELLLAETCA B A/IMHHOBONHOBYO 06nacTb, HaunHaa ¢ ZBTEr > ZBTHo >
ZBTNd > ZBTSm. DHeprus onTUYecKol 3anpeLleHHon 30Hbl y cTekna ZBTER Bbiwe, Yem y apyrux
CTEKON, M3-33 IHEPrUM KYJIOHOBCKOTO OTTa/IKMBaHWUA 3pbusa, KoTopaa bonblue, Yem y Heoauma U
caMapus, U HEMHOTO Bbllle, YeM Y Fro/ibMUA. XapaKTep 3NEKTPOHHOM NONAPU3YeMOCTU 1A BCEX
ctekon 6bln HallpgeH cnegylowmm  obpasom: ZBTSm>ZBTNA>ZBTER>ZBTHo. OnTuuyeckas
OCHOBHOCTb ZBTEr 0Ka3anacb CamMolt BbICOKOM, YTO YKa3blBaeT Ha 6onee BbICOKYI KMCIOTHOCTb, B
TO Bpemsa Kak cTekno ZBTNd nmeeT camoe HWU3Koe 3HaueHue, COOTBETCTBYIoLLee Bosiee BbICOKOM
OCHOBHOCTU.
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ABSTRACT

It is the first completed complex mineralogical and geological research of REE (Y, La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in the coals of Karaganda coal basin in Central Kazakhstan.
This paper presents the results of the research of REE (from lanthanum to lutetium and Y)
distribution in 85 samples of coal and clayey interlayers of stratum k7 of Karaganda coal basin in
the faces of Saranskaya, T.Kuzembayev, Aktasskaya mines. The ultimate composition of clayey
interlayer and coal samples was analyzed by the methods of inductively coupled plasma optical
emission spectroscopy and inductively coupled plasma mass spectrometry (ICP-OES and ICP-MS).
Research of the lateral and vertical discontinuity of the total REE concentration has indicated the

presence of mixed types of REE distribution in coals, which supposes various forms of REE
migration and different mobility of heavy and light lanthanides within the hypergenesis zone.
The established lanthanum-ytterbium (La/Yb) ratio in the coal, which is normalized to UCC and
equals La/Yb<1, relates to the coals with H type of REE distribution, and the one that equals
La/Yb>1 and normalized to chondrite belongs to the coals with L type of REE distribution, which
allows making conclusions on the presence of independent sources and different mechanisms of
REE accumulation in the sediments of Karaganda coal basin. It is also established that the La/Yb
ratio grows from coals to clayey interlayers, which indicates a predominantly clastogenic
mechanism of REE input to the coals. The prevailing mineral form of the REE in the coal and
clayey interlayer samples from the Karaganda coal basin is light lanthanide phosphates. Sparry
crystals with CeLaNdPO composition were found in the coal and clayey interlayer samples. It was
established that xenotime is the main deportment for Y in many coals.

Keywords: coal, clayey interlayer, Central Kazakhstan, Karaganda coal basin, rare earth
elements, average content.
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Introduction

The growing demand for rare earth elements in
the global market encourages many countries to
search for alternative REE sources. In such
countries as the USA, China and a range of other
countries, the average content of all rare earth
elements has already been estimated in the world
coals [[1], [2]]. Coal and coal processing products

have become an alternative for finding and
extracting REE.

The main sources of REE are granite weathering
crusts, carbonatite deposits and coastal-marine
placers. In addition to traditional raw materials
sources of lanthanides, metalliferous coals are also
considered potentially promising [[3], [4]]. The
factor of synchronous volcanism has a significant
impact on the formation of the geochemical
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background of rare elements and impurities in coals
(Finkelman, 1993). Volcanogenic material is found
in coal seams mainly in the form of low—power clay
interlayers - tonsteins. Volcanic pyroclastic, which
forms tonsteins, serves as a source of accumulation
of valuable metals and abnormal concentrations of
impurity elements in coals. In areas with thick
seams, the accumulation levels of these impurity
elements in coals can reach industrially significant
values (Seredin, 1994; Spears, 1999, Arbuzov et al.,
2003, 2005, 2019).

The first references to the abnormal content of
REE in coals were noted in 1933 by V.M.
Goldschmidt and C. Peters. In the 1980s, V.V.
Seredin for the first time described rare earth
mineralization with commercial content of REE in
coals. After publication in 1991 by V.V. Seredin,
different research groups started to publish papers
on abnormally rare earth coals in other deposits
[Seredin, 2001, 2005; Seredin et al.,, 2011, 2012,
2013; Dai et al., 2007, 2008, 2010, 2011, 2016c;
Arbuzov et al.,, 1997, 2003, 2007a; Hower et al.,
1999; Mardon, Hower, 2004; Chekryzhov et al.,
2016b; Dai et al., 2016c], which had lead to an
increased interest to studying lanthanide
geochemistry in coal deposits. It is known [[3], [5]],
that REE content in all coals is lower than in UCC
(upper continental crust). Countries with developed
economies (USA, Europe, Australia, China) have
partially estimated REE composition in the organic
matter, and it is published in many publications,
which show that coals and coal ashes can also
contain high, in some cases commercial
concentrations of REE. For the efficiency of REE
extraction from coals, it is necessary to understand
the mechanism of concentration, nature of
accumulation, and deportments of REE in coals. In
this regard, attention to geochemical research in
coal deposits has increased dramatically, and coal
deposits are considered potential sources of REE
(3], [5]].

However, despite comprehensive geochemical
research of coal deposits in the world, the issues
related to the conditions of accumulation,
migration and fractionating of lanthanides in coals,
their departments, and factors controlling the
formation of rare earth metal-bearing coals remain
open and require additional research [[4], [6]].

For the Republic of Kazakhstan, the industry of
which is focused on the extraction, processing and
consumption of mineral raw materials, the state of
the mineral resource base is of key importance. The
Karaganda coal basin is one of the largest and most
promising basins in Kazakhstan. In his Message to

the people of Kazakhstan [7], President of the
Republic of Kazakhstan Kassym-Zhomart Tokayev
on 01.03.2023 noted the high significance of
studying and researching rare and rare earth
metals: “One of priority tasks must be development
of deposits of rare and rare earth metals that
essentially have become a “new oil”. Countries that
will be able to implement their potential in this
sphere will define the vector of the technological
progress for the whole world”, said the President of
the Republic of Kazakhstan. The President's words
once again confirm the relevance of research on
the REE geochemistry in coal as an additional
source of REE.

A comprehensive assessment of the contents of
critical elements in coal is extremely important for
understanding the geological processes affecting
their enrichment with elements, which allows the
full use of coal in an economical and
environmentally friendly way. A reliable estimation
of the average content of rare earth elements in
coal for the majority of coal basins and deposits of
Kazakhstan needs to be clarified using modern
research methods. An analysis of the nature of the
lateral distribution showed that the k7 coal seam
can serve as a potential raw material for complex
processing and utilization of many impurity
elements. The restoration of economically valuable
REE and critical elements that can contribute to the
national economy, the introduction of advanced
environmentally friendly technologies and the
reduction of the risk of coal leaks in warehouses
will limit disposal costs, as well as reduce the
environmental impact, which should be taken into
account and implemented by coal mining
companies.

Deposit Characteristics. A distinctive feature of
the Paleozoic coal accumulation in Central
Kazakhstan, as a result of which the Karaganda coal
basin was formed, is a significant influence on the
carbon formation process of volcanic activity. This
was reflected in the enrichment of coals with
lithophilic, including moderate and weakly carbon
fiber elements such as Hf, REE, Sr, Ta, Th and U [[5],
[8]]. Their anomalies in Paleozoic coals are
associated with the horizons of tonsteins, modified
tuffites and scattered pyroclastic material, which
were described above.

The Karaganda coal basin in the west is framed
by the large meridional Tekten fault. In the east, its
border is considered to be part of the synclinorium,
where it abruptly turns into a narrow and shallow
synclinal fold (Achshisu synclinorium), which
comprises coal-bearing sediments with commercial
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strata. Beyond the basin, this synclinorium extends
to the east along the valley of the Achshisu River
for 200 km.

Within the Karaganda basin, three large
synclinoria are distinguished (from west to east):
Churubay-Nura, Karaganda and Upper-Sokur, which
are divided by respectfully Alabas anticlinal fold and
Maykuduk upheaval [9] (see Fig. 1).

This paper presents the results of the complex
mineralogical and geochemical research of the
stratum k7 of the Karaganda district of Karaganda
coal basin in the faces of “Saranskaya”,
“Aktasskaya”, Kuzembayev mines.

The listed mines belong to the Karaganda coal
province. Today, all three mines are joined into the
Saran field of Karaganda coal province. The field of
T. Kuzembayev mine is located in the eastern part
of Saran field. The fields of Saranskaya and
Aktasskaya mines belong to the central and
southwest parts of the Saran field of Karaganda
coal province.

The Karaganda synclinorium, within which the
Karaganda coal province is located, occupies the
central part of the Karaganda basin. The
northwestern wing of the synclinorium, where the
T. Kuzembayev, Saranskaya and Aktasskaya mines
are located features a comparatively simple
structure and  persistent  east-north-eastern
trending. The northwest flat dipping wing of the
synclinorium has a general northeast trend with a
pitch towards the southeast under the angle of 10-

150. In the northeastern, part of the site in the area
of synclinorium closure, the trending of the coal-
bearing strata gradually changes from north-
eastern to eastern. Pitch angles at outcrops are
respectfully grown from 10-15 to 700. The
southeastern wing of the synclinorium unlike the
northwestern one has more upridging of strata.

Discontinuous faults are widely developed on
the southeastern wing of the Karaganda
synclinorium, and there are few of them on the
northwestern flat dipping wing and this area is
tectonically simple. The geological structure of the
region comprises sediments of Carbonic, Jurassic,
Neocene and Quaternary periods [9].

According to M.G. Chernovyants (1992), a high
saturation of coal seams with tosteins has been
established. Among them, coarse and crystalline
varieties predominate, their thickness ranges from
fractions of millimetres to 2 cm. It was also found
that the k1 formation at the mine named after
Gorbachev has up to 20 tonstein interlayers, and
the k7 formation has 6 Tonstein horizons. In this
regard, samples were taken in three operating
mines, where the k7 formation is currently being
worked out, these are directly in the bottom — the
Saranskaya, Aktasskaya and Kuzembaev mines for a
more detailed study of geochemical features and
understanding of the mechanisms of accumulation
of impurity elements in the coal-bearing deposits of
the Karaganda syncline.

Upper Sokur syncline

Geological and industrial zones

1 Tentekskiy
1T Sherubaynurinskiy

III Karagandinsky
IV Upper Sokur =

—

regions

Coal bearing suites Coal grades
Ashlvariksk N Dolinsk Bituminous, coking
m shlyarikskaya &\\ olinskaya D S
Karagandinskaya E Tentecskaya - Coking, forge coal
——~_ Border of Jurassic coal bearing sedimnents
(\__> (coal of technological group B3) - Lean coal

= Tectonic disturbance jp—
_ Borders of industrial mining

__ The border of distribution
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composition

Figure 1 — Geological and Industrial Zoning of Karaganda Coal Basin
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Research Methods

The grounds for this article are complex
geochemical and mineralogical research of coals
and clayey interlayers of stratum k; of the
Karaganda coal basin. Coal strata sampling was
performed by the channel method with
differentiated sampling in the faces of Saranskaya,
T. Kuzembayev, and Aktasskaya mines. 85 samples
of coals and hosting rocks have been taken in
vertical sections. In each section, 5 samples were
taken to trace the lateral and vertical variation in
the mineralogical and geochemical features of
stratum ky: coals — UC (upper coal — upper part of
the section) and BC (bottom coal — bottom part of
the section); clayey interlayers — Cl and contact
zones of coal and clayey interlayers — UCn (upper
contact in the upper part of the section) and of
clayey interlayer with coal — BCn (bottom contact in
the bottom part of the section). The length of the
sampling interval was chosen depending on the
thickness and complexity of the stratum structure;
it on average varied from 10 m to 200 m. The depth
of the sampling points varies at the three mines,
the depth of the formation varies from 600 to 650
m.

All  samples were subjected to sample
preparation, laboratory and analytical tests in
accredited, leading laboratories that specialize in
coal research. The ultimate composition of clayey
interlayer and coal samples was analyzed by the
methods of inductively coupled plasma optical
emission spectroscopy and inductively coupled
plasma mass spectrometry (ICP-OES and ICP-MS).
To study the distribution of the minerals, their
form, and morphological features in the coals and
clayey interlayers, analytical scanning electron
microscopy along with energy-dispersive X-ray
spectroscopy (SEM-EDS) were used. All researches
were performed in the Federal State Budget
Enterprise of Science Far East Geological Institute
of the Far Eastern Branch of the Russian Academy
of Sciences (FEGI FEB RAS).

Discussion of the results 85 coal samples were
studied: 25 coal samples at Saranskaya mine, 40
coal samples from Kuzembayev mine, 20 coal
samples at Aktasskaya mine; total content of REE
(Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb,
Lu) are presented in Table 1, Table 2, and Table 3.

Based on these data, the total amount of REE in
clayey interlayers and contact zones varies within
the range of REE = 53.18-102.53 g/t. And their
total content in the coal is within the range >REE =

28.48-65.78 g/t. These data on REE amounts in the
coals and clayey interlayers indicate that increased
content of REE relates to the clayey interlayers and
contact zones of the coal-clayey interlayer.

Table 1 — Results on the REE Contents for Saranskaya
Mine

Saranskaya Mine
Sampling Point No. 1
uc UCn cl BCn BC
JREE 65.78 68.01 | 104.89 | 75.81 | 35.86
Sampling Point No. 2
SReE 62.44 | 57.34 | 107.18 | 62.19 | 41.04
Sampling Point No. 3

Skee | 3552 | 6452 | 96.19 | 60.61 | 46.8
Sampling Point No. 4
Skee | 60.52 | 47.99 | 90.45 | 36.26 | 30.59

Sampling Point No. 5
Swee | 33.07 | 5846 | 89.04 | 49.59 | 30.34

Table 2 — Results on the REE Contents for T. Kuzembayev

Mine Aktasskaya Mine

Sampling Point No. 1
ucC UCn Cl BCn BC
2 REE 38.89 56.29 92.72 63.2 41.35
Sampling Point No. 2
Swee | 36.23 | 44.69 | 89.11 [ 49.06 | 33.1
Sampling Point No. 3

Swee | 465 | 47.15 | 86.82 [51.63 | 29.47
Sampling Point No. 4
Swee | 3837 | 6462 | 893  [51.73 [ 3547

Table 3 — Results on the REE Contents for Aktasskaya

Mine Kuzembayev Mine

Sampling Point No. 1

uc UCn Cl BCn BC

D REE 29.99 | 48.46 | 90.46 | 62.17 | 48.59

Sampling Point No. 2

Swee | 65.31 | 67.69 | 89.04 | 54.87

42.41

Sampling Point No. 3

Sree | 559 | 57.15 [ 97.67 | 68.1 | 38.74

Sampling Point No. 4

Sree | 59.32 | 63.22 [ 11245 | 87.2 | 35.67

Sampling Point No. 5

Swee | 47.11 | 75.7 [ 107.01 | 64.03 | 36.26
Sampling Point No. 6

Sree | 5142 | 78.99 | 106.66 | 69.23 | 28.48
Sampling Point No. 7

Swee | 43.36 | 76.46 | 107.99 | 79.19 | 31.09

Sampling Point No. 8

Skee | 47.71 | 64.65 | 108.94 | 66.36 | 42.72
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Figure 2 — Rare Earth Elements Distribution in Coals and
Clayey Interlayers of Karaganda Coal Basin

Seredin and Dai [4] divided REY (REE) in coal
into light (LREY: La, Ce, Pr, Nd and Sm), medium
(MREY: Eu, Gd, Th, Dy and Y) and heavy (HREY: Ho,
Er, Tm, Yb and Lu) groups. This classification is more
convenient than other classifications for describing

Amount of REE for the Saranskaya mine

REE distribution in coals. When interpreting the
obtained results, REE contents were considered as
normalized to the chondrite composition [10] and
normalized to UCC [10], and the following criteria
for lanthanide estimation were used:

Euan= EU/Eu™* = Eun/(Smy + Gdy) X 0.5 (1)
Cean = Ce/Ce* =Cen/(Lan + Pry) x 0.5  (2)

The distribution curve normalized to UCC in
clay shows depletion of medium lanthanides and
predominance of light lanthanides over heavy ones,
and vice versa enrichment of medium lanthanides
and predominance of heavy lanthanides over light
ones in coal (Fig. 2). Estimated Eu - and Ce -
anomalies in the coal and clay showed negative
europium and cerium anomalies (0.24 and 0.26,
respectively). This type of REE distribution is
characteristic of clayey interlayers formed with the
participation of ash material of acidic composition.
Four main types of REE distribution are
characteristic of the world coals: N—-type (normal
for earth crust), L -, M — and H — types feature an
accumulation of light, medium and heavy
lanthanides [[11], [12]]. It is considered that coals
with N- and L-type distributions are formed when
most of REE were introduced with terrigenous
material and coals with M- and H-type distributions
are formed when most REE were introduced with
water solutions [[11], [12], [13]].

Amount of REE for the Aktasskaya mine
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Figure 3 — Vertical Distribution of rare Earth Elements in Clayey Interlayers Cl, Contacts of Cl and
Coal in Karaganda Coal

Basin Note. UC — upper coals, UCn — upper contact of coal and clayey interlayer, Cl — clayey interlayer,
BCn — bottom contact of clayey interlayer and coal, BC — bottom coals.
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The indicative ratio is the lanthanum-ytterbium
(La/Yb) ratio. The estimated lanthanum-ytterbium
(La/Yb) ratio in coal, which is equal to La/Yb<1,
allows referring the coals to H-type distribution
coals, indicating the participation of water-soluble
forms of lanthanides in REE accumulation in coals.
Lanthanum-ytterbium ratio in clay equal to La/Yb>1
allows the conclusion of the existence of
independent sources and different mechanisms of
REE accumulation in the sediments of the
Karaganda coal basin. For the Karaganda coal basin,
the main supplier of debris material during
different periods of basin formation was the
mountain structures located to the south of the
basin. A smaller volume of material (thinner one)
came from the hilly uplands to the north (Ishina
T.A., 1954).

Lanthanide normalization to chondrite differs
significantly from UCC normalization: in clays, it
shows a predominance of light lanthanides over
heavy ones, the concentration ratio decreases from
lanthanum (57.3) to ytterbium (4.9). The estimated
Eu - and Ce - anomalies showed negative europium
and cerium anomalies (0.1 and 0.2, respectively);
there are more light lanthanides in the coal, with a
positive cerium (5.6) anomaly and a negative
europium anomaly (0.01) present. The lanthanum-
ytterbium ratio in clay and coal equal to La/Yb>1
allows attributing coals to L-type REE distribution
coals, which allows the conclusion that in the
formation of L-type coals of the Karaganda coal
basin with near-clark REE contents, a clayey matter
of terrigenous ash as a carrier of REE prevailed
([12], [13], [14]].

According to [[15], [16]], the presence of mixed
types of REE distribution implies different forms of
REE migration and different mobility of heavy and
light lanthanides in the hypergenesis zone. It is
necessary to be cautious in interpreting these data
for hard coals, since in the process of coal
formation, intra-stratum migration of significant
masses of excess moisture occurs, temperatures
reach 200° C and higher, and stratal waters are also
saturated with organic matter and carbon dioxide.
Jointly these factors facilitate the migration of
lanthanides and, consequently, can lead to
significant redistribution and even their removal
outside the coal stratum.

Complex processes of REE distribution in coals
are indicated by the results of detailed geochemical
research of the coal stratum k7. Analysis of vertical
REE distribution in stratum k7 of the Karaganda coal
basin  (Fig.3) showed that the highest

concentrations of all REE are characteristic of clayey
interlayers and zones of coal and clayey interlayer
contact.

Fig. 3 shows that lanthanides are equally
enriched in the contact zones between coal and
clayey interlayer. Detailed research of the coal
stratum will make it possible to identify and
evaluate the role of the main factors of REE
accumulation in coal.

In terms of REE content in coal, the increase is
seen in the REE content from the bottom (BC)
towards the top (UC). La/Yb ratio in this case also
grows from coals (6.31) to clayey interlayers
(17.06), which indicates a predominantly
clastogenic mechanism of REE input to the coals.

Distribution of lanthanum and ytterbium in coal
showed that the La/Yb ratio in the stratum bottom
(BC) decreases from west to northeast, and in the
stratum top (UC) on the contrary increases from
west to northeast. A sharp decrease in the
lanthanum-ytterbium ratio indicates the
participation of water-soluble forms of lanthanides
in REE accumulation in the coals [[16], [17], [18]]. At
the same time, the increase in the lanthanum-
ytterbium ratio indicates a predominantly
clastogenic mechanism of REE ingress into the coals
[[19], [20]]. The La/Yb ratio from bottom to top
decreases in the two mines, and towards the
northeast the La/Yb ratio from BC to UC increases
(Fig. 4). The latter is conditioned by the
heterogeneous composition of the alimentation
zones of individual regions of the basin. The nature
of this phenomenon is multifactorial and requires
special analysis.

81

Saranskaya Aktasskaya Kuzembayev mine

Y B e—H

Figure 4 - Distribution of Lanthanum and Ytterbium in
the Coal of Karaganda Coal Basin

Analysis of REE distribution showed increased
total concentrations of light and medium
lanthanides in the Karaganda coal basin, which
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represents an interest in researching the nature of
their accumulation in the coals (Table 4).

Analysis of REE distribution showed increased
total concentrations of light and medium
lanthanides in the Karaganda coal basin, which
represents an interest in researching the nature of
their accumulation in the coals (Table 4).

Assessment of lateral variability of element
concentrations makes it possible to reveal the
influence of rocks in the source area on the
accumulation of abnormal REE concentrations in
the coals. Within a single coal stratum, the
distribution of lanthanides is often very uneven and
is conditioned by the role of various factors
responsible for REE accumulation in the coal.

Table 4 — Total REE Content in Coals for the Three Mines

Group Eleme
nt Scoal Scoal Scoal T. Total
Saranska | Aktasska Kuzembay | Amou
ya Mine ya Mine ev Mine nt
La 56.341 37.10 95.43 188.87
Ce 123.522 85.24 212.59 421.35
Light Pr 15.050 10.73 25.96 51.74
Nd 69.973 49.74 115.35 235.06
Sm 16.662 12.15 26.26 55.07
Eu 3.941 2.87 6.12 12.93
Gd 18.083 12.65 27.05 57.78
Mediu Tb 2.667 1.88 4.15 8.70
m
Dy 15.856 10.26 23.73 49.85
Y 95.809 61.49 127.37 284.67
Ho 3.190 2.11 4.92 10.21
Er 9.151 6.05 14.78 29.99
Heavy Tm 1.349 0.85 2.18 4.37
Yb 8.677 5.42 15.80 29.90
Lu 1.388 0.84 2.31 4.54

Rare earth elements are distributed rather
unevenly in the Karaganda coal basin. An increase
in REE elements from the west (at Saranskaya
mine) to the northeast (at T. Kuzembayev mine) is
observed, with the minimum REE content found at
the Aktasskaya mine (Fig. 5).

To explain the reduced REE content at the
Aktasskaya mine, it is recommended to research
the tectonic situation of stratum k; at the sites of
these mines.

In all three mines, the Lu - Tm and Er - Yb
contents are similar and range from 0.84-2.31 up to
5.42-15.80 g/t, respectively. The highest values of

REE content in the coal are observed in the
northeast of the Karaganda synclinorium at the T.
Kuzembayev mine.

A high total content of Se, Y, Nd and La should
be noted in all three mines (Table 4).

250 ~
200
150 A

100 +

Amount of coal Amount of coal Amount of coal
Saranskaya mine Aktasskaya mine T.Kuzembayev mine
—Y  —La ce Pr == Nd
e SN} mm ] e G| w==Th =Dy
Ho Er ==—Tm Yb Lu

Figure 5 - Lateral Heterogeneity of REE Amount at
Saranskaya, Aktasskaya, T. Kuzembayev Mines

Correlation analysis showed positive
correlations of Y with light and medium
lanthanides, and correlation with Y increases with
light elements - La, Ce, Pr, Nd, Sm, the strongest
correlation is with medium elements - Eu, Gd, Tb,
Dy, and it decreases for heavy elements - No, Er,
Tm, Yb, La. The correlation of cerium with light
lanthanides is very strong and decreases towards
heavy ones (Fig. 6).

To define trace mineral deportments of
impurity elements in the rocks of the Karaganda
coal basin, researches were performed using the
highly local method of analytical scanning electron
microscopy along with energy-dispersive X-ray
spectroscopy (SEM-EDS), automated search for
mineral phases with the set characteristics was
performed using the AZtecFeature program
modules.

By SEM-EDS method, 13 samples of coals,
clayey interlayers and samples taken at the contact
of the coal and host rocks were studied, and
dispersion spectra were obtained for the
composition using an X-ray spectrometer.

According to the research results, trace mineral
inclusions of REE were found. Also, with a single
occurrence, yttrium (Y) inclusions were found in the
samples of coal, and argillite, and also in the
samples taken at the contact of coal and clayey
rocks.




Complex Use of Mineral Resources. 2025; 332(1):49-61

ISSN-L 2616-6445, ISSN 2224-5243

35 Y/Gd 0.25 Y/Lu
=() €
N r=0,90 r=0,74
0.2
2,5
20
0,15
LS 4
1,0 0.10
0,5 . . ;
40 6.0 8.0 10,0 12,0 14,0 16,0 18,0 00512
T4 6.0 8,0 10,0 12,0 14,0 160 180
025 Ce/Lu Ce/La
® 10,0 =0,90
5} r=0,66
0, 9.0
8.0
0,15
7.0
0,1 6,0
5.0
0,05 4.0
6,0 8.0 10,0 12.0 14,0 16,0 18,0 20,0 220 240
3,0
7,0 9,0 11,0 13,0 15,0 17,0 19.0 21,0 23,0
YTa 30 Ce/Dy
10,0
. 2.5 Ly
9.0 r=0,72
. =049 o?
8.0 2.0
7.0
6,0 1.5
5.0 1.0 4
4.0
3,0 0,5
B 6,0 80 100 120 140 160 180 20,0 220 240
2,0 T
4,0 6,0 8,0 10,0 12,0 14,0 16,0 18,0
Figure 6 - Correlation Diagrams of Y and Ce and REE in the Coals of Karaganda Coal Basin
a .Cneacrpl?
3 s0-
3 -
= .
c
§
Y -
o Th Th  Th Th Th
L B B o o e L B B B e e e e e e e e
0 5 10 15 B
2
S
g
*
2
H
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Karaganda Coal Basin
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Figure 8 — Grain YPO of the Composition (xenotime?) in Coal (a),
and Contact(b) Samples, in Argillite (c)

The REE deportments in coal are quite diverse;
the most common ones are phosphates,
aluminophosphates and  carbonates. High
carbonification of REE suggests an important role of
organic matter in their concentration in the coals.
Autigene mineral forms of REE that are sharply
predominant in hard coals, including phosphates,
are formed during the destruction of organic
complexes in the process of organic matter
transformation during the coal formation process
[[21], [22]]. In coal and clay samples from the
Karaganda coal basin, the predominant mineral
form of REE is light lanthanide phosphates. Sparry
crystals of CeLaNdPO composition (Fig. 7) were
found in coal (Fig. 7a) and clayey interlayer samples
(Fig. 7b).

The first data on Y contents in the coal
appeared in 1931: 4 g/t of Y were found in the
ashes of two samples of Silesian and English coal
(Goldschmidt, 1931). It is known [20] that by its
chemical properties, Y is very close to lanthanides,
in particular, it is an almost complete geochemical
analogue of the heavy lanthanoids Yb. According to
[20], the carbonification coefficient of Y that
exceeds one, as well as its high concentrations in
coal inclusion ashes, indicate the presence of
antigens yttrium impurity of organic form in the
coals (Yorg), as well as the probable mineral form of
antigens phosphates (Yphos). In addition, the mineral
yttrium (Ymin) can be present in clastogenic ash, in
the composition of accessor minerals and clay
matter. However, it should be noted that during
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the thermal metamorphism and/or hypergenic
oxidation of coals, the yttrium deportment can
change, which leads to its migration, ingress or
removal from the coals.

Using the SEM-EDS method, in the coal
samples (Fig. 8a), on the contacts (Fig. 8b), as well
as in host rocks (Fig. 8c) of Karaganda coal basin
trace ineral inclusions of different sizes, mainly of
YPO (xenotime?) composition were
According to previously published results (R.
Finkelman,1980) that were obtained using the
combined SEM + EDS method, substantial amounts
of yttrium in many coals were found in the form of
abundant xenotime particles. According to (D.
Swain,1990), this gives a good basis for the
statement that fine-grained xenotime is the major
deportment of Y in many coals.

found.

Conclusion

This is the first comprehensive mineralogical
and geochemical research of clayey interlayers and
coals of the Karaganda coal basin. The research
showed that increased REE contents relate to the
clayey interlayers and contact zones of the coal-clay
interlayer. In terms of REE content in coal, the
increase is seen in the REE content from the
bottom towards the top of the stratum. The
lanthanum-ytterbium (La/Yb) ratio in coal that was
normalized to UCC and the La/Yb ratio in coal
normalized to chondrite, indicated the presence of
mixed types of REE distribution in coals, which
supposes various forms of REE migration and
different mobility of heavy and light lanthanides
within the hypergenesis zone. La/Yb ratio in this
case also grows from coals to clayey interlayers,
which indicates a predominantly clastogene
mechanism of REE input to the coals. An increase
was established in REE content from the west (at
Saranskaya mine) to the northeast (at T.
Kuzembayev mine), with the minimum REE content

found at the Aktasskaya mine. To establish such a
distribution, additional research is required for
these sites of the mines.

Calculated Eu - and Ce - anomalies in the coals
and clays, which are normalized by chondrite and
UCC, showed negative europium and cerium
anomalies, which are characteristic of clayey
interlayers formed with the participation of ash
material of acidic composition. Analysis of REE
distribution showed increased total concentrations
of light and medium lanthanides in the Karaganda
coal basin. A high total content of Se, Y, Nd and La
was noted in all three mines. Correlation analyses
of Y and Ce showed positive correlations with light
and medium lanthanides.

To define trace mineral deportments of REE in
the coals of the Karaganda coal basin, researches
were performed using the highly local method of
analytical scanning electron microscopy along with
energy-dispersive X-ray spectroscopy (SEM-EDS),
automated search for mineral phases with the set
characteristics performed using the
AZtecFeature program modules. Using this method,
it was found that the predominant mineral form of
REE was light lanthanide phosphates. Sparry
crystals with CeLaNdPO composition were found in
the coal and clayey interlayer samples. Y inclusions
in the form of abundant xenotime particles in the
coal and clayey interlayer samples, as well as in
samples taken at the contact of coal and clayey
interlayers were revealed for the first time.
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KAPAFAHbl KOMIP BACCEMHIHIH, CA34bl KABATTAPbl MEH KOMIP/IEPIHAE
CUPEK XXEP S/IEMEHTTEPIHIH (CXK3) UHAKTA/TY TABUFATDI

Konob6aesa A.H., baitigaynetoBa WU.B., AmaHrengikbi3bl A., Ackaposa H.C., baanosa I'.l'.

3binkac CarbiHo8 ambiHOaFsl KaparaHObl mexHuKanslK yHusepcumemi, KaparaHoel, Kazakcmax
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Kabbinganapl: 23 aknaH 2024

TYWIHAEME

OpTanbik KasakcTaHHbiH KapafaHgbl Kemip 6HacceiiHiHiH, KemipiHAe anfaw peT cUpek xep
anemeHTtTepiHe (CX3) (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) KeweHzi
MWHEpPaNAbIK-reOXMMMANbIK 3epTTey Kacangbl. *ymbicta KapafaHapl Kemip 6acceiHiHiH, CapaH,
T.KysembaeB, AKTac wWaxTa KeHxapnapblHAa 85 Kemip cblHamacblHAa@ »aHe K7 casgbl
KabatTapbiHga CX (naHTaHHaH AoTeumiire AeWiH kaHe Y) TapanyblH 3epTTey HaTuxenepi
yCbIHbINFaH. Ca3 KabaTTapbl MeH Kemipnep CbIHaManapblHblH, 31EMEHTTIK Kypambl UHAYKTUBTI
6alnaHbICKaH NnasmanblK  aTOMABIK  SMUCCUANBIK,  CNEKTPOMETPUA  KOHE  MHAYKTUBTI
6ainaHbICKaH naasmanbik macc-cnektpometpus (ICP-OES skaHe ICP-MS) agicTepimeH 3epTTengi.
CK3 anemeHTTepiHiH KMbIHTbIK KOHLEHTPAUMACbIHbIH, NaTepanablk »aHe TiK ©3reprilTiriH
3epTrey Kemipgae CXD TapanybiHblH, apanac Typ/epiHiH, 6onaTbiHbiH KepceTTi, byn CX3
JKbUIKYbIHBIH,  9pTypai  dopmanapbiH KoHe runepreHes aliMafbiHA@ ayblp KIHE JKeHin
NaHTaHOMATAPAbIH, dPTYPAI KO3FanfbiWTbIFbIH Bingipedi. UCC-re HopmanaHfaH kaHe La/Yb<1-re
TeH, Kemipaeri naHtaH-utepbu (La / Yb) katbiHackl CXHI TapanybiHbiH, H Tvni 6ap Kemipre,
COHAai-aK XxoHApPUTNEH HopmanaHfaH La/Yb>1-re TeH, CXKD TapanybiHbib, L Tvni 6ap kemipre
aTagpl, AFHU 6yn KapafaHapl Kemip 6acceiHiHiH, weriHainepiHae TIOyencis KesaepaiH, aHe
CH3 KMHAKTaNyblHbIH, dPTYPAi TETIKTEPiHiIH, 6ONYbl Typasibl KOPbITbIHAbBI Kacayfa MYMKIHAIK
6epeai. CoHpait-ak, La/Yb KaTbiHacbl KemipaeH casfbl KabatrapfFa AeiiH XKOFapblIaiTbiHbI
aHbIKTangpl, 6yn kemipae CXI TapanybiHblH, HerisiHeH KNACTOTeHAK MexaHW3MiH KepceTepi.
KbIHbICTapAaFbl CUPEK Kep 3N1eMeHTTEePiHiH, MUKpPOMUHepanabl GopmanapbiH aHbIKTay YLiH
KOMIpAiH Heri3ri }KbIHbICTAPMEH YKaHacy aliMafblHaH anblHFaH KeMipAiH, ca3abl KabaTTapabiH, 13
CblHaMacbl 3epTTeNfi KaHe PEeHTreHAIK CNeKTPOMETP KeMeriMeH KypaMHblH, AUCMEepPCUANbIK,
cnekTpsiepi anbiHAbl. KapafaHabl Kemip 6acceliHiHiH Kemip yarinepi meH casgpl KabaTTapbiHAaFb
CH3-HiH 6acbiM MUHepangpl Typi XeHin naHTaHouaTbl docdatrap 6onaapl. Kemip aHe cas
KabaTtTapbiHblH, yarinepiHae CeLaNdPO KypambiHbiH 6aFaHanbl KpUcTangapbl Tabbingpl. KentereH
Kemipae Y HerisiHeH KCeHOTUM TypiHAe 6onaTbiHbl aHbIKTaNAbl.

TyiiiH ce30ep: kemip, ca3apl KabatTap, OpTanbik KasakctaH, KapafaHabl kemip 6acceitHi, cupek
Kep anemeHTTepi, opTalla Kypambl.
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AHHOTALMA

BnepBble BbINOJIHEHO KOMM/IEKCHOE MMHEPasioro-reoxMumndeckoe nccaegosanue P33 (Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) B yrnax KaparaHauHcKoro yronbHoro 6acceitHa
LleHTpanbHoro KasaxcraHa. B pabote npeacrasieHbl pesynbTaTbl MO U3y4eHUIO pacnpeseneHus
P33 (oT naHTaHa fo ntoTeumsa u Y) B 85 npobax yras M TAMHUCTBIX MPOCAOAX Niacta K7
KaparaHauHckoro yronbHoro 6acceiHa Ha 3abosx waxt — CapaHckas, um. T. Kysembaesa,
AKTacCKan. INeMeHTHbI cocTaB NPob FIMHWUCTBIX NPOCNOEB M yraei NPOBOAWMACA METOAAaMM
aTOMHO-3MUCCMOHHON  CMEKTPOMETPUM € UHAYKTUBHO-CBA3AHHOW  MAasMoh M macc-
CNEeKTPOMETPUM C UHAYKTUBHO-CBA3aHHOM nnasmoit (ICP-OES u ICP-MS).

MccnepoBaHne natepanbHOM M BEPTUKANbHOM WM3MEHUMBOCTM CYMMAPHOM KOHLEHTpauuu
3nemeHTOB P33 nokas3ano Ha NpPUCYTCTBME CMELUAHHbIX TUNOB pacnpeaeneHusa P33 B yraax, uyto
noppasymesaeT pasnnyHbie Gopmbl MUrpauuu P33 M pasanyHyo MNOABWMMKHOCTb TAMENbIX U
NEerkMx NaHTaHOMZOB B 30HE runepreHesa. YCTaHOBJEeHHOe naHTaH-uTepbuesoe (La/Yb)
Nocrynuna: 17 Hos6ps 2023 OTHOLLEHWE B yr/ie, KoTopoe HopmupoBaHHO K UCC u pasHoe La/Yb<1, oTHocuTCA K yraam c H-
PeviensnpoBaHue: 21 dexkabps 2023 TMNom pacnpegenenus P33, a Takxke pasHoe La/Yb>1, HOpMUPOBaHHOE MO XOHAPUTY, OTHOCUTCA
MpuHATa B neyathb: 23 hespansa 2024 K yriam ¢ L-Tunom pacnpepenenus P33, yTo no3sonseT cAenaTb BbIBOAbI O CyLLECTBOBAHWM
HEe3aBUCMMbIX WCTOYHWMKOB W Pa3/IMYHbIX MEXAHW3MOB HAKoMAeHus P33 B OT/I0NEHMAX
KaparaHauHcKoro yronbHoro 6acceiiHa. Tak e ycTaHoBNeHo, YTo La/Yb oTHoweHue Bo3pacTtaeT
OT yrnei A0 FAMHUCTBIX NPOCAOEB, YKasbiBad Ha NPEUMYLLECTBEHHO KIAaCTOrEeHHbI MeXaHU3M
noctynnenusa P33 B yraun. [na onpegeneHna MUKpPOMMHepanbHbiX Gopm HaxoxaeHua P33 B
nopogax uccnefosanbl 13 Npob yrasa, IMUHUCTBIX NPOCNOEB M NPO6, OTOBPAHHBIX Ha KOHTaKTe
yraa Cc  BMeWAKWMMKM NOpoAaMUM M MOAYYEHbl AUCMNEPCUOHHbIE CMEKTPbl cocTaBa C
MCNo/Ib30BaHWEM peHTreHocnekTpomeTpa. Mpeobnagatowein muHepanbHoit ¢opmoit P33 B
obpasuax yrnel u rAMHUCTBIX npocnoax KaparaHAMHCKOro yronbHoro 6acceiiHa ABAAKOTCA
docdatbl nerkmx naHtaHomaos. OBHapyKeHbl wecToBaTtble Kpuctaanbl CelaNdPO coctasa B
06pasuax yrna v rUHUCTbIX NPOCNOEB. YCTaHOB/IEHO, YTO KCEHOTUM ABNAETCA r1aBHOW dopmoii
HaxoXAaeHnA Y BO MHOTUX YrAsX.

Kniouesble cnoea: yronb, rAMHUCTble npocion, LieHTpanbHbiit KasaxcTaH, KaparaHauHCKui
YroNbHbIVi 6ACCEH, PeAKO3EMEbHBIE 3/IEMEHTbI, CPEAHEE COAEPIKAHNE
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ABSTRACT

The article provides an assessment of the degree of knowledge of the North-Western
Balkhash region based on a priori information from the previously conducted complex of
geological and geophysical studies. Today, much is known about the geological, tectonic
structure of the North-Eastern Balkhash region, the metallogeny of the region, the main
structural elements have been identified; there are characteristics of intrusive formations,
the age of the main rock complexes has been determined, several mineralization points,
ore occurrences and deposits have been discovered. Based on the results of the earlier
work, the Dolinnoye, Pustynnoye, and Karyernoye deposits were discovered. They are
characterized by promising gold reserves. The determining role when carrying out
prospecting geophysical work is played by the degree of exploration of deposits, which
makes it possible to formulate an optimal technology for detecting mineralization points
and ore deposits and to reduce the risks of erroneous selection of production facilities to
the minimum. The article analyzes the level and provides cartograms of the exploration of
the North-Western Balkhash region territory by geological surveying, mining operations,
sampling and geophysical methods. The geological and geophysical history of research in
the territory of the Dolinnoye, Pustynnoye, and Karyernoye deposits was considered.
Conclusions were drawn about the level of exploration of the research area and the need
for further geophysical work in this territory, due to the high productivity of the area for
copper mineralization.

Keywords: North-Western Balkhash region; geological survey; geophysical studies; degree
of knowledge; copper-pyrite and gold mineralization.
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Introduction

2) the degree of studying the study area by aerial
gamma spectrometry, electrical prospecting, gravity

The purpose of the studies presented in the Prospecting and magnetic prospecting;

3) the effectiveness of geophysical prospecting

article is to determine the level of knowledge of the
North-Western Balkhash region based on the
collection, analysis and synthesis of a priori data and
to justify the need for further study of the territory
based on the use of geophysical methods. To achieve
this goal, the following tasks were solved:

1) studying the exploration of the study area
with the use of geological methods;

and justification for the need to continue
geophysical studies in searching for gold and copper
formations in the North-Western Balkhash region.
The territory of the central part of the North-
Western Balkhash region is characterized as
inaccessible, which was the reason for the slow study
of its geological structure [[1], [2], [3]]. The beginning
of extensive geological studies in this area was the
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discovery and further establishment of the industrial
significance of the Kounrad copper deposit. The
studies in 30-40s served as the basis for geological
work in subsequent years. Thus, in 1930, N.IL
Nakovnik discovered the Shointas magnesite
deposit, where geologist F. Dybkov (CNIGRI, 1936)
conducted preliminary exploration for magnesite. In
the same 1930, N.I. Nakovnik made assumptions
about the presence of nickel and platinum in the
Kopa tract [[4], [5], [6]].

In 1937-1938, geologists of the Kazakh branch of
the USSR Academy of Sciences (Sergievsky V.N.,
Dmitrievsky V.S., Vakhromeyev V.A,, Lignevskaya S.l.,
Loginova L.l., Novokhatsky N.N.) carried out a huge
amount of work to compile a geological map of the
entire North-Eastern Balkhash region on a scale of
1:500,000. A wide range of materials was collected,
summarized and analyzed, based on which in the
North-Eastern Balkhash region it was possible to
stratify the marine Devonian, represented by a full
set of departments. The research results were
ambiguous, therefore, as new material was
accumulated, the opinions of scientists underwent
significant changes. Among the works of those years,
there should be noted the works by V.A.
Vakhromeyev, who described in detail the
conditionally Lower Silurian (Ordovician) age and
divided the jasper-diabase complex into 2
formations: the lower (porphyry) and the upper
(jasper-quartzite). He stratified the sandy sequence
covering the jasper-quartzite sequence as Gotland.

In 1939, N.L. Bublichenko paid great attention to
studying the Silurian and Devonian deposits.
Observations were mainly carried out in the Kopa
tract and on both sides of the Kenterlau Valley.
Generalization of the collected material in 1945
resulted in the compilation of a geological map of
sheet D-2-B, as a result of which the geological
structure of the territory was significantly corrected.
The stratigraphic scheme of the Paleozoic of the
North-Eastern Balkhash region compiled by N.L.
Bublichenko, remains correct to this day. He
conventionally attributed the sequence of basic
volcanic rocks and jaspers to the Cambrian. He
combined the deposits lying between the Cambrian
and terrigenous tellurium sediments into the
Diamanshuruk Formation of the Ordovician age.
Terrigenous green-coloured formations were
dissected by him, distinguishing the Llandoverian,
Wenlock-Ludlovian and Dauconian stages of the
Silurian and the Zhudinsky, Sardzhal, Kazakh and
Aidarlinian stages of the Silurian to the Devonian [7].

The ultrabasic intrusions of Kazakhstan
(Itmurundy, Tyuretai, Tesiktas massifs) were studied

in the publication by I.F. Trusova in 1948. The article
was based on her 1937-1940 studies. She defined the
age of all the ultrabasic rocks in Kazakhstan as
Caledonian.

The studies of the Andasai expedition that were
carried out from 1949 to 1951, were dealing with the
diamond potential of loose sediments of Lake
Balkhash (North Coast). Almost at the same time,
Mikhailov N.P. and Moskaleva V.N. began studying
the basic and ultrabasic intrusions of this territory.
The integration of the studies included a geological
and geomorphological report and a geological map
on a scale of 1:200,000 (authors Kostenko N.N. and
Mastryukova A.A.). Based on the results of these
works, the jasper-diabase complex of Kostenko N.N.
was attributed to the Upper Proterozoic.

A geological survey on a scale of 1:200,000 in the
area of sheet D-2-104 with the participation of
Koshkin V.Ya., Nikelev Yu.V. and Aniyatova P.A. was
carried out by the North Balkhash SKSU PSP in 1953.
That project was accompanied by paleontological
studies carried out by palaeontologists Kaplun L.I.
and Rukovishnikova T.B (SKSU), as a result of which
Silurian deposits without division were stratified as
undivided Gotlandian.

Editing sheet D-2-104B began in 1956 by V.Ya.
Koshkin. As a result of research, the rocks of the
jasper-diabase complex were divided into the
Itmurunda, Kazyk and Tyuretai formations. The
Itmurunda and Kazyk formations were conditionally
assigned to the Sinian deposits, and the Tyuretai
formation was stratified as Cambrian. The deposits
lying on the rocks of the jasper-diabase complex are
dissected to highlight the Dzhamanshuruk Formation
of the Llandoil-Ludlovian Stage. The new edition
established a gradual transition from the Upper
Silurian to the Devonian, in which stage division was
carried out. Rocks of the Carboniferous age were
stratified by deposits of the Tournaisian stage and
the Sayak formation of the Lower Devonian. In 1958,
Koshkin V.Ya. divided the Sayak formation into the
Karkala, Keregetas and Arharlin formations [8].

In 1960, when carrying out geological survey
work on a scale of 1:50,000, V.Ya. Koshkin for the
first-time established gold mineralization in the area
of the Pustynnoye deposit. At this time, increased
gold contents had already been identified in the local
areas of Zapadny, Karierny, and Kopshoky. In 1960-
63, the Khantau and North-Balkhash SKSU PSP had a
small number of ditches made in these areas.
Geologists discovered that elevated gold contents
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were confined to zones of intensely pyritized and
silicified rocks [9].

In the territory of the Northern Balkhash region,
generalization of the data on geology, metallogeny
and the implementation of several regional
forecasting and metallogenic works to search and
explore areas promising for minerals, including gold,
were carried out in 1960-1965 by teams of the
Ministry of Scientific Research of the Academy of
Sciences of the Kazakh SSR and Central Kyiv State
University (Shcherba G.N., Alperovich E.V.,
Kolesnikov V.V.). So, in the intervals of 1961-1962
and 1962-1966, geological surveys of sheets D-45
and D-413 on a scale of 1:50,000 were carried out by
V.Ya. Koshkin and Antonyuk R.M., respectively [10].

In April 1981, a new stage of geological survey
work began, when, in addition to the Moscow
Research Institute of the Academy of Sciences of the
Kazakh SSR and the Central Kyiv State University, the
Kenterlau Research Station of the Balkhash
Geological Survey (Bezuglykh I.V., Akshalov T.).

As a result, geological surveys of a large scale
were carried out in the study area. Today,
researchers have in their hands the information on
the geological, and tectonic structure of the North-
Eastern Balkhash region, the metallogeny of the
region, and the main structural elements were
identified. There are characteristics of intrusive
formations, the age of the main rock complexes was
determined, several points of mineralization, ore
occurrences and deposits were discovered and their
genetic relationship with the Late Hercynian
magmatism was determined [11].

The stage of studying the Northern Balkhash
region by geophysical methods began in 1949. One
of the first geophysical methods that were used by
employees of the All-Union Aerogeological Trust in
1951 (Yefremova N.N., Preobrazhensky N.A.) was an
aeromagnetic survey. It is clear that the results of
that survey are practically not used in present-day
studies, since the sensitivity of the instruments of
that time was low, the survey results were
characterized as substandard. An aeromagnetic
survey on a scale of 1:25,000 was carried out in the
area of sheet D-2-104 by the Volkov expedition in
1955. From 1975 to 1985, the area was actively
studied by KAGGE (Zhunussov R.K., Komarov A.M., et
al.), ASGE PGO "Kazgeofizika" (Kozlenko O.M.,
Kuznetsova N.P.). A cartogram of knowledge of sheet
L-43 using airborne geophysical methods is
presented in Figure 1.
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Figure 1 — Airborne geophysical knowledge of sheet L-43

The first magnetic prospecting studies on a scale
of 1:50,000 were carried out together with
metallometry on the area of sheet D-2-104 in 1952-
1954 (the Katbar party of AGFE, Serebryakova 1.S.).
This territory is to the
development of ancient strata. Metallometry
discovered scattering halos of copper, chromium,
nickel, titanium, manganese, and molybdenum here;
however, the results of these works also had a

confined zones of

significant drawback due to a low sensitivity of
spectral analysis and a limited number of elements
being determined. In the area of sheets D-410, -413,
-412, -415 on a scale of 1:50,000, metallometry was
carried out by the Katbar GFP AGFE (Miller S.D.,
Zhukov M.1.) in 1957. As a result of these works,
there was revealed several local scattering halos of
Ni, Co, and C; that were associated by researchers
with hypermafic intrusions.

Promising zones and nodes for sulfide and rare
metal mineralization were identified based on a
comprehensive interpretation of gravimetric and
metallometric research data. On the other hand,
gravimetric data made it possible to clarify the

—— g4 ——
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structural and tectonic features of the North-
Western Balkhash region [[12], [13], [14]].

When detailing and assessing the copper halos
identified during metallometry in 1940-50, in 1961,
the employees of the Balkhash State Geographical
Enterprise AGFE (Baluta S.V.) discovered the Tesiktas
copper pyrite deposit, and in 1962 the Balkhash
State Geographic Exploration Company began
exploration work. At the same time, the Balkhash
State Exploration Survey carried out a metallometric
survey on a scale of 1:20,000 of a large area that
along its strike covered almost the entire territory of
the Tesiktas fault zone. The prospects of several
copper halos identified from the results of those
studies were assessed by subsequent works as
unpromising.

On sheets D-413-B, G, -414-A, B, -415-A, B in the
interval of 1968-1969, Yu.P. Moskalev, V.P. Kalinin,
V.V. Murashkin carried out a gravimetric survey on a
scale of 1:50,000. The purpose of the survey was to
trace promising structures for copper mineralization
and to clarify the patterns of association of copper
mineralization with the deep structures of the area.
Detailing the identified gravity anomalies and
determining the possibilities of high-precision areal
gravity exploration at copper-pyrite deposits in 1967
at the Tesiktas deposit were carried out based on a
gravimetric survey on a scale of 1:10,000 (KazKIRG,
Gulnitsky V.L., Gubanov M.) [15].

Positive results were not obtained when
assessing copper and arsenic copper halos by mining
and drilling that were carried out in 1969-1970 at the
North-West Tesiktas, East Tesiktas, Tesiktas and
Ikkuduk BGRE sites (Safiyulin B.N., et al.). Therefore,
in 1972, exploration work was completed due to the
unprofitability of areas for industrial development,
and the Tesiktas field was mothballed [9].

Deep searches for copper within the Suzyzkara
zone (Western Kazyk and Eastern Tesiktas sections)
also turned out to be fruitless. The work was carried
out in conjunction with VP-SG, VES, MPP
(Kashkarskaya GFP, Pokusayev A.V.). Based on the
results of the work, it turned out that the IP
anomalies were petrogenic, and the identified
copper halos and points of visible mineralization
were not of practical interest due to the low
concentrations and low thickness of the
mineralization zones [10].

Thus, the study area was covered by airborne
spectrometry (AGS) and gravimetric surveys at
1:100,000 and 1:25,000 scales. A cartogram of
gravity exploration knowledge is presented in Figure
2.
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Figure 2 - Gravity exploration knowledge of sheet L-43

Let's consider the level of knowledge of the gold
exploration area. In the 1960s, V.Ya. Koshkin
discovered several gold-bearing areas (Zapadny,
Karierny, etc.). It served as an impetus for
prospecting for gold. The gold content and prospects
of the listed areas were confirmed by prospecting
and assessment work (Karazhalskaya PSP YuKPK,
Altybayev A.A,, et al.). At the same time, in the area
of the Itkuduk group of manifestations,
Grazhdantsev N.G. studied the gold content of the
Northern Balkhash region.

In 1967, the Balkhash expedition of the Central
Committee of State University began to engage in
gold prospecting. From 1967 to 1968, the Ulken
party of the Balkhash Exploration Expedition
(Bukurov G.Yu., Voloshin V.V.) carried out
prospecting and assessment work in the area of the
Baktai site and the Itkuduk group of manifestations.
Based on the results of work at the Baktai site, three
ore areas with gold content from 1 g/t to 12 g/t were
identified among the linearly elongated zone of vein
silicification of sandstones. Three promising areas
were identified in the Itkuduk group: Zapadny with a
gold content of up to 26.6 g/t; Karyerny (two zones
are identified with a content of 2.3 and 2.4 g/t with
a layer thickness of 4 and 1 m, respectively); Severny
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(a subzone with the content of 2.4 g/t at the
thickness of 2 m and several subzones with the
content of 1-1.2 g/t were identified). In those areas,
work was continued by the Ulken party (Flikop R.M.)
in 1970-1973. As a result of mining and testing work
at the Baktai ore occurrence, two ore-bearing blocks
were identified, and excavation of deep pits with
cuts revealed the nest-like and uneven nature of the
distribution of metal. In some samples, the gold
concentration was up to 80 g/t.

In 1972-1973, specialized prospecting work was
carried out (Voloshin V.V.), as a result of which
several gold-bearing points were identified in the
area of the Itkuduk-Baktay zone, but no industrially
interesting objects were identified. Prospecting for
gold in the Batykyzyl and Zhalpakkain areas carried
out in 1970-1972 by the Akshokinsky party of the
Balkhash KGGE (Flikop R.M., Skripchenko A.F.), also
turned out to be unsuccessful. At the Batykyzyl site,
four IP anomalous zones were identified that were
mainly mapping the zones of pyritization of
Famennian sandstones. Verification of the anomalies
by drilling and testing did not yield positive results
for gold and the other elements. At the same time,
the Kashkar GFP (Pokusayev A.V., Katrysheva E.l.)
carried out prospecting work for copper in the Itbas
site, where the prospects for the area in terms of
copper gave a negative assessment. Nevertheless, a
series of IP anomalies were identified, coinciding
with arsenic halos from 0.01 to 0.04% and gravitating
towards silicified sandstones and skarn zones at the
contact of sedimentary rocks of the Keregetas
Formation with the gabbro-granodiorite intrusion. In
the exocontact of the intrusions, gold contents of 9.6
g/t were established based on skarns.

Using the data obtained in 1963-1970,
comprehensive detailed geological and geophysical
prospecting work was carried out in the Zapadny,
Karyerny and Kopshoky areas. The complex included
excavation of surface and underground mine
operations, drilling single wells, magnetic
prospecting and electrical prospecting of IP on a
scale of 1:10,000 (Altybayev A.A., Permyakov G.N.,
Flikon R.M.). As a result, in the Zapadny and Karyerny
areas, a series of lens-shaped ore bodies, not
consistent along the strike, up to a few tens of
meters in length, with a thickness of 1.5-10.0 m with
a gold content of 3 or more grams per ton, was
contoured [16].

In the period from 1972 to 1979, in the area of
the ore field and within the Baktai-ltkuduk zone,
geological and geophysical work was continued by
the Batykyzyl PRP with areal geological and

geophysical work on a scale of 1:50,000 and detailed
searches on a scale of 1:10,000 within the Zapadny,
Kopshoky and Karyerny areas. As a result, gold-
bearing zones were also identified outside the
Zapadny, Karyerny and Kopshoky areas. The area
under consideration was combined into a field called
Pustynnoye [10].

In the Zapadny, Karyerny and Kopshoki sections,
the network of ditches was thickened to 10-20 m, old
ditches were cleared and retested. As a result, within
the Zapadny area, seven ore bodies with gold
contents above 2.0 g/t are delineated, extending
from 40 to 180 m with a thickness of 1.5 to 75.5 m.
The depth of the ore zones was assessed by two
wells (C-12, 13) to depths of 200-300 m. Metal
reserves - up to 10 tons. In the Karyerny and
Kopshoky areas, ditches revealed similar zones of
pyritization and silicification but with lower gold
contents than those in the Zapadny area. The
predicted geological reserves of the field were in
general estimated at several tens of tons [17].

In the interval of 1979-1983, detailed
prospecting work to study the prospective
assessment was carried out by the Itkuduk EP at the
Pustynnoye field. Within this period, inter-core
drilling, mechanical trenching, manual trenching,
drilling pits with a cross-section of 4 m?, horizontal
workings with a cross-section of 5.1 m?, horizontal
workings with a cross-section of 2.7 m? core
sampling, furrow sampling, magnetic prospecting,
electrical prospecting, topographic work, spectral
analysis, assay analysis for gold, making thin
sections, geophysical research in wells.

From 1973 to the present, the North Balkhash EP
and the Eastern GFP specialized for gold, are carrying
out geological and geophysical studies in the Baktai-
Itkuduk zone [[18], [19], [20]].

Conclusion

The analysis of materials in the geological and
geophysical study of the considered area made it
possible to draw the following conclusions:

1. The territory of the North-Western Balkhash
region was systematically studied through geological
survey work from the late 30s of the last century. As
a result of carrying out conditional surveys, both of
small and large scales, the geology of the area was
obtained, the main structural elements were
identified, the characteristics of the volcanic activity
of the area were given, the age of the main varieties
of rocks was clarified, the number of points of
mineralization, ore occurrences and deposits were
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discovered, as well as their genetic connection with
the Late Hercynian magmatism.

2. The entire territory of sheet L-43 is covered by
the network of aerial spectrometric, magnetometric,
electrical prospecting and gravimetric surveys on a
scale of 1:200,000 and larger. What is common to all
the studies is that the surveys were carried out in the
50s-80s of the last century using equipment of low
sensitivity, quality and accuracy. Due to the low
sensitivity of airborne gamma spectrometry
instruments, the survey results are characterized as
poor quality and now are practically not used.

3. Electrical prospecting work using a complex of
VES, IP-MG, MPP, ZSB, and INFAZ-IP methods was
carried out to clarify the geological structure and
deep searches for copper and gold, without
providing a significant increase in information on the
structure of the studied areas. Thus, electrical
exploration knowledge of the study area is extremely
low. At the same time, the results of electrical
exploration work and sufficient differentiation of the
electrical properties of rocks show the effectiveness
of using the IP method both for mapping purposes
and for searching for zones of hydrothermal
development and associated occurrences of
minerals.

4. In general, the magnetic survey materials are
of good quality; on their basis, standard maps of the
anomalous magnetic field were compiled.

5. Gravimetric studies in the work area were
carried out from the late 50s of the last century.
Work on a scale of 1:200,000 and larger was carried
out in the territory of sheet L-43. It can be considered
that the considered area is characterized by
satisfactory gravimetric study, but the results of
these surveys are morally outdated. Therefore,
based on the use of gravimetric results from larger
surveys carried out with updated, high-tech
equipment of the latest generation, the taskis to

detail the structural and tectonic features of the
study area.

6. Based on the results of prospecting and
assessment work for gold on a scale of 1:50,000,
several aureole-anomalous zones were identified,
coinciding with both known occurrences of gold
(Baktai Yuzhny, Karyerny, Zapadny, Ortosay, etc.),
and previously unknown ones. Thus, an areal halo of
gold dispersion was recorded in the area of anomaly
4 of the Itbas site, within which the Dolinnoye
guartz-vein deposit was identified. It was assessed as
a promising one, with significant gold reserves.

7. 20 km west of the Dolinnoye deposit, in
recent years there was revealed the Pustynnoye gold
deposit of the quartz-gold-pyrite type, which is
assessed as a large one based on predicted reserves.
Exploration, evaluation, geological and geophysical
work in the field began in 1980.

The obtained materials indicate the sufficient
effectiveness of the geological and geophysical work
performed and the high prospects of the Itkuduk-
Baktay zone for searching for large industrial gold
deposits. In general, the available airborne
geophysical, gravity and magnetometric materials
are quite sufficient to solve the problem of
developing a modern geophysical basis, but the
collected geological and geophysical information
needs to be generalized, linked, analyzed and
interpreted in light of present-day stratigraphic,
geodynamic, metallogenic and the other concepts.
Taking into account the high prospectivity of the
area, in particular for copper mineralization, this
trend is one of the priority tasks of regional research.
In certain areas of detailing, it is necessary to state
updated high-precision studying methods.
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Contycrtik-batbic BanKalw aiimasbiHAaFbl aNTbiH KeHAepiH 60/1Kay KaHe
i3aey KesiHaeri 3epTreyaiH, Kasipri XkarganbiHa wony
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TYRIHAEME

Makanaga 6ypbiH XyprisinreH reonornanbik-reopusmKkanbik 3epTreynep KelweHi boibiHwwa
anpuopblK aknapaT HerisiHae ConTycTik-baTbic banKall aliMafbIHbIH, 3epTTeNy AapexeciHe
6afa GepinreH. byriHri TaHaa ContycTik-LbiFbic Bankaw aimarblHbIH FE€ONOMUANDIK,
TEKTOHMKANbIK  KypblbiMbl, MeTasforeHesi Typasbl Ken Hapce 6enrini, Herisri
KYPbINbIMABIK 31EMEHTTEP OKLIayNaHFaH, UHTPY3UBTI Ty3inimaepaiH cunatramacs! 6ap, Tay

Makana kengi: 20 xeamoxcax 2023 KbIHBICTApPbIHbIH, Heri3ri KelweHAepiHiH, »acbl aHblKTanfaH, 6ipkaTap MuHepangaHy
CapanTamagaH eTTi: 18 kaHmap 2024 HYKTeNepi, KeHalWbINbIMAAP MeH KeH OopblHAapbl TabbliFaH. BypbiH  KyprisinreH
KabbingaHabl: 28 aknaH 2024 YKYMbICTapAblH, HaTUKenepi 6OMbIHIWIA NepcnekTUBasbl anTblH KOPbIMEH CUMMaTTanaTbiH

[onuHHoe, MycTbiHHOe, KapbepHOe KeH OpblHAapbl awbigpl. I34ey reodusmkanbik
JKYMBICTapAbl Kyprisyae KeH opblHAAPbIH 3epTTey AdpeKeci WweLyLlwi pen atkapaapl, byn
MUHepangaHy HyKTenepiH, KeH OpbIHAAPbIH aHbIKTayAblH OHTalAbl TEXHONOMMACHIH
KaNbINTaCTbIpyFa KaHe nanWganaHy obbeKkTinepiH KaTe TaHAay KayniH MUHUMYyMFa AeWiH
TemeHZeTyre MyMKiHAIK 6epedi. Makanaaa reonoruanbik TyCipinim, Tay-KeH XXymbliCTapbl,
CbIHaY KdHe reodusnKanbik, aaictep apKblabl ConTycTik-baTtbic banKaw aymarbiH 3epTTey
AeHreli TanaaHbIn, KapTorpammanap KentipinreH. JonnHHoe, MycTbiHHOe, KapbepHoe KeH
OPbIHAAPbIHbIH,  ayMafblHAAFbl  3epTTeyNepaiH, reonornAnbiK-reopusnKanblk —Tapuxbl
KapacTblpblnabl. 3epTTey ayAaHblH 3epaeney AeHreli )aHe ayaHHbIH, MbICNeH KeHAeHYiHe
JKOFapbl i34ecTipy nepcnekTuBacbiHa 6ainNaHbICTbl OCbl ayMaKTa 04aH api reopusmKanbik
JKYMbICTapAbl XKYPri3y KaXKeTTiAiri Typanbl KOPbITbIHAbINAP *Kacanabl.

TyiiiHdi ce3dep: ContycTik-baTbic Bankaw eHipi; reonorusanbik 6apnay; reopusmkanbik
3epTTeynep; 3epAeneHy Aapexeci; MbiC KonyefaHabl MeH anTblHAbI KEHAEHY.
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0630p cOBPEMEHHOr0 COCTOAHUA U3YYEHHOCTU NMPU NPOrHO3UPOBAHUU U
NOMCKaxX 30/10TOPYAHbIX MecTopoXaeHuii Cesepo-3anagHoro Mpubanxawba
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AHHOTAUMA

B ctaTbe AaHa oueHKa cTeneHun msyyeHHocTn Cesepo-3anagHoro Mpubanxawbsa Ha 6ase
anpuopHoi nHbOPMaLMKM NO paHee NPoBeAeHHOMY KOMMIEKCY reosoro - reopusnyeckmnx
nccneposaHuin. Ha  cerofHAWHMIA - AeHb  M3BECTHO MHOMOE O  Fe0/IOrMYECKOM,
TEKTOHMYECKOM cTpoeHun Cesepo-BocTouHoro Mpubanxallubs, MeTanoreHMn paioHa,
Bbl4E€/IeHbl OCHOBHbIE CTPYKTYPHbIE 3/1IEMEHTbI, UMEETCA XapPaKTEPUCTUKA WMHTPY3UBHbIX
06pa3oBaHuii, onpeaeneH BO3PacT OCHOBHbIX KOMMJIEKCOB FOPHbIX MOpo4, OB6Hapy:KeH

Moctynuna: 20 dekabps 2023 Lenblit pag Touek MUHepanusaumm, pyaonposasiaeHnii 1 MecTOpoXAEeHUIA. Mo pesynbTatam
PeueH3nposaHue: 18 sHeapa 2024 npoBefeHHbIX paHee pPaboT OblN OTKPbLITbI MecTopoXKAeHus [lonnHHoe, MycTbiHHOE,
MpuHaTa B Nneyatb: 28 hespana 2024 KapbepHoe, KoOTOpble  XapaKTepu3yloTCA  MNepCnekTMBHbIMM  3amacamu  30/0Ta.

OnpegensioLLyto posb Npu NPoBeAeHUM MOUCKOBbIX reodusnyeckmx paboT urpaet cTeneHb
M3YYEeHHOCTU MEeCTOPOXKAEHUW, KOTopas no3BonseT cHopMMpoBaTb ONTUMA/bHYHO
TEXHONIOTUIO OBHAPYKEHUA TOYEK MWHEPANU3ALMKN, PYAHbIX 3aNeXel, U CBECTU PUCKK
owmnboyHoro Bbl6oOpa IKCM/IyaTaUMOHHbIX O6BLEKTOB 40 MWMHMMyma. B crtatbe
npoaHanu3npoBaH ypoBeHb W MpMBEAEHbl KapTOrpaMMbl WM3Yy4YEHHOCTU TeppPUTOPUU
CeBepo-3anagHoro Mpubanxalba reosorMyeckon CbeMKOM, TFOPHOMNPOXOAHYECKUMM
pabotamu, onpobosaHvem W reodpusnyeckMMM MeTogamu. PaccmoTpeHa reosoro-
reopusmyeckas UCTOPUA UCCNELOBAHWUIA Ha TEPPUTOPUM MECTOPONKAEHMI [oNUHHOE,
MyctbiHHOe, KapbepHoe. CpaenaHbl BbiBOAbl 06 YpOBHE M3y4eHHOCTM paiioHa
nccnepoBaHMini M- HeobXOAMMOCTM MPOBEAEHMA Ha 3TOM TeppuUTopUM  AasbHenwmx
reopusnyecknx paboT, B CBA3U C BbICOKOW MOMCKOBOM MNEPCMNEKTUBHOCTbIO paiioHa Ha
MeZHOe OpYyAEHEHWE.

Knrouesvie cnoea: Cesepo-3anagHoe [pubanxawbe; reosorMyeckas CbemKa;
reopusnyeckne UCCNefoBaHuUA; CTeneHb M3y4eHHOCTU; MegHO-KoYeAaHHoe U 30/10Toe
opyZeHeHue.
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ABSTRACT

Analysis of currently existing methods of natural and waste water treatment from heavy metals
has shown that one of the most promising is the sorption method using natural inorganic
materials as sorbents: zeolite, diatomite, and vermiculite. The relevance of the topic is dictated
by the need to develop an original technology of wastewater treatment and water treatment,
which allows constant monitoring of the level of pollution of natural waters by industrial
wastewater from metallurgical enterprises. The proposed methods of sorbent modification
create a basis for studying the structure, porosity, and sorption capabilities of the mentioned
natural materials. All three minerals: zeolite, diatomite, and vermiculite belong to highly porous,
structured materials, promising for use as stable sorption systems in water treatment and water
purification. The influence of physical and chemical characteristics of natural sorbents and the
application of new promising environmentally safe materials and reagents for water treatment
are considered. The sorption of copper ions on natural zeolite material before and after its
modification by hydrothermal method was investigated. The activity of sorbents was estimated
by the value of sorption capacity, i.e. the amount of heavy metal ions absorbed by a unit mass of
sorbent based on zeolite and its modified form.

Keywords: wastewater, treatment, sorbents, zeolite, diatomite, vermiculite, clinoptilolite, waste,
minerals.
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Introduction

Today, an urgent environmental task for
mineral resource complex facilities is the
development of highly efficient and economical
technological and technical solutions for
wastewater treatment.

Of particular concern is the constant increase in
contamination of water supplies with heavy metals,
which are toxic to living organisms even at
extremely low concentrations. Removing or
reducing the total concentration of heavy metals to
less than 10 mg/l is a primary objective when

treating any natural and wastewater. The relevance
of the issues of efficiency of purification and
preparation of drinking, industrial and waste water
and their cost reduction explains the existence of
many purification methods. among which the most
commonly used is sorption because it allows you to
increase the degree of purification to almost any
required concentration. For the production of
environmentally friendly sorbents, the most
attractive are natural organic raw materials and
production waste of plant origin, therefore
sorbents based on them are most compliant with
environmental requirements.



https://doi.org/10.31643/2025/6445.06
mailto:saulekerchaiz@mail.ru
mailto:saulekerchaiz@mail.ru
mailto:zh.t_bagasharova@mail.ru
mailto:cadikova74@mail.ru
https://creativecommons.org/licenses/by-nc-nd/4.0/

KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Cbipba. Ne1(332), 2025

ISSN-L 2616-6445, ISSN 2224-5243

Such sorbents are also promising for the
extraction of ionic impurities and contaminants
from solutions, natural and waste waters, liquid
radioactive waste, extraction and concentration of
ions of heavy and radioactive metals (uranium,
cesium, arsenic, chromium, manganese, strontium,
zirconium, etc.)

A promising direction for intensifying deep
cleaning processes is the use of natural mineral raw
materials as effective sorbents. The main
advantages of natural sorbents are environmental
friendliness, a wide raw material base, high
hydrophobicity and sorption capacity at a relatively
low cost.

When treating industrial and waste water, the
practical task is to select local natural materials as
raw materials that optimally combine economic
profitability and effective treatment. Our research
suggests minerals zeolite, diatomite, vermiculite
and their modified forms. Their structure and
properties have been studied, because there is little
in the literature The listed minerals were studied as
sorbents for solving environmental problems.

Modern highly effective and safe sorbents for
wastewater treatment include zeolites, which are
minerals with ion-exchange properties. Generalized
formula of zeolites:

KynAlSiyO2(x+y)*ZH,0

where K are cations of alkali and alkaline earth
metals, ammonium, etc.; n is the charge of the
cation.

More than 40 types of natural zeolites are
known. The most common ones are :

1. Ph|II|pS|te K 2 (Ca 0.5 Na) 4 [A| 55I 100 32]*12H20

2.Mordenite (Na 2,Ca,K 24(Al §Si 40)09628H , O

3.Chabazite (Ca,Na 2)2 [Al 4SigO 72]*28H »0

4.CIinoptiIoIite (Kz Naz Ca)3 [Al GSi 300 72]*20H20

Zeolite contains approximately 70% silicon
oxide, the rest is oxide compounds of titanium,
iron, manganese, magnesium and several other
metals, including copper. The mineral has a special
mature microporous structure with pore sizes from
3 to 10 A ® Molecular-sized pores, like a sponge,
can absorb and firmly hold a wide variety of
contaminants. These include heavy metals (lead,
cadmium, zinc, strontium, chromium),
radionuclides, nitrates and nitrites, ammonium
salts, oils, petroleum products and a whole range of
chemical and biological contaminants.

The composition of zeolites can be described by
the following empirical formula:

(Me+,Me 2+0.5)x...[AIxSiyO%(x+y)] (H20)n, (1)

where Me - metal cation, values x and y
determine the number of atoms of silicon,
aluminum, oxygen in the unit cell, x|y, depending
on the type of zeolite, usually takes values from 1
to 5, nis the number of water molecules.

Thanks to the relatively high The Si / Al
crystalline frame of clinoptilolite is heat-resistant
(in air up to 700 ° C), and is also resistant to
aggressive substances and ionizing radiation (Fig.
1).

Figure 1 - Clinoptilolite frame fragment

In Kazakhstan, large deposits of zeolites are in
Tayzhuzgen (Tarbagatai district of the East
Kazakhstan region, approved reserves - 7 million
tons, forecast - 215 million tons) and Chankanai
(Kerbulak district of Almaty region, approved
reserves - 5.5 million tons, forecast - 120 million
tons). Zeolites from the Chankanai and Taizhuzgen
deposits are medium-porous zeolites and can be
used to extract pollutants from natural waters.

In Southern Kazakhstan, the Altyn- Emel (41
million tons), Karzhantau and Daubabinskoe zeolite
deposits have been preliminarily assessed [1].

Modern wastewater treatment technologies
include the development and implementation of
technological processes that ensure:

- complex processing of mineral raw materials;

- reduction or complete elimination of
environmental pollution from production waste;

-processing of production and consumption
waste by obtaining commercial products;

-creation of closed systems providing recycling
water supply [2].

Improvement of the main technological
process, wastewater treatment methods, and
disposal of resulting sediments make it possible to
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create closed (drainless) water supply systems at
enterprises. In this case, the main technological
process and wastewater treatment are considered
as a single integrated system.

Inorganic compounds of heavy metals belong
to the group of highly hazardous pollutants with a
wide range of toxic effects. Under natural
conditions, along with surface waters, they also
enter underground waters. One of the promising
ways to solve this problem is the use of sorption
technologies, which ensure the removal of
pollutants of a wide nature to almost any residual
concentration. An alternative raw material for
removing toxicants from aquatic environments can
be natural minerals: zeolite, diatomite, vermiculite
and their modified forms. Modern enterprises are
in dire need of a methodology for assessing the
state of wastewater, solving problems of their
treatment and prospects for the development of
this area based on forecasting and management.
This requires setting the problem of the need for
theoretical and practical developments that ensure
the implementation of organizational innovations
designed to adapt the problems being solved in the
field of wastewater treatment in various industries,
including the metallurgical industry.

Experimental part

The need to increase the sorption capacity of
filters in wastewater treatment plants leads to the
search for new, cheaper and widespread materials
characterized by sufficiently high mechanical
strength, and chemical stability and at the same
time possessing a more developed specific surface
area and greater porosity. A significant indicator of
the quality of filter materials is their resistance to
acidic and alkaline environments. The use of natural
zeolites in solving environmental problems of
environmental objects is due to their adsorption
properties, as well as thermal, chemical and
radiation resistance. Zeolites are suitable for the
sorption of amines and heavy metals from
industrial wastewater. Data [3] show that long-term
contact of the natural material, clinoptilolite, with a
NaOH solution at 100-150 °C did not lead to any
noticeable changes in the composition and
structure of the zeolite, which confirms its physical
and chemical stability. To test the resistance of this
mineral to acids, the effect of a five-hour treatment
of clinoptilolite with hydrochloric acid of various
concentrations at 100-2 00°C on the dissolution of

heavy metal oxides: zinc, lead, cadmium, etc. was
studied. It was established that clinoptilolite rocks
meet the requirements for granular filter materials.
Clinoptilolite, as mentioned earlier, is characterized
by a noticeable cation exchange capacity and high
selectivity to ions with a large radius: Cs™,Rb*,
NH}, Ba?*,Sr?* [4].

Due to their unique properties: - developed
internal surface, zeolites have high absorption
characteristics for impurities found in the water
being purified.

The advantage of sorption wastewater
treatment is the ability to optimize the parameters
of sorption columns, which is carried out through
the use of natural sorbents, their modification and
the combination of two or more granular sorbents
in one adsorption column.

Table 1 shows the capacity values of
clinopthiolite for cations of mono and divalent
metals (Me * Me %" expressed both in milligram
equivalents per gram of zeolite in the cationic form
of the corresponding ion (E), and in milligram
equivalents per gram of Na — forms of zeolite (E .
Capacity values in milligram equivalents per gram
of zeolite in the cationic form of the corresponding
ion (E) are given to show its dependence on the
atomic mass of the cation, while the analysis of the
results obtained was carried out using capacity
values expressed in milligram equivalents per gram
Na — zeolite forms, which were calculated using the
formula:

E" = E dkat/ dna,

where d ot/ d na are the specific gravities of the
zeolite in the corresponding cationic and Na -
forms.

To increase the adsorption capacity of natural
zeolites about various  pollutants, it s
recommended to pre-grind them to particles of
about 150 microns in size, due to which the specific
surface area of the sorbent increases. This makes it
possible to remove up to 90-95% of polluting ions
from industrial wastewater.

Based on structural features, chemical
composition, and physicochemical properties, three
large groups of natural sorbents can be
distinguished: dispersed silicas, layered and
layered-tape silicates, frame silicates, and zeolites
[5]. Dispersed silicas are of sedimentary origin.
They are 60-95% composed of amorphous Si0, —
silicon dioxide.

— 72 —/—
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Table 1- Exchange capacity of high-silica zeolite

Cation Clinoptilolite

metals E,mgeq,/g dkat/dna E,mgeq,/g
Li* 1.65 0.98 1.62
Na* 1.95 1.00 1.95
Ag* 1.73 1.12 1.94
K* 1.93 1.02 1.97
NH4* 1.95 0.99 1.93
Rb* 1.77 1.09 1.93
Cs* 1.68 1.15 1.93
Ca* 1.26 0.99 1.25
Sr2* 1.32 1.03 1.36
Ba%* 1.42 1.06 1.51
Zn% 1.09 1.01 1.10
Cu? 1.09 1.01 1.10
cd* 1.25 1.06 1.33
Pb%* 1.45 1.11 1.61

One of the most promising filter materials in
treatment facilities of metallurgical plants is the
highly porous minerals zeolite, diatomite, and
vermiculite, used to purify wastewater from iron,
ammonium ions, heavy metals, radionuclides,
organic compounds and various trace elements [6].

The sorption properties of clinoptilolite rocks,
and zeolites from the Chankanai and Taizhuzgen
deposits with a clinoptilolite content of at least 60-
70%, were studied. The studies assessed the
sorption exchange capacity (SOE, mg/g, mg-ion/g)
in static mode (ion concentration 7.0+0.1 mg-ion/I,
ratio of solid and liquid phases 1:10, particle size
0,8+1.2 mm, sorption time 24 hours). Zeolite
samples have significant sorption capacity not only
for particularly toxic ions (Cd " Pb ") but also for
other heavy metals (Cu 2" Zn 2" [[7], [8], [9]].

The studies were carried out under static
conditions with aqueous solutions of metal salts at
a concentration of 0.1-0.5 g/I, T = 20 ° C. lon
content heavy metals in powder samples and
depending on time defending model solutions
determined X-ray fluorescent method according to
a certified methodology. The activity of sorbents
was assessed by the sorption capacity, i.e., the
guantity of heavy metal ions, absorbed unit mass of
sorbent based on zeolite and its modified form
[[10], [11], [12], [13], [14]].

Analysis of the sorption capacity showed that
the sorption capacity of zeolite can be significantly
increased due to its modification (Fig. 2).

In addition to zeolites, diatomites have been
studied as sorbents. In Kazakhstan, the largest
deposits of diatomite in the world are located in
the Aktobe region. In total, the forecast resource of

Kazakhstan's diatomite reserves is three billion
tons. For comparison: in the United States,
diatomite reserves are estimated at 500 million
tons. It is a sedimentary rock, usually loose or
weakly cemented. Diatomite is a good absorbent
material with low heat and sound conductivity; in
addition, it is refractory, acid-resistant, and non-
flammable. This material is unique in that in one
case it can be used as a hygroscopic material, a very
strong absorbent that absorbs moisture, and in
another case - as a superhydrophobic material that
repels liquid. Diatomite itself is a natural
nanomaterial containing up to 80% silicon dioxide.
Diatomite is promising as:

- filtration material for water treatment of
industrial wastewater;

- Universal sorbent for eliminating emergency
spills of oil products and aggressive environments;

- filtration material for purification of food and
technical liquids.

One of the promising materials for water
treatment is also vermiculite. Vermiculite is a
mineral from the group of hydromicas that have a
layered structure.

Important  properties of  expanded
vermiculite are chemical inertness, heat resistance,
strength, safety, high adsorption capacity, and ion
exchangeability. It is thanks to these properties that
vermiculite serves as an inorganic matrix for
creating a sorbent. During the expansion of
vermiculite, water crystallized between mica flakes
evaporates, which leads to the formation of macro-
and micropores in the vermiculite particle and an
increase in the specific surface area by
approximately 5 times. Expanded vermiculite itself

— 73 ——=
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is hydrophilic. To turn vermiculite into an effective
sorbent, it must be chemically modified. In this
case, macropores become hydrophobic, while
micropores remain hydrophilic. Pores of different
sizes and wettability characteristics give modified
expanded vermiculite unique sorption and ion
exchange characteristics [[15], [16], [17], [18], [19]].

Expanded vermiculite is used:

- for removing petroleum products, organic and
toxic liquids from the surface of water bodies and
soils;

- for localization and removal of oil in case of
accidents of underwater oil pipelines and during
offshore oil production;

- for wastewater treatment from oil and other
contaminants.

The above-listed macroporous granular
sorbents with a high exchange capacity have good
kinetic characteristics for the sorption of heavy
metal ions.

2=
N i ()]

=

Results and discussion

Composition and content are given in Table 2 of
model solutions of heavy metal salts.

Sorbents based on mineral raw materials and
their modified forms can be used for selective or
group extraction and concentration of metal ions.
The kinetic laws of the cleaning process were
studied to establish the optimal cleaning regime.
The proposed methods for modifying sorbents
create the basis for studying the structure, porosity,
and sorption capabilities of these natural materials
[[20], [21], [22]]. Zeolite has a significant and
similar sorption capacity not only for particularly
toxic ions (Hg %" Cd 2* Pb 2%, but also for other
heavy metals (Cu 2* Co 2* Ni 2* Zn 2* Ba 2" Sr 2¥,
present in natural and waste waters in different
quantities. A special role is played by the significant
sorption

Copper concentration, mg/ml
o
o]

0,6
0,4 —e
0,2 ——
00
0 100 200 300 00 600 700 800

. 400. 5
Time, minute

Figure 2 - Kinetics of copper ion sorption by natural sorbents
(1 - copper concentration on zeolite sorbent; 2 - on modified zeolite sorbent)

Table 2 - Composition and content of the model solution

Cation NHs* | Pb?* Ba%* Nl Ccd? Cu? Zn* Co? Ni%
Concentration (in mg/l) 40.0 2.95 3.68 1.65 2.15 2.20 2.5 2.5 1.2
of metal in wastewater

—— 74 ——
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capacity of the studied clinoptilolite samples for
lead ion, which makes it possible to use them for
wastewater treatment and soil detoxification in the
adjacent territories of metallurgical enterprises.

Diatomite, untreated thermally, with high
adsorption rates and low permeability values, can
be used as an adsorbent for fine wastewater
treatment in a stationary mode. The advantage of
using diatomite for fine purification of wastewater
from pollutants is the possibility of restoring the
adsorption properties of diatomite after calcination
at 300-400 ° C. Diatomite used for fine purification
of wastewater from heavy metal cations can also
be regenerated or recycled. Calcined diatomite,
which has a relatively high permeability with a fairly
low adsorption value, can also be used as a filter
material for rough water purification [[23], [24],
[25], [26]]. It is possible to use diatomite in the
form of granules of fractions 0.5-1.0, 0.8-2.0; 1.0-
4.0,2.5-5.0 mm.

Conclusions

In the EU countries and the USA, lists of priority
environmental pollutants have been compiled,
which for various matrices (water, soil, air, etc.)
contain approximately 100-150 of the most
dangerous pollutants that are constantly found in
environmental objects.

In Kazakhstan, there is not yet a scientifically
based (from the point of view of ecology,
toxicology, hygiene and eco-analytics) list of priority
pollutants for water, air and soil, which makes it
difficult to periodically systematically monitor their
content in various natural environments.

Therefore, it is necessary to compile a
scientifically based list of priority pollutants in the
natural waters of Kazakhstan.

One of the most promising filter materials are
zeolite, clinoptilolite, and diatomite vermiculite,
which can be used in wastewater treatment from
iron, ammonium ions, heavy metals, radionuclides,
organic compounds and various trace elements.
The sorption properties of clinoptilolite rocks from
the Chankanai and Taizhuzgen deposits with a
clinoptilolite content of at least 60-70% have been
studied.

Based on a detailed analysis of foreign
experience in wastewater treatment technologies,
research has been carried out on the possibilities of
using effective adsorption methods along with
traditional reagent treatment methods.

The experience of American and German
scientists were studied in detail: modern methods
of purification of natural and waste waters and the
capabilities of new generation equipment in
identifying toxic substances in natural and waste
waters. The development of new and improvement
of existing treatment methods, and their
implementation at enterprises in Kazakhstan will
allow solving the following practical problems:
fundamentally new approaches to organizing
energy- and resource-saving highly efficient
technologies for wastewater treatment and water
treatment will be developed.

Zeolite, diatomite, and vermiculite rocks for the
extraction and concentration of metals in their
modified forms through preliminary
thermochemical treatment.

Research on the extraction of heavy metals on
granular filters with zeolite, diatomite, and
vermiculite loading, with a mineral content of 90-
95%, fractions of 0.5-1.0 mm at a temperature of
300 ° C - 400 ° C, has established the almost
complete extraction of large Pb cations 2" Fe % Ni
2+, Mn 2+, Zn 2+.

Zeolite exhibits sorption capacity not only for
particularly toxic ions: Hg % Cd % Pb ** but also for
heavy metal ions Cu * Co 2 Ni 2* Zn ** Ba ** Sr 2*
present in natural and waste waters in different
quantities.

Thus, natural mineral raw materials (zeolites,
diatomites, vermiculites, and their modified forms),
the reserves of which are sufficient in Kazakhstan,
can be used as a granular load for wastewater
treatment and water treatment. All three minerals
are highly porous, structured materials that are
promising for use as stable sorption systems in
water purification and water treatment.
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OHpAipicTiK aFbIHAbI CyNapAbl Ta3apTyAa TYHipLWIiKTi cy3ri matepuangapbl
petiHaeri TabuFu mnHepanapbl WKKi3aT

L2Mbip3anuesa C.K., “?6arawaposa X.T., 'Akunbberosa LU.K., “*Cepukbaes MN.K.
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TYWIHAEME

Kasipri yakpITTa Tabufu KaHe afblHAbl CyNapAbl ayblp MeTanfapAaH TasapTyablH, KONAAHbICTAfbI
aaictepiH Tangay copbeHTTep peTiHae Tabufu BeiopraHuKanblk, maTepuangapabl: Leour,
OVaTOMUT,  BEPMMKYIUT  KOAAaHaTblH  copbumsanbiK  a4ic  nepcnektvsanbl  60sbin
TabblNaTbIHAbIFBIH - KepceTTi. TaKbIpbINTblH, ©3eKTiNiri Tabufn cynapaplH, MeTannypruanbik
KaCiNOpbIHAAPAbIH, OHAIPICTIK CapKbIHAbI Cy/lAapbIMEH NacTaHy AeHreliHe TypaKTbl MOHUTOPUHT

Makana kengi: 17 kasan 2023 JKyprisyre MyMKiHAIK 6epeTiH afblHAbl Cynapapl TasapTy MeH cy AalblHAdyablH, ©3iH4iK
CapantamagaH eTTi: 29 Kapawa TEXHONOTUACBIH 23ipNey KaXKeTTiniriHeH TybliHAAAbl. CopbeHTTepAi ©3repTyAiH, YCbIHbIAFaH
2023 Kabbinganabl: 29 aknax 2024 dficTepi  aTanfaH TabwfM  mMaTepuangapdblH  KYPbUIbIMbIH,  KeYeKTiniriH, copbumanbik

MYMKIHAiKTepiH 3epTTeyre Heriz 6onafbl. ATanfaH yw MUHEpan: LeonuT, AMaTOMUT, BEPMUKYANUT
JKOFapbl KeyeKTi KypblabiMAbIK MaTepuangapsa »Katagpl, onapabl Cyfbl TasapTy MeH cyabl
JaviblHaayaa  TypakTbl cOpbUMANbIK Kyiienep peTiHAe naiganaHy nepcnektusTi 6onbin
Tabblnagpl. byn Kymbicta Tabusn copbeHTTepAiH GU3NKA-XMMUANBIK CMNATTaManapbiHbIH, acepi
JKOHe Cy AaWiblHAAy YWiH KaHa NepCcrneKkTUBanbl 3KONOTUANBIK Kayincis matepuangap MeH
peareHTTepAi KONAAHY KapacTbipbinagpl. MMApoTepMUANbIK daicneH mogudukaumanayra aemiHri
KOHe KeMiHri Tabufn ULEOoNUT MaTepuanbiHA@ MbIC MOHAAPbIHBIH, copbumAckl 3epTTengi.
CopbeHTTepaiH, 6enceHainiri CopbuMANbIK CbIMbIMAbINLIKTbIH, Menlwepi 6oMbIHWa, AFHU LeoauT
neH OHbIH, MoauduKaumanaHfFaH TypaepiHaeri COpbeHT maccacbiHbIH, BipAirimeH ciHipinreH aybip
MeTaNN MOHAAPbIHbIH MeLWepiMeH bafanaHapl.

Tyiiin ce30ep: afblHAbI cynap, copbeHTTep, LLEOAUT, ANATOMUT, BEPMUKYIUT, KAUHONTUNOAUT,
KanAblKTap, MMHepanapl LWKKi3aT.
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AHHOTALMUA

AHanus cylwiecTsyowmMx B HacToAalee Bpema metTo40B OYUCTKU NPUPOAHBLIX U CTOYHbIX BOA OT
TAXEeNbIX MeTannoB NokKasaa, YTO OAHUM U3 NepPCneKTUBHbIX ABAETCA COp6LJ,MOHHbIF1 meTopn C
MCNoNb30BaHMEM B KayecTse COp6eHTOB APUPOAHbLIX HEOPraHUYeCKUX maTepuanos: UEeONUTa,
ANATOMUTA, BEPMUKYNUTA. AKTya/]bHOCTb TeémMbl NPOANKTOBAHbI HeoﬁXOﬂ,MMOCTbI'O pa3pa60TKV|
OpMI'MHaﬂbHOﬁ TEXHO/IOMTMU OYUCTKU CTOYHbLIX BOA M BOAOMNOArOTOBKMW, I'|03BOI1HIOLLI,6171 Bectn
NOCTOAHHbIN MOHUTOPUHT  YPOBHA SBFPHSHEHMVI npupoaHbIX BOA MNPOU3BOACTBEHHbLIMU

Mocrynuna: 17 okma6ps 2023 CTOYHBIMM BOAAMW METasITlyPrAYeckmX NpeAnpuaTHii. NpeaioxeHHble cnocobbl MoanpUKaLmMm
Peuensuposanue: 29 Hoabpsa 2023 COpbEeHTOB  CO3Jal0T  OCHOBY ANA  M3yYeHUA CTPYKTYpbl, MOPUCTOCTH, COPBLMOHHBIX
MpuHATa B Nevatb: 29 eepana 2024 BO3MOXHOCTEN Ha3BaHHbIX MPUPOAHbLIX MaTepuanos. Bce TpU MUHepana: LEOAUT, AUATOMMT,

BEPMMKY/IUT OTHOCATCA K BbICOKONOPUCTbIM, CTPYKTYPUPOBAHHbBIM MaTepuanam, NepcnekTUBHbIM
ONA UCMONb30BAHWA B KayecTBe YCTOWYMBBIX COPOLIMOHHBIX CUCTEM B BOAOOYUCTKE U
BOAOMNOArOTOBKE. PaccmoTpeHbl BAUAHUE GU3MKO-XMMUYECKUX XapaKTePUCTUK MNPUPOAHBIX
copbeHToB, MPUMEHEHME HOBbIX MEPCMEKTUBHbLIX IKONOTMYECKU 6Ee30MacHbIX MaTepuanoB U
peareHToB A/18 BOAOMOATOTOBKM. WMccnepoBaHa copbuuyv MOHOB MeAM Ha MPUPOAHOM
LLeO/IMTHOM MaTepuase A0 M nocie ero MoaudUKauMM MMAPOTEPMAsbHBIM  METOLOM.
AKTMBHOCTb COP6EHTOB OLLEHMBANU MO BEUYUHE COPBLMOHHON EMKOCTH, T.€. KONNYECTBY MOHOB
TAXENbIX METaNN0oB, MO/OWEHHbIX eAuHNULENn Maccbl copbeHTa Ha OCHOBe LeonAuTa U ero
MoANULMPOBAHHOM GOPMbI.

Knioyeeble €108a: CTOYHbIE BOAbl, OYWUCTKA, COPOEHTbI, LEONWT, AMATOMMUT, BEPMUKYIMUT,
KJIMHONTUNOANT, OTXOAbl, MUHEPaNbHOE CbIpbe.
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Features of obtaining composite material from hydrophobic clay with
antimicrobic properties
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ABSTRACT

A method for obtaining a nanocomposite from hydrophobic clays with bactericidal properties is
considered, which plays the role of a drug matrix intercalated agar-agar. Such nanocomposite
materials are increasingly used in medicine as matrices for medicines and vitamins using their
adsorption properties and long-term exposure. It was established using TEM analysis that
halloysite particles from Beloye Glinische deposit are nanoscale and have a cylindrical shape with
a length from 200 nm to 1000 nm and a diameter of nanoparticles from 50 nm to 80 nm. The first
stage of the bionanocomposites manufacturing process was the treatment of halloysite
Received: September 13, 2023 nanoparticles with silver ions to impart antimicrobial properties, and hydrophobization with a
Peer-reviewed: December 20, 2023 cationic surfactant was carried out at the next stage. It was established by the X-ray diffraction
Accepted: March 5, 2024 method that the interlayer space of HNT has been expanded from 9.998 A to 17.5 A on the result
of the cationic adsorption on the HNT. FTIR spectroscopy also proved the adsorption of surfactant
molecules on halloysite by the presence of an appropriate absorption band. The adsorption of
silver on a nanotube made of halloysite was revealed by the method of energy-dispersive X-ray
spectroscopy. Antimicrobial properties of silver-treated and organophilic halloysite have been
established and proved by in vitro analyses in microbiological laboratories about Escherichia coli.
Hydrophobic samples of these organophilic clays had edge angles higher than 90° and this proves
that all samples are hydrophobic. The resulting organophilic clays were intercalated into an agar-
agar matrix and were thrown into a solution of calcium chloride, which gave them stability in a
liquid medium. It has been practically established that the most optimal bionanocomposite
microsphere is a 50% ratio of organohalloysite and agar-agar.

Keywords: bionanocomposite, halloysite nanoclay, silver clay, antimicrobial properties,
oleophylization, microsphere, drug delivers.
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Introduction

Academician Sh.B. Battalova described in detail
the chemical and physical properties of Kazakhstani
clays, she showed the possibility of using bentonites
from Kazakhstani deposits as catalysts for oil
refining, adsorbents of dye ions and heavy metals, as
well as for cleaning vegetable oils, petroleum
products and wool washing [1].

Currently, Kazakhstan's clays have been
sufficiently studied by scientists from foreign and
neighbouring countries, but even then they do not
have a wide range of applications in production
facilities within Kazakhstan, as they are transported
from foreign marketplaces. As a result of the work,
there will be results that will determine the scope of
application of various clays in Kazakhstan [[2], [3],
(4], [5], [6], [7], [8], 9], [10]].

In the domestic market, there is a growing
demand for organoclays, drilling fluids and additives
to building mixes. In addition, the development of
nanotechnology and the production of new
composite materials based on nonpolar polymers
implies an expansion of the range of organoclays
with differentiated surface hydrophobicity [[5], [6],
(7], [81].

The aim of this work was the synthesis of a
biodegradable nanocomposite based on halloysite
nanotubes (HNT), with prolonged bactericidal
properties and high capacity, capable of absorbing
harmful ions in the body and releasing vitamins
contained in it during ion exchange.

Experimental

Materials

The halloysite clay of the White Clay deposit,
which has the shape of a hollow cylinder with a
length of 200-1000 nm and a diameter of 50-80 nm,
was chosen as a matrix for obtaining a
biodegradable nanocomposite [[4], [5]]. The mineral
is characterized by a 1:1 crystal structure and a high
water content. The colour is white with a hardness
of 1-2.5 on the mineralogical scale and a density of
2.6 g/cm3.

Octadecylamine (CAS No: 124-30-1, Sigma
Aldrich) A solution of a cationic surfactant was used
to produce organoclay [[4], [6], [11]]. The chemical
formula is CigH3sN, a white crystal with a molecular
weight of 269,5 g/mol.

To impart bactericidal properties to halloysite
nanotubes, silver nitrate (CAS: 7761-88-8, Sigma
Aldrich) was used, which is a salt of the transition

metal of silver and inorganic nitric acid with the
formula AgNOs.

Agar-agar (C12H1809)n (CAS No: 9002-18-0, Sigma
Aldrich) was used as a polymer biodegradable matrix
and for the absorption of drugs

Methods

For X-ray diffraction analysis, an automated
Drone-3 diffractometer with CuK, radiation and a 8
filter was used (U=35 kV; 1=20 mA; capture 6-26;
detector speed 2 degrees/min.). X-ray phase analysis
of the diffractogram of powder samples was carried
out on a semi-quantitative basis by the method of
equal suspensions and artificial mixtures.

The scanning electron microscope belongs to
the most modern devices for conducting research
work of the highest automated processes in the
direction of nanotechnology. It is an apparatus that
is necessary for obtaining permissible shots of at
least 2.5 nm and conducting quantitative and
qualitative analyses of nanomaterial objects.

Transmission electron microscopy (TEM) was
used to describe the structure of the material both
in terms of sample size and surface.

Infrared spectroscopy is a method that studies
the interaction of infrared light with matter.

The goniometer is a device for measuring the
contact angle by the method of measuring the drop
lying down.

Results and Discussion

In the process of carrying out the work, it was
necessary to prepare the first halloysite, then
silvered clay and after the silvered organohalloysite

Halloysite deposits in Kazakhstan are located in
two places [[6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17]], these are the halloysite of the
Beloye Glinishche deposit near Karaganda and the
Aizin-Tamara halloysite deposit in the Akmola
region. The choice of halloysite from the Beloye
Glinishche deposit is justified by the fineness of the
mineral and the basic composition, which is
represented by halloysite with chemical formula
A|4[Si4010][OH]8'4H20 or A|203'25i02'4H20. It has
been proven that the mineral halloysite practically
never occurs in its pure form, most often together
with kaolinite and quartz or a mixture with other
aluminosilicate minerals. To separate the mineral
from quartz particles, Karaganda halloysite was
crushed, sieved and washed by decantation in
laboratory conditions. X-ray diffraction analysis was
performed to confirm the resulting powder's
composition.
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Figure 1 - 3D dimensional structure of halloysites [[4], [17]]

Table 1 below shows the mineral composition of
the sample by the quantitative indications of a semi-
digital X-ray phase analysis.

Table 1 - Findings of semi-digital X-ray phase analysis

1 2

Halloysite Al2(Si20s)(OH)a SiO; and others

81.2. % 18.8. %

The mineral halloysite has the form of rolled
sheets [[4], [12]], the diagram below shows the 3D
dimensional structure of the halloysite, Figure 1.

As the results of X-ray diffractometric analysis
showed, the bulk of the mineral, i.e. 81.2%, is
halloyisite. Two types of halloysite 10A and halloysite
7A are known in nature, since the interlayer space is
9.997 A, it is determined that halloysite White Clay
belongs to the type - halloysite 10A. In the
generalization of halloysite [[7], [12]], the authors
described that the studied composition of halloysite
corresponds to the chemical formula Al,Si;Os(OH),
nH,0, where n=0-2. The structure of halloysite - (7A)
is described by a hexagonal unit cell with edge
lengths a=5.14, b=8.9, c=17.7 A; the values of angles
a=97-104, PB=90-91.8, y=90° differ slightly from
different authors [[8], [13]].In tubular structures of
halloysite, its long axis is often associated with the
crystallographic axis. To identify halloysite-(10 A), X-
ray phase analysis uses a reflex with d001, which is
absent in the spectrum of several polymorphs of the
kaolins. This corresponds to the sum of the

thicknesses of one mineral layer of 7.14 A and a
monolayer of water of 3 A. The authors [[4], [5], [6],
[7], [8], [9], [10], [11], [12]] determined that the
outer surface of aluminosilicate nanotubes consists
mainly of siloxane groups (Si-O-Si). Aluminol (Al-OH)
functional groups are also placed on the inner
surface of the cavity and between the layers. The
inner type is Al-IT is directed towards the tetrahedral
silica mesh. As a result of structural defects, silanol
(Si-OH) and additional Al-OH functional groups are
formed on the fractures of silicate particles (Fig. 1
and 2) [12].

d=7.1580!
., 0=357388
d=3.34253

o
o
=]

Intensity counts

1
4=9.97762
. 6=2.12645
d=1.99122
d=1.94784
d=1,66952

2-Theta - Scale
Figure 2 - Diffractogram of the halloysite (a) mineral

Also of interest is the demonstration of the
presence of halloysite nanotubes determined by
scanning electron microscopy (SEM), this analysis
was conducted through the "National Open-type
Nanotechnology Laboratory" at the Al-Farabi Kazakh
National University. The results are shown in Figure
3.
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Figure 3 - Morphology of mineral halloysite. a — SEM figures and b — TEM figures
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Figure 4 - Determination of silver ions by energy
dispersion X-ray spectroscopy

Halloysite particles consist of fibrous particles,
with a particle length of the order of 200-1000 nm,
tube diameters range from 50-80 nm, SEM and TEM
pictures (Fig. 3a and 3b). It is known that halloysite
exists in the form of nanotubes, and these
nanotubes are present in a hollow form [3], although
due to the limitations of the SEM method, this
cannot be confirmed. However, SEM analysis made
it possible to determine the size of the nanotubes. In
this regard, a TEM study was undertaken to verify
the hollow structure of the nanotube. TEM analysis
was carried out in the nanolaboratory of the Kazakh-
Japanese Innovation Center of the Kazakh National
Agrarian University. The obtained result is presented
in Figure 3.

From Figure 3, it is evident that HNTs are in the
shape of spherical tubes, with diameters ranging
from 20 to 50 nm. Halloysite belongs to the colinite
group and, unlike kaolinite, is located in two layers
and contains a small number of water molecules.
The critical grid scheme has a 1:1 ratio of clay types,
one of which consists of aluminium oxide, and the

g

Escherichia coli

10,00

Figure 5 - Zones of inhibition of the growth of
Escerichia coli shoots of silver ion planted clay (21-
23mm).

other of silicon oxide [13]. The plates curl into tubes
due to the sharp difference in the amount of silicon
and aluminium ions. In this case, a folded tube is
formed, inside of which there is a layer of aluminium
oxide, and outside - a layer of silicon oxide. With
different ionization of silicon by aluminium oxide,
the dielectric properties are different. Aluminium
oxide, if for example placed in a solution with pH =
8.5, will have a positive charge. The different charges
on the outer and inner surfaces of halloysite tubes
are associated with the possible filling of the inner
part of the tubes with negatively charged molecules.
Another attractive feature of Halloysite in
comparison with other clays is that it has a large
specific surface area. During the work, the halloysite
was previously modified with silver ions. The
bactericidal and antiseptic properties of silver ions
and the ability to resist 650 types of bacteria are
known [[14], [15]]. When modifying halloysite with
silver ions, it was important not to change the
morphological nature of the HNT, because the
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introduction of a drug into the hollow part of the
tube is implied.

The modification process was carried out simply,
using a prepared solution of silver ions C(AgNO3) =
0.4 mg/|

The result of energy dispersive spectroscopy,
proving that halloysite contains silver ions, is
presented in Figure 4. To determine the presence of
silver ions, an SEM image is first created, then by
randomly placing a point on an area of the sample,
an area of interest is selected (point 001 in Figure A)
and the spectra of this region B. In Figure 4, the
spectra coloured green are responsible for the clay
mineral and silver ion. There is no need to pay
attention to the content of carbon and chlorine ions
revealed by the analysis since they are present in the
composition of the substrate used.

Since silver ions can quickly oxidize in the sun
and turn into silver oxide, all the samples obtained
were stored in tinted glass containers, away from
sunlight. The bactericidal properties of the resulting
silver halloysite were tested. Testing of bactericidal
properties was carried out by order in the
microbiological laboratories INVITRO in Almaty.

The bactericidal properties were studied on the
bacterium Escherichia coli (intestinal worm Rod),

clay in an amount of 0.4 g was placed in a test tube,
and then 10 ml of distilled water was added and
thoroughly mixed. The test culture of Escherichia coli
was sown in Petri dishes on top of the nutrient Agar.
Then grooves were made on the agar, as shown in
Figure 5, and 0.2 ml of the test suspension was
poured. It was grown for 3 days in a Petri dish at 37
°C in a thermostat. As a result, the bactericidal
property of the clay on which silver ions were applied
was confirmed, in particular, to suppress the growth
of Escherichia coli bacteria.

If the interlayer gallery expands, this may
indicate the ingress of large molecules into it, that is,
intercalation or detachment, therefore, to exclude
changes in the structure of the sample under study
after modification with silver, a repeated X-ray
diffraction analysis was performed.

The analysis confirmed the change in the
interlayer gaps from d =9.9 A (Figure 6) to d =17.50 A
showing that octadecylamine (ODA) adsorption
occurs. After organomodification with
octadecylamine (ODA), the excess ODA was washed
in three stages for complete removal. In this
connection, ODA molecules were studied by IR
spectroscopy to confirm their presence on the
surface of the halloysite.
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Figure 6 - Diffractogram of the halloysite (a) and organomodified halloysite (b) minerals
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Figure 7 - IR-spectroscopic analysis results; a-halloysite; b-organohalloysite

Figure 8 shows the IR spectra of the halloysite
clay of the White Clay deposit (a) and its modified
ODA (b) hydrophobic clay. The values of 3699.06 cm’
1 3698.64 cm™, 3696.52 cm™, and 3698.48 cm™ in
halloysite determine the presence of an oh group
with which absorption bands are associated. The
absorption of the free OH group in the spectrum of
modified ODA halloysite corresponds to a frequency
of 3550-3150 cm™® and in the enriched natural
spectrum of halloysite a short band of medium
intensity 3620.99-3621.38 cm™. These bands
indicate a strong association of the OH group with
Halloysite. In the spectrum of modified ODA
halloysite, the absorption of the trans-N-H band of
the secondary amine is determined by bands
3317.80 and 3323.97 cm™ with moderate intensity,
and these bands manifest themselves at a very
higher frequency compared to the spectrum of
modified ODA (B) halloysite, whereas in halloysite
these bonds manifest themselves at a lower
frequency (a). The absorption of the spectrum in
question in this area occurs at a very high intensity.
The sample is presented in the form of a film (or
tablets with KBr), and the absorption region of
various symmetric C-H bonds in the spectrum of
ODA-modified halloysite is observed in the regions
of 2937 and 2860 cm™. Absorption bands of
deformation vibrations of the hydroxyl group in the
spectrum of natural halloysite and its modified form
with ODA bands are manifested at frequencies
1639.33, 1639.76, and 1637.90cm™. The CHx-group
in deformation oscillations is in the region of 1500-
1300cm™ of the research spectrum. In this area,
high-frequency components are associated with

antisymmetric deformation and low-frequency
components with symmetric deformation of these
groups.

The absorption bands 1129 cm™ and 1150 cm™
of the spectra of modified ODA halloysite reflect
valence vibrations of the natural and antisymmetric
C-N bond associated with various particles in the
molecule. This region is not observed in the
spectrum of enriched natural halloysite. Thus, from
the results of the IR spectra of natural halloysite and
modified ODA halloysite, the following conclusion is
drawn: in modified ODA halloysite, there is a
significant decrease in free O-H bonds, which
indicates a decrease in the number of bands in the
corresponding spectral region and also indicates
mixing of the remaining bands at a lower frequency.
The spectrum pattern changes accordingly in the
region of 1120-1000 cm™.

Organomodified halloysite can float on the
surface of water, Figure 8 (the picture was taken
after t=150 days). That is, organophilic halloysite is
hydrophobic because it has a constant chemical
composition

L N

y

S o

NNT . /"
Figure 8 - Organoclay powder newly placed on the
surface of the water after t=150 davs
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Table 3 - Values of water absorption angles for samples of organoclay powders obtained at different concentrations of

ODA
Ne Consumption of ODA spent on Angles of incidence, Names of organoclay of various modifications
modification, mole/litre degrees (ODA-modified and bactericidal)
1 Silvered halloysite 9° BOMCO
2 0.000625 122° BOMC1
3 0.00125 129° BOMC2
4 0.0025 130° BOMC3
5 0.005 131° BOMC4
6 0.01 132° BOMC5

SEI  18kV
General Sample

WD8mm S§S40

SElI  13kV WD7mm $540
General Sample

Figure 9 - SEM images of organomodified silveredhalloysite mineral

Thus, bactericidal organoclays of 6 types were
obtained (Table 3) by modifying silver-plated
halloysite with octadecylamine, labelled from
BOMGO to BOMGS. Since the organomodification
process is carried out at a certain temperature mode
of operation, it was important to make a
morphological analysis of the particles of the
resulting hydrophobic organohalloysite since it was
necessary to preserve the organohalloysite spatially
intact in the form of a nanotube during the process.
For verification, an SEM picture of the
organohalloysite was taken using the SEM method
(Figure 9).

Using SEM analysis, the width and length of
organophilic nanotubes made of halloysite were
measured, it was found that the width ranges from
10 to 100 nm, and the length reaches ~1000 nm. It
has been proven that this does not affect the type of
rolled sheet.

At the next stage, the resulting silver sample of
organophylic halloysite BOMC4 was embedded in a
polymer matrix (agar-agar) to obtain samples of
bionanocomposite. To create compactness, several
pieces of samples were placed in a calcium solution.
At the next stage, the masses, sizes and swollen and
dried samples of bionanocomposite were studied.
The data is shown in Table 4.

According to the data in the table, a spherical
binanocomposite formed from silvered organoclay
and agar-agar in a calcium shell shows water
resistance and shows good swelling, although they
were left in water for 72 hours to swell. This shows
that this bionanocomposite with antimicrobial
properties is a good enough result to be introduced
into its drugs [[16], [17], [18], [19], [20]].
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Table 4 - Composition of the bionanocomposite and their parameters

Ne | Percentag | Massof | The Percent | The average | The average | The proportion | The
Ne | es of the micropar | mass of | age of diameter of diameter of of absorbed "lifetime"
compositi | ticlesin micropa | reducti | the microparticle | water, dried of
on of the swollen rticlesin | on of microparticl | sindried samples, after | microspher
OHNT in form, g dried microp | esinthe form, g swelling in es, the
agar-agar form, g articles | swollen water fromits | frequency
form, g size of swelling
/ drying
1 0,1% 0.560 0.059 89.46 ~2 ~0.8 320% 42 time
2 1% 0.623 0.068 89.09 ~2 ~0.83 303% 45 time
3 10% 0.681 0.0998 85.31 ~2 ~0.85 273% 53 time
4 50% 0.710 0.132 81.42 ~2 ~0.9 233% 63 time
5 90% 0.740 0.149 79.86 ~2 ~1.6 143% 15 time

As can be seen from Table 4, in microspheres
with an increase in the amount of organoclay, the
absorption capacity of the microspheres of the
bionanocomposite decreases. According to Table 4,
a 50% microsphere with an oragnohalloysite
nanotube (OHNT) absorbs liquid (water) almost 1.6
times worse than with their 0.1% sample, but the
lifetime is better than other samples. Hence, it was
concluded that the most optimal bionanocomposite
microsphere is a 50% ratio of OHNT and agar-agar
since it was necessary to introduce the maximum
value of OHNT into these microspheres. The need to
introduce OHNT into the agar-agar microsphere is
that the bionanocomposite we have obtained should
participate in the metabolism of nonpolar
substances in the human body.

Conclusion

Thus, attention to the creation of
bionanocomposites has been increasing recently.
The results obtained by us significantly affect the
methods of obtaining new types of medicines using
clay minerals, expanding the scope of application of
organomodified clays. Nanotechnology seems to be
a serious scientific field capable of creating various
nanobiocomposites with the expansion of their
scope of application. Thanks to scientific research in

this direction, the prospects for the creation and
application of various types of nanoglines are
significantly expanding. Research in this direction is
promising and can expand the possibilities of
creating various forms of medicines due to the
synthesis of halloysite with oleophilic and
bactericidal properties, structuring and
microcapsulation of a bionanocomposite based on
halloysite.

Acknowledgements

This scientific research was carried out within
the framework of grant financing of the AP19674742
(IRN) project "Technology for obtaining a new
organomineral composite material based on natural
bentonite of East Kazakhstan" (IRN AP19674742
"Technology for obtaining a new organomineral
composite material"). based on the natural
bentonite of East Kazakhstan"). The source of
funding is the Science Committee of the Ministry of
Science and Higher Education of the Republic of
Kazakhstan. The authors express their gratitude for
the allocated grant funding.

Conflict of interest

The authors of this study do not cooperate with
other publishers on this topic.

Cite this article as: Ibraimova D M-K, Rozhkova OV, Musabekov KB, Tazhibayeva SM, Rozhkov VI,Yermekov MT. Features of
obtaining composite material from hydrophobic clay with antimicrobic properties. Kompleksnoe Ispolzovanie Mineralnogo Syra
= Complex Use of Mineral Resources. 2025; 332(1):79-89. https://doi.org/10.31643/2025/6445.07



https://doi.org/10.31643/2025/6445.07

KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Cbipbsa. Ne1(332), 2025 ISSN-L 2616-6445, ISSN 2224-5243

AHTUMUKPOBTBIK KacueTKe ne rugpodobtbl rannyasmtreH KOMNO3ULUANDIK,
matepuan any epekwienikrepi

!n6panmosa 4.M-K., 2 Poxxkosa 0.B.,  Myca6ekos K.B., : Taxibaesa C.M.,
24poxkKos B.U., 3Epmekos M.T.

19n-®apabu ameiHOarsl Ka3ak yammelk yHugsepcumemi, Aamamel, KazakcmaHx
2CakeH CelihynnuH ameiHOaFbl KA3aK a2pomexHUKanbIK 3epmmey yHugepcumemi, Acmaxa, Ka3akcmaH
3"Science and Technology Solutions" AK, Aamamel, KazakcmaH
4«Anmali 2e0/102UANbIK-9K0M02UAMLIK UHCmumymel» MKLLC, ©ckemeH, KazakcmaH

TYWIHAEME

Makanaga QAopinik matpuua peniH aTtkapaTblH 6akTepuumaTik KacveTi 6ap ruapodobTbi
casgapaaH 6MOHAHOKOMNO3UT any aAici KapacTblpblifaH. MyHAal Aapinik GUOHAHOKOMNO3UTTIK
MaTepuanzap *Kofapbl aAcopbLMANbIK KACUETKE KaHE Y3apTbiNfaH SpeKeTKe ne 6oNFaHAbIKTaH,
SPTYPAi ASPYMEHAEP MEH A3Pi-A3PMEKTEPAi TaCbiManfayLlbl MaTpULLA PeTiHAe NainaanaHy ywiH
ycbiHbInaabl. M3M Tangaybl apkbiibl benoe MUHULLE KEHOPHbIHbIH, Fanayasuti HaHoenWwemAai
KoHe y3blHAbIFbl 200 HM-AeH 1000 HM-re AeiiH UMAMHAP Topi3Ai KaHe HaHobenlwekTepain,

Makana kengi: 13 Kelpkytiek 2023 avametpi 50 HM-geH 80 HM-re aeliiH 6onaTbiHAbIFbI aHbIKTaNfFaH. BUOHAHOKOMNO3UTTI eHAipy
CapanTtamagaH eTTi: 20 xeamokcaH 2023 npoueciHiH bipiHWi Ke3eHiHAe MUKPOBKa Kapchbl KacueTTep 6epy yLiH ranayasut HaHobewekTepi
Kabbinganapl: 5 Haypei3 2024 KYMiC WMOHAApbIMeH eHAenedi, an Keneci KeseHae KaTMoHAbl 6eTTik benceHai 3aTtneH

rmapodobTanaabl. KatmoHabl BA3 aacopbumackl KypreHairi peHTreHAndPaKUMANbIK dAicneH
aHbIKTaNApl, MyHbl NakeTapanblk KeHicTik 9,998 A-pgaH 17.5 A-fa peliH bifbiCKaHbIHaH Ginyre
6onaabl. CoHpali-ak, ®ypbe WHOPaAKbI3bIN  CNEKTPOCKOMUACbIHA  Calikec abcopbumanbik,
KoNakTapabiH, 601ybl BA3 moneKynanapbiHbIH, rannyasuTTe agcopbumnanaHaTbiHbIiH Asnengea;.
JHepreTUKanblK AUCNEPCUANBIK PEHTIEHAIK CNeKTPOCKONMALA KYMIC MOHAAPbIHbIH, COMKEC XKYTy
JKOMAKTapbIHbIH,  6ONYbl  rannyasuT  HAHOTYTIKWeCIHAE  KYMICTiH  afcopbumanaHaTbiHbIH
panengenai. KymicneH eHaenreH xaHe opraHodUbAj rannyasuTTiH MUKPOBKa Kapcbl KacueTTepi
iluek TaAKWacbiHa Kapcbl invitro HaTWKenepi 6GOMbIHWA MUKPOBMONOTUANDBIK 3epTxaHasa
aHbIKTangpl. fmapodpobTanFaH opraHorannyasut yAarinepiHib, uek 6ypbiwTtapbl 90 rpagycraH
JKOFapbl 6onabl KaHe 6yn 6apablk yarinepaid rmapodobTbl ekeHiH ganengendi. AnbiHFaH
opraHoouabAi casgap arap-arap MaTpMLACbIHA EHTi3iNiN, CyMblK OpTaga TYPaKTbiNbIK 6epeTiH.

TyiiiH ce30ep: BUOHAHOKOMMNO3MT, ranyasuTTi HaHOCa3, KYMicTenreH cas, 6akTePULMATIK KacKeT,
oneodpuansauma, Mukpochepa, Aapi TacbimanarbiluTap.
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AHHOTALUMUA

PaccmoTpeH cnocob nonyyeHns GoOHaHOKOMMO3WTa U3 rMAPOGOBHbBIX TUH ¢ BaKTepULMAHBbIMU
CBOWCTBaMM, KOTOPbIA WUrpaeT posib JIEKAPCTBEHHOM MaTpuupbl. TakuMe NeKapCTBEHHble
6MOHAHOKOMMNO3UTHbIE MaTepUabl PEKOMEHAYHOTCA 1A UCNONb30BaHMA B Ka4ecTBe HoCUTeNen
PasNNYHbBIX BUTAMUHOB M NEKAPCTBEHHbIX NpenapaToB 61arofapsa UX BbICOKMM afcopbUMOHHbIM
CBOWCTBAaM M MPOJIOHTMPOBAaHHOMY AEMCTBUIO. YCTaHOBNEHO ¢ nomouwpto MIM-aHanusa, uTo
4YacTMUbl ranayasuta MectopoxaeHusa benoe MuHULLE ABNAKOTCA HAHOPa3MEPHbIMU U UMET
unnnHapuyeckyto dopmy anmHoi ot 200 Hm o 1000 HM 1 AnameTp HaHouvacTuy, ot 50 Hm go 80

Moctynuna: 13 ceHmabpsa 2023 HMm. [lepBoi cTaauei mnpouecca M3roToBleHUA OWOHAHOKOMMO3WTa ABAANAcb 0b6paboTKa
PeueHsnposaHue: 20 dekabps 2023 HaHoYacTWL, rannyasMta MoHamu cepebpa ANA NPUAAHMA AHTUMMKPOBHbLIX CBOMCTB, a Ha
MpuHaTa B nevatb: 5 Mmapma 2024 cnepytowem stane 6bina nposefeHa rMapodobM3aLMA KaTUOHHBIM MOBEPXHOCTHO-aKTUBHbBIM

BELEeCTBOM. PeHTreHANPPaKLUMOHHBIM METOAOM YCTaHOB/EHa aacopbuma KaTuoHHbIM MAB, Tak
KaK MeXMnaKeTHoe MPOCTPaHCTBO paclmpeHa ¢ 9,998 A po 17.5 A. Takxke WK-cnekTtpockonusa
®ypbe HaNMuMem COOTBETCTBYHOLLMX NOOC NOFNOLWEHUA AOKa3ana agcopbumio monekyn KMNAB Ha
rannyasvuTte. Hanuuve  COOTBETCBYIOWMX MONOC  MNOM/OWEHMA WMOHOB  cepebpa  Ha
3HEproAnCnepcUoOHHONW PEHTTEHOBCKOM CMEeKTPOCKOMNWA AoKasbiBaeT agcopbumio cepebpa Ha
rannyasuToBoi HaHOTPYbKe. YCTaHOBEHbl aHTUMMUKPOBHbIE cBOMCTBa 06paboTaHHOro cepebpom
M opraHoduAbHOrO rannyasuta MUKpobuonormyeckumm nabopaTopHbIMM — pesynbTaTamu
MHBUTPYB MO OTHOLIEHWIO KULWWEYHOM nanouku Escerichia coli. TnapopobursnposaHHble 06pasLbl
opraHorannyasuta UMenun Kpaesble yrabl Bblle, Yem 90 rpagycos v 3TO AOKa3bIBaeT, YTO Bce
06pasubl AsnaA0TCA raApPodobHbIMU. MoNyYeHHble OpraHOdUIbHbIE IUHBI BblAN BHECEHBI B arap-
arapoBylo matpuuy ¥ 6bian GpolieHbl B pacTBOP KanibUWA X10puAa, KOTopble NpuAaaloT Um
YCTOMUYMBOCTL B XMAKOW cpepde. [paKTUHYECKM YCTaHOB/AEHO, 4TO Hambonee ONTUMAaNbHOM
6MOHAaHOKOMMNO3UTHOM MUKpochepoit aBnaeTca 50% COOTHOLIEHWE OpraHorannyasuTa W arap-
arap.

Knoyeevie cn06a: BVWOHAHOKOMMO3MWT, rannyasuToBas HaHOMIMHA, cepebpsaHas rAuHa,
6aKTepuLMaHbIE CBOICTBA, 0Ie0dUAMN3aLIMA, MUKpOCchEpPa, HOCUTENN IEKaPCTB.
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ABSTRACT

Hydrogen, which belongs to the group of the smallest elements, can freely penetrate the structure
of metallic materials and cause enormous damage. This phenomenon may occur due to various
conditions and may have different effects on the properties of materials. Understanding these
mechanisms is important in the era of changing to alternative energy sources. This situation may
occur in combustion engines powered by hydrogen-enriched fuel. The work analyzed the impact
of various hydrogenation processes on the properties of aesthetic steel, which is allergic to the
formation of carbides at the grain boundaries, such a microstructure is intended to simulate the
least favorable working conditions. The work was aimed at evaluating the effects of different
hydrogenation methods on changes in the properties of the AISI 310s steel membrane. In the
work, electrolytic hydrogenation and heat treatment procedures in a hydrogen atmosphere were
used. Investigations of changes in material properties included microhardness and in-situ strength
tests in a scanning electron microscope chamber. Research has shown that both processes
increase the hardness of materials and change the characteristics of stretching curves.

Keywords: hydrogen process, metallic membranes, material properties

Matgorzata Rutkowska-Gorczyca

Information about authors:

PhD in Mechanics, Associate Professor, Department of Automotive Engineering, Wroclaw
University of Science and Technology, Wyb. Wyspianskiego 27, 50-370 Wroctaw, Poland. Email:
malgorzata.rutkowska-gorczyca@pwr.edu.pl

Mateusz Dziubek

MSc, Department of Automotive Engineering, Wroclaw University of Science and Technology, Wyb.
Wyspianskiego 27, 50-370 Wroctaw, Poland. Email: mateusz.dziubek@pwr.edu.pl

Marcin Wisniewski

Engineer, Department of Automotive Engineering, Wroclaw University of Science and Technology,
Wyb. Wyspianskiego 27, 50-370 Wroctaw, Poland. Email: 255206 @student.pwr.edu.pl

Introduction

The problem of hydrogen embrittlement is quite
a dangerous phenomenon in the case of metals and
their alloys [[1], [2]]. In technological and metal
al., 2023), the
mechanical properties and corrosion resistance of
materials may deteriorate due to the impact of the
hydrogen environment [[4], [5], [6]]. The negative
impact of hydrogen on metallic materials affects a
industries such as

processing processes (Xi

wide range of different

the presence of hydrogen requires numerous
additional studies.

A very interesting issue related to alternative
methods of reducing the negative impact of
transport on exhaust emissions into the
environment is the use of combustion engines
powered by hydrogen-enriched fuel. Hydrogen
engines open up new perspectives for the
automotive sector but also pose new design
problems to solve [[9], [10], [11], [12], [13]]. A major
threat that may damage an engine operating in a
hydrogen environment is the phenomenon of

metallurgy, petrochemicals, aviation, and other
fields. The threats of hydrogen to metals include
hydrogen-induced  cracking, high-temperature
hydrogen corrosion [[7], [8]], hydride and hydrogen-
to-martensitic transformation, etc. Research on
hydrogen embrittlement has been ongoing for a
long time, but the mechanism of microstructure
interaction with hydrogen and damage caused by

hydrogen embrittlement of metallic materials. The
influence of hydrogen causes a weakening of the
structure of metallic materials and an increase in
susceptibility to brittle fracture. Hydrogen, which
belongs to the group of the smallest elements, can
freely penetrate the structure of the material. The
diffusion of hydrogen into the material causes
changes in the material's microstructure and
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permanently reduces the strength and plastic
properties of the material. The greatest threat is the
creation of conditions initiating brittle cracking of
materials after some time of exposure to loads.
Various materials are used to build engines, one
of the groups of materials used due to their high
strength and corrosion resistance is austenitic steel.
AISI 310s heat-resistant steel is an austenitic
chrome-nickel grade with increased nickel content,
characterized by high strength, ductility, resistance
to air and oxidizing atmosphere in the high-
temperature range up to 1050 °C. Steel is used for
mechanically loaded parts that operate at high
temperatures. Improper technological processes
and working conditions at elevated temperatures
may cause the formation of hard phases in austenitic
steels. Depending on the chemical composition of
the steel, M23Cs carbides may be formed, which
significantly weaken the properties of this material
[[12], [13]]. The work presents the influence of
various methods of the hydrogenation process on
the surface and properties of AISI 310s steel, which
is allergic to the formation of carbides M23Ce.
Research problem. As energy management
methods change to more ecological ones, hydrogen
will play a huge role in this topic. The topic of
hydrogen will be considered at many levels: new
mechanisms, new theories, new phenomena of
hydrogen embrittlement of metal, steel or light
alloy, research and development of hydrogen
removal process in metal, the interaction between

hydrogen, fatigue and crack growth, action laws of
other hydrogen-induced failure forms, corrosion
issues related to hydrogen and fatigue, fracture and
failure of hydrogen charging metals. This paper
presents the effect of various hydrogenation
processes, on surface changes and the strength of
ASIA 310s steel membranes sensitized by
intergranular corrosion. The study showed the
effect of this process on the strength of the material.

Material

The material in the form of commercially
available AISI 310s steel was selected for the tests
(jfs-steel.com). The tested steel showed a
microstructure, equiaxed alloy austenite grains with
precipitations of carbides forming a shell at the grain
boundaries (Fig. 1.). In the delivery state, according
to the supplier, the material was characterized by
the chemical composition given in tab. 1. and
showed the properties presented in tab. 2.
Membranes for the tests were prepared in the form
of plates with a thickness of 0.7 mm, dimensions
shown in Fig. 2. The area of interaction with the
electrolyte during electrochemical processes was
about 550 mm? and was the same for each sample.
The surface of the materials before the
electrochemical process was cleaned in an ultrasonic
scrubber in an acetone solution for 10 minutes.

Fig. 1 - Microstructure of alloyed austenite with evolved carbons at grain boundaries in AISI 310s steel in
the supply state. SEM

Table 1 - Chemical composition of steel AISI 310s

AlISI 310s C<0.2 Mn<1.5

V <0.2 W <0.5

Si<1.0

P<0.045 $<0.030 Cr22.0-25.0

Mo <0.5 Fe rest

Ni 17.0-20.0
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Table 2 - Mechanical properties of steel AISI 310s

tensile strength Rm Elongation A Hardness
500-700 MPa 33% 192HB
15
S N
20 5
35
Fig. 2 - Austenitic steel membrane dimensions
Method reactions and adsorption processes. It offers a rapid

The hydrogen charging process was carried out
using a Biologis SP50ze potentiostat/galvanostat.
Current waveforms were carried out in an
electrolyte with a concentration of 0.5 M H,SO,4 and
pH 1. Voltammetry (CV measurement) was carried
out in a three-electrode system, where the metallic
membrane was the working electrode. The
hydrogen charging process included two ranges: 25
cycles (1 hour) and 50 cycles (2 hours). The system
was cyclically loaded with current between a
potential of -0.200 V and -1.4 V, with a scanning
rate of 20 mV/s. The measurement procedure began
with a 10-minute open circuit measurement (OCV)
in the electrode system used, based on which the
open circuit potential Ewe was determined, which
was used to determine the range of the voltammetry
process. The open circuit voltage consists of the
period during which no potential or current is
applied to the working electrode. The cell is
disconnected from the power amplifier. Potential
measurements are available on the cell. Thus, the
evolution of the resting potential can be recorded.
This period is commonly used as a preconditioning
time or to equilibrate an electrochemical cell.

CV  voltammetry  measurements  were
performed in the range below the open circuit value
Ewe to eliminate the oxidation process and force the
hydrogen evolution process. Cyclic voltammetry
(CV) is the most widely used technique for acquiring

qualitative information about electrochemical
reactions. CV provides information on redox
processes, heterogeneous electron-transfer

location of the redox potential of the electroactive
species. A CV consists of scanning linearly the
potential of a stationary working electrode using a
triangular potential waveform. During the potential
sweep, the potentiated measures the current
resulting from electrochemical reactions. The cyclic
voltammogram is a current response as a function of
the applied potential.

Heat treatment tests were carried out in
resistance furnaces in an air atmosphere and a
furnace with a protective atmosphere (Czelok
furnace). Argon gas with a 5% hydrogen admixture
was selected for testing in a hydrogen atmosphere,
the flow was set at 3 dm3 per minute. The samples
were heated in a hydrogen atmosphere with an oven
from 20°C to a temperature of 900°C, at which the
samples were kept for 2 hours. After an appropriate
time, the samples were removed from the oven,
cooled in water and immediately subjected to the
tensile process in a Deben Microtest strain gauge
holder compatible with the Phenom XL scanning
electron microscope. The holder enables strength
tests up to 1000N and in-situ observations in
scanning microscope mode. Investigations of the
surface of the material after hydrogenation were
also carried out using scanning electron microscopy
methods on a Phenom XL microscope. Then,
microhardness measurements were carried out by
the PN-EN ISO 6507-1:2018-05 standard using the
Vickers method, using a Leco LM-248AT
microhardness tester. The measurements were
carried out with a load of 300 g, which is equivalent
to a force of 2.94 N.
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Research results

Electrochemical hydrogen charging of AlSI 310

Voltammetry measurements CV showed in all
cycles similar shape of the curves, during
observations the hydrogenation process showed an
increasingly intense and violet process of hydrogen
evolution in the lower parts of the graph. The most
intensive hydrogenation process took place in the
range below 0.5 Ewe, numerous hydrogen bubbles
were visible, concentrating on the surface of the
metallic membrane constituting the working
electrode. In subsequent hydrogenation cycles, the

<J>/mA/cm,

current values decreased in the range of -2.5mA/cm
to -3.5mA/cm for 25 «cycles (Fig. 3). For
hydrogenation in 50 cycles, the current values were
lower and oscillated from -3.0mA/cm to -6mA/cm
(Fig. 4). Differences in the initial values result from
differences in the closed-circuit measurement
values in a given electrode system. There is a clear
tendency to decrease the current values in
successive hydrogenation cycles. This proves the
changes taking place in the metallic membranes and
the change of their electrochemical potentials about
the material in the delivery state.

0,5 0

Ewe/V vs. NHE

Fig. 3 - Cyclic Voltammetry curve after 25 hydrogen cycles in 0,5MH>S04

<J>/mA/cm,
o

'
—

05 0

Ewe/V vs. NHE

Fig. 4 - Cyclic Voltammetry curve after 50 hydrogen cycles in 0,5MH2S04
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The samples after the hydrogenation process
were subjected to axial tensile testing at a constant
speed of 0.5 mm/s inside a scanning electron
microscope chamber equipped with a tensile holder
with a maximum measurement force of 1 kN. All the
tensile tests were conducted in a single setup,
creating geometric notches in the central part of the
samples. As a result of the tensile testing, the
maximum force and elongation were determined,
which were considered as comparative values due to
the identical geometry of the samples (Fig. 5). The
hydrogenation process after 25 and 50 cycles
resulted in a slight strengthening of the material,
increasing the maximum force value by 3%, which
represents a minor change. On the other hand, the
elongation value underwent a significant reduction,
decreasing by 9% after 25 cycles of hydrogenation
and 13% after 50 cycles of hydrogenation compared
to the reference state. This indicates a negative
impact of the hydrogen environment on AlSI 310S
steel.

Microhardness tests are one of the simplest
methods to determine changes in the form of
strengthening in the the
hydrogenation process. Hardness measurements

material  after

were carried out on the surface of the membranes,
on the undeformed elements of the sample after
both the hydrogenation process. Analysis of the
microhardness results showed that the H2
environment affects the surface hardening of AlSI
310s steel (Fig. 6).

An increase in hardness compared to the initial
state material was observed in all tested materials.
Hydrogen charging in electrolytic processes resulted
in an increase in hardness from 154HV0.2 to
162HVO0.2. A linear increase in this parameter was
observed when the number of cycles was increased
to 50, where the hardness increased to 169HV0.2.
The hydrogenation process at a temperature of
900°C also increased the hardness to 182HVO0.2 for
the membrane heated in an oxygen atmosphere and
to 179HV0.2 for the environment enriched with
hydrogen particles. The reduced hardness of the
material after heat treatment in a hydrogen
atmosphere seems puzzling, it may be related to the
presence of atomic hydrogen, which only changes to
a molecular form when the material is loaded and
results in increased brittleness.

In the electrochemical hydrogenation process,
an increase in hardness was found commensurate
with the increasing number of hydrogenation cycles.

—— 94 ——
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Fig. 6 - Averaged hardness measurement results for metallic membranes

Research discussion

The steel becomes brittle and more prone to
cracking after both treatments, which can result in
sudden and uncontrolled material fracture. This
effect is most intense in the first hours of
hydrogenation. In both cases, the strengthening of
the material was found to result from the absorption
of hydrogen into the material, independent of the
hydrogenation process. This mechanism is known
and described as hydrogen strengthening [[14], [15,
[16], [17], [18], [19], [20], [21]].

The process of strengthening the material
caused by the presence of hydrogen is visible in the
stretching curves and the obtained value of the
breaking force of the membrane and hardnes of the
material. Heat treatment in a hydrogen atmosphere
significantly increased the hardness of the material,
changed the nature of the tensile curves and
reduced the value of the breaking force, both for
membranes processed in a hydrogen atmosphere
and without.

Conclusions

Based on the conducted research, it was found
that AISI 310s steel in a state sensitive to the
formation of carbides at the grain boundaries is
susceptible to hydrogenation processes. Both during
electrochemical processes and heat treatment in a
hydrogen atmosphere. This is evidenced by changes
on the surface of hydrogenated metallic membranes
and the impact on the hardness and strength of this
material. The research has revealed very interesting
relationships, the results of which leave many new
questions to which we will need to know the
answers soon. The era of hydrogen technologies is
coming quickly.
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TYWIHAEME

EH, XeHin anemeHTTep TOBbIHA KaTaTblH CyTeri MeTann maTepuangapablH, KypblibiMblHA epKiH
€eHin, opacaH 30p 3uAH KenTipe anagbl. byn Kybbinbic apTypAi Kafaainapsa 6anaHbicTol 6onaabl
KOHe MaTepuangaphblH, KacueTTepiHe apTypAi acep eTyi MyMKiH. Byn mexaHusmaepai TyciHy
6anamanbl 3Heprua KesaepiHe Kelly KeseHiHAe MaHbI3apl. byn afaai cyterimeH HavibiTbinFaH
OTbIHMEH XKYMbIC iCTEWTIH WK KaHy KO3FaNTKblWTapbiHAA 601ybl MyMKiH. HymbicTa TyHipwik
lweKapacbiHaa KapbuaTepdid, TysinyiHe 6eiim 60naTTbiH,  KacueTTepiHe apTypai rugpney
NPOLLECTEPIHIH, 9cepi TanfaHFaH, MyHAAW MWKPOKYPLIIbIM €H, KOMal/bl KYMbIC *KafaannapbiH
mogzenbaeyre apHanfaH. *Mymbic AlSI 310s 6onaT membpaHacbiHbIH, KacueTTepiHiH, e3repyiHe
9PTYpAi rMapney aicTepiHiH, acepiH bafanayfa HarbiTTanFaH. Mymbicta cyTeri aTmocdepacbiHaa
INEKTPONUTTIK FMAPAeY XKaHe TepMUANbIK eHaey aaicTepi KongaHbngbl. MaTepuanaapabit,
KacueTTepiHaeri e3repicTepai 3epTTeyre CKaHep/eylli 3N1eKTPOHAbl MUKPOCKON KamepacbiHAa
MUKPOKATTbINbIKKA KaHe 3aTTblK OepiKTiKKe KacanaTblH CblHAKTap Kipeai. 3epTtreynep eki
NPOLECTIH, Ae MaTepuanaapAblH, KaTTblbIFbIH apTTbIPATbIHbIH YKHE CO3blY KUCbIKTAPbIHbIH
cuMnaTTamanapbiH e3repTeTiHiH KepceTTi.
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AHHOTAUMA
Bofopoa, OTHOCAWMIACA K rpynne MenbyailumMx 3/71eMEeHTOB, MOMKeT CBOBGOAHO MPOHUKaTb B

CTPYKTYPY META/ZIMYECKUX MATEPMANOB U HAHOCWUTb OFPOMHbLIN Bpes. ITO ABNEHUE MOXKET
BO3HMKATb M3-3a Pa3/INYHbIX YCNOBUA M MNO-pasHOMY B/AMATb HA CBOWCTBA MaTepuanos.
MoHMMaHMe 3TUX MEXaHM3MOB BaXXHO B 3MOXY Nepexosa Ha a/fibTepHATUBHbIE UCTOYHUKMW IHEPrUK.
TaKana cuTyauusa MOMKET BO3HWKHYTb B ABUraTensx BHYTPEHHEero cropaHus, paboTtalolmx Ha
TonnMBe, obOraweHHOM BOAOPOAOM. B paboTe NpoaHa/sM3MPOBAHO BAUSAHWUE PA3/UYHBIX
NPOLLECCOB HABOAOPOXKMBAHWUA HA CBOMCTBA CTanW, CKNOHHOM K 06pa3osaHuio Kapbuaos no
rpaHMuam 3epeH. Takas MUKPOCTPYKTypa Npu3BaHa MOAENMPOBaTb HanmeHee BnaronpuaTHble
ycnoBus paboTbl. Llenbto paboTbl 6bl1a OLEHKa BAMAHUA PasIMYHbIX METOAOB MMAPUPOBAHUA Ha
M3MEHEHMEe CBOWCTB MembpaHbl u3 ctanu AISI 310s. B pabote MCnonb3oBanucb MeToapl
3/1EKTPO/IUTUYECKOTO T’MAPUPOBaHUA 1 TepmoobpaboTku B atmocdepe Bogopoaa. MccneaoBanus
M3MEHEHUA CBOMCTB MATepuanoB BKIKOYANM WUCMbITAHUA HA MUKPOTBEPAOCTb M HaTypHYIO
NPOYHOCTb B Kamepe CKaHWPYIOLLEro 3/1eKTPOHHOIO MUKpPOCKoNa. MccnenoBaHua nokasanu, Yto
oba npouecca MNOBbIWAKT TBEPAOCTb MaTEPUaNoOB U WM3MEHAIOT XapaKTepUCTUKU KPUBbIX
pacTAXKeHuA.

Knroyessbie cn0ea: BOLOPOAHDBIV MPOLECC, METALIMYECKME MEMBPaHbI, CBOIMCTBA MaTepuana.
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ABSTRACT

Increasing interest in intermetallic phases of the Al-Fe-Si system is associated with their high
specific strength, corrosion and wear resistance, as well as the low cost of their production. To
exhibit the most successful combination of properties, it is necessary to impart a specific compact
morphology to the precipitated intermetallic phases. It is important to create an alloy with a
composition capable of accepting plastic deformation. The purpose of the work is to develop the
composition of an Al-Fe-Si system alloy capable of withstanding plastic deformation and
determining the corresponding deformation interval. Based on computer modeling, an alloy
composition capable of accepting plastic deformation was developed and the corresponding
deformation interval was determined. The simulation was carried out in the ThermoCalc software
package, TCALS8 database. It has been revealed that alloys with a high content of both silicon and
iron are not characterized by the formation of a single-phase region, however, with a certain
combination of alloy components, it is possible to achieve a quasi-single-phase structure, when
the content of one phase is observed to be more than 90%. The solidus temperatures for different
alloy compositions and the boundary conditions for the existence of phases have been
determined. The a phase is present in the system from a temperature of 770°C up to a
temperature of 446°C. In composition, it is found in the range from 5 to 35% iron with an amount
of silicon of 10% and from 0 to 15% silicon with an iron content of 30%. The maximum amount of
o phase was obtained for the Al60-65 alloy; Fe30-32; and Si5-10%, deformation temperature range
is 600-450°C. Deformation in this region will ensure processing in a quasi-single-phase region
without melting.

Keywords: Al-Fe-Si, ThermoCalc software, intermetallic phases, phase diagram, a phase.
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Introduction

In recent years, many studies have been
devoted to the processing and processing of
aluminum alloys with a high iron content [1]. At the
same time, it is the processing of iron-enriched
alloys that claims to be a leader in the field of light
metallurgy. The main problem that scientists may
encounter when developing technological schemes
for processing aluminum alloys is the high iron
content, which significantly reduces all the
properties of the alloys [2]. In works devoted to the
processing of aluminum alloys, attention is paid to
alloys containing an increased amount of iron, i.e. 1,
3, 5 and even 10% [[3], [4], [5], [6], [7]]. At the same

time, many researchers see a promising direction in
applying efforts to transform the needle-shaped B
phase into the a phase, which has a more compact
morphology [[8], [9], [10], [11]]. It is noted that in
alloys with such an iron content, the a phase is the
main strengthening phase, and a general increase in
strength and thermal stability is realized due to
dispersion strengthening. At the same time, there is
information that the a phase has very high Vickers
hardness values, including in comparison with the 8
phase. An effective way to suppress the a<>B
transformation is also doping with transition metals
such as Cr, Mn, Cu, etc., accelerated cooling and
exposure to deformation [[12], [13], [14], [15], [16],
[17], [18], [19], [20]].
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Although Al-Si alloys are the most commonly
used aluminum alloys in the foundry industry [21], it
is often necessary to use specific processing
methods to meet the increasing demands on the
performance and properties of these alloys. One of
the processing methods is injection molding
methods [[22], [23]], while porosity can be
successfully controlled by modifying the traditional
process with the transition to Two-stage super
vacuum (19 mbar) assisted high-pressure die casting
(HPDC) [24] or the use of An air-cooled stirring rod
(ACSR) process technology [25]. Selective laser
melting makes it possible to effectively process
aluminum alloys, including those containing high

amounts of iron [26]. In addition, additive
technologies, which have been intensively
developing in recent decades, have proven

themselves well. With the high variability of
technological conditions, it is possible to obtain both
porous and practically monolithic alloys with a wide
chemical range of composition [[27, [28], [29], [30]].
Depending on the strengthening mechanism,
aluminum alloys are divided into two main groups:
heat-strengthening and non-heat-strengthening
[31]. Depending on the group, additional post-
processing is usually used to increase and stabilize
the final properties of the alloy, such as [[32], [33],
[34], [35], [36]] and others.

Experimental part

Numerical modeling to study the phase
composition of the three-component system was
carried out using ThermoCalc software. As part of
the study, the Al-Fe-Si system under study was
specified for calculation. An important element of
the calculations is the identification and assessment
of the interaction of the main components of the
system. Aluminum was chosen as the base material,
because its quantity in the system is maximum.
ThermoCalc software version 2024a, TCALS
database, and version v8.2 were used for modeling.
The tools Phase diagram, One Axis, Scheil
Solidification, and Ternary calculation were used for
the calculation.

Modeling the phase composition of a system
begins with the formulation of the problem. The Al-
Fe-Si system containing aluminum >50% (by weight
%) was chosen as the object of study. To build an
isothermal section, we performed the following
steps: My project->Ternary. Next, we selected the
required elements from the table of elements: Al,
Fe, Si. The temperature is set to 660°C. After setting

the parameters, we moved on to setting the
boundary conditions. The iron content is located
along the X-axis, from 0 to 50% wt., the silicon
content along the Y-axis, from 0 to 50% wt.

To construct polythermal sections, the Phase
diagram tool was used: My project - Phase
diagram. The required elements are also selected
from the table, their quantity is specified in mass
percent. When constructing phase diagrams of
multicomponent systems, the number of elements
other than 2 is constant for calculation. In our case,
Si-const=10% and Fe-const=10%. The calculation
was carried out using the following parameters:
Temperature, °C—1200°; Pressure, Pascal — 100000;
Size of the system, mol — 1.

Estimation of the number of formed phases
under given modeling conditions was carried out in
a combination of the One Axis and Scheil
Solidification tools according to the following
scheme: My project - One Axis - Selection of
elements and their content in weight % - setting
modeling conditions (similar to the previous task) >
Interpretation of results.

My project->Scheil Solidification—>Selection of
elements and their content in weight %->setting
modeling conditions—>Interpretation of results.

The choice of compositions is explained by the
peculiarities of alloy production technology - the fact
that the combination of iron and silicon can
neutralize the negative impact on mechanical
properties with the formation of intermetallic
compounds of various types. Therefore, it is
necessary to know which iron-containing phases will
be formed during the production process. Variation
of iron and silicon is necessary to better understand
the crystallization intervals and phase
transformation of each composition. The simulation
was implemented using the ThermoCalc Software
2024a software in the Testing Laboratory
Engineering Profile “Comprehensive Development
of Mineral Resources” of the Abylkas Saginov
Karaganda Technical University, Karaganda,
Kazakhstan.

Discussion the results

The literature presents a sufficient number of
casting alloys containing silicon and iron, as well as a
number of wrought aluminum alloys with these
elements. Increasing the level of mechanical
properties, heat resistance, wear resistance and a
number of other properties is achieved, as a rule, by
alloying with various elements, including rare earth
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ones. Another way to improve the properties of the
alloy is by using heat treatment, including
thermomechanical treatment. Often the desired
level of properties can only be achieved through a
combination of chemical alloying and exposure to
temperature. At the same time, the main efforts of
materials scientists are aimed at purifying the alloy
from harmful iron impurities and stabilizing the
composition of silicon. Alloys of the Al-Fe-Si system
with equiatomic and/or  quasi-equiatomic
composition have not been sufficiently studied in
the literature. We believe that alloys of the Al-Fe-Si
system have sufficient potential for use as a
structural material capable of being subjected to
deformation treatments. However, to ensure the
possibility of plastic deformation, a number of
conditions must be met, such as:

-increased deformation temperature for
transition to a single-phase region, or a region with
a predominant one-phase;

- rational composition, which will ensure the
formation of a phase with the most compact
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morphology, or a type of crystal lattice capable of
accepting plastic deformation;

- the use of heat treatment, which makes it
possible to consolidate or enhance the effect of
plastic deformation of an alloy with a rational
composition.

At this stage of the work, the authors
concentrated their efforts on selecting an alloy
composition capable of withstanding plastic
deformation and determining the appropriate
deformation interval.

Alloys of the Al-Fe-Si system are considered in
this work as alloys based on aluminum, i.e. 2
Fe+Si<50 wt%. In this system, aluminum has the
lowest melting point, which is 660°C; an assessment
of the phase composition under these conditions
(Fig.1) shows that liquid is observed for almost any
composition. First of all, crystallization begins with
an iron content of more than 40% and a minimum
amount of silicon with the release of the primary
high-temperature phase 8, which has a monoclinic
crystal lattice. This phase exists only when there is a
lack of silicon, which is dissolved in the liquid phase

50

L+1,+(Si1)

20
Mass percent Fe

30

Figure 1 - Isothermal section diagram Al-Si-Fe at 660°C
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and in the 0 phase, while the solubility in the latter
does not exceed 1.5 mol%.

As silicon increases, conditions are created for
the formation of ternary intermetallic phases, such
as a, then 12, B and t4. With an iron content of up to
5%, structurally free silicon is released directly from
the melt at a silicon content of 18%. With an increase
in the amount of iron, in addition to silicon, the T4
phase is also formed, the amount of which increases
with the amount of iron in the ternary system.

The range of formation of the ternary
intermetallic phase a at a temperature of 660°C is
limited by the content of iron and silicon as shown in
Table 1.

Table 1 - The content of iron and silicon

Phase composition Composition, wt.%
P Fe si
L+a+0 up 39 from 1
L+a+ 12 up 33.7 up 14.58
L+o from 3.5 up 10.5
L+a+6 from 3.2 from 5.6

In this case, the composition of the a phase
remains quite constant and is Al 0.59:Fe 0.32:Si 0.09
wt%, Al 0.70:Fe 0.19:Si 0.11 at%. It is logical to

1200

assume that the maximum amount of a phase can
be achieved with alloy compositions close to the
composition of the a phase.

It is worth noting that the equilibrium a-phase is
released only at relatively high temperatures with its
further decomposition. To understand the
mechanism of formation and decomposition of the
o phase, phase diagrams with the base composition
Al60-Fe30-Si10 were studied. Two main polythermal
sections with fixed values of iron and silicon of 30
and 10%, respectively, are considered (Fig.2 and
Fig.3.).

It was revealed that the a phase is present in the
system from a temperature of 770°C up to a
temperature of 446°C. In composition, it is found in
the range from 5 to 35% iron with a fixed amount of
silicon of 10% and from 0 to 15% silicon with an iron
content of 30%.

Let us consider in more detail the phase
transformations in the indicated composition
ranges.

Alloys of the Al-Fe-Si system are very sensitive to
composition, which manifests itself in a significant
change in the phase composition, which, in turn,
causes a change in the final properties of the metal.
Alloys with a high iron content are particularly
sensitive. From the point of view of the level of
mechanical properties, the phases formed in a given
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Figure 2 - Polythermal section diagram Al-Si-Fe with Si-const=10%
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metal can be divided into harmful and useful. Solid
solutions of silicon and iron in aluminum (indicated
as (Al) in the figure), silicon and aluminum in iron
(indicated as (Fe) in the figure) and the a phase,
which exists only at elevated temperatures, can be
considered useful. The morphology of the a phase
typically has a “Chinese script” shape and is
characterized by a hexagonal crystal lattice. With
slow cooling, the a phase is transformed into the
phase, which is classified as “harmful” due to its
morphology. The B phase is represented
predominantly by tube-shaped or needle-shaped
particles and is monoclinic.c. The remaining
intermetallic compounds formed have monoclinic,
triclinic and orthorhombic crystal lattices. In
addition to the indicated phases, a monoclinic
double phase 6 and structurally free silicon are
formed.

With an iron content of less than 26% and 10%
silicon at room temperature, the alloy consists of a
mechanical mixture of the B phase, an fcc solid
solution of aluminum and excess silicon, which is
present in the form of structurally free silicon
precipitated as inclusions. But in this region,
complex processes of dissolution and separation of

When the iron content is less than 44%, the
primary high-temperature phase, crystallizing at
temperatures below 1065°C, is the monoclinic, iron-
depleting liquid © phase. After sufficient purification
of the liquid from iron, the formation of ternary
intermetallic phases becomes possible as the
temperature decreases. At a high iron content, the
intermetallic phase t11 is released; for this
composition, the solidus temperature is 904°C. In
this case, the residual liquid after crystallization of
the 6 phase disintegrates simultaneously with the
formation of phases t2 and tl1ll, with further
rectistallization of the t11 phase into the t8 phase.
When the amount of iron decreases to 36%, only
phases 8 and 12 are formed. When the iron content
is 12-36%, in addition to the 6 phase, the 12 phase
immediately begins to separate from the liquid,
which, with a decrease in temperature and through
interaction with the remaining liquid, transforms
into the a phase at a temperature of 770°C. In this
case, the a phase becomes dominant as the
composition of the alloy approaches the
composition of the a phase up to 32.5% iron. A
decrease in the amount of iron leads to an increase
in the proportion of fluid in this area.

individual phases are observed at higher For an alloy with a large amount of iron, a
temperatures. temperature of 770°C is the solidus temperature,
1200
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and the entire liquid ends up with the composition
of the a phase, into which it crystallizes.
Subsequently, the a¢>B transition occurs at a
temperature of 446°C. This is the boundary of the
existence of phase a. With iron content in the range
of 8-12%, i.e. If the iron/silicon ratio = 1 is observed,
phases a and 0 are released directly from the liquid.
For alloys with an iron content of less than 35% and
temperatures below 715°C, the 0 phase either does
not form or completely dissolves. Alloys with an iron
content of 1-3% are characterized by the release of
B phase crystals directly from the liquid at
temperatures below 642 ° C; with a further decrease
in temperature, crystallization of the fcc solid
solution of silicon and iron in aluminum begins.

An iron content of less than 1% with a silicon
amount of 10% leads to the formation of a minimum
melting temperature, which is 595°C, which is lower
than the melting point of pure aluminum, with the
crystallization of the aluminum fcc solid solution
immediately. When the solubility limit of silicon in
aluminum is reached with a further decrease in
temperature, structurally free silicon precipitates in
the form of inclusions (at temperatures below
580°C). In this case, the release of silicon particles is
observed in up to 40% of iron.

When examining the phase diagram with an
amount of iron of 30% (Fig.3), it is clear that
structurally free silicon will be present in the
microstructure of the metal already at a silicon
content of 11.5%, and even at high temperatures it
will not be completely dissolved. The 6 phase is
released when there is an excess of iron. It
crystallizes from liquid primarily at iron/silicon ratios
>2. As the amount of silicon increases, intermetallic
compounds are formed that bind both silicon and
iron. At room temperature, the 6 phase is observed
at silicon contents up to 11.5. The aluminum solid
solution completely transforms into intermetallic
compounds when the silicon content is more than
8%. The solidus temperatures were as follows: 629°C
with a silicon content of 0.5-7.5, 613°C with a silicon
content of 8.5-11.5%, 646°C with a silicon content of
13-16%, 665°C, with a silicon content of 17-24%,
862°C with a silicon content of 27-29% and 872°C
with an iron/silicon ratio of 1:1, with 30% silicon.

The a phase is observed in the alloy containing
4.3-13.5 in the temperature range below 770°C,
while the lower temperature limit of the a phase in
the range of 8-12% is 446°C, and for the range of
0.06-6.7% silicon —382°C. It can be seen that the a
phase for all compositions is present together with
other phases, such as aluminum solid solution, B, T2
phases and liquid.

In order to provide the alloy with the greatest
ductility, it is preferable to carry out deformation in
a single-phase region, or with a minimum amount of
the second phase. Therefore, to optimize the
composition, modeling was performed with a
guantitative assessment of the phases formed when
the temperature changes with varying number of
alloy components. The variation was carried out
with a step of 5. The variation conditions,
temperature parameters and modeling results are
shown in Table 2.

Analysis of the data obtained indicates that the
determining factor in the formation of the phase
composition is the content of elements, while a
significant amount of a-phase is observed at an
aluminum content of 60-65%, iron ~30%, and silicon
5-10%. It is noted that for the AIl60-Fe30-Si10
composition the maximum concentration of the a
phase is observed at a temperature of 662°C and
reaches a concentration of 87%, and for the Al65-
Fe30-Si5 composition the maximum concentration
reaches 89% at a temperature of 510°C. Thus,
reducing the amount of silicon to 5% while
increasing aluminum leads to a decrease in the
lower limit by 65° and an increase in the upper limit
by 50°C.

Table 2 - Batch parameters and quantitative assessment

Content of main Ol-pha'se TemF_"?"atU:e
Ne elements, % qua;tlty, conditions, °C
6
Al Fe Si
1 | 60 |30 | 10 87 725-450
2 | 60 | 20 | 20 .
3 60 | 10 | 30 -
4 180 |35 | 5 60 780-450
S I I 15 640-620
6 |80 ] | 1 20 620-380
7 | 50 | 30 | 20 )
8 50 | 20 | 30 .
9 50 | 35 | 15 .
10 | 50 | 25 | 15 15 640-620
1] 3|53 65 760-450
1215 |3 ] 10 25 780-450
13 | 50 | 35 | 15 .
1“6 13053 89 775-385
15 | 70 | 25 | 5 70 745-385
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In this case, a further increase in aluminum
concentration to 70%, on the contrary, causes a
decrease in the amount of a phase.

When the silicon content exceeds 15% or more,
a sharp decrease in the amount of the a phase is
observed, but a decrease in silicon of less than 5%
also leads to a decrease in its amount. It is worth
noting that iron and silicon have a complex effect,
and their amount should be close to the composition
of the a phase. Oscillations of even 5% already have
a significant impact on the phase relationship.

Thus, the composition of the Al60-65 alloy was
adopted as the most optimal; Fe30-32; Si5-10%,
deformation temperature range is 600-450°C.
Deformation in this region will provide processing in
a quasi-single-phase region without melting.

Conclusions

By constructing diagrams of the Al-Fe-Si system,
the phase composition and kinetics of phase
separation were revealed, the boundary conditions
for the existence of phases were determined for a
wide range of compositions, and the liquidus, solidus
and solvus temperatures were identified. With an

aluminum content of 60-65%, iron ~30%, and silicon
5-10%, the amount of a-phase reaches 87-89%. An
increase in aluminum content to more than 70%
causes a decrease in the amount of a phase in favor
of an fcc solid solution of silicon and iron in
aluminum. In this case, the aluminum solid solution
completely transforms into intermetallic
compounds with a silicon content of more than 8%
in the presence of iron. A quasi-single-phase region
with a phase composition that provides
susceptibility to plastic deformation has been found.
The temperature range of deformation is 600-450°C
without melting. The most optimal composition of
the alloy is Al60-65; Fe30-32; Si5-10%.
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Al-Fe-Si »ky#eciHiH, pasanbik KypambiHa TeMip MeH KpeMHUi
KYPaMblHbIH 9cepi Typanbl

AHppesuweHKo B.A., Toneyosa A.P.

3binkac CarbiHo8 ambiHOaFbl KaparaHObl mexHUKanslK yHusepcumemi, KaparaHoel, Kazakcmax

TYAIHAEME

Al-Fe-Si »yMeciHiH MHTepmeTanablk ¢asanapbiHa Kbi3bIFyLWbIAbIKTbIH, apTybl ONapAblH, KOFapbl
MEeHLIKTi bepiKTirimeH, Koppo3uaAFa KaHe To3yfa Te3imAinirimeH, coHAan-aK onapabl eHAIpYaiH,
TOMEeH KyHbiMeH 6aiinaHbicTbl. KacuetTepaiH, eH CaTTi KOMOWMHAUMACbIH  KepceTy YLiH
TYHABIPbIIFAH  MHTepMmeTanaplk dasanapFa HakTbl biKWwam mopdonoruaHbl bepy Kaxer.
Mnactukansbik gedopmaumaHbl Kabbingayra KabineTTi Kypambl 6ap KOpbITNAHbI ¥Kacay MaHbI3abl.
yYMbICTbIH MaKcaTbl - naacTukanblk aedopmaumsara Teten bepyre Kabinetti Al-Fe-Si yieci

Makana kengi: 15 kaHmap 2024
CapanTtamapgaH eTri: 18 aknaH 2024
Kabbinganabl: 12 aknaH 2024 KOPbITNACbIHbIH, KypaMblH ¥Kacay ¥aHe calikec aedopmauuma apanblfbiH aHbIKTay. KomnbloTepnik

mogZenbaey HerisiHae naacTvKanblK — depopmaumsaHbl  KabbingayrFa KabineTti  KopbiTna
KOMMO3ULMACHI 33ipAeHAi KaHe calkec aedopmaumsa apanbifbl aHbliKTanzbl. Mopgenbaey
ThermoCalc 6argapnamansik naketiHae, TCAL8 aepektep 6asacbiHaa Xyprisingi. KypambiHaa
KpeMHUIAIH Ae, TemipAiH Ae menwepi »ofapbl KopbiTnanap 6ip dasanbl aimakTbIH, Ty3inyimeH
CMNATTaIMaiTbIHbI aHbIKTaNApl, anaiaa KopbiTna KOMNOHEHTTEpiHiH 6enrini 6ip KombUHauuACk
KesiHae 6ip dasaHbiH menwepi 90% -AaH Kofapbl bonFaH Kesge KBasu-b6ipdasanbl KypblibiMFa
KO/ KeTKi3yre 60s1afbl. DPTYpPAi KOPbITNANAp Kypambl YLWiH CONMAYC TemnepaTypanapbl KaHe

daszanapabliH, 60NybIHbIH, LIEeKapanblk LWapTTapbl aHblkTanabl. o dasacbl Kyhege 770°C
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TemnepatypagaH 446°C temnepatypafa geiiH 6onagbl. KypambiHaa Kpemuuii menwepi 10%
60naTbiH 5-TeH 35%-Fa AeWiH Temip xaHe 30% Temip menwepimeH 0-15% KpeMHUii apanblfbiHAa
Kesgeceai. a pasacbiHblH Makcumangpl menwepi Al60-65 KopbITnachl yLwiH anbiHabl; Fe30-32; Si5-
10% KopbiTnanapbiHaa Aepopmaumsa TemnepaTypacbiHbiH, AvanasoHbl 600-450°C 6onaapl. byn
arimakTarbl gepopmaums bankbimali-ak KBasun-bipdasanbl alimakTa eHaeyAi KaMTamacbl3 eTes,.

Tyiiin ce3dep: Al-Fe-Si, ThermoCalc 6afgapnamanbik KamTamacbis eTy, meTanapansik dasanap,
dasanbik anarpamma, o pasa.
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O BAMAHUMU cOoAeprKaHUA Kene3a U KpeMHUA Ha $a30Bbii COCTaB
cuctembl Al-Fe-Si

AHppesuweHKo B.A., Toneyosa A.P.

KapazaHiuHckuli mexHu4eckuli yHusepcumem umeHu Abslakaca CaeuHosa, KapaeaHda, KasaxcmaH

AHHOTAUMUA

BospacTalowmii MHTEPEC K UHTEpMETanAnaHbIM da3am cuctembl Al-Fe-Si cBA3aH C MX BbICOKOW
YAENbHON MPOYHOCTBLIO, KOPPO3MOHHOW M M3HOCOCTOMKOCTBIO, @ TaKMKe HM3KOM CTOMMOCTbIO MX
nsrotosneHus. [insa npossneHns Haubonee yaauyHoro COYETaHMA CBOMCTB HEOBX0AMMO NpuaaHue
cneunduyeckoll KOMMaKTHOW MOPGONOrUM  BbIAENAOWMMCA WHTEPMETaNAUAHbIM - pa3am.
AKTyanbHO CO34aHMe CnnaBa C COCTaBOM, CMOCOBHbIM BOCMPUHMMATL  MIACTUYECKYIO
pedopmaumio. Llenb paboTbl paspabortatb coctaB cnnasBa cuctembl Al-Fe-Si, cnocobHoro
BOCMPUHMMATb MAACTMYECKY0 Aedopmauuio U OnpesenuTb COOTBETCTBYIOWMIA WMHTEPBaN

Noctynuna: 15 aHeaps 2024 nedbopMMpoBaHMA. Ha OCHOBE KOMMbIOTEPHOTO MOAENMPOBaHWA pa3paboTaH cOCTaB Ch/iasa,
PeueHsupoBaHue: 18 gpespans 2024

CnocobHOro BOCMPUHMMATL MAACTUYECKYID Aedopmaumio U onpeseneH COOTBETCTBYHOLIMIA
MpuHATa B Nneyatb: 12 mapma 2024

nHTepBan AedopmupoBaHuA. MoaenmpoBaHUe OCYLLECTBAANOCH B NPOrPaMMHOM KOMMNeKce
ThermoCalc, 6a3a gaHHbix TCALS8. BblfiBAEHO, YTO AN1S CNNABOB C BbICOKMM COAEPMKAHMEM KaK
KPEMHUSA, TaK M Kene3o He xapaktepHo ¢opmupoBaHue ogHodasHOM obaacTu, ogHaKo npwu
onpeaeneHHOM COYeTaHUM KOMMOHEHTOB CrM/jaBa YAAeTcA AOCTUYb KBasuM ofHodasHOWM
CTPYKTYpbI, Koraa Habntopaetca copepskaHue oaHow ¢asbl bonee yem Ha 90%. OnpeneneHol
TeMnepaTypbl connayca ANA PasANYHOro COCTaBa CNAaBa, rPaHUYHbIe YCI0BUA CYLLLECTBOBAHUA
das. a ¢asza npucyTcTByeT B cucTeMe ¢ TemnepaTypbl 770°C BnaoTb go TemnepaTypbl 446°C. Mo
cocTaBy oHa obHapysKMBaeTca B AuanasoHe oT 5 4o 35 % kesnesa npu Koandectse KpemHusa 10%
n ot 0 go 15% KpemHua npu coaepkaHun xkenesa 30%. MakcMmanbHoe Konm4yecTBo o dasbl
nonyyeHo gna cnnasa Al60-65; Fe30-32; Si5-10%, TemnepaTypHblii MHTEpBan AepopmMUpoBaHmsA
coctasnsetr 600-450°C. [OedopmwupoBaHue B pJaHHoW obnactm obecneunt obpaboTky B
KBasnoaHodpasHoi ob61acTn 6e3 onnasneHums.

Kniouesvle cnoea: Al-Fe-Si, nporpammHoe obecneveHme ThermoCalc, MHTepmeTanaungHble ¢asbl,
¢dasoBasn anarpamma, a-dasa.
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ABSTRACT

In sequential pumping, several liquids with different physical and chemical properties are pumped
through one pipeline. The advantages of this method include: using one pipeline to transport
different liquids; more complete pipeline loading; and reduced cost of pumping. The paper
considers the sequential pumping of two batches of oil blends with different physicochemical
properties through an industrial oil pipeline. This is because a batch of high-paraffin oil blend is
simultaneously pumped to an oil refinery, and a batch of high-viscosity oil blend is transported
further along a pipeline. The difference between the thermal-physical and rheological properties
of oil batches imposes a condition on the thermal mode of operation of an industrial pipeline. A
mathematical model and algorithm have been created for calculating the sequential
transportation of high-paraffin and high-viscosity oil blends. Thermohydraulic calculations of the
model show the distribution of hydraulic head, pressure, and temperature of the batches under
the operating conditions of pumping units and heating furnaces. The verification and validation of
the theoretical analysis was carried out with experimental data measured by the SCADA along the
industrial pipeline length. By the thermal mode of sequential pumping, optimal heating
temperatures of oil blends were found at the industrial pipeline stations.

Keywords: sequential transportation, batch of oil blends, high-paraffin oil, high-viscosity oil,
heating temperature, industrial pipeline.
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Introduction

The method of sequential pumping is widely

used in pipeline transportation of oil and oil
products [[1], [2], [3], [4], [5], [6]]. In this method at
each moment, several oil blends differing in their
physical and chemical properties are pumped
through one pipeline. At that, each batch displaces
the previous one and in turn, is displaced by the next
one. Such regimes are non-stationary, as at different
moments in each point of the pipe the value of
parameters of the passing oil batch changes, which,
having different rheological properties, cause

different hydraulic losses for each point of the pipe
in time.
Sequential pumping technology, or batch

transportation, offers several advantages in the
context of transporting oil and petroleum products
through pipelines [[7], [8], [9]]:

Optimizing Pipeline Capacity. By transporting
multiple types of oil in batches, pipeline operators
can make the most efficient use of the available
space and maximize throughput. This can be
especially important in regions with limited pipeline
infrastructure.
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Economic Efficiency. Utilizing a single pipeline
for transporting multiple products is more cost-
effective than constructing separate pipelines for
each product.

Flexibility ~ and  Adaptability.  Sequential
transportation provides flexibility to respond to
changing market conditions.

Reducing Energy Consumption. Transitioning
from one type of oil to another within the pipeline
can be more efficient than emptying the pipeline
before switching.

Efficient Resource Allocation. By transporting
multiple types of oil through the same pipeline,
resources such as labor, maintenance, and
monitoring can be more effectively allocated,
reducing overall operational costs.

An approximate theory of sequential pumping of
petroleum products by direct contacting was first
proposed in the paper [6].

Sequential pumping is used in the pipeline
transportation of various oil blends and petroleum
products, such as diesel fuel, kerosene, etc. In
practice, different types of oil se-quential pumping
are applied: 1) the presence of a dividing plate
between different batch-es of heavy oil blends and
oil products; 2) with separating plug is created by
introducing drag reducing additive to the fluid; 3)
direct contact methods of oil and oil products.

Most publications on this topic focus on
planning the operation of a multi-product pipeline
system when the pipeline is connected to multiple
tank farms and local consumer markets [[10], [11],
[12], [13], [14]].

The problem of mixture formation during the
sequential pumping of light oil products through the
same pipeline [[9], [15], [16]] is considered. It is
known that when one oil product is displaced by
another in the contact area of sequentially moving
batches, a mixture is formed.

[3] used BFC-POD-ROM to simulate the cyclic
transportation of Shengli and Oman oil batches to
reduce the time cost. The paper [4] uses the
gradient-type flow rate distribution model to
increase the calculation accuracy in modelling
sequential pumping with a non-constant flow rate.
In the paper [17], a mathematical model was
developed to describe the sequential pumping of
cool and hot oil. It is assumed that the safety of
batch-ing of cold and hot oil can be improved by
reheating the cold oil ahead or increasing the
capacity of the hot oil.

In Kazakhstan, the method of sequential
pumping is applied on the Karazhanbas-Aktau and
Uzen-Atyrau industrial oil pipelines. The Uzen -

Atyrau oil pipeline facilitates the batch pumping of
high-viscosity Buzachi and high-paraffin Mangyshlak
oil blends. At the outlet of the main oil pumping
station (MOPS) 'Uzen,' the pour point temperature
of the Mangyshlak crude mixture is Tpt = +27°C,
while for the Buzachinsk crude mixture, it is Tpt = -
12°C. The difference in pour point temperatures
between the Mangyshlak and Buzachinsk crude
mixtures requires optimization of the heating
temperature to ensure safe cyclic pumping. This
operational process is interconnected with the
concurrent transfer of a Mangyshlak oil blend batch
to an oil refinery. While the batch of Buzachi oil
blend is transported further along the industrial
pipeline. The peculiarity of this task is that the
pumping and heating of oil blends is carried out at
several pumping and heating stations located along
the length of the oil pipeline. Associated pumping
and heating require the development of a model and
an algorithm for calculating batch pumping. This
paper presents the results of thermohydraulic
calculations of sequential pumping of Mangyshlak
and Buzachi oil blends through the Uzen - Atyrau
industrial pipeline.

Sequential pumping

The longitudinal profile and diagram of the Uzen
- Atyrau oil pipeline section are shown in Fig.1. The
pipeline section passes through high-relief terrain,
which creates static pressure in the pipeline. There
are five intermediate stations along the pipeline: Sai
Utes, Beineu, Opornaya, Kultumiev, and Shmanov.

Two oil batches with different physicochemical
properties are pumped in sequential order through
the oil pipeline section.

With this method of pumping, the changeability
of the output of a batch of oil blends from the initial
station occurs cyclically under a constant condition:
the first batch (the first type of oil blend) goes out
until it exhausts the pre-set batch volume for it, then
the second batch (the second type of oil blend) also
comes out until the predetermined volume is also
exhausted, then the first batch comes out again with
the same condition, etc. For the sequential pumping,
different initial temperatures of oil blends can be set
for each batch.

Sequential pumping modes are non-stationary,
since at different times at each point of the pipe, the
values of the parameters of the passing batch of oil
change, which, having different rheological
properties, causes different hydraulic losses for each
point of the pipe in time.
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Figure 1 — The Uzen — Atyrau industrial pipeline profile and station location diagram: HOPS is the head oil pumping
station; OPS is the oil pumping station; OHS is the oil heating station

Basic assumptions of the sequential pumping
model. The batch pumping is considered as a non-
stationary process and the following assumptions
are made:

- oil is not compressible, the density of oil does
not depend on the temperature and pressure;

- different batches of oil do not mix;

- the temperature of the fluid along the radius of
each section of the pipe is constant.

Consider a pipeline of a length L, in which there
are n operating oil pumping stations (OPS) and m
operating oil heating station (OHS). Let each OPS be
located in x;P* along the pipeline and, depending on

the oil flow rate, crcreatedditional pressure APi‘)pS

(pressure jumps). Let each OHS be located in xj’hs
along the pipeline and, depending on the oil
consumption, creates heating AT?"S (temperature
jumps) and pressure loss APP*.

It should be noted that the pressure AP,
generated by OPS, oil heating AT?" in OHS and
pressure loss AP°P* are the operating parameters

and are set for the sequential pumping.

ops

Model of mass and heat transfer

1. Mass and heat transfer in the linear part of the
pipeline

The length of the oil pipeline L reaches hundreds
of kilometers, and its diameter is D1 = 1m, so the
batch pumping can be considered in the framework
of a one-dimensional model.

Denote the density of the first batch of oil blend
as p,, and the second batch as p,. Then the density

of the oil blend in the batch pumping can be
expressed asp=p0+p,(l-®), where o is the

specific fraction of the oil blend; the variable @
takes the values @ =1 for the first batch of oil blend

or o =0 for the second batch of oil blend, since batch
mixing is not allowed.

The assumption of incompressibility of the oil
blend can be formulated as an equation:

8_(0 +u a_w =0 (1)
t oX
The equation of motion, considering the
accepted assumptions, can be written as:
2
ou +@ . pu

=—{——pgsinf+
P §2D1 pgsing

; . (2)
+Y APPS(x—x) = AP™ (x—X,)
i=1 j=1
The heat transfer equation, considering the
accepted assumptions, has the form:
or ,,oT _ 4K

+U—=
ot  pCD,

(T-T,)+ 2gu|3:) +
P 3)
+Zm: AT =5 (x—x"™)
j=1
where T is the temperature distribution of oil blends
along the pipeline; P is the pressure distribution
along the pipeline; u is the linear velocity of fluid
flow in the pipe; ¢ is the coefficient of hydraulic

resistance; g is the acceleration of gravity; D, is the
inner diameter of the pipe; [ is the angle of
inclination of the pipe profile; K is the heat transfer
coefficient from the oil flow to the surrounding
environment; T,, is the temperature of the
surrounding soil; C,, is the heat capacity of oil; §(x) is
the Dirac function.

The equation (1) describes changes in the
distribution of batches of oil blends along the
pipeline. The second equation (2) is derived from the
equations of motion and continuity, considering the
incompressibility of the fluid and the operation of
OPS and OHS. The equation (3) is derived from the
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heat balance equation considering the OHS
operation along the pipeline. Equations (2) and (3)
are interconnected through the coefficient of
hydraulic resistance{, which depends on the
temperature of the oil blends. There are no diffusion
terms in equation (1) since the model assumes that
batches of oil blends do not mix. The equation (1) is
related to equations (2) and (3) via the parameters
P, C,, K, ¢ asfollows:

C, =C,0+C,,(1-w), A=4o+1,(1-w),
(4)
p=pmo+il-0), K=K(a,1)

Where C,, C,, are the heat capacity of batches No.

1 and No. 2, respectively; 41,4, are the thermal
conductivity of batches No. 1 and No. 2,
respectively; £ (T), 1, (T) are the dependences of

viscosity of batches No. 1 and No. 2 on temperature.

2. Initial and boundary conditions
The system of equations (1)-(2) has the
following boundary conditions:

P(0,t) = Py, P(L,t) = P, (5)
TOY)=T, by =1, TO)=T, by =0 (4

t

Sojudt v
w(0,t)=1, 0 <o——;
1 + 2 Vl VZ
. (7)
So j udt v
o(0,t)=0, 0 >—1,
vV, +V, v, V,

where P is the pressure at the outlet of the tanks at

the initial station; P; is the pressure at the inlet to
the final station; Ty, T, are the initial temperature of
the oil blends for batch No. 1 and batch No. 2,
respectively; Sy is the cross-sectional area of the
pipe at the outlet of the initial station; V;, V, are the
volumes necessary for switching for batch No. 1 and
batch No. 2, respectively; ( ) is the operation of
taking the fractional part of the number.

The boundary condition (7) was derived from
the following considerations: let the volume of oil
blends V = V(t) that came out of the initial station
be known for each moment of time t. Consider
switching batches of oil blends from the start of

pumping:

V €[0,V;) - pumping of batch No. 1;

V € [V, Vi +V,) - pumping of batch No. 2;
V € [V, +V,, 2V, +V,) - pumping of batch No. 1;
V € [2V;, + V,, 2V, + 2V5,) - pumping of batch No. 2;

VekW,+V,),k(V; +V,)+V;) -pumping of batch
No. 1

It is easy to notice that during the pumping of

Vo
lies

batch No. 1, the fractional part of the ratio "
1 2
) < —2
VitV, ViV’
Vi
V1+V2) € [V1+V2 1.
For each moment t, the value of V can be calculated
by considering the volume pumped through the

section S, with linear velocity u, i.e. V=V (t) =
So fot udt.

Vi
ViV’

when pumping of batch No.2 ¢

in the range from 0 to i.e. (

3. Closure relations

The values of the additional pressure created on
the OPS, as well as heating and pressure loss on OHS
are known and depend on the flow rate of oil blends,
i.e. they are predefined functions of the flow rate u:

APiops — Apiops (U), ATjohs :A-I-johs (U),

(8)
ohs ohs
AP =AP™(u),

In the current model, the profile of the oil
pipeline and the ambient temperature are known
and depend only on the location along the route, i.e.
they are predefined functions of space:

B A, T,=T.,00, (9)

The coefficient of hydraulic losses ¢ = ¢ (u, &) in
equations (2) and (3) can be calculated using well-
known formulas or equations [[18], [19], [20]].

The heat transfer coefficient K =K (a,4) from
the oil flow to the environment can be found using
the formulas described in detail in [[21], [22]].

Soil temperature T,, was taken from measured
SCADA data. Since the ground along the considered
section of the pipeline is heterogeneous, the values
of ground thermal conductivity were calculated
using historical actual data of oil flow rate, oil
temperature and ground temperature for the given
section of the pipeline [23].

The heat capacity of oil blends is described by
the Krego's formula [8]:

C,(T) = (53357+107.2-T) /\[p [J/(kg-°C)],  (10)

4 Setting the sequential pumping period
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Since the boundary conditions (5) and (6) are
cyclic, depending on the given constants V3, V,, the
state of the pipeline will also be cyclic, i.e. after a
certain time At the values of the variables

cyc ’

u,P, T, will be the same:

u(x,t) =u(x,t+At,.), P(x,t)=P(x,t+At,,)
11
T(x,t):T(x,t+Atcyc),a)(x,t):a)(x,t+Atcyc) (11)
Thus, to simulate the sequential pumping
process, it is sufficient to use some initial

distribution of P, T, . In the process of calculations,
such a cycle start time t° will be found that the

cyc

conditions t >t} (11) will be met. Such time t_ can

oye
be found by storing variables u,P,T,» for each
moment t and comparing them with the values of
the previous time.

In practice, it is enough to compare only the
values u(0,t), since this method is less

computationally intensive. The condition of the
pipeline t>tfyC is conditionally called the "steady

state" during the sequential pumping of oil blends.

Let batch No. 1 be less viscous than batch No.2,
if, with a given pumping mode (OPS and OHS
operating modes), the batch pumping of two oil
blends is possible, only when pumping of batch No.
1 is possible.

It is also obvious that if pumping batch No. 1 is
impossible, then sequential pumping of two batches
is also impossible. Therefore, as an initial
distribution of P,T,w® for modeling the batch

tgvc Al e

=

o

=]
1

Velocity, m/s
=
oo
=

=

o0

[=3]
1

pumping, it would be correct to take the values of
the batch of oil blend No. 1:

P(X, O) — Pbatchl (X) , T(X, 0) :Tbatchl(x) , 1
w(x,0)=1, (12)

Pbatchl , T batchl

where are the distribution of oil

pressure and temperature, respectively, along the
pipeline for stationary pumping mode of batch No.

1. In this case, for '[<tgyc
the stationary oil pumping mode No. 1 to the
"steady-state" batch pumping mode will be
obtained.

Figure 2 shows the time change u(0,t) for an
example of calculating the batch pumping of the
Mangyshlak and Buzachi oil batches though the
Uzen-Atyrau pipeline section.

As can be seen from Figure 2, after a certain time
(t = 55 h), the process of pumping a batch with a
given initial condition (12) switches to a "steady
state" sequential pumping mode.

Thus, the pumping of 2 batches is impossible if
and only if the stationary mode of pumping oil blend
No. 1 is impossible or when modeling with the initial
condition (12), the value of u at some point in time
becomes equal to 0.

So, to simulate the batch pumping of two oil
blends, the system of equations (1) - (4) with
boundary (5-7) and initial (12) conditions is used.
The result of such modeling will be either the
"steady state" of the pipe.

a transition process from

=
oo
t

0 24 48 72 96

120 144 168 192 216 240

Time, hour

Figure 2 — An example of a change in the flow rate over time for modeling the batch pumping of the oil blends
with a given initial condition for transition to the "steady state" at t > tgyc

— 12—



KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Cbipba. Ne1(332), 2025

ISSN-L 2616-6445, ISSN 2224-5243

Calculation algorithm

The system of equations (1) - (4) with the initial
and boundary conditions (5) - (7) and closures of
relations (8) - (10) is solved by the numerical method
[24]. The value of the hydraulic resistance coefficient

¢! is expressed by the Altshul's formula [20],

depending on the flow regime, respectively. This
hydraulic resistance coefficient value is put into the

momentum equation (2) and the pressure Pin”,

velocity U™, temperature T values at the
difference grid nodes are calculated. According to

the obtained temperature distribution Ti'”l, the
values of the viscosity #'™(T, ) and the Reynolds
number Rei”+l are found. According to the found
Reynolds number Rei"”, the value of the hydraulic

resistance coefficient (i”” is specified.

The SmartTran software [25] conducts the
thermal-hydraulic calculations by the system of
equations (1)-(3) with the conditions (5)-(12) for the
oil pumping modes through main oil pipelines.

Results and Discussion

For the Mangyshlak oil blend, the density is
equal to p, =843.1 kg/m?3, and for Buzachi oil blend

is p, =891.9 kg/m3. The temperature dependences

of the viscosity of Mangyshlak and Buzachi oil blends
are shown in Fig. 3.

The temperature dependences of viscosity of
Mangyshlak and Buzachi oil blends are expressed by
the formulas (13) and (14):

0.25
0.2 =
<—1 1= 1.6838.¢7%0
v |
© -
E‘, 0.15 r
=y
0
o]
O 01p=
2
>
0.05=
ok 1 1 10 1
0 10 20 30 40 50 60

Temperature (C°)

a)

14 (t) =1.6838 exp(—0.095-T) (13)

14, (t) =0.9109-exp(~0.116-T) (14)

The length of the Usen-Atyrau oil pipeline
section is L = 700.3 km (see Fig.1), the pipe inner
diameter is D1 = 1.0 m, and the pipeline laying depth
isH=1.5m.

The batch pumping of Buzachi and Mangyshlak
oil blends takes place through the Uzen-Atyrau oil
pipeline. The calculated data is based on the “steady
state” sequential pumping with cycle times At,.

The oil batches are pumped through the
considered pipeline section by pumping units of the
Uzen, Beineu, Kultumiev and Shmanov oil pumping
stations. Along the pipeline section, there are the
Uzen, Sai-Utes, Beineu, Opornaya, and Kultumiev oil
heating points where the oil batches are heated by
fired furnaces.

For the safety of batch pumping, the oil
temperature in the pipeline should be 5 °C higher
than the pour point of the Mangyshlak oil blend. One
batch of the oil blend sequentially displaces the next
along the length of the pipeline. The same heating
temperature of both oil blends at the stations can
provide a thermal mode of sequential pumping and
reduce the hydraulic resistance of the Buzachi oil
blend.

The calculated data were obtained for the mass
of the batch of Mangyshlak oil blend is 20,000 tons
and the mass of the batch of Buzachi oil blend is
21,000 tons. The volumetric flow rate of sequential
pumping does not change along the length of the
pipeline section.

0.8

o
)

1=0.9107-£""1"67

Viscosity (Pa-s)
°
»
——

0.2 =

I | i fes
20 30 40 50 60

Temperature (C°)

b)

0 10

Figure 3 — Effective viscosity dependences on temperature: (a) Magyshlak oil blend; (b) Buzachi oil blend
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In Fig. 4 the batch of the Buzachi oil blend is
painted in white color, and the batch of the
Mangyshlak oil blend is painted in yellow. Analysis of
calculations is carried out for typical periods within
24 hours.

As can be seen from Fig. 4, the calculation data
describe a picture of batch pumping of Buzachi and
Mangyshlak oil blends through the Uzen-Atyrau
industrial pipeline. The upper diagram illustrates the
distribution of hydraulic head, the middle diagram
presents the pressure distribution and the lower
diagram presents the temperature distribution of oil
blends and soil along the route of the section.

Pumping units create pressures to overcome the
hydraulic resistance of oil blends and the static
pressure of the elevations of the pipeline profile. The
temperature distribution shows the heating of oil
blends at heating and cooling stations due to heat
exchange with the surrounding cold soil.

The batch pumping is carried out by pumping
units at the Uzen and Kultumiev stations (see Fig. 4).
Oil blends are heated at the following stations: Uzen,
Sai-Utes, Beineu, Opornaya, Kultumiev, Shmanov.

Wave-like temperature change is caused by the
higher heat content of the Mangyshlak oil blend
compared to the Buzachi oil blend.

Fig. 5 shows the calculated data (lines) of
hydraulic head, pressure and temperature in
comparison with the actual data (points) of batch
pumping through the Uzen-Atyrau industrial
pipeline. The actual data of the hydraulic head,
pressure and temperature are obtained by
measuring the flow parameters of oil blends by
sensors of the SCADA.

As depicted in Figure 5, the actual SCADA data
points align closely with the computed values for
hydraulic head, pressure, and temperature,
represented by the lines.

Referring to the earlier statement, the thermal
mode for batch pumping necessitates maintaining
the oil blend's temperature within the pipeline at
least 5°C above the pour point of Mangyshlak oil
blend (Tpp = 27°C). Consequently, the selection of
furnace heating temperatures at the respective
stations becomes crucial to uphold the desired
thermal conditions along the Uzen-Atyrau pipeline.
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Figure 4 — The sequential pumping mode of the Buzachi and Mangyshlak oil blends
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Figure 5 — Distribution of hydraulic head (upper diagram), pressure (middle diagram) and temperature (lower
diagram) of the oil batch pumping
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Figure 6 — Distribution of hydraulic head (upper diagram), pressure (middle diagram) and temperature (lower
diagram) of batch pumping in optimal mode

— 115——



Complex Use of Mineral Resources. 2025; 332(1):108-118

ISSN-L 2616-6445, ISSN 2224-5243

According to the algorithm [25], the lower
bound of the search for the heating temperature of
oil blends at stations is assumed to be 32 °C.
Conversely, the upper limit is determined by an
optimization criterion.

Figure 6 shows the results of the search for the
heating temperature of oil blends at the stations. As
a result of the search, the upper limit of the heating
temperature at Uzen is 45.2 °C, at Beineu is 39.2 °C,
at Opornaya is 41.5 °C, and at Kultumiev is 43.1 °C
(see Fig. 6).

The temperature of the oil blends within the
pipeline remains consistently above 32°C, ensuring a
safe thermal regime for cyclic pumping, as depicted
in Figure 6.

The heating temperature decreases at the
Beineu, Opornaya and Kultumiev stations, while
there is no oil heating at the Sai-Utes and Shmanov
stations, as shown in Figure 6. The specific cost of
batch pumping decreases from $0.28 per ton (see
Fig. 5) to $0.19 per ton (see Fig. 6), resulting in a
savings of 32 %.

Conclusion
1. The mathematical model and algorithm for

calculating the batch pumping of high-viscosity and
high-pour-point oil blends through the Uzen-Atyrau

industrial oil pipeline have been developed. The
validity and accuracy of the mathematical model's

outcomes were confirmed through rigorous
validation against real-time data derived from the
SCADA system.

2. The calculated data of the batch pumping
through the Uzen-Atyrau industrial pipeline have
been obtained:

- depending on the volume of pumped batches
of Mangyshlak oil blend weighing 20,000 tons and
batches of Buzachi oil blend weighing 21,000 tons;

- by searching for the optimal heating
temperature of oil blends at stations with a lower
limit of 32 °C and a distribution of soil temperature;

3. The identification of optimal operational
conditions for the pumping units and heating
furnaces has led to a noteworthy reduction of 32%
in the unit costs attributed to both oil blend pumping
and heating.
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OHepKacinTik Kybblp apKbl/ibl MyHaliAbIH 3PTYPAi NapTUANAPbIH
Ti36eKTi Tacbimangay

* pamasaHosa I'.l., ! bekibaes T.T., ! ContaH6ekoBa K.A., 2 Amxkambekosa I'.T.

1 Cambaes yHusepcumemi, Anmamel, KazakcmaH
2 [Jaykees amobiHOaFbl AiMamsl 3HepeemuKa x#aHe balinaHvic yHusepcumemi, Aamamei, KasakcmaH

TYWIHAEME

Ti3beKTi Tacbimangay aaiciHae ¢U3MKaNbIK KoHEe XUMUANbIK KacueTTepi apTypai bipHewe

CYMbIKTbIKTap 6ip Kybblp apKbiabl aiiganagpl. Makanasa eHepKacinTik MyHai Kybbipbl apKplibl

SPTYPAI GU3MKANbIK KOHE XUMMAMBIK KacuetTepi 6ap MyHall KOCmanapblHblH, €Ki NapTUACbIH

Makana kengi: 28 aknax 2024
CapanTtamagaH eTri: 11 Haypelz 2024
Kabbinganapl: 13 Haypeiz 2024

Ti36eKTi aliaay KapacTbipbliaabl. oFapbl napaduHAi myHai napTusacel 6ip mesringe myHal eHgey
3aybITbiHA aiganagdpl, an TYTKbIPAbIFbl OFapbl MyHal mapTuacbl KyBbip apKbibl api Kapai
TacbiMangaHagpl. MyHail napTUanapblHbiH, Kblay GU3MKaNbIK KIHe PeonoruaNbiK, Kacuertepi

apacblHAafbl aliblpMaLLbINbIK, KyObIpAbiH, XbUTY/bIK }KYMbIC KaFaainapbiHa acep eTedi. Horfapbl

napaduHAi XKaHe Kofapbl TYTKbIP MyHai KOCManapbiHbIH, KE3eKNeH TacbiManaaHyblH ecenTeyaiH
MaTemaTuKanblK MoAeni MeH anropuTMi Kypbingpl. Mblay ruapasavKasblk ecenteynep angay

KOHAblIpfblAapbl  MeH

Kbl3apIpy

newTepiHiH, KYMbIC KaffaiblHAa MyHai  Kocnanapbl
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NapTUANAPbIHbIH,  TMAPABAMKANbIK  KbICbIMbIHbBIH, KbICbIMbIHbIH, K3HE TemnepaTypacbliHbiH,
TapanyblH aHblKTaabl. Teopuanblk TanaayAbl TEKCEPY KOHE BanuAauManay eHepKacinTiK
Ky6bIpAbiH y3biHAbIFbI 6oWibiHWA SCADA Taxipubenik gepektepai navganaHy apKblibl ysere
acbipbingpl. TisbekTen angayablH XKblay pexkMMiHe calikec OHepKaCiNTiK Kybbip cTaHUMANapbIHAA
MyHa# KocnanapbiH Kpl3Ablpy YLWiH OHTalbl TeMnepaTypanap Tabbinabl.

Tyiiin ce30ep: Ti3beKTi TacbiMmanaay, MyHai KOCnanapbiHbIH NAapTUACHI, KOFapbl NapaduHAi MyHai,
YKOFaPbl TYTKbIP/Ibl MYHaW, KbI3Ablpy TEMMNepaTypachl, OHAIPICTIK Kybbip
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AHHOTALMUA

Mpn nocnepoBaTenbHO nepekayke No OAHOMY TpybonpoBoAy NepeKauynBaeTCA HECKONbKO
JKUAKOCTEN € pasHbIMM  PU3MKO-XMMMUYECKMMKU CBOMCTBaMU. B cTaTbe paccmatpusaeTcs
nocnefosaTesibHasA NepeKkayka AByx NapTui Hedptecmecel ¢ PasNUYHbIMU GUINKO-XUMUYECKUMM
CBOMCTBaMWM MO MNpPOMbIWNEHHOMY HedTenpoBody. ITO CBA3AHO C Tem, 4TO NapTuA
BblCOKONapaduHUCTON HedTecmecn nepekaumBaetca Ha HedTenepepabaTbiBalOWMiA 3aBoa, a
NapTMA BbICOKOBA3KOM HedTecmecu TpaHCnopTUpyeTca Aanee no Tpybonposoay. PasHuua mexay
TeNnNoPU3NYECKUMU N PEONIOTUYECKMMW CBOMCTBAMM MapTUA HedpTU HakNaAbIBaeT ycnosue Ha
TENNIOBOM pexum paboTbl Tpybonposoga. Co3paHa maTeMaTUYecKan MOLENb U anropuTm Ans
pacyeTa nocnefoBaTeIbHOM TPAHCNOPTUPOBKM BbICOKONAPaGUHUCTbIX U BbICOKOBA3KMUX HEDTAHBIX
cmeceii. Tensiornapasanyeckme pacyeTbl NOKa3blBakOT pacnpeseneHne ruapaBanyeckoro Hanopa,
[aBNeHna 1 TemnepaTypbl NapTuii HedgTecmeyel B ycnoBmaAx paboTbl HACOCHbIX arperaTos v neyein
HarpeBa. Bepudukauma v BanvpauMa TEOPETUYECKOro aHa/iM3a NpoBOAMIAChE C MOMOLLbIO
3KCNepUMEHTaNbHbIX AaHHbIX SCADA no 4/iMHe npombiLuieHHoro Tpybonposoaa. B cooteeTcTemm
C TENNOBbIM PEXMMOM MOCNEeA0BaTENbHON NepeKaykn HahAeHbl ONTUMaNbHble TemnepaTypbl
HarpeBa HedTAHbIX CMecelt Ha CTaHUMAX Tpybonposoaa.

Knloueeble  caoea:  nocnefosaTeNbHas — MNepeKkadka, naptva  HedTAHbIX  cmecei,
BblCOKOMapaduHucTas HedTb, BbICOKOBA3Kas HedTb, TeMnepaTypa NoLorpesa, NPOMbILLIEHHbIN
Tpybonposoa.
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ABSTRACT

The paper presents the results of a critical analysis of existing technologies for processing lead-zinc
ores and industrial products; the relevance of the research lies in the development of methods
aimed at additional extraction of zinc and lead in conditions of a rapid decrease in the content of
lead and zinc in ores. The paper presents research on the thermodynamic justification of sulfiding
roasting, the results of the development of technology for intensifying the process of processing
poor, difficult-to-process complex lead-zinc ores and middlings through preliminary thermal
activation by sulfiding roasting in a fluidized bed furnace. The mechanism of sulfidation of oxylated
lead compounds has been established according to the scheme: PbO - PbO-PbSO4 -> PbSO4 >
PbS. The results of the physicochemical study of roasting products, as well as the results of
magnetic enrichment of cinders, are presented. The results of magnetic separation of cinders after
heat treatment of industrial products show that it is possible to separate up to 70% of iron in the
form of pyrrhotite into a magnetic product, while the pyrrhotite content in the magnetic product
is up to 98.2%. The paper presents a new technological scheme for processing lead-zinc industrial
products from enrichment to obtain pyrrhotites with predicted properties.

Keywords: lead, lead-containing waste, refractory ores, sulfidizing roasting, fluidized bed furnaces,
sulfidation, pyrite
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Introduction

Currently, not only in Kazakhstan but also in the
world, zinc and lead are the most important metals
that form modern industry, the metallurgical
industry and the circular economy (circular
economy) of different countries of the world
(Circular Economy (CE)) [1]. The main amount of lead
(over 65%) is used for the production of batteries, a
significant part of which is used for the manufacture
of electrical cable sheaths. Zinc is used mainly (up to

50%) as anti-corrosion coatings and for galvanizing
surfaces. Also, a significant amount of zinc is
consumed in the production of various types of
alloys with the addition of aluminum, copper and
magnesium, which have good casting properties.
Innovative uses of zinc have increased by 30% since
2015 as nanomaterials in the form of zinc ferrites,
zinc-ion batteries provide higher power density and
longer life. The innovative use of lead is also growing
by more than 10% each year through its use as
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nanostructured lead electrodes to operate lead-acid
batteries.

According to the content of basic metals, lead-
zinc ores are classified into: rich with a lead content
above 4% or with a total content of lead and zinc
above 7%; medium quality (ordinary), containing
from 2 to 4% lead or a total of lead and zinc from 4
to 7%; poor with a lead content of 1.2 - 2% or a total
lead and zinc content of 2 - 4%. Over the past 10
years, since 2013, ores with a lead and zinc content
of less than 2 - 3.5% have been used in the industry.

Zinc and lead are extracted mainly from sulfide
raw materials using pyrometallurgical technologies,
however, a decrease in the liquid concentration of
lead and zinc in sulfide ores has been recorded in
many deposits around the world. Due to the
increasing consumption of natural resources in the
world, primary resources will soon become
insufficient to meet the demand for lead, and Pb—Zn
oxide ore, typically containing 1%-5% Pb and 1%-
20% Zn, may become a valuable source to meet in
need of the above metals. Extracting valuable metals
from refractory ores, characterized by a complex
composition and high content of carbonates and
silicon, seems to be the most difficult task. Lead and
zinc are mainly found in the form of carbonates in
the ore, and in recent years many technologies such
as flotation or flotation combined with gravity
separation, hydrometallurgy and pyrometallurgy
have been tried to treat such refractory ore.

Difficulties in processing such raw materials
arise at all stages of processing, at the flotation
stage, there is a problem with the use of Na2S as a
sulfidizer, the consumption is too high due to non-
selective adsorption on sludge, and desliming is
required before flotation, while the loss of metals in
the fine fraction remains high [[ 2], [3]].

To solve these problems, various
hydrometallurgical processes, including acid and
alkaline leaching, have been introduced. Sulfuric
acid leaching seems to be the most promising for
zinc recovery from economic and environmental
points of view. However, Pb-Zn oxide ore usually
contains large amounts of silica, which can also
dissolve and then gel, preventing the leach solution
from separating from the residue. In addition, a
significant amount of carbonate containing gangue
will react with acid, resulting in high operating costs.

The mechanochemical process of processing
non-ferrous metal oxides by grinding with sulfur and
iron powders at room temperature turned out to be
unfeasible in practice due to the high energy costs

required to obtain a satisfactory degree of
sulfidation [[4], [5], [6]].

Hydrothermal sulfidation has also been
proposed for the treatment of zinc-containing
compounds [[7], [8], [9]], but it remains a major
challenge to achieve satisfactory recovery due to
artificial sulfides  characterized by fine
crystallization.

A feature of difficult-to-process ores is the
complex mineralization of valuable components,
significant oxidation and mutual germination of
minerals. The practice of processing plants has
shown that direct processing of such ores using
enrichment methods, even when selecting a reagent
regime and improving enrichment schemes, does
not give satisfactory results. From the analysis of
literary sources and the practice of domestic and
foreign enterprises, it follows that a solution to this
problem must be sought in the development of
combined technologies.

Of particular relevance is the use of preliminary
preparation of ores for enrichment through thermal
activation of non-ferrous metal minerals. Among
them, the method of activating and high-
temperature roasting of ore minerals has a
significant effect.

Thermodynamic justification of sulfiding
friction of oxidized lead compounds

The most promising technology for processing
oxidized and mixed polymetallic ores is a technology
that involves preliminary sulfidation of oxidized
compounds of non-ferrous metals with pyrite or
elemental sulfur under pyrrhotinizing roasting
conditions, followed by the separation of non-
ferrous metals into appropriate concentrates.

The use of partial pressure diagrams has been
used by many authors, however, to substantiate the
sulfidation process, it is necessary to establish data
under the conditions being developed [10].

When processing oxidized lead-zinc ores, the
composition is mixed, i.e. sulfide-oxide, or
predominantly oxide. Middlings are also mixed and
oxidized in composition: FeS;, PbO, PbCOs, PbS,
PbSiOs.

To study the thermodynamics of physical and
chemical transformations, the HSC-5 software
package developed by Outocumpu Ou was used.

Thermodynamic analysis of the behavior of
complex oxygen-containing compounds of zinc and
lead was performed based on calculations of AG°
and logKp of possible reactions. Previous studies
have established that the thermal decomposition of
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pyrite begins at temperatures of about 600 0C, so we
chose a temperature range of 600 - 900 0OC for
thermodynamic analysis.

Thermodynamic characteristics (Table 1) show
that at temperatures of 600 - 900 °C, decomposition
of lead zinc carbonates will occur with the formation

intermediate metallic lead with its subsequent
sulfidation increases significantly.

Table 2 - Values of thermodynamic characteristics of
reactions in the Pb-S-O system

. . . . i 0 0
of zinc and lead oxides, respectively. Aluminates and Reaction lgKp/AG?, kl/molat T, °C
silicates of zinc and lead are stable at temperatures 700 900
of 600 - 900 OC. 4/3Pb0+5,=4/3PbS+2/350, 6.9/129 5.8/124

Thus, oxides, aluminates and silicates of zinc and S SOATSTPES250 537100 61713

. .. . . . . +35,= + . .
lead will participate in high-temperature sulfidation 2 2
processes. 2PbO+PbS=3Pb+50, 0.0/0,0 1.7/38
. o 4Pb0+S,=4Pb+250, 6.9/129 8.0/172
Table 1 - Values of thermodynamic characteristics of the
decomposition reactions of oxidized lead and zinc 2Pb+ 5,=2PbS 6.9/129 4.6/100
compounds 2Pb0+50,=PbS04+Pb 1.6/30 0.23/4,9
- 12/7Pb0+5,=2/7PbS04+10/7PbS+ | 7.3/138 5.6/122
Reaction IgKp/AGO, k) at T, OC 2/4502 22/ ++10/ / /
700 900 24/9Pb0+S5,=12/9PbS+2/950,+4/ | 20.7/385 | 9.1/411
9(2PbO*PbS0,)
PbCO3 = PbO+CO2 2.80/-52.3 3.396/-76.2
2Pb0+5,+5/20,=(PbS04*Pb)+50, | 30.6/571 | 22.5/485
PbSiO3 = PbO+Si02 -0.87/16.2 -0.85/20.4
Pb203 = 2Pb0O+1/202 1.19/-22.2 1.551/-34.8 4/7(Pb0O*PbS04)+5,=8/7PbS+10/ | 10.7/198 | 10.6/229
750,
PbO2 = Pb0O+1/202 2.056/-9.1 2.320/-3.7 3PbS+2(PbSO4*Pb0)=7Pb+550, | 13.3/248 | 21.0/452
Pb2SiO4 = 2Pb0+5i02 | -2.12/39.6 -1.979/40.9

Phase transformations in the Pb-S-O system

The results of thermodynamic analysis of the Pb-
S-O system are presented in Table 2 and Fig. 1. When
firing pyrite, elemental sulfur is present in the gas
phase and its pressure can reach 10 Pa or more.
Therefore, during the thermodynamic analysis of the
Pb-S-O system, calculations of logKp and AGO of the
reactions of the interaction of lead oxides with
elemental sulfur and pyrite were performed.

In the Pb-S-O system, the stable condensed
phases are PbS, PbO, Pb, PbSO4, PbO-PbSO4.
Thermodynamic calculations of the potentials of the
reactions of sulfidation of lead oxide with elemental
sulfur, carried out using the method of reduced
potentials, showed that sulfidation in the
temperature range of  600-900 °C is
thermodynamically possible and can proceed both
with the direct production of lead sulfide and with
the initial production of a number of intermediate
compounds with the subsequent formation of lead
sulfide. At low temperatures, the formation of
intermediate oxysulfates and lead sulfate is
thermodynamically more likely. When the
temperature rises to 900 0C, the possibility of direct
production of sulfide and the formation of

log pSO2(g) Pb-O -S Phase Stability Diagram at 1000150 K
25

PbS306

PbS203

PbSO4

PbS

ROTRGE

15 Pb203 PbO2

-20 -15 -10 5 0 5 10 15 20
File: C:\HSC5\Lpp\PbOS1000.ips log pO2(g)

Figure 1 - Diagram of phase equilibria of the Pb-S-O
system depending on temperature

Thus, sulfidation of lead oxide in a wide range of
sulfur pressures in the gas phase, depending on
temperature, can proceed according to the
following mechanisms: PbO - PbO PbSO, = PbSO,
- PbS. As the temperature increases, it is preferable
to carry out direct sulfidation: PbO - PbS.

Lead-zinc tailings from the Ridder enrichment
plant of Kazzinc LLP were used as feedstock. Pyrite
contained in the tailings was used as a sulfidizer.

The chemical compositions of lead-zinc flotation
tailings and pyrite concentrate are given in Table 3.
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Table 3 - Chemical composition of lead-zinc tailings and
pyrite concentrate

Name of elements Lead-zinc Pyrite
tailings, % concentrate,
%

Pb 0.169 0.719
Al 7.548 5.049
Cu 0.9 0.548
Fe 12.947 32.946
Si 49.789 22.29
Mn 0.289 1.89
P 0.69 0.39
Cu 0.09 0.48
Zn 0.52 6.49
Mg 3.3 1.702
Fe 12.88 32.89

Method of high-temperature sulfidation firing
in a fluidized bed furnace

High-temperature sulfidation roasting was
carried out in a fluidized bed furnace. A diagram of
an enlarged laboratory installation for firing in a
fluidized bed furnace is shown in Figure 2.

The installation of a fluidized bed furnace
includes the following main components and
mechanisms: a fluidized bed furnace reactor with an
adjustable continuous system for loading the charge
and unloading the cinder; a gas duct with a system
for coarse and fine dust collection, condensation of
sublimates and absorption of sulfur dioxide from
exhaust gases, air heating units and the furnace
reactor, a system for adjustable supply and control
of air blast flow, a control unit and control of the
temperature regime in the furnace.

The reactor of the fluidized bed furnace of
rectangular cross-section with a hearth area of 120
cm? is made of XI8N9OT stainless steel, and the
hearth is made of stainless heat-resistant mesh with
a hole size of up to 5 microns. The charge is loaded
into the reactor from above in a non-breakthrough
mode using two screw feeders driven by reversible
engines of the KD-30-U4 type. The rotation speed of
the screws is selected depending on the specified
loading mode of the material and is regulated by
changing the voltage supplied to the motors from a
laboratory autotransformer.

The cinder is unloaded from the furnace into a
sealed bunker by a horizontal auger located 15 cm
from the hearth level. The height of the discharge

window can vary depending on the material being
fired and the specified operating mode of the
furnace.

The exhaust gases from the reaction zone
through the furnace charge enter a heated flue,
equipped with three cascaded cyclone chambers for
coarse and fine dust collection, a sublimation
condenser and an absorber for fine dust and sulfur
dioxide. Through the work program, experiments
were carried out at the enlarged laboratory
installation of a fluidized bed furnace to test the
operating parameters of sulfiding roasting of zinc-
oligonite ore from the Zhairem deposit.

The preparation of a charge of a given
composition was carried out by thoroughly mixing
the original ore with a particle size of 0.1-0.25 mm
with pyrite concentrate with a size of 0.074 mm 90%,
taken in the required proportions. The finished
mixture was loaded into the furnace feed hopper.

Before starting the furnace, a “bed” of
previously burned material (cinder) weighing up to
1.0-1.5 kg was laid on the hearth. The firing
conditions for the “bed” and the supply of “fresh”
mass of ore and pyrite concentrate remained
unchanged, the addition of pyrite concentrate
varied from 50 to 75%, the firing parameters were
calculated based on the NMeO/NFeS, ratio, the
degree of sulfidation, %, with the best indicators
being the firing conditions in the temperature range
700 - 800 °C.

Simultaneously with heating the furnace to a
given temperature, the air blast flow rate was set,
which on average varied from 8.0 to 20 I/min. Upon
reaching the specified temperature in the cinder
layer, loading of the charge into the furnace began
with simultaneous adjustment of the screw rotation
speed, ensuring the specified productivity. After the
furnace bath had reached the unloading window,
the unloading screw was turned on and after 2-3
times the exchange of material in the reaction zone,
the selection of burnt cinder into a sealed bunker
began.

During the preparation of the furnace for
operation, a vacuum was established in the flue duct
and under the roof of the furnace and an alkaline
solution was poured into the bubbler to neutralize
the gases. Unloading of collected dust from cyclones
and sublimations from the condenser was carried
out after each experiment before switching to
another firing mode.

The unloaded firing products (cinder, dust,
sublimates) were weighed, averaged and selected
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for chemical analysis for zinc, sulfur and iron.
Individual samples were subjected to mineralogical
and X-ray phase analyses.

The progress of the technological process was
monitored according to the following parameters:
blast flow rate, charge loading rate, temperature in
the fluidized bed and the gas duct, and composition
of roasting gases and roasting products.

During the ongoing research, the influence of
temperature on the degree of sulfidation of zinc
oxides in the range of 650-8009C, the influence of
the composition of the charge and the sulfur
potential in the system were studied. The ratio of
pyrite concentrate to ore is 1:1 and 2:1.

The change in sulfur potential, depending on the
ratio of pyrite concentrate to ore, was determined
by calculation depending on the amount of oxygen
supplied with air blast and the amount of sulfur
introduced with the charge per unit time; in this
case, the blast flow rate varied from 10 to 20 I/min,
and the charge loading varied from 10 to 60 g/min.
By sulfur potential we mean thermodynamic
conditions in the S-O system or phase equilibria in
the Fe-S-O system in an aggregate, the release and
concentration of sulfur (elemental sulfur) directly in
the fluidized bed. The source of heat required for the
dissociation of pyrite is the heat released during the
oxidation of the dissociation product - elemental
sulfur directly in the fluidized bed, which allows its
losses to be reduced to a minimum.

Good conditions of heat and mass transfer,
characteristic of a fluidized bed, allow for quite
intensive dissociation of pyrite. Since the thermal
effect of the oxidation of elemental sulfur
significantly exceeds the thermal effect of thermal
dissociation, it becomes possible to oxidize only part
of the sulfur released during dissociation in the
layer. In this case, 95% or more per cent of the blast
oxygen is used to produce gases containing up to
20% sulfur dioxide. In addition, part of the sulfur 1-
4%, depending on the firing conditions, is obtained
in the form of elemental sulfur.

It has been established that at 650°C favorable
conditions are created for obtaining the maximum
sulfur potential in the system, associated with the
kinetic laws of thermal dissociation of pyrite,
oxidation and distillation of dissociated sulfur.

Enlarged laboratory installation for sulfidation
firing in a fluidized bed furnace, Figure 2.

1 —reactor; 2 — air heating unit; 3 — fluidized bed
furnace; 4 — loading unit; 5 — unloading unit;
6 —cinder hopper; 7 — cyclone; 8 — heated flue;
9 — dust bin; 10 — gas meter; 11 — rheometer;
12 — blower; 13 — furnace control unit;
14 — potentiometer KSP; 15 — capacitor; 16 — bubbler;
17 —valve; 18 — adjustable damper;
19 — smoke exhauster
Figure 2 - Enlarged laboratory installation for sulfidation

roasting in a fluidized bed furnace

Component distribution and firing material
balance

According to the balance, the cinder yield is 56-
65% of the original charge, 20-21% dust yield and 15-
23% loss with gases in the form of fine dust up to 3-
4% and sulfur dioxide. An increase in temperature
from 650 to 750°C leads to a decrease in the yield of
cinder and an increase in gas formation, which is
easily explained by the kinetic laws of the processes
of dissociation and oxidation of pyrite, as well as a
more complete decomposition of carbonate
compounds. When the pyrite ore ratio is increased
to 2:1, the distribution of products is similar to the
1:1 ratio.

The distribution of sulfur in the roasting
products, depending on the temperature, changesin
the direction of increasing sulfur oxidation with
increasing temperature and its removal with gases
in the form of sulfur dioxide up to 50%. In this case,
the sulfur content in the cinder varies from 16.6 to
15.8% (1:1) and from 19.8 to 18.6% (2:1), and the
iron content from 26 to 27% and from 31 to 33 %
respectively. The inversely proportional change in
the contents of sulfur and iron in the cinder is
associated with the kinetic laws of thermal
dissociation of pyrite, when the removal of sulfur
from pyrite occurs at a very high speed and the
oxidation of pyrrhotite begins.
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Table 4 - Results of spectral analysis

Elements Contents of elements, %, 103
Ore Pyrite | Cinder
Zinc 2000 100 1000
Lead 120 60 100
Copper 6 150 150
Manganese 1000 80 200
Arsenic 10 80 30
Nickel 4 8 10
Strontium 20 - 10
Barium 100 100 400
Titanium 100 60 100
Vanadium 4 - 2
Chromium 2 - -
Zirconium 10 - 6
Antimony 2 10 4
Tin 0.2 - -
Cobalt 3.0 5.0 8.0
Molybdenum 0.4 2.0 3.0
Cadmium 3.0 - 3.0
Beryllium 0.2 - -
Bismuth - - 0.6
Germanium 0.15 15.0 -
Gallium 0.8 0.4 1.0
Thallium 0.6 0.4 0.5
Gold - 0.8 0.8
Silver 1.0 8.0 6.0

The distribution of zinc among the roasting
products, depending on the temperature and the
pyrite-ore ratio, varies slightly and lies in the range
of 83-86% in cinder and 14-17% in dust. Losses of
zinc in the form of sublimates and fine dust do not
exceed 2-3%. The dust removed from the reactor is
mainly dust from pyrite concentrate, which is finer
ground than ore, as confirmed by the results of
mineralogical analysis. As a result, an increase in the
content of pyrite concentrate in the charge leads to
an increase in the extraction of zinc and iron in the
dust, which is due to the close intergrowth of zinc
with pyrite in the initial concentrate.

Measurements of the composition of the gas
phase showed that the oxygen content (arrived with
air blast) in the exhaust gases does not exceed 0.2-
0.4%, while the sulfur dioxide content varied from 8
to 18% depending on the amount of air blast
supplied.

The distribution of rare and trace elements
among the firing products was assessed based on
the results of a full spectral analysis presented in
Table. 4.

From the data obtained, we believe that part of
the rare and trace elements, under certain process
conditions, is concentrated in dust and roasting
sublimes, which determines the practical value of
separate processing of dust. This work does not
involve the task of processing the resulting dust;
these studies are planned to be carried out in future
projects.

Characteristics of firing products and
evaluation of the results obtained

Based on the results of the phase analysis of zinc
compounds, the degree of sulfidation during the
firing process was determined. At the same time, the
extreme nature of zinc sulfidation was established at
all pyrite concentrate: ore ratios depending on
temperature. The maximum degree of sulfidation is
88% at a temperature of 650°C and a ratio of 2:1 -
concentrate: ore. This is because at 650°C
favourable conditions are created for obtaining the
maximum sulfur potential in the system, associated
with the kinetic laws of thermal dissociation of
pyrite, oxidation and distillation of dissociated
sulfur. With increasing temperature, the established
proportions shift towards increasing the rate of
pyrite dissociation and removal of unreacted sulfur,
which leads to the interaction of blast oxygen with
pyrrhotite and the resulting zinc sulfide.

Mineralogical analysis, carried out by dividing
samples into light and heavy fractions, showed that
in cinders of sulfiding roasting zinc is represented by
sphalerite, which is present 60-70% in the form of
independent grains and 30-35% in the form of small
anhedral dissemination in carbonate waste rock
fragments. Sphalerite inclusions in pyrrhotite are
observed. An increase in the pyrite content in the
charge leads to an increase in both free grains of zinc
sulfide and those bound in pyrrhotite. Carbonate
zinc in the fired products did not come into view, and
X-ray phase analysis did not show peaks
characteristic of it. Formations of zinc-containing
aluminosilicates, which were probably previously
present in the ore, are found in single grains.
Individual grains of galena (traces) are observed in a
free state and in intergrowths with pyrrhotite, but
cerussite is not found.

The cinder under study under the binocular is a
black sooty material, in which porosity and a cellular
structure are observed and consists mainly of
pyrrhotite and a fine black mass. In polished
sections, pyrrhotite is presented in a wide variety of
forms with intricately sinuous outlines. Myrmikitic
and eutectoid types of intergrowth with sooty
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material are noted. There are grains of three
component compositions. When observed in
immersion oil, pyrrhotite, a finely dispersed, matte
gray and intermediate product with finely
aggregated secondary pyrite, is identified in them.
The intermediate product has less reflectivity and
better seed ability from the action of concentrated
nitric acid. Pyrrhotite in these grains forms
peripheral rims and branching veins in the grain, the
gaps which are made of fine aggregate mass.

Copper is present in the form of chalcopyrite
with a film of black-blue chalcocite, which was found
in the original ore. However, after heat treatment of
chalcopyrite, chalcocine formations began to stand
out brighter than in the original ore. Formations of
the second phase, represented by cubanite,
appeared and an increase in the chalcocite structure
was observed.

The volume of carbonate rocks with sulfide
dissemination decreases from 80% to 25% in the
heavy fraction and from 95% to 25% in the light
fraction for materials larger than 0.05 mm. In the
heavy fraction of materials less than 0.03 mm, only
sooty material with pyrrhotite (100%) was found,
and in the light fraction, carbonates are represented
by 50%, while in the original ore, carbonates are
present in the heavy fraction by 73%, and in the light
fraction by 73%. 80%.

It should be noted that after firing, sphalerite is
present only in material larger than 0.05 mm. It
follows from this that the newly formed zinc sulfides
and the original sphalerite are enlarged to 50-60
microns.

The X-ray fluorescence analysis of sulfidation
cinders confirmed the presence of the identified
phases of mineralogical analysis, Figure 3.

Figure 3 - Results of X-ray fluorescence analysis of
sulfidation cinders

From the results of X-ray fluorescence analysis,
it is clear that with increasing temperature the
amount of sulfide decreases (the intensity of zinc

peaks decreases), which is due to the excess of the
rate of pyrite dissociation over the rate of
sulfidation. The product of pyrite dissociation are
pyrrhotites of composition Fegs:S to FeosS, which
have high magnetic properties. There are no zinc
carbonate compounds, which indicates the
complete decomposition of these compounds.

Mineralogical analysis of cyclone dust showed
that they are 50-70% represented by pyrrhotite with
sooty material, 3-4% undecomposed pyrite with
limonite films, 15-37% carbonates and about 10%
guartz. Sphalerite and other sulfides in the dust of
the first two cyclones are present in the signs, and
only in the third cyclone, their amount reaches 1-3%.

Pyrrhotite with sooty material is most
concentrated in the second cyclone (67-68%). The
carbonate content increases as the cyclones pass
and in the third reaches 35-37%. On the contrary,
the amount of quartz decreases and only traces are
found in the third cyclone. In the first cyclone,
hematite was found in the heavy fraction with a
particle size of more than 0.05 mm, the origin of
which can be attributed to both direct dust
entrainment and oxidation of pyrrhotite.

The results of X-ray diffraction analysis of
roasting dust showed the presence of pyrrhotite,
hematite, magnetite, quartz and sphalerite in the
dust, which confirms the data of mineralogical
analysis.

The qualitative and quantitative characteristics
of the roasting products presented according to
mineralogical, X-ray diffraction and chemical phase
analyzes allow us to conclude that sulfiding roasting
of acidified lead-zinc ore together with pyrite
concentrate proceeds most fully and efficiently at a
temperature of 650 2C and a pyrite:ore ratio of 1:1
and 2:1. As a result of heat treatment of ore under
these conditions, almost complete destruction of
non-ferrous metal carbonates is achieved, the
opening of zinc intergrowths with pyrite and waste
rock, an increase in grain size both in size and in
connection with the components of the charge,
deep sulfidization of oxide particles of non-ferrous
metals and the conversion of iron into form
magnetic pyrrhotite, which makes it possible to
separate it from cinders using magnetic enrichment
methods.

Thus, the large-scale laboratory studies carried
out on the sulfidation roasting of lead-zinc ore in a
fluidized bed furnace made it possible, based on the
results of the balance of metals, their distribution
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and the qualitative characteristics of the roasting
products, to establish optimal conditions for
conducting the sulfidation process.

Enrichment of roasting products

The results of previous studies [[11], [12], [13],
[14], [15], [16], [17], [18]] and the study of the
characteristics of roasting products showed that
sulfides of non-ferrous metals obtained by
sulfidation of oxides and carbonates have high
hydrophobic properties, and pyrrhotite, a product of
pyrite decomposition, has a significant magnetic
susceptibility. All this predetermines further
methods for processing sulfidation products. The
preliminary removal of magnetic pyrrhotite into a
separate product during magnetic enrichment will
make it possible to obtain a commercial iron-
containing product and zinc-enriched material for
flotation processing.

Results of magnetic enrichment of cinders

The magnetic properties of the resulting firing
products (cinder, dust) were studied on a KLY-2
cappameter (Czech Republic) with a sensitivity of 3-
5-108 SI, which makes it possible to obtain magnetic
susceptibility values characterizing the magnetic
properties of the substance. The results of magnetic
susceptibility measurements are graphically
presented in Fig. 4.

Shown in Fig. 4. The dependences show that
with increasing temperature, the magnetic
susceptibility of the dissociation products of pyrite
concentrate increases from 0.5 Sl units at 650 2C to
1.78 Sl units at 750 eC, and for cinders with an initial
pyrite: ore ratio of 1:1 from 0, 3 Sl units at 650 2C to
0.98 Sl units at 750 °C.

The original pyrite concentrate and
oligonite ore have a zero magnetic susceptibility
value, and the roasting product of the original ore
has a low magnetic susceptibility value, which
ranges from 0.01-0.2 Sl units when the temperature
changes from 650 to 750 eC [[18], [19], [20], [21],
[22], [23], [24]].

The results obtained indicate that the magnetic
susceptibility of roasting products depends on the
completeness of pyrite dissociation. An increase in
the value of magnetic susceptibility with increasing
temperature can be associated both with a change
in the composition of pyrrhotite and with an
increase in the amount of pyrrhotite in the materials
(curves 2,3,4) during the sulfidation of iron oxides.
The magnetic susceptibility of roasting dusts for

zinc-

charges with pyrite:ore ratios of 1:1 and 2:1 is
characterized by parabolic dependences with
temperature changes.
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1 - pure ore cinder; 2 - cinder of pure pyrite concentrate;
3 -cinder 1:1; 4 - cinder 2:1; 5 - dust 1:1; 6 - dust 2:1

Thus, it has been established that sulfides of
non-ferrous metals and waste rock have low
magnetic susceptibility values compared to
pyrrhotite. These properties of the components in
the roasting products make it possible to separate
them using magnetic separation and extract
magnetic pyrrhotite into the magnetic fraction, and
leave non-ferrous metal sulfides in the magnetic
separation tailings.

Based on the above, sulfiding roasted cinders
were subjected to wet magnetic separation at a
magnetic field strength of 100-120 kA/m. Table 5
shows the results of magnetic separation for the
extraction of iron into a magnetic product.

Table 5 - Results of magnetic separation of cinders

Experimental
i . Non-
conditions Magnetic '
fraction magnetic
Product . ! fraction,
name i 'ron iron
oc | Pyrite: extraction, .
oreratio | o extraction,
%
1:1 88.4 11.6
Cinder 1 | 650
2:1 90.4 9.6
1:1 91.4 8.6
Cinder 2 | 700
2:1 96.4 3.6
1:1 96.6 3.4
Cinder 3 | 750
2:1 97.2 2.8
1:1 91.7 8.3
Cinder 4 | 650
2:1 91.48 8.52
1:1 90 10
Cinder 5 | 650
2:1 96 4
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The presented results of magnetic separation
show that in the selected range of magnetic field
strength, more than 90 - 92% of the iron from
roasting cinders is extracted into the magnetic
product. It is noted that part of the iron present in
the ore is also released into the magnetic product,
because a small percentage of iron remains in the
non-magnetic fraction compared to the original ore.

The results of spectral analysis of the magnetic
and non-magnetic fractions (Table 6) showed that

non-ferrous and rare metals are mainly
concentrated in non-magnetic fractions.
Table 6 - Results of spectral analysis
Firing Contents of elements, %, 10°
products =7 Pb | Cu | Mn | As | Ni | s | Ba |Ti v
Cinder 1000 100 150 200 30 10 10 400 100 0

Magnetic 300 60 100 200 20 10 10 150 100 2
fraction

Non- 1000 200 300 400 100 5 30 500 200 4
magnetic
fraction

Contents of elements, %, 10°
Elements Zr Sb Co Mo Cd Bi Ga Tl Au Ag
Cinder 5 4 8.0 3.0 3.0 0.6 1.0 0.5 0.8 6.0
Magnetic 5 4 10 2.0 25 0.3 1.0 0.3 0.8 5.0
fraction
Non- 15 20 3.0 5.0 4.0 1.6 0.8 1.5 0.6 4.0

magnetic
fraction

The results of spectral and chemical analyzes
show that some of the zinc with a content of 0.2-
0.3% is extracted into the magnetic fraction.
Mineralogical analysis shows that zinc in the
magnetic fraction is present in close contact with
pyrrhotite. Apparently, this zinc was present in the
original pyrite and remained in close association
with it after firing.

The magnetic fraction by size is divided into a
class of more than 0.05 -27% and a class of less than
0.05 mm - 33%. In the heavy fraction of the class
greater than 0.65 mm, up to 5% of undecomposed
pyrite and up to 3% of sphalerite were found. The
main mass consists of sooty material with pyrrhotite
composition FeosssS, Feoss2S, Feos7’S, FeosoS,
Feos11S, and in the class less than 0.05 mm, all
material is represented by pyrrhotite, the
composition of which is pyrrhotite FeosssS, Feo.ss:S,
Feos77S, Feos01S, Feos11S. A fine-grained aggregate of
quartz-mica composition is also extracted into the
magnetic fraction.

The non-magnetic fraction is represented by
rock fragments with fine dissemination of sulfides in
the heavy fraction of 0.05 mm class, as well as free

grains of sphalerite, chalcopyrite and minor galena,
sooty material with pyrrhotite and pyrite in the form
of cubic crystals are present. The gangue consists of
fine-aggregate quartz-mica materials and
carbonates, and grains of feldspars and quartz are
observed. The extraction of zinc into the non-
magnetic fraction was over 88 - 90%, and the
extraction of lead was 100%.

Thus, magnetic separation makes it possible to
sufficiently isolate magnetic pyrrhotite from
roasting cinders and concentrate non-ferrous metals
in a non-magnetic fraction for their extraction by
flotation methods.

Development of a technological scheme for
high-temperature sulfiding roasting of oxidized
lead-zinc ore in a fluidized bed furnace

Based on the obtained results of processing lead-
zinc ore of the Zhairem deposit with a zinc content of
2.5%, lead - 0.1% and the degree of zinc oxidation of
more than 60%, a technology has been developed for
activating, high-temperature, sulfiding roasting of
this ore in a fluidized bed furnace using pyrite
concentrate (with sulfur content - 45.15%) as a
sulfidizer, Figure 5.

Kazzinc LLP Pb-0.1%
Oxide deeree Zn-60%

Blast flow 10-20 Vmin

Zinc-oligonite ore, Zhairem deposits, [ Zn2,5% ]

Activating, sulfiding firing in the KS

farnace,T-650-750 «C, t-30-40 min_,

degree of sulfidation of Zn and Pb 88%,
degree of magnetization 2.5 SI

e

‘ Magnetic separation ‘

Extraction Zn-88- Non-magnetic product Magnetic product .
Pyrrhotite extraction

90-92 %

90 % u Pb-100 %

At a ratio of

‘ Flotation |
extraction-90%,

ata content of Dust
234%

Extraction into foam
product Zn-75-79%, with
acontent of 11-12% Zn

Figure 5 - Flow diagram of the technology for high-
temperature sulfiding roasting of oxidized lead-zinc ore
in a fluidized bed furnace

The results of electron microscopic analysis (Fig.
6) confirm the formation of lead sulfides;
intermediate sulfidization products in the form of
lead sulfate were also detected. The formation of
sulfides begins from the surface of the initial phase
and spreads into the particle. In Fig. Figure 6 shows
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a micrograph of the formed sulfides and lead sulfate
(= 630).

X-ray diffraction studies of sulfidization products
show that intermediate lead sulfates are formed
during the sulfidization process. It has been
established that sulfidation proceeds according to
the scheme PbO - PbO-PbSO; - PbSO, - PbS
(activation scheme). The presence of the PbS phase
is confirmed by the X-ray diffraction results, Figure 6
clearly shows the PbS phase highlighted in red
(COD9008694) showing the most significant
amplitude of the 26 half-angle (2Theta: 26, 30, 43,
51.53.5). The established mechanism of
decomposition during sulfidation has not been
previously presented and confirmed by X-ray phase
analysis in the literature.
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microphotograph:001 - PbS, 002 - PbSO4, 003 — PbO

Figure 6 - Micrograph of lead sulfidization
products (= 450)
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Figure 7 - X-ray results of lead sulfidization products

Thus, sulfidation roasting of lead-zinc flotation
tailings with pyrite found in the tailings makes it

possible to obtain lead and zinc sulfides similar in
properties to natural sulfides, while pyrrhotites with
pronounced magnetic properties of the composition
are formed Feos92S—FeosssS in the temperature
range 600-800 2C, which is confirmed by the results
of X-ray phase analysis.

Development of a technological scheme for
processing lead-zinc enrichment tailings

Figure 8 shows the developed technological
scheme for processing lead-zinc tailings and
middling products through sulfiding roasting in an
environment with a limited amount of oxygen to
obtain pyrrhotites with predicted properties. The
results of enlarged tests are shown in the
technological diagram, Fig. 8. Sulfidation firing was
carried out in a fixed bed, in a tube furnace.

Fe-13%

Mixed, oxidized Pb-Zn middling product of Kazzinc JSC with an S720%

internal pyrite content of 54%

= Zn-0.38%
Pb-0.17%
Activating, snlﬁding roasting with
T-30-60 min S N
magnetization of the cinder to 2.18 SI
T-500-800°c | units
| |
] ¥ 3

sulfidation of
Pband Zn is
83-95%

- [ Composition of pyrrhotines-Fep.325-FeosssS }

4

Magnetic separation
l l Pyurhotite
xtracti N gnetic product Magnetic product » | extraction 85-
Zn-86.50% 80%
Pb-100% }
Flotation
Through

into the foam
product -84%; Pb-
80%

. Fe-0,19
Tails ‘ > 505

) Z0-0,01

Pb-0,009
Ore flotation

extraction of Zn l l

e ‘ Foam product ‘

Figure 8 - Technological scheme for processing lead-zinc
intermediate products of enrichment to obtain
pyrrhotites with predicted properties

The economic effect of the processing
technology for the complex processing of oxidized
and mixed middling products enriched by sulfiding
roasting with subsequent enrichment of the cinder
is achieved through additional extraction of zinc
from the middling product of lead flotation. A
technical and economic calculation showed that
with an annual production of 5,000 tons of
concentrate, the payback period for the project will
be 1.5 years.

Thus, the studies carried out on the activation of
middlings by sulfidation roasting showed the
effectiveness of the technology and the possibility of
using it on an industrial scale; the results can be used
in the design of a pilot plant.
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Conclusion

It has been established that the sulfidation of
lead oxides proceeds from the surface deep into the
particle with the formation of a dense microporous
sulfide layer, increasing the diffusion resistance,
with the simultaneous enlargement of particles,
according to the following  mechanism:
PbO->PbO*PbS0O,—> PbSOs—> PbS. At temperatures
above 850 9C, the process progresses according to
the scheme: PbO - PbS.

Thus, a hybrid technology has been developed
for activating sulfiding roasting of zinc-containing
and lead-containing industrial enrichment products
in a fixed layer containing pyrite in its composition of
at least 50-54%, used as a sulfidizer; Magnetic
separation of cinders after heat treatment of
middling products makes it possible to separate up
to 70% of the iron in the form of pyrrhotite into the
magnetic product, with the pyrrhotite content in the
magnetic  product being up to 98.2%. This

technology for processing oxidized waste containing
zinc and lead can be recommended for processing
Kazakh and foreign technogenic deposits.

The proposed technology makes it possible to
additionally extract zinc and lead from industrial
products, significantly increasing the economic
effect of production. The unit costs per 1 US dollar
of commercial products using the proposed
technology are lower than the unit costs of the
existing technology, which is associated with the use
of cheaper raw materials in the form of enrichment
tailings and the production of pyrrhotites as
additional commercial products.
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TEXHONOTUACBIH 33ipney HaTukenepi bepinreH. PbO - PbO-PbSOs - PbSOs -> PbS cxema

MbIpbIW KEeHAEepi MeH BHEPKICINTIK eHIMAepAi KaWHANTbIH KabaTTaFrbl newTe cyAbdUATI Kynaipin

apKbIAbl  BHAey MpoueciH  WHTeHcudUKaumsanay

60MbIHLLIA TOTbIKKAH KOPFaCbIH KOCbIbICTapbIHbIH, Cy1bGuATEHY MeXaHU3Mi aHbIKTanfFaH. Kyiaipy

OHIMAEPiH OU3MKA-XMMUANBIK 3epTTey HaTUXKesnepi, COHbIMEeH KaTap epTeHAinepAi MarHuTTiK

6anbITy HaTukenepi

KenTipinreH. OHEepKaCinTiK eHimaepai TePMUANbIK OHAEYAEeH KeWiH

epTeHANepAi MarHUTTIK 6oy HaTUKeNepi NMPPOTUT TypiHAeri Temipai 70% AeiiH MarHUTTi eHimre

6enyre 60naTbIHbIH KBpCETeai, an MarHUTTIK eHimAaeri NMppPoTUT menwepi 98,2% aeiiH 6onaabl.

yMbICTa KOpFacbiH-MbIpPbIWTbI OHEPKACINTIK eHIMAepai 6alibiTy KesiHae bomkamabl KacueTTepi

6ap NUPPOTUTTEP any YLLIiH OHALYAIH KaHa TEXHONOTUANLIK CXeMACbl YCbIHbIIFaH.

TyliiH ce30ep: KOpfacblH, KypamblHAA KOpfacblH 6ap KangplkTap, OTKa Te3iMai KeHaep,
cynbbuaTeHaipin Kynaipy, cyiblk Kabat newTepi, cynbounarey, nuput
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AHHOTALMA

B paboTe npeacTaBneHbl pe3ynbTaTbl KPUTUUECKOrO aHa/iv3a CyWeCTBYIOWMX TEexXHONOrui
nepepaboTKM CBUHLLOBO-LMHKOBbLIX Py4 M MNPOMMPOAYKTOB, aKTyalbHOCTb UCCAef0BaHWUi
3aK/Il0YaeTcA B pa3paboTKe METOA0B, HaNPaB/EHHbIX HA AONOAHUTUENBHOE U3B/IEYEHUE LIMHKA U1
CBMHLLA B YC/IOBUAX CTPEMUTENBHOTO CHUMKEHUA COAEPKAHUA CBMHLA U LMHKA B pyaax. B paborte
npeacTaBieHbl UCCNeAOBaHUA MO TEPMOAUHAMMYECKOMY O6O0CHOBaHWMIO cynbduampytoLLero
063Kura, pesynbTaTbl Pa3paboTKM TEXHONOMMU UHTEHCUbUKALMK NpoLiecca nepepaboTku BegHbix
TPYAHOOBOraTUMbIX KOMMAEKCHBIX CBUHLLOBO-LMHKOBbLIX Py4 W MPOMMNPOAYKTOB 3a CYeT
npeaBapuTesIbHON TEPMUYECKOM aKTUBaLMK CynbOMAMPYIOLLEM OBKMIOM B NEYM KUMALLENO CNOSA.
YCTaHOB/MEH MEeXaHU3M CyNPpUAMPOBAHUA OKUCIEHHbIX COEAMHEHUI CBMHLA no cxeme: PbO >
PbO-PbSO4 - PbSO4 - PbS. MNpepacTaBneHbl pe3ynbTaTtbl N0 GU3NKO-XMMUYECKOMY UCCIeA0BaHNIO
NPOAYKTOB OOMUra, a TaKKe pe3ynbTaTbl MarHUTHOrO ob6oraweHus orapkoB. PesynbTaTbl
MarHUTHOW cemapauMm orapKos nocsie TepMUYEcKoi 06paboTKM NPOMNPOAYKTOB NOKa3blBatoT,
4YTO BO3MOXHO BblAEANTb B MarHWUTHbIM NPoAyKT Ao 70 % Kenesa B BUAE NUPPOTUHA, NMPU 3TOM
cofeprKaHue NMPPOTUHA B MarHUTHOM MpoayKTe coctasaseT 4o 98,2 %. B pabote npeacTtasieHa
HOBas TEXHONOrMYECcKasn cXxema nepepaboTKn CBUHLLOBO-LMHKOBbLIX MPOMMNPOAYKTOB 0boraLLeHus
C No/lyYeHMEM NUPPOTUHOB NPOTrHO3UPYEMbIX CBOWMCTB.
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