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Optimization of Aluminum Casting Process Using PLA-Based Casting Patterns and
Analysis of their Thermal Behavior

!Merkibayev Y.S., ‘Chepushtanova T.A., *’Bazarbay B., !Burshukova G.,
Berlibek A.M., 2Sherstnev P., 2Sommitsch Christof

1Satbayev University, Almaty, Kazakhstan
2Graz Tehnology University, Austria

* Corresponding author email: b.bazarbay@satbayev.university

ABSTRACT

This paper presents the results of experimental and numerical studies of the casting process of
99.85% pure aluminum using investment-casting technologies with patterns produced by additive
manufacturing. The influence of pouring temperature, mold-filling time, and gating-system design
on porosity formation and casting quality was analyzed. It was established that increasing the
pouring temperature within the range of 700-800°C leads to increased porosity due to higher gas
Received: March 19, 2026 solubility and intensified turbulence of the melt flow. It was shown that the separating gating
Peer-reviewed: May 20, 2026
Accepted: May 29, 2026

system ensures a minimum number of defects compared to top and bottom metal-feeding
systems. In addition, thermal analysis of PLA and a glass-fiber-reinforced PLA composite was
carried out. Pure PLA was found to burn out almost completely (residue about 2.4%), whereas the
composite was characterized by a high residual content (~43.6%), which may negatively affect
mold quality. The simulation results obtained using the AutoCAST software package showed good
agreement with the experimental data and confirmed the effectiveness of numerical modeling for
optimization of casting processes. It was established that the optimal pouring-temperature range
for aluminum is 720-760°C. The obtained results confirm the potential of using PLA in investment
casting technology and make it possible to improve the quality of aluminum castings under
industrial production conditions.

Keywords: 3D printing, investment casting, aluminum alloys, additive manufacturing, industrial
manufacturing, innovative manufacturing processes.
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Introduction

Porosity is one of the most critical defects in
foundry production, significantly affecting the
mechanical properties, tightness and fatigue life of
aluminum castings [[1, [2], [3]]. The main

mechanisms of pore formation are gas saturation of
the melt and shrinkage processes during
solidification [[4], [5], [6]]. Aluminum alloys are
characterized by high solubility of hydrogen in the
liquid state and a sharp decrease in its solubility
upon transition to the solid phase, which leads to
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intense gas evolution and the formation of gas
porosity [[7], [8]]. Additional factors that influence
the formation of defects include flow turbulence, air
entrainment during pouring, and inefficient
operation of the gating system, which can lead to
the formation of oxide films and inclusions [[2] [9],
[10]]. As noted in the works of Campbell [2] and
Stefanescu [10], disruption of flow laminarity
promotes the capture of double oxide films (bifilms),
which are potential centers for the initiation of pores
and cracks. Shrinkage porosity develops due to
insufficient compensation for volumetric shrinkage,
which is approximately 6% for aluminum, and is
directly dependent on the efficiency of feeders and
directional solidification [[5], [11]]. According to
classic research by Flemings [11], the formation of
shrinkage defects is determined by local
temperature gradients and casting feeding
conditions. Therefore, optimizing the design of
gating and feeding systems is a key factor in
improving casting quality [[12], [13]]. Modern
research confirms that the use of numerical
modeling allows for the effective prediction of
defect formation zones and optimization of process
parameters prior to conducting actual experiments
[[6], [12], [14]]. The use of software packages such
as Auto-CAST improves the accuracy of casting
process design and reduces production costs [[6],
[14]]. Modern methods for reducing porosity include
optimization of gating systems, melt degassing, and
the use of numerical modeling [[9], [10], [11]]. In
particular, the use of modified gating system designs
(bottom, top, and divider) allows for controlling the
nature of the melt flow and minimizing turbulence,
which reduces the likelihood of air entrainment and
oxide film formation [[2], [9], [15]]. Effective
degassing is achieved by using fluorine- and
chlorine-containing salt fluxes, as well as inert gas
bubbling methods (Ar, N), which ensure the
removal of dissolved hydrogen through diffusion
and coalescence of gas bubbles [[7], [16], [17]].
Additionally, filtration systems (ceramic filters) are
used to remove non-metallic inclusions and stabilize
the melt flow [[18], [19]]. The use of numerical
modeling allows for considering the thermal,
hydrodynamic, and phase processes occurring
during casting [[12], [13], [14]]. Software packages
such as Auto-CAST, ProCAST, and MAGMASoft
predict temperature distribution, flow rates,
shrinkage zones, and potential porosity regions,
enabling optimization of gating system design and
pouring modes at the design stage [[6], [12], [20]].
The use of defect formation criteria, such as the

Niyama criterion, further improves the accuracy of
shrinkage porosity prediction and enables
evaluation of casting quality at the early stages of
development [[21], [22]]. In recent years, particular
attention has been paid to the integration of digital
modeling, additive technologies, and intelligent
defect prediction methods. Current research shows
that the use of integrated thermohydrodynamic
modeling and digital analysis methods can
significantly improve the accuracy of porosity
prediction and reduce the number of production
tests [[23], [24], [25]]. In addition, the effect of
additively manufactured polymer models on the
quality of cast parts is being actively studied,
including the thermal degradation characteristics of
PLA composites, their gas evolution, and the
formation of a residual phase.

Studies demonstrate the effectiveness of
integrating modeling methods with experimental
data and machine learning approaches, which allows
for the consideration of real production factors and
increases the reliability of predictions [[23], [24],
[25]]. Thus, the integrated use of degassing, rational
design of gating systems, and digital modeling is the
most effective approach to reducing porosity and
improving the quality of aluminum castings. With
the development of additive technologies, the use of
polymer models for investment casting is of
particular interest, allowing for a significant increase
in accuracy and a reduction in the cost of
manufacturing complex-shaped castings [[15], [16]].
In particular, FDM and SLA technologies provide
high-precision prototypes with specified geometry
and controlled surface roughness [[23], [24]]. PLA
(polylactide) is widely used due to its
biodegradability, low processing temperature, and
ability to undergo almost complete thermal
decomposition without the formation of significant
residues [[17], [18], [19]]. Thermal destruction of
PLA occurs primarily through the depolymerization
mechanism with the rupture of ether bonds and the
formation of volatile products, which makes this
material promising for casting using burnt models
[[18], [25]1. The thermodynamic approach
demonstrates that both in sulfurizing roasting of Pb—
Zn ores and in aluminum alloy casting, the
controlling factor is the regulation of phase
transformations through changes in gas atmosphere
and temperature, which ultimately governs the
formation of material structure and defect
development [[26], [27]]. The obtained results
indicate that the use of 3D-printed PLA models in
aluminum investment casting is associated with a
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significant  influence of  polymer thermal
decomposition, the mold—pattern interface, and
heat and mass transfer conditions on defect
formation, including porosity, which requires
consideration of material anisotropy, gas evolution
behavior, and thermal processing regimes to
improve the accuracy and quality of cast products
[28].

However, the introduction of composite
materials such as glass fiber-reinforced PLA requires
further analysis, since the presence of an inorganic
phase significantly alters the mechanism of thermal
degradation and heat and mass transfer [[20], [21],
[22]]. In particular, glass fiber increases thermal
stability and shifts the temperature maxima of
decomposition, but simultaneously leads to the
formation of a residual phase that can impede the
removal of decomposition products, impair the gas
permeability of the mold, and contribute to the
formation of casting defects [[21], [22]].
Furthermore, the interaction of the polymer matrix
with the surface of the reinforcing fibers can lead to
multistage decomposition kinetics and changes in
gas evolution [20].

Despite numerous studies devoted to reducing
the porosity of aluminum castings and the use of PLA
patterns in investment casting, the complex
relationships between pouring parameters, gating
system design, thermal degradation of PLA
composites, and defect formation remain poorly
understood. Most existing studies examine either
the hydrodynamic properties of the mold filling
process or the thermal behavior of polymer patterns
separately. However, the influence of residual PLA
composite mass on the quality of aluminum castings
and the mechanisms of defect formation have not
been fully explored.

The scientific novelty of this study lies in the
comprehensive combination of experimental
research and numerical modeling of the aluminum
casting process using additively manufactured PLA
models of varying compositions. This study, for the
first time, combinedly evaluates the influence of
pouring temperature, gating system design, and the
thermal behavior of PLA/PLA composites on the
formation of porosity in aluminum castings.
Additionally, a relationship was established between
the high residual mass of the PLA composite, the
characteristics of outgassing during thermal
degradation, and the likelihood of defect formation
in the cast structure. The obtained results allow us
to expand our understanding of defect formation
mechanisms and substantiate the selection of

optimal materials and process modes for investment
casting.

The aim of this study is to comprehensively
investigate the influence of process parameters
(pouring temperature, pouring time, and gating
system design) on the porosity of aluminum
castings, as well as to evaluate the thermal behavior
of PLA and PLA composite materials for their
applicability in investment casting technologies.
Particular attention is paid to the relationship
between the mechanisms of thermal degradation of
polymer patterns and defect formation in metal
castings, which allows for the substantiation of the
selection of optimal materials and process
conditions.

Materials and Methods

Experiments and Casting Simulation

Experimental and numerical studies of the
casting process of high-purity aluminum (99.85%)
were carried out to analyze porosity formation and
optimize technological parameters. Numerical
simulation was performed using the Auto-CAST
software package, which makes it possible to predict
temperature-field distribution, melt-flow velocity,
and zones of probable defect formation.

During the study, the main technological
parameters of the process were varied, including
pouring time, melt temperature, and the design of
the gating-feeding system. The pouring time for
different types of gating systems was as follows:
12.5 s for the bottom system, 8.5 s for the separating
system, and 5 s for the top system, which ensured
different melt-flow patterns—from predominantly
laminar to turbulent regimes. The geometric
parameters of the sprues included diameters of 14
mm and 10 mm with lengths from 50 to 80 mm,
which made it possible to regulate the flow rate and
the hydrodynamic conditions of mold filling. The
dimensions of the ingates were 10x12x15 mm, and
those of the runners were 8x10x65 mm and
8x10x90 mm, respectively, ensuring uniform melt
distribution and a reduction in local turbulent zones.
The experimental conditions were further refined to
ensure the reproducibility of the study. High-purity
aluminum (99.85%) was used, and the melt was
prepared in an electric resistance furnace. Before
pouring, the melt was degassed to reduce the
dissolved hydrogen content and decrease the
likelihood of gas porosity. A sand-clay mold with
controlled gas permeability and moisture content
was used as the casting mold, providing stable heat-
removal and solidification conditions. Temperature
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control was carried out using thermocouples and a

digital data-recording system.

Table 1 - Design parameters and their calculated values

for the feeding and gating systems.

No. | Parameter Design value
Pouring time for the 1255, 85 s, and
1 bottom, separating, and .
. 5 s, respectively
top gating systems
Tf)p and bottom sprue 14 mm, 10 mm,
diameter and  sprue
2 . and 50 mm,
length for the separating .
. respectively
and top gating systems
Tf)p and bottom sprue 14 mm, 10 mm,
diameter and  sprue
3 and 80 mm,
length for the bottom .
: respectively
gating system
4 Sprue: diameter and | 15 mm and 20
height mm, respectively
Runner dimensions:
. . 8 mm, 10 mm,
width, height, and length
5 . and 65 mm,
for the separating gate .
respectively
system
Runner dimensions: 8 mm. 10 mm
width, height, and length ! !
6 and 90 mm,
for the bottom gate .
respectively
system
Ingate dimensions: width, 10 mm, 12 mm,
height, and length for the
7 ) and 15 mm,
top, separating, and .
. respectively
bottom gating systems
Feeder design based on
Caine’s method; feeder
8 diameter and height for ;Smn:;r; ::t?vezls
the bottom and » Fesp ¥
separating gating systems
Height and diameter of
9 the feeder neck for the | 10 mm and 20
bottom and separating | mm, respectively
gating systems

In addition, the design of the riser (sprue) with a
diameter of 15 mm and a height of 20 mm was
optimized to ensure stable melt supply and reduce
the likelihood of air entrainment. The feeding
system was designed based on Caine’s method,
taking into account the formation of directional
solidification; the feeder dimensions were 25x25
mm and the neck dimensions were 10x20 mm,
which ensured effective compensation of shrinkage

processes. Particular attention was paid to the
placement of the feeder in the zone of maximum
thermal concentration (hot spot), which contributed
to a reduction in shrinkage porosity.

The choice of these parameters was dictated by
the need to ensure an optimal balance between
mold-filling rate, reduced flow turbulence, and
effective feeding of the casting during solidification,
which together are aimed at minimizing gas and
shrinkage porosity. This is shown in Table 1.

The feeding system was designed with
consideration for compensating the volumetric
shrinkage of aluminum, which is about 6% during
solidification. The feeder dimensions were 25x25
mm, which provided sufficient volume to feed the
casting and prevent shrinkage defects. The system
design was optimized using simulation results,
including hot-spot analysis and directional
solidification.

Analysis of the influence of gating-system type
showed that when a bottom gate is used, the molten
metal enters the lower part of the mold, ensuring a
predominantly laminar flow regime and minimizing
air entrainment; however, the mold-filling time
increases. It was established that as the pouring
temperature increases in the range of 700-800°C, a
steady growth in porosity is observed, as clearly
shown in Fig. 1. This effect is caused by the increased
solubility of gases in the aluminum melt at higher
temperatures, as well as by the decrease in viscosity,
which leads to intensified turbulence and the
entrainment of gaseous inclusions. According to the
simulation results, porosity increases approximately
from 960 to 1120 mm3, whereas the experimental
values change from 1030 to 1250 mm?, indicating a
higher level of defect formation under real
conditions due to the influence of technological
factors such as flow turbulence, air entrainment,
mold gas permeability, and the limited efficiency of
degassing. At the same time, the trends of the
Simulation and  Experimental dependencies
coincide, which confirms the adequacy of the Auto-
CAST model despite the presence of a quantitative
discrepancy of about 50-130 mm? associated with
the idealization of the calculation conditions. It was
established that in the range of 700-740°C the
increase in porosity is moderate, whereas at
temperatures above 740-780°C a sharp increase in
defect formation is observed, indicating the
achievement of a critical temperature interval.
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—— Experimental
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Fig. 1 - Change in porosity as a function of
pouring temperature

When a top gating system is used (Fig. 2), the
mold is filled in the minimum time; however, due to
the free fall of the melt, a turbulent flow regime is
formed, which leads to an increase in gas and
shrinkage porosity. In this case, porosity increases
from 1040 to 1300 mm? according to simulation
results and from 1180 to 1460 mm? according to
experimental data. The increased defect level is
caused by intensified turbulence, air entrainment,
and the formation of oxide films that serve as pore
nucleation sites. A particularly intensive increase in
porosity is observed in the range of 780-800°C,
which indicates the critical influence of temperature
on defect-formation processes.

—— Simulation
1500 4 —— Experimental
1400

1300 -

Porosity (mm3)

1200 4 /

1100 -

1000

T T T T T T
700 720 740 760 780 800
Temperature

Fig. 2. Change in porosity as a function of
pouring temperature

The separating gating system (Fig. 3) proved to
be the most effective from the standpoint of
minimizing porosity, combining the advantages of
bottom and top melt supply. In this system, the
sprue and gate are located in the same plane, which
ensures an optimal temperature gradient and
directional solidification. This promotes the transfer
of the shrinkage cavity from the casting volume into
the feeder and reduces the probability of defect
formation. The analysis showed that porosity

increases from 1030 to 1250 mm? (simulation) and
from 1090 to 1420 mm?® (experiment), while the
lowest level of defect formation among all
considered systems is observed. Similar to the other
cases, a sharp increase in porosity is recorded at
temperatures above 780°C, which is associated with
intensified gas saturation and deterioration of
solidification conditions.

—— Simulation
1450 —— Experimental

1400
1350
1300
1250 4 ) y

1200 4 /

Porosity (mm3)
AN
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1100 4 -

1050

1000 T T T T T 1
700 720 740 760 780 800
Pouring temperature

Fig. 3 - Change in porosity as a function of
pouring temperature

In addition to the macroscopic analysis of
porosity, a microstructural analysis of the samples
was carried out using optical metallography
methods. The investigations were performed on
polished sections prepared by standard methods of
mechanical polishing and chemical etching. The
microstructural analysis made it possible to reveal
the distribution of pores, the nature of the dendritic
structure, and the localization of defects depending
on the pouring temperature and the type of gating
system. The obtained microstructural images
further confirmed the results of numerical modeling
and experimental porosity analysis. The obtained
results demonstrate that the pouring temperature
and the type of gating system have a decisive
influence on the formation of porosity in aluminum
castings. The optimal choice is the use of a
separating gating system in combination with a
controlled temperature regime (not higher than
~740-760°C), which ensures the minimization of
turbulence, effective feeding of the casting, and a
reduction in gas and shrinkage defects.

Energy-Dispersive Spectroscopy (EDS) Analysis
The chemical composition of the cast aluminum
was determined by energy-dispersive spectroscopy
(EDS), the results of which are presented in Fig. 4. It
was established that the main phase is aluminum,
while impurities of carbon and oxygen are also
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detected in the samples, which may be associated
with oxidation processes and the interaction of the
melt with the surrounding environment.
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Fig. 4 - EDS analysis of cast aluminum

An increased oxygen content in certain local
areas may indicate the formation of Al,Os; oxide
inclusions, which can act as nucleation centers for
gas pores. From a physical point of view, porosity
formation is associated with a decrease in gas
solubility in the aluminum melt during crystallization
and with the local accumulation of gaseous products
of thermal degradation of the PLA pattern. During
solidification, diffusive release of dissolved
hydrogen occurs, as well as restricted removal of
gases through the mold, which leads to the
formation of closed pores.

The following relationship was
guantitative evaluation of porosity:

used for

W
P= ( - —) 100%
Vs
where is the sample volume, is the dense
volume, M is the sample mass, and p is the material
density.
The dense volume was determined by the
expression:

The obtained experimental porosity values were
compared with the results of numerical simulation.
The average discrepancy between the experimental
and calculated data was less than 8%, which
indicates satisfactory adequacy of the model used.
To increase the reliability of the results,
measurements were carried out on at least three
samples for each casting mode, after which the
mean values and standard deviations were

calculated. The error in porosity determination did
not exceed +2%.

The combination of macro- and microstructural
analysis methods, energy-dispersive spectroscopy,
and experimental determination of porosity made it
possible to comprehensively assess the influence of
technological parameters on defect formation in
aluminum castings.

Thermal Analysis of PLA and PLA Composite

Thermogravimetric analysis (TGA), as well as
derivative curves (DTG) and differential thermal
analysis (DTA), were used to evaluate the thermal
behavior of PLA-based materials employed in
additive manufacturing. The results for pure PLA and
for the PLA composite reinforced with glass fiber are
presented in Figures 5 and 6.

As can be seen from Fig. 5, pure PLA
demonstrates characteristic single-stage thermal
degradation. In the temperature range up to 300 °C,
the mass of the sample remains almost unchanged,
which indicates the absence of moisture and volatile
components. The main decomposition stage occurs
in the interval of 320-380 °C, with a maximum
degradation rate around 360 °C. In this range,
intensive depolymerization is observed with rupture
of ether bonds and release of gaseous products. The
total mass loss is about 95-98%, and the residual
mass does not exceed ~2.4% at 1000 °C (Fig. 5),
which indicates almost complete burnout of the
material.

From the standpoint of the casting process, the
intensive release of volatile products in the range of
320-380 °C is accompanied by the formation of a
gaseous environment inside the mold. If the mold
has sufficient gas permeability, the degradation
products are effectively removed, which reduces the
probability of defect formation. The low residual
mass of pure PLA indicates almost complete burnout
of the pattern and a minimal probability of forming
solid residues in the mold cavity. This contributes to
obtaining a more homogeneous structure of
aluminum castings and reduces the risk of gas
porosity formation. In addition, the EDS analysis
results show that in castings obtained using pure
PLA, the oxygen and carbon contents are minimal,
which indicates more complete removal of thermal
degradation products and a lower probability of
secondary oxidation of the melt during casting.
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Figure 5 - TGA, DTG, and DTA curves for pure PLA
material used in additive manufacturing, demonstrating
single-stage thermal degradation and almost
complete mass loss

From the standpoint of physicochemical
processes, the intensive release of volatile products
in the interval of 320-380 °C can lead to a local
increase in gas pressure inside the mold. If the
molding material has insufficient gas permeability,
this contributes to the formation of gas porosity in
the casting. Thus, the temperature range of the
maximum PLA degradation rate is a critically
important parameter when selecting pattern
burnout modes.

In contrast, the glass-fiber-reinforced PLA
composite (Fig. 6) demonstrates more complex
thermal behavior. Up to 300 °C, no significant
changes in mass are observed, which indicates
system stability. The main decomposition stage is
shifted to a higher temperature range of 350-420 °C,
with a characteristic maximum around 410 °C, which
is associated with the influence of the reinforcing
inorganic phase. The presence of several peaks on
the DTG and DTA curves (=367 °C, 431 °C, 490 °C, and
541 °C) indicates a multistage degradation
mechanism caused by the interaction of the
decomposition products of the polymer matrix with
the glass-fiber surface. The key difference is the
significant increase in residual mass, which amounts
to about 43.61% at 1000 °C, due to the presence of
thermally stable glass fiber. This indicates that the
material is not subject to complete burnout, unlike
pure PLA. The high residual mass of the PLA
composite has a direct effect on the quality of
aluminum castings. Incomplete burnout of the
composite material leads to the accumulation of
residual inorganic particles inside the casting mold,
which worsens the gas permeability of the molding
system and hinders the removal of thermal
degradation products. As a result, a local increase in
gas pressure occurs in the mold cavity, promoting
the formation of gas porosity and surface defects in
the castings. Residual glass-fiber particles can

become centers of local disturbance of the
crystallization of the aluminum melt. This leads to
the formation of microdefects, an increase in the
number of non-metallic inclusions, and a decrease in
the structural homogeneity of the material. The
presence of such inclusions worsens surface quality
and can reduce the mechanical properties of the
finished products.
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Figure 6 - TGA, DTG, and DTA curves for a PLA-based
composite reinforced with glass fiber, demonstrating the
multistage nature of thermal decomposition and a high
residual mass (~43.6%) caused by the presence
of an inorganic phase

A comparison of the thermal curves shows that
the addition of glass fiber leads not only to increased
thermal resistance but also to a longer duration of
gaseous-product release. This may explain the
increased probability of defect formation during
casting, since more prolonged thermal degradation
is accompanied by gas accumulation in the
interfacial regions of the mold. In addition, the
presence of a residual inorganic phase can worsen
the removal of decomposition products and lead to
local inclusions in the casting structure. The EDS
analysis results confirm this assumption. In samples
produced using the PLA composite, an increased
content of oxygen and carbon is recorded, which
may be associated with residual thermal
decomposition products and local oxidation of the
melt. This indicates insufficiently complete removal
of the burnout products of the composite material
and confirms the direct relationship between the
high residual mass of the PLA composite and the
deterioration in the quality of cast products.

A comparative analysis shows that the addition
of glass fiber leads to increased thermal resistance
and a shift in the temperature maxima of
decomposition; however, it is accompanied by an
increase in residual content and a more complex
thermal-degradation mechanism. This is important
for investment-casting processes: while pure PLA
ensures complete material removal without the
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formation of significant residues, the composite
material can lead to the accumulation of inorganic
phases and the formation of defects in the casting
mold.

To increase the reliability of the thermal
analysis, all tests were performed in triplicate. The
temperatures of the maximum decomposition rate
were determined as average values, and the
variation in the results did not exceed £5 °C. The
obtained data demonstrate good reproducibility of
the experimental measurements and agrees with
the results of numerical modeling of thermal-
degradation processes.

Thus, the results of the thermal analysis (Figs. 5
and 6) confirm that pure PLA is a preferable material
for investment-casting technologies, whereas PLA
composites require additional optimization of
burnout modes, including higher temperature and
improved conditions for the removal of
decomposition products.

Conclusion

As a result of the experimental and numerical
studies of the casting process of aluminum with a
purity of 99.85% using investment-casting
technology, the following main conclusions were
established: the pouring temperature is a key
parameter determining the level of porosity of
castings. As the temperature increases in the range
of 700-800°C, a steady increase in porosity is
observed due to the increased solubility of gases in
the melt and intensified flow turbulence. It is shown
that the experimental porosity values (1030-1250
mm?3) systematically exceed the simulation results
(=960-1120 mm3) by 50-130 mm3, which is caused
by the influence of real production factors such as
air entrainment, instability of thermal conditions,
and the limited efficiency of degassing. It was
established that the type of gating-feeding system
has a significant influence on defect formation. The
lowest level of porosity is achieved when a
separating gating system is used, providing
directional solidification and an optimal thermal
gradient. When a top gating system is applied, the
maximum level of porosity is observed due to the
turbulent flow regime and the entrainment of
gaseous inclusions, whereas the bottom system
provides a more stable (laminar) flow but requires
increased mold-filling time.

The modeling results obtained using the Auto-
CAST software package showed a high degree of
gualitative agreement with the experimental data,

which confirms the adequacy of the applied model
and its effectiveness for the engineering
optimization of casting processes.
Thermogravimetric analysis showed that pure PLA
completely decomposes in the range of 320-380°C
with a residual mass of less than 3%, which makes it
a promising material for investment casting. At the
same time, the glass-fiber-reinforced PLA composite
is characterized by multistage decomposition and a
high residual mass (~43.6%), which can lead to
deterioration of mold quality. It was established that
the optimal pouring-temperature range for
aluminum should be within 720-760°C, ensuring a
compromise between melt fluidity and minimization
of porosity. At temperatures above 780°C, a sharp
increase in defect formation is observed, which
requires strict control of the technological regime.
The combination of numerical modeling methods
and experimental studies makes it possible to
effectively optimize the technological parameters of
the casting process and significantly reduce the level
of porosity in aluminum castings.

The practical significance of the results obtained
lies in the possibility of implementing them under
real foundry-production conditions in order to
improve the quality of aluminum castings and
reduce the amount of scrap. The established optimal
pouring-temperature regimes (720-760°C) can be
used in the development of process sheets and
regulations for investment casting of aluminum
alloys. The use of a separating gating-feeding system
makes it possible to reduce the probability of gas
porosity formation and increase the structural
homogeneity of products without a significant
increase in production costs.

The study results can also be used in the design
of technological processes employing additively
manufactured PLA patterns. The use of pure PLA
instead of glass-fiber-reinforced PLA composites
provides more complete burnout of the pattern and
reduces the risk of residual inclusions in the mold.
This is especially important for the production of
thin-walled and critical parts used in mechanical
engineering, the aerospace industry, and the
automotive industry. The use of software modeling
in the AutoCAST environment makes it possible, at
the design stage, to predict zones of probable defect
formation, optimize the design of the gating system,
and reduce the number of expensive experimental
trials. The implementation of such an approach
under production conditions contributes to reduced
material costs, lower metal consumption, and
increased overall technological efficiency of foundry
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production. The obtained results can serve as a basis
for further industrial optimization of investment-
casting processes, including automation of
temperature-regime control, improvement of
degassing systems, and development of new
materials for additive casting patterns.
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PLA HerisiHaeri Kylo yarinepiH naiiganaHy apKbi/ibl aIlOMUHUIA KYHO NPOLECIH
OHTAWNAHADbIPY X3He 0N1apAblH TEPMUANIK dPEKeTTepiH Tangay
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'pepnibek A.M., 2Sherstnev P., 2Sommitsch Christof

1Cam6aes yHusepcumemi, Aamamel ,KazakcmaH
2[pay mexHUKanbIK yHusepcumemi, Aecmpus

TYUIHOEME
Makanaga apauTUBTI eHAipic aaicimeH aalblHAanfaH 6GankbiManbl yarinep 6GoMbIHWA Kyto
TEXHONOTMACBIH  KONAAHA  OTbipbIn, Tasanblfbl 99,85%  aNlOMUHMIAI Ky  MPOLECIHIH,

9KCNEPUMEHTTIK KHEe CaHbIK 3epTTeyepiHiH HITUXKeNepi yCbiHbIIFaH. Kyto TemnepaTypacbIHbIH,
KaNbINTbl TONTHIPY YaKbITbIHbIH, YKOHE KYIO YKYMEeCi KOHCTPYKUMACBIHbIH, KeYeKTiNiKTiH Ty3inyiHe
JKOHE aNblHATbIH KyManapAblH canacbiHa acepi TangaHabl. Kyto TemnepatypacbiHbiH, 700-800°C
Makana kengi: 19 Haypei3 2026
CapanTtamagaH eTTi: 20 mamsip 2026
Kabbinganapl: 29 mamsip 2026

apanbiFblHAA Kofapbinaybl 6ankbiMagasbl rasgapAblH, epirilwTiriHii, apTyblHa XoHe afblH
TYpPOYNEHTTINIrHIK, KywetoiHe 6aliNaHbICTbl KEYeKTINIKTIH, yAfaloblHA SKENeTiHi aHblKTanabl.
MeTanabl 6epyain, ofFapfbl KaHe TOMEHTI KylenepimeH canbicTbipFaHaa, 6enriw Kyt »yneci
aKaynapAblH, eH a3 MesiepiH KamTamacol3 eTeTiHi KepceTinreH. CoHbIMeH KaTap, PLA xaHe LWbIHbI
TaNWbIK KOChUIFaH PLA-KOMMNO3UTIHIH TepMUANDBIK Tandaybl Kyprisingi. Taza PLA ic xysiHae TonbIK
aHbIN KeTeTiHi (Kanablk WwamameH 2,4%), an KOMMO3WUT KoFapbl Kanaplk KypambIMeH (“43,6%)
cMnaTTanaTbiHbl aHbIKTaNAb!, 6y Kyt KanbiNTapbiHbIH canacbiHa Kepi acep eTyi MymKiH. AutoCAST
6afmapnamanbiK KeleHiH NnaiganaHy apKplabl afblHFaH MoZeNbaey HITUXKeNepi SKCNePUMEHTTIK
AepeKTepMeH XaKCbl COMKECTIK KOPCETTi KaHe Kyl NpouecTepiH OHTaNaHAbIpy YWiH CcaHAbIK,
MoZenbaeyaiH, TMiMAiniriH pactagpl. ANIOMUHUIAA] KYIOAbIH, OHTalAbl TemnepaTypa AWanasoHbl
720-760°C eKeHi aHbIKTanabl. ANblHFaH HaTuxKenep 6ankbiManbl yarinep 6GOMbIHWA  Kyto
TexHonornacobiHAa PLA KonaaHyAblH NepcneKkTMBabl EKEHIH pacTaiabl *KaHe 8HEPKICINTIK eHAipic
KafaanblHAQ aNIOMUHWIA KyMManapblHbIH, CanacblH apTTbipyFa MyMKIHAIK 6epeai.
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OnTMMMU3auma npouecca IMTbA aIlOMUHUA C UCNO/Ib30OBaHUEM JITbEBbIX CXEM
Ha ocHoBe PLA-maTepuanioB U aHa/In3a UX TEPMMUYECKOro NoBeaeHun

!Mepkubaes E.C., "YenywraHosa T.A., 'basap6aii b.b., 'bypwykosa,l.A.,
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AHHOTAUMA

B cTaTbe NpeacTaBneHbl pe3ynbTaTbl IKCNEPUMEHTAbHBIX M YNCNEHHbIX UCCeA0BaHUIA NpoLecca
NUTbA aNtlOMUHUA YncToton 99,85% C MCNONb30BaHUEM TEXHONOTMIA IUTbA MO BbINJAaBAAEMbIM
MoAenAam, U3roToBNeHHbIM MeTOA0M aAAUTUBHOIO NPOM3BOACTBA. MpoaHann3mMpoBaHo BANAHME
TemnepaTypbl 3a/IMBKW, BPEMEHU 3amnoHeHNA GOPMbl U KOHCTPYKLMU IMTHUKOBOWM CUCTEMBI HA
06pasoBaHMe MOPUCTOCTU U KAYecTBO MOJy4aeMblX OT/IMBOK. YCTAHOB/IEHO, YTO MOBbIWeEHUe
TemnepaTypbl 3aA1BKM B AnanasoHe 700-800°C npMBOAMT K yBEIMYEHUWIO MOPUCTOCTU BCNeACTBUE
poCTa PacTBOPMMOCTM Ta30B M ycuneHus TypbyneHTHOCTM NoOToKa pacnnasa. [okasaHo, yTo
pasfenuTenbHas NIMTHUKOBAA cucTeMa obecneunmBaeT MUHMMaNbHOE KOAMYecTBO aedeKToB no
CPaBHEHUIO C BEPXHEN U HUXKHEWN cucTemamu nogaun metanna. Takxe NpoBeaéH TepMUYECcKUid
aHanu3 PLA 1 PLA-KOMMNO3MTa CO CTEK/IOBO/IOKHOM. YCTaHOBNEHO, YTO YMCTbIN PLA npakTuyeckun
NOMIHOCTbIO BbIrOPaeT (OCTaTOK OKONO 2,4%), TOrAa Kak KOMMO3UT XapaKTepu3yeTca BbICOKUM
OCTaTOYHbIM cogepiKaHuem (~43,6%), YTO MOXKET OTPMLATENbHO BAUATL HA KAYecTBO UTEMHOMN
dopmbl.  PesynbTaTbl MOAENMPOBAHUA, MONYYEeHHble C WCNO/b30BaHWEM MPOrpPaMmMHOro
komnnekca AutoCAST, nokasanu xopollee COOTBETCTBME IKCMEPUMEHTaNIbHbIM AaHHbIM WU
noarsepannn 3GHEKTUBHOCTL YMCAEHHOFO MOAENVMPOBAHUA ANA ONTUMM3AUMU  IUTENHBIX
npoLeccoB. YCTaHOB/IEHO, YTO OMNTUMAZbHbLIN AMANa3oH TemnepaTypbl 3a/MBKU aNtOMUHUA
coctaBnaer  720-760°C. lonyyeHHble  pe3ynbTaTbl  MNOATBEP)KAAOT  MEPCNEKTUBHOCTb
ncnonb3osaHma PLA B TeXHONIOMMM IMTbA NO BbINAABAAEMbIM MOAENAM U NO3BONAIOT MOBbLICUTL
KayecTBO alOMUHUEBBIX OT/IMBOK B YCIOBUAX MPOMBILLINEHHOTO NPON3BOACTBA.

Keywords: 3D-ne4aTb, IMTbe MO BbINIaBAAEMbIM MOAE/IAM, aJIOMUHMEBbIE CMJIaBbl, aAAUTUBHOE
NPOM3BOACTBO, NPOMBbILWNEHHOE NPOU3BOACTBO, MHHOBALMOHHbIE NPON3BOACTBEHHbIE NPOLLECChI.
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ABSTRACT

Deep reduction of copper smelting slags is a promising route to recover entrained non-ferrous
metals and to generate slags suitable for further processing. This work investigates the depletion
of fayalite—-magnetite slags formed during autogenous smelting of copper concentrates in
conditions simulating the oxidation and reduction zones of a two-zone Vanyukov furnace.
Laboratory charges of 100 g, containing 14.63-16.82 wt.% Cu, 25.6-27.6 wt.% Fe, 30 wt.% S and
15 wt.% SiO,, were smelted at 1350 °C with controlled oxygen injection to produce slags containing
0.93-1.54 wt.% Cu, 30.05-32.30 wt.% SiO, and 7.8-9.8 wt.% Fes;0,4. Subsequent reduction at 1300
°C was carried out with activated carbon in a fivefold stoichiometric excess relative to magnetite,
at an oxygen-containing blast flow rate of 5 L/h and a 1 h holding time. Chemical analysis shows
that Fe;04 in slag decreases from 7.8-7.95 wt.% to 2.5-2.6 wt.%, while copper content drops from
0.93-1.033 wt.% to 0.43-0.50 wt.% under oxygen partial pressures of 107210 atm. X-ray
diffraction and electron microscopic studies reveal a transition from fayalite—magnetite slags with
dispersed metallic copper and sulfides to fayalite-dominated matrices containing ferruginous
sphalerite, copper minerals of the bornite—chalcopyrite type, iron oxides and glassy phases.
Simultaneous thermal analysis demonstrates that all major endothermic and exothermic events
are completed by 1300 °C, supporting this as an optimal temperature for deep slag depletion. The
results define an operating window—slag composition, temperature, reductant dosage and pO,—
under which copper losses to slag can be reduced to about 0.5 wt.% in industrially relevant fayalite
slags.

Keywords: copper slag processing, pyrometallurgical treatment, copper-bearing sulfide materials,
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Introduction

Intensive, or deep, reduction of metallurgical
slags is increasingly important for maximising metal
recovery and minimising waste. The effectiveness of
such reduction processes is largely controlled by slag
composition, process temperature and oxygen
partial pressure, all of which influence phase
equilibria,  viscosity and metal solubility
([1],[2],[3),[41,[51,[6]].

The processing of metallurgical waste, including
copper smelting slags, has been the subject of
extensive research in many scientific communities.
Researchers from Kazakhstan have investigated the
thermodynamic modelling of mineral formation
during the processing of toxic metallurgical waste,
including the behaviour of zinc-containing phases
[[71,[8]], and the utilisation of technogenic raw
materials from South Kazakhstan metallurgical
enterprises as secondary resources [[9],[10]]. These
studies highlight the broader challenge of valorising
metallurgical by-products — a context directly
relevant to the present work.

Only a limited number of studies have explored
deep slag reduction at extremely low oxygen
potentials near 107° atm, leaving the kinetics and
mass-transfer mechanisms under such conditions
poorly constrained [11]. This knowledge gap is
critical for  autogenous copper smelting
technologies, where copper losses to slag and
magnetite build-up strongly depend on pO..

Available thermodynamic data suggest that
decreasing pO; below 10™ atm, and at the same
time, at low iron contents in the alloy, leads to a

noticeable reduction in copper activity and its
solubility in slag [4]. Moreover, earlier studies
[[12],[13],[14]] show that deep slag reduction is a
complex and sensitive process that is strongly
dependent on oxygen potential. This underlines the
need for additional experimental and theoretical
investigations to improve both the efficiency and
economic performance of copper recovery
[[15],[16],[17],[18]].

Several approaches have been proposed for
copper recovery from smelting slags. Flotation is a
widely used method; however, its efficiency is often
limited by the fine dissemination of copper-bearing
phases, and copper recovery under standard
conditions typically does not exceed 45-50% [19],
although higher values may be achieved with
intensive grinding and optimised reagent conditions.

Electrothermal reduction represents an
alternative route, yet it is constrained by the
absence of bath agitation and the strongly
endothermic nature of reduction reactions, which
cause rapid temperature decrease, while electrode
power is often insufficient to maintain stable
thermal conditions, negatively affecting reaction
kinetics and phase separation [[20],[21],[22]].

In contrast, the approach investigated in the
present study employs intensive gas injection
(bubbling) within a Vanyukov (PV) furnace
configuration, which promotes bath mixing,
enhances mass transfer, and stabilises the thermal
regime. These conditions are more favourable
compared to conventional methods, enabling more
efficient reduction and improved separation of
copper-containing phases.
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Figure 1 - Dependence of the copper content in the slag on the pO,. Adapted from [23]
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Figure 1 illustrates how the partial pressure of
oxygen influences the copper concentration in the
slag. In autogenous smelting, processes are
conducted under oxidising conditions, with the
oxygen partial pressure usually in the range of 10°
to 108 atm. By contrast, establishing a deep reducing
atmosphere (by adding coal or natural gas)
significantly  increases the  thermodynamic
possibility of reducing metal oxides.

For a Vanyukov (PV) furnace, achieving such
deeply reducing conditions requires sufficient heat
to enable effective interaction between the reducing
agent and the slag. The present study focuses on
experimentally defining the conditions for deep
copper recovery from autogenous smelting slags,
and on characterising the resulting slag structure
and properties.

Experimental part

Laboratory experiments were conducted on
100 g charges smelted in a pre-calcined alund
crucible (4) at 1350 °C in a silite furnace (1) designed
to model autogenous smelting with gas purging
(Figure 2). The charge consisted of copper
concentrate containing 30 wt.% S and 27.0-27.6
wt.% Fe and a quartz flux with 70 wt.% SiO,, added
in an amount of 21.2 g per 100 g charge to form
fayalite slags. For selected samples, experiments
were carried out in triplicate to ensure
reproducibility, and the reported values correspond
to the average results.

After complete melting, oxygen was blown into
the bath through an alund tube (3-5 mm inner
diameter) at 1.0 L/min. The total oxygen input (43 L
per 100 g charge) was calculated to oxidise iron
sulfide and sulfur completely according to the
reaction:

2FeS + 30, = 2Fe0 + 250, (1)

and to convert FeO to fayalite in the presence of
silica. After purging, the crucibles were held for 30
min and air-cooled.

Slags and mattes were studied using X-ray
diffraction with a Bruker D8 Advance diffractometer
(Cu Ko radiation); phase identification and
quantification were carried out using DIFFRAC.SUITE
EVA Version 5.2.0.5 (Bruker AXS, 2020) with the PDF-
2 (2023) reference database applying the RIR-based
S-Q method. Scanning electron microscopy with
microanalysis (JEOL JXA-8230), simultaneous
thermal analysis (NETZSCH STA 449 F3 Jupiter,
processed  with Proteus  software), and
reflected-light petrography (OLYMPUS BX-51, 50x—
1000x magnification).

For depletion experiments simulating the
reduction zone, slags obtained in the first stage were
reheated to 1300 °C using activated carbon (74.3
wt.% C) as a reducing agent. The reduction of
magnetite proceeds according to the reaction:

Fe;04+C>3Fe0+COD (2)

1 —silite furnace; 2 — alund glass; 3 — Pt-Pt-Rh thermocouple; 4 —alund crucible; 5 — alund tube;
6 — millivoltmeter; 7 — rubber hose; 8 —rheometer; 9 — gasometer

Figure 2 - Diagram of a laboratory installation for modelling autogenous melting with purging of a melt
with an oxygen-containing mixture
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The amount of carbon added (2.5 wt.%)
corresponds to approximately a fivefold excess
relative to the stoichiometric requirement for
magnetite reduction, considering the Fe30, content
of the slag and the carbon purity of the reducing
agent. An oxygen-containing blast of 5 L/h was
maintained, and the melt was held for 1 h before
cooling. The experimental procedure was based on
our previous study [3], in which the reduction-stage
methodology was described in detail.

Oxygen partial pressures were calculated from
measured copper contents in slag using a published
empirical relationship between Cu in slag and pO,
for such systems [[13],[24]].

Results and Discussion

Table 1 summarises the compositions of charge,
slag and matte. Each value represents the average of

three independent experiments conducted for each
sample. Within the narrow variation of charge
composition, slag chemistry remained stable: 0.93—
1.033 wt.% Cu, 31.3-32.05 wt.% SiO,, 37.3-37.4
wt.% total Fe and 7.8-7.95 wt.% Fes04, with matte
copper contents around 46 wt.% A modest increase
in magnetite from 7.80 to 7.95 wt% was
accompanied by a rise in slag Cu from 0.93 to 1.03

wt.%. This relationship demonstrates a strong
positive correlation (R? = 0.82), indicating that an
increase in Fes04 content is associated with higher
copper losses in slag (Figure 3), which is further
supported by structural analysis. XRD of slag from
test No. 2 (0.97 wt.% Cu) show a fayalite—magnetite
matrix with small metallic copper inclusions (Figure
4). Elemental mapping reveals copper, lead and zinc
sulfides dispersed in the silicate matrix, with
magnetite associated with Fe—O-rich regions and
fayalite prominent along grain boundaries (Figure 5).

Table 1 - Principal key components in the charge, slag, and matte (average values)

Fe;0,, wt.%

Figure 3 - Dependence of copper content in the slag on the magnetite content in the slag

Chemical composition, % Slag
Test No. Cu Fe Cu Si0, Fetotar | FesOs Cu mass, g
in charge in charge in slag in slag in slag in slag in matte
1 16.82 27.00 0.930 32.05 374 7.80 46.30 44.0
2 16.73 27.60 0.970 31.90 37.3 7.90 46.20 43.6
3 16.35 27.10 1.033 31.30 37.3 7.95 45.90 44.6
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Figure 4 - Diffractogram of a slag sample containing 0.97% copper

Figure 5 - Elemental mapping of the slag sample from test No. 2 containing 0.97% copper (WDS, x500)
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Figure 6 - Thermograms of a slag sample containing 0.97% Cu during heating (a) and cooling (b)

The distribution of elements within the slag
sample obtained from test No. 2 is presented in
Figure 5. The bright regions observed in the
micrographs correspond to areas with elevated
concentrations of specific elements. Based on these
features, it can be inferred that the slag contains
copper, lead, and certain zinc sulfides. The zones
enriched in iron coincide with oxygen-rich areas,
indicating the presence of magnetite. Fayalite is
predominantly observed along the peripheral
regions of the sample.

Thermal analysis of this slag indicates complete
melting between 1280 and 1300 °C. Endothermic
peaks at 1057.6 and 1130.4 °C correspond to the
melting of major phases, with remaining phases
liguefying around 1229.9 °C; during cooling, an
exothermic effect near 1066.6 °C is accompanied by

mass gain, consistent with crystallisation and
oxidation (Figure 6).

Slags selected for depletion contained 0.93-1.54
wt.% Cu, 30.05-32.30 wt.% SiO, and 7.8-9.8 wt.%
Fes04. Such slags require reduction treatment in
order to decrease the content of non-ferrous metals.

During reduction at 1300 °C with activated
carbon, two phases were formed: a slag phase and a
bottom phase, whose compositions were similar to
those of the matte phase formed during simulation
of the oxidation zone of a two-zone PV furnace.
Chemical composition of the obtained slag samples
is presented in Table 2. These data indicate that
magnetite was partially destroyed during smelting,
with its content decreasing by 5.3-6.5 wt.%, which
resulted in a lower copper concentration in the slag
after reduction.
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Table 2 — Chemical composition of major components after reduction of the slag
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Figure 7 - Diffractogram of a sample of slag from test No. 12 containing 0.47% Cu

The results of the slag analysis after treatment
with activated carbon revealed a substantial
reduction in copper content, decreasing to 0.43-
0.50 wt.% compared with the initial 0.93-1.033 wt.%
in slags prior to reduction treatment. This decrease
in copper concentration is attributed to the
transformation of magnetite and other iron oxides
into fayalite under reducing conditions. As a result,
the magnetite content in the slag decreases to 2.5—
2.6 wt.%, whereas before reduction it ranged from
7.8 to 7.95 wt.%.

Having calculated the partial pressure of oxygen
according to the formula [13]:

Ig (Cu) =0.221 Ig PO2 +2.09 (3)

where Cu is the copper content in the slag, % by

weight, and pO; is the partial pressure of oxygen,

atm., we obtain the pO, values (Table 2) in the slag

under conditions of reducing the depletion of the
slag by coal.

Based on the calculations performed, the
obtained low oxygen partial pressure values indicate
that the processes of depletion of copper slags occur

under deeply reducing conditions, at pO, < 10
atm. Under such conditions, the dissolved copper
losses from the slag are restored, as well as the
magnetite is restored. The reduction of magnetite
has a beneficial effect on the viscosity of the slag.
Reducing the viscosity of the slag, in turn, helps to
reduce the mechanical losses of copper with the
slag. Because, from studies conducted in the field of
slag reduction treatment, it is known that the
presence of magnetite in slag can increase its
viscosity, which negatively affects the mechanical
losses of copper [[25],[26],[27],[28],[29],[301,[31]].
However, the reduction processes occurring under
deeply reducing conditions contribute to the
transformation of magnetite and a decrease in
thecontent of iron oxides, which favourably affects
the physico-chemical properties of the slag,
including its viscosity, which contributes to a more
efficient removal of copper from the slag phase
[[32],[331].

X-ray diffraction analysis indicated that the slag
sample of test No. 12, containing 0.47% Cu, consists
of more than 85% fayalite with an admixture of iron-
containing sphalerite (Figure 7).
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Figure 8 - Elemental mapping of the slag sample from test No. 12 containing 0.47% copper (WDS, x500)

According to the analysis data, the host matrix in
the sample is fayalite, which contains iron oxides
FeCl,, FeO, Fe,0s, ferruginous sphalerite, and an
isotropic glass phase in the form of inclusions. The
distribution of the elements in the slag sample of
test No. 12 is shown in Figure 8.

The presented thermograms (Figure 9) show
that during heating, low-temperature effects (=350—
500 °C) are associated with minor structural changes
and removal of physically bound components. At
higher temperatures (=870-980 °C), broader
thermal effects indicate progressive phase
transformations within the silicate system. More
pronounced peaks in the range of =1090-1130 °C
correspond to the onset of melting, while the strong

effect near =1240-1250 °C is associated with the
completion of melting and formation of a liquid
phase.

During cooling, a distinct exothermic peak at
=1067 °C corresponds to crystallisation of the melt.

It is observed that all significant endothermic
and exothermic effects occur below 1300 °C. This is
further supported by the absence of additional
thermal effects above =1250 °C and the stabilisation
of the thermal curves, indicating that the main phase
transformations are completed within this
temperature range. Therefore, this temperature
range is considered optimal for the slag reduction
process.
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Figure 9 - Thermograms of the slag sample of test No. 12, during heating (a) and during cooling (b)

Conclusions

The study demonstrates that fayalite slags
produced from the autogenous smelting of copper

concentrates can be effectively depleted in a
two-zone Vanyukov-type process when operated at

1300 °C and under strongly reducing conditions
(pO2 < 10™™ atm). Slags with 0.93-1.54 wt.% Cu,
30.05-32.30 wt.% SiO; and 7.8-9.8 wt.% Fe304 are

suitable feed for depletion; after reduction with
activated carbon, magnetite decreases to 2.5-3.3
wt.% and copper to 0.43—-0.80 wt.%.

The results revealed that ensuring sufficient
heat input and controlling pO, are key to achieving
deep reduction of metal oxides, lowering slag
viscosity via magnetite destruction, and reducing
both chemical and mechanical copper losses in
industrial practice.

—— 4 ——
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*ofapbl TOTbIKCbI3AaHAbIPY KaFaalibiIHAA aBTOreHai 6anKbity
KOXXAapblHaH MbICTbl TepeH, 6enin any

lAnTbibaesa [.X., !Kenxkanues B.K., 'Keatkosckuii C.A., [liocebekosa M.A.,
196aikepim B.E., !Ceménosa A.C., 2Gemeal A.

1 Memannypaus xaHe KeH balisimy uHcmumymel AK, Cambaes yHusepcumemi, Aamamel, KazakcmaH
2 OpmarnblK MemarnnypausnbiK FolabiMu-3epmmey 1aHe dambimy uHcmumymel, Kaup, Meicbip

TYRIHAEME

Mbic 6ankpITy OHAIPICIHIH, KOXKAAPbIH TEPEH, TOTbIKCbI3AAHABIPY ONapAblH, KYPamblHAAFbl TYCTi
meTangapabl 6enin anyablH, KaHe 9pi Kapail KaWTa eHJeyre Kapamgpl KoOXAap anyablH
nepcnekTuBanbl Tacini 6onbin Tabbinagpl. byn KymbicTa eki ailmaKTbl BaHIOKOB NeLwiHiH, TOTbIFy
JKOHe TOTbIKCbI3AaHy aiMaKTapblH MMWUTALMANANTbIH KaFAaWnapha MbIC KOHLEHTPATTapbiH
asToreHai 6ankbITy KesiHae Ty3ineTiH GasNUT-MarHeTUTTI KOXAAPAbl XKyTaHAaHybl 3epTrengi.
Maccacbl 100 r wuxTa yarinepi (KypambiHaa 14,63-16,82 % Cu, 25,6-27,6 % Fe, 30 % S xaHe 15 %
Si0,) 1350 °C TemnepaTypaga OTTerimeH peTTesreH ypsey afaanblHaa 6ankbiTbIbIM, KypambiHAA
0,93-1,54 % Cu, 30,05-32,30 % SiO, kaHe 7,8-9,8 % Fe30, 6ap Koxaap anbiHAbl. KediHri

TOTbIKCbI3AaHAbIpY 1300 °C TemnepaTypasa MarHeTUTKE KaTbICTbl CTEXMOMETPUSANLIK MeLWepaeH
Makana kengi: 17 Haypei3 2026
CapantamagaH eTTi: 21 cayip 2026
Kabbinganapl: 1 mayceim 2026

6ec ece apTbIK EHri3iNIreH aKTUBTEHAIPINTEH KOMIP KaTbICbIHAA, OTTEr Kypamabl Yp/ey LWbifbiHbl 5
N/caF KaHe ycray yakbiTbl 1 cafaT »afAaublHAa XKYPrisingi. Xumuanoik Tangay HaTuxesnepi
6oibIHWa KoxKaafbl FesOs menwepi 7,8-7,95 %-aaH 2,5-2,6 %-fa aeiiH, an mbic menwepi 0,93—
1,033 %-paH 0,43-0,50 %-fa peiiH TemeHAereHi aHbiKTanabl (OTTEriHiH, Napuuangbik KbiCbiMbl
~1072-10" atm).
KOXAAPAbIH KypamblHAaFbl AUCNEPCTi MEeTasn MbIC NeH cynbduatepaeH Temipai chanepurt,

PeHTreHoandpPaKkumMANbIK KaHe SEM 3epTteynep ¢GasanuT-marHeTUTTI
6OPHUT-XaNIbKONMPUT TUNTI MbIC MUHEPAAAPbI, TEMIP OKCUATEPI KaHE WbIHbITAPI3Ai dasanap 6ap

basnuTTi  maTpuuara eTyiH KepceTTi. Kocbimwa TepmuanblK Tangay 6apabik  Herisri
3HAOTEPMUANDBIK KIHE IK30TepMUANBIK NpouecTepaid, 1300 °C geliiH aaKkTanaTbiHbIH KepceTTi, by
TemnepaTypaHblH, KOXKAAPAbl TEPEH, KyTaHAAHYbl YILiH OHTaWAbl eKeHiH Aanengensi. AnbiHFaH
HaTMXKeNep KOX KypaMblHbIH, TeMnepaTypaHblH, TOTbIKCbI3AAHABIPFbIL MOJLEpPiHiH, KaHe
OTTeriHiH, NapumManabik KblCbIMbIHbIH, *KYMbIC AMAMNA30HbIH aHbIKTalAabl, 6yN Kafaanaa KoKaafbl
MbIC WbIFbIHAAPbIH WamameH 0,5 %-fa aeiiH TemeHaetyre 6onaabl, 6yn eHepKacinTik TypFblgaH

MaHbI3apbl.

TyliiH ce30ep: MbiC KOXbIH eHaey, MpomeTannypruanbik eHaey, KypambiHaa mbic cynbbuari
maTepuangap, ToTbIKcbi3aaHaplpy 6ankpity, SEM Tangay, Metannyprusnbik Kanapikrap.
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AHHOTAUMA
Tnybokoe BOCCTaHOBNEHME LUNAKOB MeAenIaBu/bHOMO NPOU3BO/CTBA ABNAGTCA NEPCNEKTUBHbIM

CNocoboM M3BMEYEHUA COAEPIKALLMXCA B HUX LBETHbIX METa//ioB M MOMYYEHMUS LUNAKOB,
NPUroAHbIX ANA AanbHeWwen nepepaboTkun. B gaHHoM paboTe uccneayercs obegHeHne paanut-
MarHeTUTOBbIX LUAKOB, O6pasyloWMXcA NpPW aBTOTEHHOM MAaBKe MeAHbIX KOHLEHTPAToB B
YCNOBUAX, UMUTUPYIOLLMX 30Hbl OKWUC/IEHUA WM BOCCTAHOB/EHMA [ABYX30HHOW neyn BaHiOKoBa.
Mpo6bl WwuxTbl maccoit 100 r, cogepxalyme 14,63-16,82% Cu, 25,6—27,6 % Fe, 30 % S 1 15 % SiO,,
nnasmuan npu 1350 °C ¢ KOHTPOAMPYEMOM NPOAYBKOM KUCIOPOAOM A/1A MOJYYEHUS LUNAKOB,
cogepxawmx 0,93-1,54 % Cu, 30,05-32,30 % SiO, n 7,8-9,8 % Fes0,. MMocneayouee
BoccTtaHoBneHne npu 1300 °C npoBOAMNOCH C WMCMNO/Nb30BaHMEM aKTUBMPOBAHHOIO Yrnsa B
NATUKPATHOM CTEXMOMETPUYECKOM U36bITKE MO OTHOLIEHWUIO K MarHeTuUTy Npu NOTOKE KUCNOPOZ,
coaepalero Aytea 5 /4 v BpeMeHu BblAEpKKM 1 4. XMMWUYECKMI aHa/sM3 MoKasas, uto
copepraHue Fe;04 B Wwaake cHusmnoch ¢ 7,8-7,95 % o 2,5-2,6 %, a coaepaHme meam B LWaaKe
€0,93-1,033 % cHuaunnock Ao 0,43-0,50 % npu NapumanbHOM AaBAeHUM Kucnopoaa ~107'2-10™"
aTm. PeHTreHoaudpakumoHHble M SEM uccnepoBaHuA BbIABNAIOT nepexos OT  Gasnut-
MarHeTUTOBbIX LUJAKOB C AWCNEPrMPOBAHHOW MeTaNMYeckon megplo U cynbbdugamu K
dasnuTcogepKalMM MaTpULAM, COAEPNKALUMM Kenesuctblit chaneput, mefHble MUHepasbl
B6OPHUT-XaNbKONUPUTOBOTO TUMA, OKCUAbI Kese3a U cTeknoobpasHble dasbl. OfHOBPEMEHHDIN
TEPMUYECKMIA aHaNU3 MOKa3blBaeT, YTO BCE OCHOBHblE 3HAOTEPMUYECKME U 3K30TEPMUYECKUE
npouecchl 3aBepLiatoTcs npu Temnepatype go 1300 °C, 4To noATBEPXKAAET ONTUMANbHOCTL 3TOW
TeEMnepaTypbl ANA ry6oKoro obefHeHUs WnakoB. Pe3ynbTaTel onpegenstoT pabounii AmanasoH
— COCTaB LW/1aKa, TemnepaTtypy, A03MPOBKY BoccTaHOBUTENA U pO, — NPU KOTOPOM NoTepun meau
B LUIAaKe MOTYT BbITb CHUMXKEHbI NPpUMepHO A0 0,5 % LWnakax, UMetoLLLMX NMPOMbILNEHHOE 3HAYEeHMe.

Kniouyesbie cnosa: nepepaboTka MeAHOro LWAaKa, MUMPOMETAIypruyeckas obpaboTka,
MeabcofepiKalime CcynbouaHble MaTepuanbl, BOCCTAHOBUTENbHAA MnaBka, SEM-aHanus,
MeTaNypPruyeckmne oTxoabl.
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Influence of gas flow parameters on the velocity of bulk materials
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ABSTRACT

This article examines the flow patterns and kinetics of granular media interacting with ascending
and descending gas flows. Bulk material release control is a critical aspect of shaft furnace and
hopper operation Experimental studies were conducted on a flat transparent model and a close-
up "hot" model using high-speed video recording (SK-16). With an error in the calculated values of
the critical speed, amounting from to -30.0 to +28.8%, the main parameters varied within the
Received: April 18, 2026 following limits: specific gravity and viscosity of the gas, respectively, from 11.97 to 1.16 N/m?;
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from 8,9 - 107 to 1.81 - 1075Pa - s; diameter, specific gravity and coefficient of internal friction
of bulk material from 4,0 - 10™* to 15.0 - 10=3m; from 14.3 to 39.2 kN/m3; from 0.55 to 0.95;
coefficient taking into account the shape of the particles, from 6.0 to 7.8; outlet diameter
from0.01 to 0.06 m; attitude % equals 0,02 — 0,4. The materials studied were agglomerate, lime,

millet, and coke; the gas phases were air, helium, and hydrogen. It was established that the
outflow mechanism is staged and determined by the frequency of destruction of dynamically
unstable vaults. It was found that gas density is the key factor influencing the outflow rate, while
the effect of viscosity is secondary. An analytical relationship was formulated for calculating the
critical gas velocity that causes layer suspension. The obtained data make it possible to optimize
the design parameters of outlet openings and blast supply modes in metallurgical units.
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Introduction

When discharged through a horizontal opening,
particles of bulk material move across the layer at
uneven speeds, causing it to become loosened. This
creates the necessary conditions for intensifying
heat exchange processes in the moving material
layer.

Storage, transportation, and processing of bulk
materials are the most common technological
operations.

There are two known points of view on the bulk
material model:

Firstly, the bulk material model is considered an
isotropic conglomerate of tightly bound particles,

and the movement of particles within the bulk of the
material is possible only when the acting stresses
exceed certain limit values. This representation of
the bulk material is a consequence of considering
the pressure of the material as the primary cause of
its movement and flow through openings. This
model is only valid for dispersed materials.

Secondly, the model of bulk material is
represented as a set of solid, unchanging particles,
the connection between which is carried out by dry
friction forces.

Although modern numerical methods, such as
coupled computational fluid dynamics and discrete
element method (CFD-DEM), allow for detailed
modeling of individual granule trajectories and local
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gas pressure fields [[1], [2], [3], [4], [5]], they still rely
heavily on the accuracy of micro-level boundary
conditions (such as normal and tangential recovery
coefficients, contact stiffness, and local porosity).
Moreover, CFD-DEM models require significant
computational power when scaled to the actual
dimensions of metallurgical furnaces, and they may
not always accurately represent the macroscopic
analytical relationships of the vault mechanism.

In contrast to numerical simulations, this study
proposes an analytical approach based on the
fundamental laws of contact mechanics and the
moments of friction forces acting directly on the
boundary of a dynamically unstable vault. This
allows for the derivation of direct criterion
dependencies of macro parameters (mass release
velocity, critical hover velocity) without the need for
end-to-end discrete modeling of millions of
particles, ensuring the invariance of the solution for
engineering calculations of large-scale vehicles.

The scientific novelty of the work lies in the
following:

1. A new analytical macro-model of the
mechanics of the destruction of a dynamically
unstable vault over an outlet is developed, based on
the balance of moments of dry friction forces and
the distributed aerodynamic effect of an oncoming
or accompanying gas flow. Unlike existing
approaches that only consider the gas influence as a
volumetric resistance force to the layer, this work is
the first to analytically describe the mechanism of
changing the frequency of vault formation through
changes in the torque acting on adjacent particles of
the vault.

2. For the first time, the invariance of the
mechanism of loose material release under the
influence of gas in relation to gravitational release
has been established and theoretically
substantiated: it has been proven that the gas flow
does not change the kinematic scheme of motion
(staged destruction and formation of vaults), but
acts as a regulator of the frequency of this process
by pushing or dragging the boundary particles.

3. The physical phenomenon of asymmetry in
the influence of gas parameters has been identified:
it has been proven that the influence of gas viscosity
on the critical release parameters is negligible in the
developed turbulent regime, while the gas density
and layer porosity nonlinearly determine the
conditions for complete stagnation. A universal
criterion dependence Eq. (12) has been obtained,
which improves the accuracy of predicting the

critical counterflow velocity by up to 30-50%
compared to standard empirical models.

Experimental part

The destruction of a dynamically unstable vault
above the outlet occurs as a result of the rolling of
adjacent particles under the influence of the torque
of frictional forces. In this case, with an increase in
the velocity of the oncoming gas flow, one can
expect a decrease in the velocity of the particles'
rolling relative to each other, which, in turn, will lead
to an increase in the lifetime of this vault, and
consequently to a decrease in the mass velocity of
the material flow [6]. Considering that the torque
causing the rolling of two adjacent particles located
on a dynamically unstable vault during gravity
discharge is equal to:

My =Tir, —Tor,
acceptingr; =1, =1, we get

M, = (Ty —To)r
or
T
M, =T1(1—T—j)r (1)
where T; and T,— frictional forces between
adjacent particles of bulk material, 4 and 1, —
particle radii.

When a gas flow from below uniformly impacts
a dynamically unstable vault, i.e., its entire surface,
an additional force appears F, coinciding in direction

with the frictional force between particles,
therefore:
_ _ T2+F)
My =T, (1 = 2)
T,+F . . .
Because - < 1, then with growthFthis ratio
! T,+F

decreases. As a

increases, and the value 1 — T
1

result, the torque, the speed of rolling of the
material particles, the frequency of destruction
(formation) of dynamically unstable arches and,
consequently, the rate of flow of the material
decrease [7]. The reduction in the rate of flow of the
material is also facilitated by the braking of the
particles falling out of the arch by the oncoming gas
flow. Finally, upon reaching a certain gas velocity,
T,+F

when the ratioT i 1, the magnitude of the
1

torque will be zero and the release of material
ceases. This is also facilitated by the gas flow
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supporting the material particles forming the
surface of the dynamically unstable vault against the
material located above, preventing the particles
from rolling [8]. In the limit, the effect of a uniform
gas flow from below on the surface of the
dynamically unstable vault leads to the layer
hanging.

In the case of a layer moving with a co-current
gas flow, an increase in its speed to a certain value
T,—F
T,—F’
consequently, an increase in torque, particle rolling
speed, the frequency of destruction (formation) of
dynamically unstable arches, and the rate of
material flow. The rate of material flow also
increases as a result of the aerodynamic effect of the
accompanying gas flow on the descending particles.

To study in detail the mechanism of bulk
material flow through a horizontal orifice exposed to
counter and cocurrent gas flows, experiments were
conducted on a flat transparent model measuring
250 mm in length, 50 mm in width, and 5 mm in
depth (Fig.1). The thin depth (5 mm) makes the
model virtually two-dimensional, simplifying
observation and filming of the processes.

causes a decrease in the ratio and

Figure 1 - Scheme of experimental «transparent» model:
1 —charge (wwuxTa); 2 - diaphragm; 3 - nozzle

The experimental procedure involved the
following technical specifications:

- Visual Recording: Process dynamics were
captured using a high-speed SK-16 motion picture
camera. This allowed for a precise frame-by-frame
analysis of particle trajectories and the evolution of
the dynamically unstable arch formed above the
outlet.

- Gas Injection: Gas was introduced into the
system in two modes: as a uniform flow exerting
pressure on the arch surface, and as concentrated

gas jets via specialized nozzles (3) positioned below
the outlet [9].

- Flow Measurement: Air flow rates were
regulated and monitored using RS-type rotameters,
ensuring instantaneous volumetric control with a
measurement accuracy of £3%.

- Experimental Materials: Experiments were
conducted using millet, limestone, and agglomerate
fractions with particle sizes ranging from 1.45 to
2.44 mm. The material layer height was maintained
at 200 mm (£3 mm).

- Data Acquisition: The mass flow rate was
determined gravimetrically with a precision of +50
mg, complemented by visual observations of the
flow regime transitions.

Initial observations across all material types
indicated that at relatively low gas injection
velocities through the nozzles specifically when the
velocity ratio (V; is the speed of gas movement
througt the nozzle and V, is the gas velocity ay the
outler; S; is outlet area, S, is the cross section on the
gas jet upon meeting the surface):

1< 20and 2 > 038,
Vs Sz

the system maintains a stable discharge pattern
governed by the cyclic collapse of the arch structure.

Here V; — the speed of gas movement through
the nozzle, V, — the gas velocity at the outlet, upon
reaching which the material hangs above the
outlet, S; — outlet area, S, — the cross-section of the
gas jet upon meeting the surface of a dynamically
unstable structure.

As a result of reviewing the filming materials, it
was established that as the gas velocity is exceeded,
the speed of rolling of the material particles relative
to each other decreases, as well as a decrease in the
mass velocity of the outflow through the outlet [10].

The mechanism of bulk material flow, both in
counter- and co-current gas flows, across the entire
studied range of pressure and gas velocity changes,
corresponds to gravity release and proceeds
through stages of destruction and formation of
dynamically unstable vaults. The analysis revealed a
dependence of the frequency of destruction
(formation) of dynamically unstable vaults on the
direction and velocity of the gas flow (Table 1).

Visual observations confirmed that the
mechanism of outflow, both in the opposite and in
the following flows, retains its staged nature
(destruction/formation of arches).
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Table 1 -Mechanism of bulk material flow

Flow mode Frequency | Expiratio System
of vault n rate status
failure

Gravitational Basic Standard Stable

Counter (1) It's Falls Risk of

decreasing hangs

Passing () It's It's Intensive
growing growing

It was found that as the counterflow velocity
increases, a critical point is reached where the
frequency of arch failure becomes minimal, leading
to a complete halt of the process. The outflow
velocity in the coflow was higher than in the
counterflow across the entire pressure range,
confirming theoretical calculations on the
contribution of aerodynamic forces to particle roll
dynamics [11].

To ensure the scalability of laboratory data to
industrial processes, fundamental modeling laws
were strictly observed [[12], [13]]. To eliminate wall
effects and ensure stable granular flow, the
following geometric ratios were maintained:

-The ratio of the model shaft diameter to the
equivalent particle diameter was >20

-The ratio of the outlet diameter to the particle
diameter was >5.

-The ratio of the bed height to the shaft
diameter was maintained at > 2

Discussion of the results

Experiments were performed across a wide
range of geometric variations, with the outlet-to-
shaft diameter ratio ranging from 0.1 to 0.7. The gas
flow dynamics, characterized by the Reynolds
criterion, included regimes corresponding to the
self-similar region. The investigations utilized both
«cold» and «hot» laboratory models (Fig. 2 and 3).
In the «cold» model, a replaceable diaphragm at the
shaft base allowed for outlet diameter variations
from 10 to 60 mm. The shaft was mounted on a
sealed receiving bin (height: 800 mm, diameter: 250
mm). Gas, with properties detailed in Table 2, was
supplied to the system at flow rates up to 60 m3/h
via three symmetrically distributed pipes (8 mm
diameter) to ensure uniform pressure distribution.
The gas supply system was designed to ensure
uniform pressure distribution across the material
bed. Pipes for gas injection were evenly spaced

around the circumference in a horizontal plane,
located at distances of 150 mm below and 30 mm
above the discharge orifice. In co-current flow
experiments (gas and material moving in the same
direction), gas was introduced through a sealed plug
at the top of the shaft, with subsequent discharge
through the receiving hopper [14]. To monitor
system pressure, measurement points were flush-
mounted with the internal walls of the shaft and
hopper. The mass flow rate of the granular medium
was recorded with a high precision of £50 mg.

11
10
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Figure 2 - Model diagram: 1 - shaft; 2 - replaceable
diaphragm; 3 and 4 - U-shaped pressure gauges;
5 - micromanometer type MMN;
6 - receiving hopper; 7 - cylinders with compressed gas;
8 - glass rotameters; 9 - gas nozzle; 10 - peephole;
11 - regulating device (damper)

Gas (Table 2), with a flow rate varying within the
range of 0 to 60 m3/h, was supplied to the hopper
and shaft through three 8 mm diameter pipes,
installed evenly around the circumference in the
horizontal plane at a distance of 150 mm below and
30 mm above the outlet opening, respectively.
When the gas and material moved in the same
direction, the gas was supplied through a pipe
passed through a plug hermetically sealing the top
of the shaft; in this case, the gas was removed from
the receiving hopper [[15], [16]]. The ends of the
pipes for sampling gas pressure in the receiving
hopper and shaft were installed at the level of their
walls.

The accuracy of measuring the mass flow rate of
bulk material was +50 mg.

The «hot» model (Fig. 3) is constructed from
individual steel sections lined with fireclay bricks. To
ensure a tight seal, the detachable joints are sealed
with asbestos gaskets.
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Table 2 - Physical properties of the gases used

Table 3 - Characteristics of bulk materials

Gas Specific gravity, | Viscosity Material Fraction, | Equivalent | Coefficient
N/m3 1075 Pa- s - mm diameter of internal
103, m friction
Hydrogen 1.16 0.89 Agglomerate | | 3.0-10.0 | 5.48 0.67
Helium 1.57 1.95 Agglomerate Il | 3.4-4.7 4.06 0.67
Air + 62% helium 549 1.89 ﬁ;gglomerate 1.6-25 2.00 0.65
Air 11.97 1.81 Limestone | 25-3.8 3.08 0.57
Limestone Il 04-1.0 0.64 0.56
A lid was attached to the top of the furnace shaft, Coke 16-25 2.00 0.95
. o . .. Pellets | 5.0-15.0 | 8.66 0.58
with steel strip rings welded to the inner surface to divide

Pellets Il 40-6.0 | 4.90 0.60

the gas flow. The cylindrical shaft had an internal
diameter of 300 mm, a height of 500 mm, a shoulder
height of 200 mm, and a lower diameter of 173 mm. A
refractory conical nozzle with the required outlet
diameter (60-100 mm) was inserted into the lower part of
the shoulders.

To orifice plates

Q\\\ TTT 5

Upper horizon

Middle horizon

Lower horizon

= DRI

I ]|
1

I I 1 I =
I I 1}

Figure 3 - Schematic diagram of the enlarged model:

1 - foundation; 2 - hearth; 3 - peephole; 4 - hearth dome;
5 - steam; 6 - damper; 7 - refractory cup; 8 - pipes for
measuring equipment; 9 - lining; 10 - shaft;

11 - connecting flanges; 12 - gas distribution cover;

13 - pipes for gas outlet

During preparation for and after the
experiment, the exhaust port was sealed with a lined
damper with holes for gas passage. A hermetically
sealed hatch for material release was located in the
furnace hearth [17]. The operation of the furnace
consists of forced air supply (blast) into the fuel
combustion zone to quickly achieve the operating
temperature. Air was supplied to the model from the
factory line, and hydrogen from cylinders.

The model is equipped with gas flow and
pressure control systems using measuring
diaphragms, U - shaped pressure gauges and RS type
rotameters.

Experiments were conducted on materials with
significantly different physical and mechanical
properties (Table 3). To determine the mass flow
rate of the bulk material, a specific gas flow rate was
set and a damper (regulating device) was opened.
The material poured into a sealed receiving bin or
model forge was weighed, and the mass flow rate
was calculated.

Based on the difference in gas pressure below
and above the outlet, the pressure drop on the
dynamically unstable vault was calculated using the

relationship AP, = AP -%. Where: AP is the
0
measured gas pressure drop across the bed; d. is

the equivalent diameter of the material particles; [,
is the characteristic length (height) of the granular
layer.

The freezing of bulk material in the models was
determined by a sharp increase in the gas pressure
drop and the cessation of pulsations of the working
fluid in the pressure gauges, as well as visually
through the viewing devices.

Experiments on a «cold» model showed that
feeding gas above the outlet and diverting it through
the top of the model (Fig. 4, a) has virtually no effect
on the material flow rate (Fig. 5, curve a). Feeding
gas above the outlet and diverting it through the top
of the model and the receiving bin (Fig. 4, b) is more
effective, the lower the porosity of the layer in the
model. If the material layer has high porosity, then
feeding gas has very little effect on the flow rate (Fig.
5, curve b).
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Figure 4- Gas supply diagram for the model: a - gas
supply is above the outlet, the top of the model is open,
the bottom is closed; b - the same, the top and bottom

of the model are open; c - the same, the top of the

model is closed, the bottom is open; d - gas supply is
below the outlet, the top of the model is open

Reducing the Ilayer's porosity and gas
permeability, particularly by replacing the
agglomerate layer with millet, results in an

increasingly larger portion of the gas flow being
directed downward and diverted from the model
through the outlet, while the flow rate of the bulk
material increases (Fig. 5, curve d). This is explained
by the additional downward impact of the gas flow
on the descending bulk material in the area of the
outlet.

In the case of gas supply to the model above the
outlet opening and its removal through the latter
(Fig. 4, c), an increase in the gas flow rate or its
pressure gradient in the layer in a certain range (Fig.
5, curve c) leads to an increase in the flow rate of
bulk materials, which is in good agreement with the
results of previously published studies. The lower
the gas permeability of the material, the higher its
flow rate at a constant gas flow pressure at the inlet
(Fig. 6). Changes in the amount of gas supplied to the
model, and consequently, its pressure in the bulk
material layer, affect the nature of the action of the
gas flow passing through a dynamically unstable
arch, causing its destruction. In this regard, the
conclusion of the authors of the studies about an
increase in the flow rate of bulk material with an
increase in the pressure gradient in the layer or an
equivalent amount of gas supplied to the model
becomes clear. The increase in excess pressure
above the layer of material increased the additional
load from top to bottom on the surface of the
dynamically unstable vault, which, in turn,
contributed to an increase in the frequency of its
destruction, an increase in the initial velocity of
movement of particles after the destruction of this
vault and an increase in the mass velocity of the
outflow of material.

The experimentally recorded dependencies (Fig.
5 and 6) clearly confirm the proposed hypothesis
about the mechanism of particle rolling. An increase
in the counterflow gas velocity F leads to an
asymptotic approach of the moment ratio to unity
Eg. (2), which is physically expressed in the
stabilization of the dynamic vault and a decrease in
its collapse frequency. This refutes the common
assumption in simpler empirical models that the
release is uniformly slowed down throughout the
entire height of the material column, as the key
critical resistance is concentrated at the lower
boundary of the vault.

From graph 5, it can be seen that the individual
series behave differently. Series ¢ and d show a
pronounced increase in Wy/Wy as Q,/Qx increases.
Series ¢ has the most intense increase, reaching
approximately 1.4 at Q/Q« = 4. Series d also
increases, but more gradually, reaching a value of
approximately 1.2. Series a remains almost
unchanged and has a slight downward trend,
indicating a slight decrease in W/W, relative to the
initial level. Series b changes slightly and is around
1.0-1.1. Series e decreases sharply when the Q./Qu
rises to 1, which indicates a strong difference
between this series and the others.

16 ——c
1,4

o 1,2 c
=1

0,8 —o—d

0,6 b
0,4

0,2 ——2
0

0 1 2 3 4 5
Q./q,

Figure 5 - Dependence of the of the mass flow rate ratio
(W¢/Wo) on the normalized gas flow rate (Qr/Qx) for
different gas supply above the outlet with: (a) top
removal; (b) combined removal (high porosity);

(c) removal through the orifice; (d) combined removal
(low porosity); (e) counter-current flow (gas supply
below the outlet)

The middle line shows the overall average
change in the indicator. In general, it is around 1.0-
1.1, which indicates a moderate change in Wy/Wo.
The error limits show the spread of data relative to
the average value: the longer the whiskers, the
higher the heterogeneity of the results at a given
point. An increase in Q/Q« leads to a different
change in Wi/Woin individual series.

The most noticeable increase is observed for
series c and d, while the most significant decrease is

— 34 ——
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observed for series e. The average line shows the
overall trend, and the error limits reflect the
variation between the measurement series.

——2 —0—1 average error

'l' |

o1

i T
S

—_—

0,5 1,5
Q,m*/h

Figure 6 - Dependence of the relative velocity of material
flow (W+/Wo) from the amount of gas (Qr, m3/h), fed into
the model. The diameter of the outlet is 15 mm.

1 - millet; 2 - agglomerate IlI

The graph 6 shows the dependence of the
relative value of Wy/Wyon the ratio of Q..

Lines 1 and 2 represent the minimum and
maximum values of the indicator, and the middle
line shows the average value. The error limits are
plotted on the middle line and show the deviation of
the average value from the extreme values.

As Q increases from 0 to 1.3, there is a steady
increase in the W/W, value in all data series. This
means that there is a direct relationship between
the values: the higher the value of Q;, the higher the
relative value of Wy/Wo. For series 1, the Wy/W,
value increases from 1.000 to 1.063. For series 2, the
increase is more pronounced, from 1.000 to 1.120.
The average value increases from 1.000 to 1.0915.

It can also be seen that as Q; increases, the
difference between series 1 and 2 increases. At the
beginning of the graph, the error is almost non-
existent, and at Q- = 1.3, it reaches its maximum
value of £0.0285. This shows that at higher values of
Q,, the spread of results becomes more noticeable.

Therefore, for the point Q; = 1.3, the error limit
is £0.0285.

An increase in Q; leads to an increase in Wy/Wo.
At the same time, the average value of Wy W
increases smoothly, and the error value increases as
Qr increases, which indicates a greater spread of
results at high values of the parameter.

The extreme nature of the dependence of the
bulk material flow rate on the amount of air supplied
to the model is explained by the change in the
distance from the nozzle through which air was
supplied to the model to the mouth of the discharge
funnel, and consequently to the dynamically
unstable arch above the outlet. This distance

determines the magnitude of the kinetic energy of
the air stream acting on the dynamically unstable
arch, which affects the frequency of its destruction
(formation) and the rate of material outflow, which
is confirmed by the change in the maximum material
flow rate depending on the nozzle position [18].
With an increase in the amount of air entering the
model, and, accordingly, its velocity, an air channel
is apparently formed in the layer of bulk material,
passing through the outlet. A decrease in the flow
rate of bulk material is explained by the compaction
of the material located around the rigid air stream.
The probability of the formation of a channel
passage of gas is greater, the higher the density of
the layer. Naturally, with relatively small dimensions
of the outlet opening and high excess air pressure of
9.8 - 29.4 kPa, a complete cessation of material
release is expected.

The mass flow rate (G, kg/s) is most often
calculated using empirical formulas as the product of
the cross-sectional area (S, m?) and the density (p,
kg/m?3) and flow rate (v, m/s), taking into account
the flow coefficients: G=uSpv.

Gas outflow:

G=C4-A-\/2p-AP (3)
where Cy - flow coefficient (empirical); A - hole
area; AP - pressure drop.

A comparison of the experimental data when
gas is supplied to the model according to the scheme
shown in Fig. 4 b, ¢, with the results of calculating
the mass flow rate of bulk material using empirical
equations shows that the error in the calculated
values fluctuates within a fairly wide range: from -
25.2 to +47.0%; from -32.5 to +55.6%; from +9.0 to
+79.6% respectively. The increased error in the
latter case is explained by the different shapes of the
outlet openings, which, in our opinion, is consistent
with the data from the study.

With increasing gas flow rate supplied below the
discharge zone (Fig. 4, d), the flow rate of various
bulk materials gradually decreases to 60 — 20%
relative to the mass flow rate corresponding to
gravity discharge. With a further increase in gas flow
rate, the material discharge ceases (Fig. 5, curve d).
The wide range of the lower limit of flow rate
regulation is explained by the significant differences
in the physical and mechanical properties of the bulk
materials studied, primarily in particle size
distribution, electrical properties, moisture content,
adhesion, etc.
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A comparison of experimental data with the
results of calculating the mass flow rate of bulk
materials using empirical equations shows that the
error in the calculated values varies widely and
amounts to: from -21.0 to +176.0%; from -99.0 to -
0.6%; from -100.0 to +67.2 %. The average error is
about +40% and increases sharply when the gas
velocity in the outlet approaches the critical value at
which the bulk material freezes.

Supplying a certain amount of gas through a
nozzle of a smaller diameter allows for a higher
velocity of the gas flow and a relatively local nature
of its impact on the bulk material adjacent to the
point where the jet enters the layer [19].

The kinetic energy of a gas flow acting on the
surface of a dynamically unstable vault alters the
conditions of its collapse and, consequently,
determines the rate of material flow. Therefore, a
dependence of the material flow rate on the gas flow
parameters was expected.

Experiments have shown that decreasing gas
density and viscosity significantly increases the flow
rate of the material through the outlet (Fig. 7). The
effect of gas viscosity on the flow rate of the bulk
material can be clearly seen by comparing the
effects of countercurrent flows of hydrogen and
helium, which, under the experimental conditions,
are similar in density but differ greatly in viscosity
(Table 1). Figure 7 shows that the effect of gas
viscosity is insignificant, and changes in the flow rate
of the material are determined by the density of the
gas flow.

Figure 7 shows the dependence of the values of
three measurement series and the average error on
the speed (V;), m/s. As the speed increases, there is
a general decrease in all the values, but the pattern
of decrease varies for each series. The first series
shows the most pronounced decrease: at (I = 0),
the value is 1, but at (V, = 4.9), it decreases to 0.05;
at (I, = 6.3), the value almost reaches zero. The
second row decreases more smoothly: from 1 at the
initial speed value to 0.21 at (V, = 8.4). The third row
is characterized by the most stable decrease: its
values remain relatively high for most of the interval
and decrease to 0.20 only at (V, = 10.4).

The average error also has a downward trend. It
decreases from 1 to 0.06, indicating a gradual
decrease in the average value of the indicator as the
speed increases. The most noticeable decrease in
the average error is observed after (V, = 3.7), when
the differences between the individual rows become
more pronounced. Overall, the graph shows that an
increase in speed (V,) leads to a decrease in the

indicator under consideration, with the first row
being the most sensitive to changes in speed and the
third row being the most stable.
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Figure 7 — Dependence of the relative flow rate of
agglomerate lll (W, /W,) from the gas velocity at the
outlet (Vy, m/s) with a diameter of 30 mm. 1 - air;
2 - helium; 3 —hydrogen
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Figure 8 - Dependence of the relative velocity of material
flow (W, /W,) from its density in air countercurrent
(Q,, m3/h).1 - agglomerate; 2 - limestone; 3 — millet

The fact that in the self-similar (turbulent)
region the influence of gas viscosity is leveled out
(Fig. 7), indicates the dominance of the inertia forces
of the gas jet over the viscous friction forces in the
interparticle channels directly at the moment of the
vault destruction. This opens up the fundamental
possibility of scaling the obtained equations to
industrial units working with complex gas mixtures

(hydrogen, helium, metallization technological
gases) without complicating the calculation
algorithms.

When studying the process of controlling the
release of a layer in a counter-current gas flow, it
was found that the physical properties of the gas do
not affect the lower limit of the mass flow rate of the
material (Fig. 7). This undoubtedly expands the
possibilities for the practical application of methods
for controlling the release of bulk materials using a
gas flow [20].
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The effect of bulk material density on its flow
rate is clearly demonstrated in Fig. 8.

Figure 8 shows a graph of the change in the
values of three measurement series and the average
error. The x-axis shows the argument values from 0
to 1.4 in increments of 0.2, and the y-axis shows the
corresponding values of the indicator. All three
series show a decreasing trend, but the rate of
decrease varies: the first series decreases more
smoothly, the second series decreases more
pronouncedly, and the third series shows the
sharpest decrease. The average error also gradually
decreases from 1.20 to 0.67. For the average error
line, we have built whiskers that reflect the spread
of values between the minimum and maximum
values among the three-measurement series at each
point. The longer the whiskers, the greater the
difference between the individual values. In the
initial section, there is almost no spread, as all the
values are equal to 1.20. As the argument value
increases, the length of the whiskers gradually
increases, indicating a growing discrepancy between
the measurement series.

It was found that the nature of the material's
flow is independent of its physical and mechanical
properties. As the size of the material piece used in
the experiments increases, the flow rate increases
significantly (Fig. 9). Characteristically, as the ratio of
the model and outlet diameters decreases, not only
does the absolute flow rate of the layer increase, but
its lower limit decreases to a certain value at equal
gas flow rates, i.e., it becomes possible to control the
material release over a wider range.

Figure 9 shows the dependence of two series of
values and the average error on the flow rate (Q),
m3/h. Both series have a decreasing trend, but the
rate of decrease differs. The first series decreases
smoothly, from 1 at (Q-=0) to 0.80 at (Q, = 12) m3/h.
The second series decreases much faster, from 1 to
0 at (Q, = 8.8) m3/h, indicating a higher sensitivity to
changes in flow rate.

The average error also decreases consistently:
from 1 to 0.43. The whiskers on the graph reflect the
spread between the minimum and maximum values
of the two series at each point. At the beginning of
the interval, there is no spread because the values of
the series are the same. Then, the length of the
whiskers gradually increases, indicating an increase
in the differences between the first and second
series as (Q) increases.
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Figure 9 - Dependence of the relative velocity of pellet
outflow (W, /W,) from the size of the piece (d.q, mm)
with air counterflow (Q,,, m3/h).

The physical mechanism of the influence of
oncoming and associated gas flows on the kinetics of
the outflow, recorded using high-speed video
filming SK-16, has a pronounced stage character and
is determined by the frequency of destruction of
dynamically unstable arches. The observed change
in the relative exhaust velocity (Wi/Wo) is due to the
redistribution of stress chains inside the dense layer
above the outlet (Fig. 8 and 9). The oncoming gas
flow passing through the interparticle channels
creates an upward aerodynamic pressure, which
increases the normal compressive forces between
the layer elements. This leads to an increase in the
forces of interparticle friction and, as a result, to an
increase in the holding torque of the forces acting on
the particles in the support nodes of the dynamic
vault. The stabilization of the vault blocks the
gravitational displacement of the material, causing a
decrease in flow rate up to complete stagnation. On
the contrary, the oncoming flow reduces the
apparent adhesion of the particles, reducing the
critical radius of vault formation, which intensifies
the release of material due to an increase in the
frequency of vault pulsations. The extremum
identified in Figure 9 (maximum velocity at
deq=2.0+2.5 mm) reflects the bifurcation point,
where the geometric factor of jamming of large
pieces is balanced by the optimal aerodynamic
transparency of the pore channels for fluid filtration.

Mathematical analysis of the experimental data
allowed for the ranking of investigated parameters
based on their influence on the material discharge
rate. Under standard conditions, the factors are
arranged in the following descending order of
significance:

1. Direction of the gas flow;

2. Diameter of the discharge orifice;

3. Bulk density of the granular material;

4, Gas flow rate;
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5. Physical properties of the gas (density and
viscosity).

Notably, this hierarchy can shift under specific
dynamic conditions. For instance, a 30% increase in
the gas flow rate causes this parameter to exert a
more dominant influence on the discharge rate than
the intrinsic bulk density of the material.

To consolidate the experimental findings for
both counter-current and co-current gas flow

regimes, a unified empirical equation was
developed):
_ D§® AP
W, = 0.0Syan_m 1+ YR (4)

The error associated with this generalized model
ranges from =19.8% to +23.1%, which is significantly
lower than the deviations observed when using
classical empirical equations. As previously noted,
traditional models exhibit errors ranging from
-25.1% to +176.1%, especially near critical regimes.
This confirms that the proposed Eq. (9), which
explicitly accounts for the gas-dynamic pressure
drop AP and orifice geometry rate (Dy) provides a
much more reliable tool for industrial design.
Comparing the experimental results with
calculations of the material mass flow rate under
pressure discharge using empirical equations shows
that the error in the calculated values varies within
a wide range, namely: from -25.1% to +47.1%, from
-32.6% to +55.5%, and from +9.8% to +79.5%,
respectively.

The limitations of conventional empirical models
become even more apparent under counter-current
gas flow conditions. For such regimes, the error in
mass flow rate calculations using standard equations
escalates significantly, with deviations ranging from
-21.1% to +176.1%, -99.1% to -0.7%, and -100.0%
to +67.1%. On average, the predictive error is
approximately 150%. Notably, this discrepancy
increases sharply when transitioning from air
typically used in the baseline experiments of
previous authors to gases with significantly different
physical properties, such as hydrogen or helium (as
detailed in Table 1). Such high levels of uncertainty
underscore that purely empirical correlations, which
do not account for the internal structural mechanics
of the granular bed, are unsuitable for complex gas-
solid systems. Consequently, there is a clear
necessity for a more rigorous theoretical description
of the discharge process. By integrating the results
of this experimental study with the proposed
torque-balance mechanism, it becomes possible to
establish a physically consistent model that remains

accurate across a wide range of gas-dynamic and
material conditions

jzyu[Rﬂi 1“ ” dy:j'f’" ] (5)

by the area of the outlet opening and the bulk
density of the material, we find the mass velocity of
its outflow:

Wo=‘Vn 4\/29;4[R+d( \/%)Hli#%] (6)

Comparison of experimental data with the
results of calculations using dependence (6) shows
that the error in the calculated values is within the
range from -28.5 to 28.8%.

A comparison of empirical relationships for the
critical velocity of a counter-current gas flow
demonstrates the varying roles assigned by
researchers not only to gas density and viscosity, but
also to bulk material density, particle diameters, and
the outlet opening [21]. A consequence of this,
apparently, is a sharp increase in the error in
calculating critical velocity values when processing
experimental data using the aforementioned
equations, even in the case of an air counter-current
[22]. At the same time, gas flow parameters in shaft
metallurgical  furnaces, and especially in
metallization furnaces, can vary widely.

To determine the critical velocity of the counter-
flowing gas, a series of experiments were conducted
on a «cold» model. The values of the variables were
varied within the following limits: outlet
diameter 0,035 — 0,055m, equivalent diameter of a
piece 0.002-0.006 m, specific gravity of gas from 1.2
to 9.2 N/m3 and apparent specific gravity of the
material (from 14.5 to 43.5)- 103 N/m?,

Assuming equilibrium between the aerodynamic
forces and the resisting forces within the granular
structure, the following dimensionless relationship
can be defined:

1
T 0.557y¥r

Further transformation of the experimental data
into generalized dimensionless coordinates yields:

V’kr (7)

Ve = a5 (8)

Analysis of the experimental datasets
demonstrated an approximately linear dependence
between the dimensionless critical velocity and the
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equivalent flow cross-sectional area. Consequently,
the final empirical expression was expressed:

v, = /Ozg‘;g ~04+05 (9)

It has been established that the outlet diameter
does not affect the critical velocity of the gas
counterflow. In general, the critical velocity of the
gas counterflow takes the form:

— Y[ [ Qeq _
Viy = 0.087\/2( /0_048 0.4 + 0.5> (10)

The experiment shows that the error in the
calculated values ranges from +16.7 to -35.4% and
from -28.4 to +24.9%, respectively. Consequently,
equation (9) has satisfactory accuracy and is quite
acceptable for practical calculations. The influence
of gas parameters, the physical and mechanical
properties of the bulk material, and the outlet size
on the critical velocity of the oncoming gas flow was
further studied using volumetric models with gases
and materials, the characteristics of which are
presented in Tables 1 and 2.

The dependence of the critical counter-current
gas velocity Vi, on the gas specific weight ¥, is
illustrated in Fig. 10. The experimental data for
different materials pellets Il (1), agglomerate Il (2),
and millet (3) show a strong correlation with the
values calculated using Eq. (17).
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Figure 10 - Dependence of the critical velocity of the
counter gas flow (V,-, m/s) from its specific gravity (y;.,
N/m3). 1 - pellets Il; 2 - agglomerate IlI; 3 - millet; curves

- results of calculation according to equation (16)

Figure 10 shows the dependence of three series
of values and the average error on the change in the
parameter under consideration. All the curves are
decreasing, indicating a gradual decrease in the
value as the argument increases. The highest values
are observed in the first series, which decreases
from 16 to 6. The second series also shows a
consistent decrease from 11 to 4.8, while the third

series has the lowest values and decreases from 5.5
to 2.8.

The average error decreases from 10.83 to
4.533, which confirms the general trend of
decreasing the studied indicator. The whiskers on
the graph reflect the spread between the minimum
and maximum values among the three rows at each
point. In the initial section, the spread is the most
pronounced, as the difference between the first and
third rows is the greatest. As the argument
increases, the length of the whiskers gradually
decreases, indicating a reduction in the differences
between the individual measurement rows.

Thus, the known empirical formulas obtained
based on experiments with air flow are valid for
calculating the critical gas velocity only within
certain limits.

The analytical dependence (5) has been
experimentally verified only in the case of air flow.
When a loose material is suspended, its flow rate
becomes zero when

AP,

1———
ayef(wg)

=0 (11)

Revealing the meanings AP,, after substitution
and transformations we obtain for the counter gas
flow:

(12)

Substituting A and R into equation (12), we
obtain

T e 4 C-) BPPS
kr = 2cHy} M

In the case of unstable turbulent motion of the
oncoming gas flow (c = 3.8;n = 0.2):

18| gosatly, f(wy)

7.6HyL-8n0.2 (14)

(15)

Takingd = d.q;, we obtain for an unstable
turbulent regime:

VkT =m

1.8 go.sdz.zykf(#;%).[ am ]1.2 (16)

7.6Hy 28102 k(1-m)
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and for the turbulent regime

d
gyrf (”;E) 4m
1,1HYy k(1-m)

Vkr =md (17)

A comparison of the calculated values of the
critical velocities of the counter-current gas flow
according to equation (16) and the obtained
experimental data showed their satisfactory
agreement. The error lies within the range: from -
36.4 to +17.1%. Dependence (16) with an accuracy
of -25.6 to -35.0% and from -26.3 to -38.4%.

Calculation of critical speeds using formula (16)
allows us to reduce the magnitude of the error,
which is from -13.9 to +28.8% (Fig. 10) compared
with the experimental data. At the same time, the
error for the critical velocities of the oncoming air
flow, calculated using Eq. (17), is reduced -19.6 to -
30.1% and from -18.1 to -32.4% accordingly. This is
explained by the significant turbulence of the gas
flow in the layer, especially before it freezes.

With an error in the calculated values of the
critical speed, amounting from to -30.0 to +28.8%,
the main parameters varied within the following
limits: specific gravity and viscosity of the gas,
respectively, from 11.97 to 1.16 N/m3; from 8,9 -
107°to 1.81 - 10~°Pa - s; diameter, specific gravity
and coefficient of internal friction of bulk material
from 4,0 - 10™* to 15.0 - 10™3m;
from 14.3 to 39.2 kN/m?3; from 0.55 to 0.95;
coefficient taking into account the shape of the
particles, from 6.0to7.8; outlet diameter

from0.01 to 0.06m; attitude % equals 0,02 — 0,4.

A critical finding of this study is the shift in factor
significance during the transition to a turbulent
counter-current flow. As the system approaches the
blockage limit, the influence of gas density increases
substantially. Concurrently, the impact of bed
porosity, particle size, and shape decreases, while
the role of gas viscosity practically disappears. This
confirms that at high velocities, the aerodynamic
drag acting on the arch structure becomes the
primary governing force.

The developed analytical Eq. (12) is universal
and demonstrates high accuracy in predicting the
critical velocity of counter-current gas flows. It
effectively integrates the influence of outlet
geometry, solid-phase characteristics, and gas-
dynamic parameters. This provides a robust tool for
the design and optimization of bulk material flow in
horizontal-plane discharge systems, ensuring stable
operation in industrial metallurgical furnaces.

Conclusions

Based on the theoretical analysis and a set of
experimental studies on "cold" and "hot" models,
the following key conclusions were obtained, which
constitute the scientific contribution of the work:

1. A physical and mathematical explanation of
the mechanism of regulation of the speed of
dispersion media by gas flows is proposed, based on
the change in the torque of the friction forces during
the rolling of particles that form a dynamically
unstable vault. It is analytically proven that an
oncoming flow minimizes the resulting torque (up to
zero at the point of suspension), while a tailing flow
maximizes it.

2. The boundaries of applicability of classical
empirical release equations have been established,
which, as shown in the work, give an error of up to
150% or more when the gas density and viscosity
parameters exceed the normal air conditions. In
contrast, the proposed generalized semi-analytical
model Eq. (12) stably describes the release kinetics
and hover conditions with an error that does not
exceed +17.1+-36.0% in a wide range of changes in
the physical and mechanical properties of the
phases.

3. The spectrum of factors affecting the
controlled release of granular media has been
determined and ranked according to their
significance: gas velocity vector - hole geometry >
bulk density of the material - aerodynamic flow
parameters (flow rate, density). It has been revealed
that in conditions of developed turbulence, before
the layer freezes, the gas density becomes the
dominant factor, completely suppressing the
influence of the media's viscous characteristics.

4. The practical value of the results lies in the
fact that the established macroscopic patterns and
criterion equations allow for the precise design of
the release and dosing units of hopper systems and
counterflow shaft furnaces without conducting
expensive and resource-intensive  CFD-DEM
simulations for each individual particle size.

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

CRediT author statement: S. Akhmetova:
conceptualization, designed the experimental
methodology, writing — originaldraft, supervision; G.
Kabiyeva: methodology and editing; A. Rakhatova:
writing -review and editing, literature review.

—— 40 ——



Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Cite this article as: Akhmetova SS, Kabiyeva GK, Rakhatova AB. Influence of gas flow parameters on the velocity of bulk materials.
Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2028; 345(2):29-43.
https://doi.org/10.31643/2028/6445.14

a3 afblHbI NAapameTpaepiHiH CycbiMasibl MaTepUuanpapAabliH,
afy XblNgamAablFblHa 3cepi

1 AxmeToBa C.C., 2 Kabuesa I'.K., * PaxaTtoBa A.B.

19. CarbiHO8 ambiHOaFbl KaparaHObI mexHUKasiK yHusepcumemi, KaparaHdbl, KazakcmaH
2C.CelichynnuH amoiHOarbl Ka3aK a2pomexHUKanblK 3epmmey yHueepcumemi, AcmaHa, Kazakcmax

TYRIHAEME

Makanagaa Kofapbl aHe TemeH bafblTTanfaH ras arblHAAPbIMEH ©3apa SPEKeTTecy KesiHae
TYWIPWIiKTi opTanapAblH, aFy 3aHAbIIbIKTapbl MEH KO3fanbiC KMHETUKackl 3epTTenesi. Cycbimanbl
maTtepuangapapl TMIMA[ KalblFapy npoueciH 6ackapy lWaxTanblK newTtep MeH O6yHKepaik
KYPbINfblIapapl NainaanaHya MaHbi3fbl acnekT 60nbin Tabblnaabl. 3epTreynep *asblk Menaip
JKOHE YIKEUTINTeH «bICTbIKY MOAENbAEPAE Kblngam belHeTycipinimai (CK-16) KonpaHa
OTbIPbINLIN XKYPri3inai. KpUTUKaNbIK KblAJamAabIKTbIH, ecenTenreH MaHaepiHgeri katenik -30,0-

Makana kengi: 18 cayip 2026 AeH +28,8%-Fa feiiH aybITKblFaH Ke3fe Heri3ri napameTpsiep Keseci WeKTepae e3repai: rasgpiH,
CapanTtamagaH eTTi: 19 mameip 2026 MEHLWIKTI ThIFbI3AbIFbI MEH TYTKbIPAbIFbI, TuiciHwe, 11,97-geH 1,16 H/m3; 8,9-107° 6acran
Kabbinganapl: 5 maycoim 2026 1,81-107° Ma-c Aeitin; AMameTpi, MEHLIKTI ThIFbI3/bIfbI KOHE CyCbiMajbl MaTepuangbliH, ilKi

yiikenic koapduumenTi 4,0-10™*-aen 15,0-1073 m geiiin; 14,3-TeH 39,2 kKH/m3-re peitin; 0,55-TeH
0,95-Ke AperiH; BenweKkTepain, NiWwiHiH eckepeTiH KoadouumeHt, 6,0-aeH 7,8-re AeiH; WbIFbIC
Avamerpi 0,01-aeH 0,06 m-re aeitin; d/R KaTbiHacbl 0,02-0,4. 3epTTesieTiH maTepuangap peTiHae
arnomepart, 9K, Tapbl KaHe KOKC nahganaHblngbl; ra3 ¢pasacel peTiHae — aya, reavii xaHe cyTeri
KONAAHbINALI. AFy MEXaHM3MI AMHAMUKaNbIK TYPaKCbi3 KymbesgepaiH, (csoa) 6y3biny KuinirimeH
aHbIKTaNaTbiH CaTbiNbl CUNATKA Me eKeHi aHblKTanabl. LUblFapy KblngamabliibiFbiHA acep eTeTiH
Herisri GaKTop rasablH, TbifbI3AblFbl E€KEHi, an TYTKbIP/bIKTbIH, 9Cepi eKiHWi Aapexeni ekeHi
aHbIKTangpl. KabattbiH, Kentenyid (ipKinyiH) TyAblpaTblH rasablH, KPUTUKAAbIK Kbl14AMAbIFbIH
ecenTeyre apHanfaH aHa/NUTUKaNbIK TIYENAINIK TyKbipbiMAanabl. ANblHFAH HaTUXKenep
MEeTaNNyPrusablK arperaTrapaa Wolfapy TECIKTEPiHiH KOHCTPYKTUBTIK NapameTpaepiH XKaHe ypaey
pexumaepiH oHTalnaHabIpyFa MyMKiHAIK 6epeai.

TyiiiH ce30ep: cycbiManbl MaTepuangap, ras afbiHbl, KO3FasbiC, Kbl14aMAbIK, ra3eTKI3riWTiK.
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BanaHmne napameTpoB ra3oBoro NOTOKa Ha CKOPOCTb UCTEYEHUA
CbiNy4Yynx matepuanos

1 AxmetoBa C.C., 2Kabuesa I'.K., 3 Paxatosa A.Bb.

1 KapazaHOuHcKuli mexHuveckuli yHusepcumem umeHu A. CaeuHosa, KapazaHda, KazaxcmaH
3 Kazaxckuii azpomexHuveckull uccnedosamensckul yHusepcumem um. C. CelihynnuHa, Acmara, Kazaxcmat

AHHOTALUMA

CraTbA MOCBALLEHA WCCNEA0BAHMIO 3aKOHOMEPHOCTEN UCTEYEHUA W KUHETUKU ABUMNKEHWA
3EPHUCTBIX Cpes, NPU B3aUMOAENCTBUM C BOCXOAALMMU U HUCXOAALLLMMM ra3soBbIMU NOTOKaMMU.
MNoctynuna: 18 anpensa 2026
PeueHsnpoBaHue: 19 maa 2026
MpuHATa B nevatb: 5 uroHa 2026

YnpasneHue BbIMYCKOM CbINMy4nMX MATEpPUaANoB ABAAETCA KPUTUUYECKMM acreKTOM 3KCnyaTaumm
LIAXTHbIX MeYyeil U BYHKEePHbIX YCTPOMCTB. DKCNEepUMEHTA/IbHbIE UCCAEA0BAHUA MPOBeAeHbl Ha
NIOCKOM MPO3PaYyHON U YKPYMHEHHOW «ropavyen» Moaensx C MUCMoJb30BaHUEM CKOPOCTHOM
Bugeocbemkn (CK-16). Mpu NOrpewHOCTM B PACYETHLIX 3HAYEHUAX KPUTUYECKOW CKOPOCTH,
cocTasnstoLwei ot -30,0 fo +28,8%, OCHOBHblE NapamMeTPbl U3MEHANNUCH B CIeAyOLWMX Npeaenax:
yAenbHas MAOTHOCTb M BA3KOCTb rasa, COOTBeTCTBeHHO, oT 11,97 mo 1,16 H/m3 ot 8,9-
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1076 10 1.81 - 107> Ma-c; AMameTp, yaenbHas NAOTHOCTb U KOIDOULIMEHT BHYTPEHHETO TPEHNA
cbinyyero matepuana ot 4,0-107% go 15,0-1073m; ot 14,3 go 39,2 kH/m?; ot 0,55 go 0,95;
K03 dULMEHT, yunTbiBatowmii opmy yactuu, ot 6,0 o 7,8; AMameTp BbIXOAHOIO OTBEPCTUS OT
0,01 po 0,06 m; oTHoweHne d/R paBHo 0,02-0,4. B KauyecTBe ucciesyembix MaTepuasnos
MCNO/Ib30BaHbl arTOMepaT, U3BECTb, MLWEHO W KOKC; B KayecTBe razoBoi ¢pasbl — BO34yX, reauii u
BOAOPOA,. YCTAHOB/EHO, YTO MEXAHU3M UCTEYEHWUA HOCUT CTagUNHbIN XapaKTep v onpegenseTcs
YacToTOM paspylleHus AMHAMMYECKM HeycTOMUMBbIX CBOAOB. BbiABAEHO, 4YTO K/OYEBBIM
baKTOpOM, BAUAIOLWMM Ha CKOPOCTb BbIMYCKa, ABAETCA NIOTHOCTb ra3a, B TO BPEMA KaK BAUAHUE
BA3KOCTM BTOpUYHO. CHOpMyNMpoBaHa aHANMTUYECKAn 3aBUCUMOCTb A1A pacHeTa KpUTUYECKon
CKOpPOCTM rasa, Bbi3blBalowWel 3aBucaHve C€n0A. [loaydeHHble  AaHHble  MNO3BOAAIT
ONTUMM3MPOBATb KOHCTPYKTUBHbIE NAapamMeTPbl BbIMYCKHbIX OTBEPCTUI U PEXUMbI NOSAYN AYTbA B
MeTaNNypruyYeckmx arperaTax.

Kniouesble cnosa: Cbiny4yune mMaTepuanbl, rasosbiit NOTOK, AOBWUXeHUe, CKOpPOCTb,
rasonpoHnLUaemocCTb.
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ABSTRACT

Industrial by-products generated during copper smelting are increasingly regarded as promising
secondary sources of strategically important and critical elements. Among such technogenic
materials, lead—bismuth sludge formed during wet gas cleaning of sulfur-bearing gases represents
a potentially valuable reservoir of selenium and tellurium. The present study provides a
comprehensive elemental assessment of lead—bismuth sludge obtained from the Almalyk Mining
and Metallurgical Complex (Uzbekistan). Prior to analysis, representative sludge samples were
subjected to acid digestion using freshly prepared aqua regia, followed by elemental
determination using inductively coupled plasma optical emission spectroscopy (ICP-OES).
Particular attention was devoted to the distribution behavior of selenium and tellurium due to
their technological importance as critical raw materials. The analytical results demonstrated that
the investigated sludge is characterized by a pronounced polymetallic composition dominated by
lead (20.0%), together with significant concentrations of iron (6.76%), copper (5.34%), and zinc
(4.40%). Tellurium was detected at a concentration of 0.33%, indicating its selective accumulation
in the lead—bismuth residue, whereas selenium was not detected under the selected analytical
conditions. Based on elemental composition data and thermodynamic considerations, the
investigated sludge may be considered a promising secondary source for tellurium recovery. The
obtained results contribute to understanding the physicochemical behavior of chalcogen elements
during copper smelting and wet gas-cleaning processes and may serve as a basis for the
development of integrated recycling approaches for technogenic metallurgical waste.

Keywords: copper smelting, secondary tellurium source, critical raw materials, technogenic waste,
wet gas cleaning, elemental composition, ICP-OES.
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Introduction

In recent years, waste generated during copper
smelting has attracted increasing attention not only
as an environmentally hazardous material, but also
as a potential secondary source of economically and
strategically important elements [[1], [2], [3], [4],
[5]]. Among such technogenic products, lead—

bismuth sludge formed during wet gas cleaning
represents a chemically complex polymetallic
system whose composition depends on the
mineralogical characteristics of raw materials and
the physicochemical conditions of pyrometallurgical
processing [[6], [7], [8]].

Particular interest has recently been directed
toward selenium and tellurium because these
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elements are classified as critical raw materials due
to the limited availability of primary deposits and
their growing demand in photovoltaic technologies,
thermoelectric materials, semiconductor
manufacturing, and advanced energy systems [[9],
[10], [11], [12]]. Copper smelting processes are
considered one of the major industrial sources of
secondary tellurium recovery because chalcogen
elements tend to redistribute into dusts, sludges,
and gas-cleaning products during high-temperature
processing [[13], [14], [15]].

Despite the growing industrial importance of
tellurium, reliable information concerning its
distribution in lead—bismuth sludge generated
during wet gas cleaning remains limited. Existing
studies indicate that selenium and tellurium exhibit
significantly different physicochemical behavior
under oxidizing smelting conditions, which directly
influences their volatility, phase stability, and
accumulation in technogenic products [[16], [17],
[18]].

Selenium is characterized by the formation of
volatile oxide compounds that can migrate with
process gases or transfer into liquid phases during
gas purification. In contrast, tellurium tends to form
more stable and less volatile compounds, favoring
its accumulation in condensed solid residues [19].
Consequently, the enrichment degree of selenium
and tellurium in individual waste streams may differ
substantially from values predicted solely from ore
composition [[20], [21]].

The growing demand for tellurium and other
critical elements significantly increases the
importance of identifying alternative secondary
resources suitable for their recovery [[22], [23]]. In
this context, technogenic products generated during
copper smelting may represent an important raw
material base for future extraction of valuable
elements.

Therefore, the present study is aimed at
evaluating the elemental composition of lead—
bismuth sludge obtained from the Almalyk Mining
and Metallurgical Complex (Uzbekistan), with
particular emphasis on the distribution behavior and
selective accumulation of tellurium in wet gas-
cleaning residues.

Experimental part

Lead—bismuth sludge samples investigated in
this study were obtained from the Almalyk Mining

and Metallurgical Complex (Uzbekistan). The
material represents a solid technogenic product
formed after wet gas cleaning of sulfur-bearing
gases generated during copper smelting operations.

Prior to analysis, the samples were dried under
laboratory conditions, homogenized, and
mechanically crushed to ensure representative
sampling. For preliminary characterization, two
independent subsamples (So) with a mass of
approximately 1000 g each were prepared. One
subsample was used for primary analytical
measurements, whereas the second was employed
to evaluate analytical reproducibility.

For elemental analysis, representative portions
of approximately 0.5-1.0 g were subjected to acid
digestion using freshly prepared aqua regia
(HCI:HNOs = 3:1). The digestion process was carried
out in glass vessels at approximately 90 °C for 1-2 h
under controlled laboratory conditions until
complete dissolution of the solid matrix was
achieved. After cooling, the obtained solutions were
diluted with distilled water to a final volume of 50
mL and filtered when necessary to remove residual
insoluble particles (Fig.1).

Figure 1 - Dissolved sample

The elemental composition of the prepared
solutions was determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES)
performed on a Genesis Spectrum ICP-OES
instrument. Calibration of the instrument was
carried out using standard reference solutions under
standard operating conditions. The analysis included
determination of major and trace elements, with
particular emphasis on selenium and tellurium as
critical elements of technological interest.

All measurements were performed in duplicate,
and analytical reproducibility was evaluated based
on repeated measurements of independently
prepared samples. The obtained analytical data
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demonstrated  satisfactory  repeatability  for
polymetallic technogenic materials. Element
concentrations are reported as mass percentages
(%).

Special attention was devoted to the
determination  of  selenium because its
concentration in the investigated sludge was close to
or below the instrumental detection limit under the
selected analytical conditions. The applied analytical
methodology allowed reliable determination of
tellurium and major accompanying elements in the
investigated technogenic residue.

Results and Discussion

The elemental composition of the investigated
lead—bismuth sludge was determined using ICP-OES
analysis (Fig.2). The obtained results confirmed the
pronounced polymetallic nature of the studied
technogenic material. The analytical data are
summarized in Table 1. Lead was identified as the
dominant component with a concentration of
approximately 20.0%, indicating its significant
accumulation in  the investigated residue.
Considerable concentrations of iron (6.76%), copper
(5.34%), and zinc (4.40%) were also detected,
reflecting the transfer of volatile metal compounds
and fine dispersed particles during copper smelting
and subsequent wet gas-cleaning processes.

Bismuth and antimony were detected at
concentrations of 0.20% and 0.34%, respectively,
while nickel was present only in trace quantities
(0.02%). The obtained results additionally confirmed
the presence of noble metals in the investigated
sludge. Palladium was detected at 0.003%, whereas
platinum was identified in minor quantities within
the analyzed material.

Particular attention was devoted to the
distribution behavior of selenium and tellurium
because these elements are considered
technologically important critical raw materials.
Tellurium was detected at a concentration of 0.33%,
indicating its selective accumulation in the lead-
bismuth sludge. In contrast, selenium was not
detected under the selected analytical conditions,
suggesting either its absence in the solid residue or
concentrations below the instrumental detection
limit.

Repeated measurements of independently
prepared subsamples demonstrated satisfactory
analytical reproducibility for the investigated
polymetallic material.
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Figure 2 - Representative emission spectra recorded
using a Genesis ICP-OES instrument

The obtained results demonstrate substantial
differences in the physicochemical behavior of
selenium and tellurium during copper smelting and
wet gas-cleaning processes. Despite their chemical
similarity, these elements exhibit different volatility
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and redistribution characteristics under oxidizing
high-temperature conditions.

According to previously published studies,
selenium is generally characterized by the formation
of more volatile compounds capable of transferring
into gaseous or liquid process streams during gas
purification. In contrast, tellurium demonstrates a
greater tendency toward accumulation in
condensed technogenic products generated during
copper smelting.

The observed enrichment of tellurium in the
investigated sludge indicates that wet gas-cleaning
residues may serve as important secondary
resources for tellurium recovery from metallurgical
waste. At the same time, the absence of detectable
selenium in the solid residue suggests its
redistribution into  alternative  technological
streams, including associated dusts and liquid gas-
cleaning products.

The present investigation was primarily focused
on elemental characterization of lead—bismuth
sludge using ICP-OES analysis. Therefore, additional
investigations involving X-ray diffraction (XRD),
scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM-EDS), and
mineralogical analysis are required for direct
identification of phase associations and distribution
forms of tellurium and accompanying elements in
the investigated technogenic material.

Behavior and Distribution of Elements in Lead—
Bismuth Sludge

The established elemental composition allows
evaluation of the possible distribution behavior of
elements in the investigated sludge, taking into
account their physicochemical properties and
previously published data concerning similar
technogenic materials [[24], [25], [26]]. The
obtained analytical results indicate that lead-
containing compounds represent a significant
component of the investigated residue formed
during wet gas cleaning of sulfur-bearing gases
generated in copper smelting processes.

The presence of bismuth together with elevated
lead concentrations indicates accumulation of these
elements in the solid fraction of the sludge. Earlier
studies have demonstrated that lead and bismuth
exhibit similar redistribution tendencies during
pyrometallurgical processing and subsequent gas-
cleaning operations. The measured tellurium
concentration (0.33%) indicates selective retention
of this element in the investigated technogenic

material. Previous investigations have shown that
tellurium demonstrates lower volatility under
oxidizing smelting conditions compared with
selenium, promoting its accumulation in condensed
metallurgical products. Iron, copper, and zinc
identified in the investigated sludge are associated
with transfer of volatile metal compounds and fine
dispersed particles during smelting and gas
purification processes. Their presence confirms the
polymetallic nature of the investigated residue.

The obtained results demonstrate substantial
differences in the distribution behavior of selenium
and tellurium during copper smelting and wet gas-
cleaning processes. Despite their chemical similarity,
these elements exhibit different redistribution
characteristics under high-temperature oxidizing
conditions. Selenium is generally characterized by
formation of more volatile compounds capable of
transferring into gaseous or liquid process streams
during gas purification. In contrast, tellurium
demonstrates a greater tendency toward
accumulation in condensed technogenic products
due to formation of relatively stable low-volatility
compounds. The observed enrichment of tellurium
in the investigated sludge indicates that wet gas-
cleaning residues may represent promising
secondary resources for tellurium recovery from
metallurgical waste.

The present investigation was primarily focused
on elemental characterization using ICP-OES
analysis. Therefore, additional investigations
involving X-ray diffraction (XRD), scanning electron
microscopy coupled with  energy-dispersive
spectroscopy (SEM-EDS), and mineralogical analysis
are required for direct confirmation of phase
composition and elemental associations in the
investigated technogenic material.

Implications for Secondary Resource Potential

The results of the analysis indicate that lead-
bismuth sludge formed during wet gas cleaning has
selective absorption capacity. It cannot be
considered a universal matrix for the simultaneous
concentration of selenium and tellurium.
Nevertheless, the measured concentration of
tellurium indicates that this man-made material is a
promising secondary resource for tellurium
extraction. The absence of selenium in the solid
residue confirms its predominant removal in
associated technological cycles. In this regard,
additional study of alternative flows in the smelting
and gas cleaning system is required to identify the
main accumulation zones of this element
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Table 1 - Elemental composition of lead—bismuth
technogenic sludge formed during wet gas cleaning

Element Content, %
Pb 20.00

Cu 5.34

Fe 6.76

Zn 4.40

Bi 0.20

Sb 0.34

Ni 0.02

Te 0.33

Se Not detected
Pd 0.003

Pt 1.11

Conclusions

This paper presents a detailed polymetallic
characterization of anthropogenic lead-bismuth slag
formed during copper smelting. The experimental
results confirm that the material under study is a
complex multicomponent system. Lead acts as the
main carrier matrix, associated with significant
concentrations of copper, iron, zinc, as well as a
number of impurities and trace elements. During the
study, a distinct selectivity in the distribution of
target components was observed. The tellurium
content was 0.33%, which confirms its preferential
accumulation in the lead-bismuth residue, while the
presence of selenium was not detected using the
analytical methods employed. These results reflect
fundamental differences in the physicochemical
behavior of selenium and tellurium during high-

temperature smelting and subsequent wet gas
cleaning.

Based on the data obtained on the elements and
previously published studies, it can be concluded
that tellurium in the sludge is mainly associated with
the oxide phases of lead and bismuth.

Due to its high volatility and increased migration
ability, selenium is redistributed into alternative
technological cycles. Thus, lead-bismuth sludge
exhibits selectivity and is not a universal medium for
the simultaneous concentration of both elements.

From a practical point of view, the man-made
material under study should be considered as a
promising secondary source of tellurium. At the
same time, for the effective utilization of selenium,
it is necessary to identify and study alternative areas
of its accumulation in the smelting and gas
purification system. The methodology used and the
data obtained allow for a more accurate assessment
of the value of secondary raw materials. This opens
up opportunities for the creation of rational
schemes for the utilization and processing of waste
generated during copper smelting.
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Tennypabl Mbic 6aNKbITy apKbiabl aNyaa KOPFACbIH-BUCMYT LWIaMbIHbIH,
Kapanaubim 6afanaybl
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TYRIHAEME

KPUTUKaNbIK ~ 3N1EMEHTTepAiH

Mbic 6anKbITy KesiHae Ty3ineTiH ®HEepPKacinTiK KaHama eHimaep cTpaTernanblik MaHpl3abl KaHe

nepcnekTMBanbl eKiHWi peTTik Ke3aepi peTiHAe Xuipek

KapacTtbipbliyaa. OcblHOAW TexHOreHAiK matepuangapablH, 6ipi — KypambiHAQ KykipTi 6ap
rasgapAbl blAfangbl TasapTy KesiHAe Ty3iNeTiH KOpPFacblH-BUCMYT LWAAMbl, O/ CeNeH MeH
TEeNNYPAbIH 91eyeTTi KyHAbl Ke3i 601bin Tabblnaabl. byn 3epTrey AnManbiK Tay-KeH meTanayprus
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KOM6UMHaTbIHAA (O36eKCTaH) anblHFAH KOPFACbIH-BUCMYT LWAAMbIHbIH, 3/1IEMEHTTIK KypamblH
KeweHai 6afanay ycbiHbIAFaH. Tangay angblHAQ LWAAMHbIH, OKIN4IK  yarinepi  aHagaH
JalblHOaNFaH NaTWwa CyMbifbIMEeH KblWKbINABIK blablpaTyFa yLWbIPaTbiAbiN,  COAAH KeWiH
3NEMEHTTIK  Kypambl  MHAYKTUBTI  6ainaHbiCKaH  Mniasmanbl  ONTUKANbIK-3MUCCUANDIK
cnekTpockonua (ICP-OES) agicimeH aHbiKTanabl. CeneH MeH TeANyp MaHbI34bl WKWKI3aT peTiHae
TEXHONIOTUANBIK MAaHbI3AblNblfbiHA 6alNaHbICTbl ONapAbIH, Tapany 3aHAbl/bIKTapbliHA epeKLlue
Hasap aygapbingbl. Tangay HaTWKenepi 3epTTeNreH WAaMHbIH, KOPFacbiHHbIH, 6acbiMablfbiMeH
(20,0%) alikblH MoAMMETanaplK KypammeH, coHZan-ak Temip (6,76%), mbic (5,34%) kaHe
MbIPbIWTbIH, (4,40%) %) alTapAblKTal KOHUEHTPaUMACbIMEH CMNATTaNaTbiHbIH KepceTTi. Teanyp
menwepi 0,33% Kypaabl, 6yN OHbIH KOPFACbIH-BUCMYT Ka/NAblifblHAQ CENEKTUBTI KUHAKTaNybIH
KepceTeaj, an TaHAaNFaH aHANMTUKANBIK, KaFOannapaa cefieH aHbIKTaIMaabl. IN1@MEHTTIK Kypam
AepeKTepi MeH TEpMOAMHAMMUKANbIK TYCIHIKTEP Heri3iHAe 3epTTenreH Wwaam Tennypabl anyapiH,
nepcnekTUBabl eKiHLWI PETTIK WKKI3aT Ke3i peTiHAe KapacTblpblnybl MYMKiH. ANIbIHFAH HaTUXKeNnep
MbIC BaNKbITY KaHE blAFanabl ras Ta3apTy NpoLecTepiHAeri XaNbKoreH 3n1eMeHTTepiHiH, dusmKa-
XUMUANDIK KafOaublH TyCiHyre biknan etefi KoHe TeXHOTeHAK MeTaNnyprusabiK KanablkTapabl
KelleHai KaiTa eHaey TacinaepiH asipaeyre Heriz 6ona anagbl.

Tyiiin ce30ep: MbiC 6anKbITy, EKiHWINIK Tennyp Kesi, KPUTUKA/bIK LUMKI3aT, TEXHOreHAiK
KanAblKTap, blAfanapl rasapl Ta3apTy, 31eMeHTTiK Kypam, ICP-OES.
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3HEMEHTapHaﬂ OLUu€eHKa CBUHLU0BO-BUCMYTOBOIO LW/1laMa Npu BbinJ1aBKe meaum C
dKUEeHTOM Ha ussjie4eHue Tennypa
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AHHOTAUMA
MpombilwneHHble NoboyHble NPoAyKTbl, obpasylowuecs npu BbiNNaBke Meau, Bce Yalle

PaccMaTpMBAlOTCA KaK MepCreKTUBHbIE BTOPUYHbIE WCTOYHUKM CTPATETMYECKU BAXKHbIX U
KPUTUYECKMX 371eMeHTOB. Cpesin TaKMUX TEXHOTEHHbBIX MaTeEPUaiOB CBUHLOBO-BUCMYTOBbIN LLIaM,
0b6pasyloWmMincs NpuM  MOKPOM OUMCTKE CepocogepsKalimx rasos, npeactasnsetr coboi
NOTeHLMaNbHO LEHHbIN UCTOYHUMK CeneHa U Tennypa. B HacToALem nccnefoBaHUM NpeacTasneHa
KOMM/EKCHasA OLLeHKa 3/1eMEeHTHOrO COCTaBa CBMHLLOBO-BUCMYTOBOTO LU/AaMa, MONYYEHHOro Ha
ANManbIKCKOM TOPHO-MeTaNlypruiyeckom KombuHate (Y3bekuctaH). lNepen nposegeHvem
aHanusa npepcTaBuTesibHble 06pasupbl WAamMa MOABEPraAvnCb KUCIOTHOMY Pas/oNKEHWIO
CBEXenpuroToBeHHOM LLaPCKO BOAKOW C NOCAeAyHOLWMM OnpeaesieHNemM 31eMEHTHOrO CoCTaBa
MeTOA0M ONTUKO-3MUCCUOHHOMW CMEKTPOCKONWUU C UHAYKTUBHO CBA3aHHOW nna3moi (ICP-OES).
Ocoboe BHUMaHWe 6bIN0 yAENEHO XapaKTepy pacnpedeneHus ceneHa v Teanypa B CBA3M C WX
TEXHO/IOTUYECKOM 3HAYMMOCTbIO KaK KPUTUYECKM BasKHbIX BMAOB CbipbA. Pe3y/nbTaTbl aHanusa
MOKasanu, 4YTO WCCAEAyeMblii LIIaM XapaKTepusyeTcs BbIPaXKEHHbIM MOAVMETAIZIMYECKUM
COCTaBoM ¢ npeobnagaHnem ceuHLUa (20,0%), a TakKe 3HaYUTENbHBIMM KOHLEHTPALIMAMM Kenesa
(6,76%), mean (5,34%) wn umHka (4,40%). CopepkaHue Tennypa coctasuno 0,33%, u4to
CBMAETE/NIbCTBYET O ero Ce/eKTUBHOM HaKOM/IeHUM B CBUHLLOBO-BUCMYTOBOM OCTaTKe, TOrAa Kak
ceneH B BbIGPAHHbIX aHANMTUYECKUX YCI0BUAX OBHapyeH He 6bin. Ha OCHOBaHUM AaHHbIX
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3/IEMEHTHOro CoCtaBa U TepMOAUHAMUYECKUX npeACTaBﬂeHMVI VICCJ'Ie,D,yeMbIl‘;I wiam moxet
paccmaTpmBaTbCA KaK I'IEpCFIeKTMBHbIﬁ BTOpMHHbIl’I UCTOYHUK ONA  uU3BnevYeHuAa Tennypa.
MonyyeHHble pe3ynbTaTbl CI'IOCOﬁCTByIOT NOHUMAHUKO ¢M3MKO-XMMM‘-IECKOFO nosegeHuA
Xa/IbKOreHHbIX 31eMeHTOB B Nnpoueccax BbliN1aBKM mean n MOKpOﬁ ra3sooO4YUCTKU, a TaKXKe MOoryT
CNYXKUTb OCHOBOM Ana pa3pa60TKV| KOMMNNEKCHbIX NOoAX040B K nepepa60TKe TEeXHOTeHHbIX
MeTannyprmyeckmnx otxogos.

Kniouyesble cn08a: nnaBka MeaM, BTOPUYHBIA WCTOMHWMK Tennypa, KpUTUYECKoe Cblipbe,
TEXHOreHHbIe OTX0Abl, MOKPas OYMCTKA ra3oB, 31eMeHTHbIN cocTas, ICP-OES.
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ABSTRACT

The article is devoted to the generalization of data on the entire geological and genetic range of
placers in Eastern and Northern Kazakhstan: from the weathering of the kaolin profile at the root
sources of ore minerals Au, Ni, Co, RM, Ti, Zr, Nb, TR, through polyfacial and alluvial placers of the
near demolition of the Zaisan depression to coastal-marine titanium-zirconium placers Northern
Kazakhstan and Pavlodar Irtysh region. The sections and patterns of ore localization for gold- and
nickel-bearing weathering crusts of the Rudny Altai are considered in more detail. An idea is given
of the different conditions of formation of the Paleocene-Miocene ilmenite placers of the Zaisan
Depression, depending on the tectonic regime — rifting in the Paleocene-Eocene and orogeny in
the Lower Miocene. The dating of titanium-zirconium placers of the Pavlodar Irtysh region has
been clarified due to the large-scale removal of silicon from the eluvium of the Kazakh shield. The
relationship of the processes of coastal-marine placer formation with regional paleogeographic
changes in Central Eurasia, starting with the collision of Hindustan and Eurasia and the Paleocene-
Lower Eocene temperature maximum, is shown. The role of the completion of water exchange
between the Tethys and Arctic shelf seas in the occurrence of constant westerly winds from the
Tarim and Gobi, which played a major role in the formation of placers in the northern border of
the Kazakh Shield, is shown.

Keywords: Weathering crust, titanium, rare metals, inshore placer.
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Introduction

This article is devoted to a review of the
processes of placer formation that occurred from
the Late Cretaceous to the Late Eocene, and their
results in the form of placers of various genotypes

that were widespread in the eastern part of
Northern Kazakhstan and Kazakh part of Altai. In this
article, we will consider the features of
predominantly eluvial (Au, Ni, pexke Ti n-REE) and
coastal-marine (Ti, Zr, REE) placers. Special attention
is paid to regional climatic factors that contributed
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

to the enrichment of sands with heavy minerals in
the coastal zone of the Middle and Upper Eocene
seas, primarily to the formation of a system of
coastal currents that played an important role in the
formation of placers.

The territory described is located at the junction
of two geostructures of the 1st order: the Kazakh
Shield, in the zone of its immersion under the
Cretaceous-Paleogene rocks of the West Siberian
Depression, and the Altai collision-shear system,
which also sinks under the loose formations of
Western Siberia in a northwesterly direction (Fig. 1).
The territory under consideration is characterized by
the presence of a full range of placer formations,
depending on the degree of connection with
indigenous sources. A series of placer formations
begins with metalliferous weathering crusts with
minerals Au, Nb, Ta, Li, Sn, W, Ti, Zr, Ni, and Co, in
with epigenetic
enrichment with REE phosphates. This is followed by
alluvial placers with minerals Au, Sn, W, less often Ti
and TR, which are directly related to the indigenous
sources. The third representative of the series is
coastal-marine  and placers
predominance of Ti-Zr-TR in the heavy fraction.

The main sources of placer minerals were
regionally developed weathering crusts on a
substrate of different ages, or
reservoirs, from Late Cretaceous to Early Eocene
alluvial and deltaic facies. And, if the connection
between the placer and the source for eluvial
formations is obvious, for alluvial formations it is
easily detectable, then for coastal formations it is
usually not detectable due to the vastness of the
drift area drained by river systems

Considering that the purpose of the article is to
summarize the data obtained by the authors for
many years of research on Northern and Eastern
Kazakhstan placers, the results are presented in the
form of a consistent description of individual
deposits in a single genetic series, from eluvial
metal-bearing formations and products of their
migration and enrichment, to coastal-marine placers
in final demolition basins.

some cases infiltration and

lake with a

intermediate

Materials and methods

This article is the result of author's research on
off-shore Ti-Zr placers and rare-metal-bearing

weathering crusts, using numerous publications on
mineralogy and paleogeography of North
Kazakhstan, Western Siberia, Tarim and Chinese
Altai. For certain areas of placer genesis in Northern
and Eastern Kazakhstan, the main method of
forecasting placer formations was the method of
facies analysis, with the identification of various
accumulative shelf forms of Eocene seas,
paleoroussels, delta channels, etc. The methods of
material analysis are widely used, first of all, the
granulometry of ore and non-ore sands, the results
of which were published earlier [[1], [2]] and are
summarized in this paper (Table 1), in comparison
with Ti-Zr placers of other areas and other age levels.

Data on the fractional composition of the Druzhba

deposit Eocene sands in Pavlodar Irtysh,
Obukhovsky and other placers in Northern
Kazakhstan, served as a starting point for

recognizing the conditions of formation of the main
ore bodies as shelf, in contrast to modern coastal-
marine placers formed mainly on beaches. Such
interpretations determine the possibility of finding
new ore bodies south of known deposits zone, as
discussed in more detail below.

The Altai Hercynid is characterized by a system
of parallel zones extending to the
northwest (Rudno-Altaiskaya, Irtyshskaya, Kalba-
Narymskaya, Charskaya and Zharma-Saurskaya),
which differ in geodynamic evolution, geology and
metallogeny and are separated by deep faults (fig 2).
appeared in Eastern
Kazakhstan in the Late Carboniferous-Late Permian
period, i.e. at the post-orogenic stage. The orogenic
stage was invaded by sub-alkaline gabbro and large
granitoid massifs [[3], [4]], including monzonites and
biotite-amphibole granites of the multiphase
Karaotkel-Preobrazhenskaya intrusion, dated 290 +
2 million years ago, and which was the source of
eluvial and alluvial placers ilmenite known as
Karaotkel and Satpayevskoye deposits [[3], [5]].

The period of active orogeny was followed by a
stage of relative tectonic quiescence, with relief
alignment and rifting, resulting in the formation of
the Zaisan Depression, between the Altai Hercynides
and the Chingiz-Tarbagatai caledonides [[6], [7]].

In the Late Cretaceous, under conditions of
relative tectonic rest, a crust of weathering of a
humid profile was formed on the formations of the
Paleozoic and Mesozoic.

structural

Large-scale magmatism
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Figure 1 - Study area location map

The upper age limit of the weathering crust
dates back to fairly well-faunistically characterized
deposits of the Danish stage in the Semipalatinsk
Irtysh region [[8], [9]]. To the west, in the Pavlodar
Irtysh region, marine formations of the Middle and
Upper Eocene lie on the weathering crust
formations with a clear angular discrepancy [[2], [9],
[10], [11]].

Eluvial formations are known in depressions
inherited by river valleys and in rare remnants of
peneplene, usually developed on effusions of
medium-basic composition and in crumpling zones
formed by ophiolite complexes (Ekibastuz-
Shidertinsky and Charsky belts) in the small-scale
area of the Kazakh Shield. In the areas of transition
of the Kazakh upland to the plains of Western
Siberia, weathering crusts are preserved in
depressions of the Paleozoic basement and in the
bases of scarcely pronounced ledges in the modern
relief tracing the stepwise immersion of the
Paleozoic basement under the cover of Cenozoic
formations of the West Siberian Depression.

In the areas of the Rudny Altai low mountains,
eluvial formations are represented by fragments of
foam in the interfluves, usually in the altitude range
450-650 m [[12], [13], [14]]. Significant areas of
alignment surfaces in the watershed spaces are
characterized by incompleteness of the eluvium
section due to later erosion, when only zones of
disintegration and clay-sand-gravel formations are
represented. Less often, there are fairly complete
sections, with 20-30 meters or more of eluvium
thickness, with an exposure of complete kaolinite,
kaolinite-mica and gravel-gravelly types of section.
Most often, such situations occur at the junctions of
faults of different orders, along zones of

crumpling, fracturing, and other superimposed
endogenous processes leading to the disintegration
of the source. rocks. Known deposits of gold and rare
metals are confined to such zones [[7][15], [16], [17],
[18]].

The distribution of weathering crusts and their
processed products in the form of placers of various
genotypes is shown in Fig. 3. The areas of eluvium
are taken into account in the case of clay neoplasms
typical of hypergenic conditions. If only the gravelly
and gravelly part of the profile is preserved in the
section, such an area was not shown.

In the humid subtropical climate of the Upper
Cretaceous-Lower Eocene, different types of
weathering crusts were formed from Paleozoic and
older rocks. In the Charsky and Ekibastuz-
Shidertinsky belts, Ni-Co weathering crusts of the
nontronite type were formed from serpentinized
hyperbasites, and gold-bearing kaolinite-mica crusts
were formed from greysens and veins and other
metasomatites in the Semipalatinsk Irtysh region at
the Suzdalskoye, Mukur, Sekisovskoye, Mirage, and
others deposits [[7], [15], [19]]. In the Kalba-Narym
granite belt, alkaline and subalkaline granites of late
collisional stages, pegmatites and aplites, have
developed weathering crusts of kaolinite profile
with Zr, Sn, W, TR, Be, Ta, Li [[7], [19]].

The Cimmerian cycle was generally destructive.
Huge masses of loose material, along with scattered
ore matter, were carried down into the Kulundinsk
and Zaisan depressions, the West Siberian Lowland
and into shallow intermountain depressions, which
contributed to the formation of placers of gold,
cassiterite, wolframite, monazite and other
minerals.

—— 54 ——
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Figure 2 - Scheme of magmatic formations within the Char zone, modified after [3]. 1 - sedimentary structural and

compositional complexes, 2 - Char ophiolite belt, 3 - massifs of granitoids P1, undivided, 4 - andesite-basalt series

(C2-P1), 5 - massifs of subalkaline gabbro and picrite gabbro - granitoid intrusions: D -, 6 - Delbegetey, T - Tastau,
KP - Karaotkel- Preobrazhenka massifs, 7 —faults, 8 - Ti-Zr placers

The eluvial complexes are formed by the initial
ore zones of deposits of nickel, gold, titanium and
rare metals. The processes of hypergenesis played
the role of relative enrichment, due to the
decomposition and removal of a significant mass of
rock-forming minerals. At the same time, hydration,
hydrolysis, and oxidation during hypergenesis at
latitudes corresponding to Northern and Eastern
Kazakhstan in the Cretaceous-Lower Eocene, led to
a kaolinite or kaolinite-hydromica profile of the
weathering crust. Laterite profiles of eluvial
formations are known in the Turgai trough, and in
isolated areas of the northern slope of the Kazakh
Shield, where geomorphological conditions of crust

formation contributed to deep washing of elevated
parts of the foam, with lateritization of products
[10]. But these regions are outside the research
area.

An example of a gold deposit where residual
weathering crusts are considered as a separate
enrichment object is the Suzdal deposit (Fig. 4). The
indigenous mineralization is confined to mineralized
zones of quartz-carbonate-sulfide composition
localized in carbonate-terrigenous deposits of the
lower-middle Vis. The gold in the bedrock is
concentrated in arsenopyrite, pyrite, pyrrhotite, and
chalcopyrite.
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Deposits associated with the weathering crust ——— faults
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Figure 3 - The spread of ore-bearing weathering crust and their redeposition products. Based on the author’s materials,
using data from [11], [15], [19], [20], [21], [22].
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Figure 4 - A section through the ore zones of the
Suzdal gold deposit, according to [15].

1, 2 — Lower carboniferous terrigenous-carbonate

(1) and siltstone-sandstone (2) formations, 3 — lower-
middle carboniferous gabbro-diabases, 4 — upper

carboniferous dikes of acid composition, 5 — linear and
linear-areal weathering crusts, 6 — cover loams and

sands, 7 — carrier border line

The deposit has developed a linear and linear-
area type weathering crust with a thickness of up to
80 m and a typical section, according to [[15], [18]]:

1. Variegated eluvium containing up to 50%
kaolinite, 10-20% mixed-layer minerals and
montmorillonite.

2. Structural eluvium of kaolinite-hydro-
micaceous composition, with siliceous-goethite

veins.

3.  Asandstonein a clay aggregate (up to 40%
clay of a hydro-micaceous composition) with a well-
preserved structure of the initial rocks. Hydrogetite
and hydrohematite accumulations and deposits of
manganese hydroxides are characteristic.

A characteristic feature of the hypergenesis of
the kaolinite stage in gold deposits, where it is
associated with sulfides and has a clear correlation
with SiO2 and As, the authors [[18], [23]] consider
the formation of high-grade hypergenic gold due to
large-scale dissolution of gold-bearing minerals
(arsenopyrite, pyrite, etc.), local redistribution along
the weathering crust profile, and redeposition under
oxidative conditions, which is accompanied by an
increase in the size of native gold towards the upper
horizons of the weathering crust.

Nickel-bearing weathering crusts are known
from the Gornostaevskoye and Belogorskoye
deposits in the Charsky hyperbasite belt, and the
Shidertinskoye  deposits in the Ekibastuz-
Shidertinsky belt. An example is the Belogorskoye

deposit, where ore nontronites are mined on an
industrial scale.

The main ore deposits of the Belogorskoye
deposit (Fig. 5) are concentrated in the fractured
linear type of the weathering crust of serpentinites,
listvenites and metasomatic quartzites. Three
separated deposits of nickel ores have been
identified and contoured at the deposit. The ores are
mostly of the silicate type, but there is also nickel
sulfide mineralization of a non-industrial nature,
spatially and probably genetically related to larch
rocks [24].

A wide development of nontronite eluvium with
an average thickness of 8.5 m has been revealed on
the deposit area, where the main ore minerals are
nontronite, kerolite, psilomelan, asbolan and
magnesite, with a Ni content of 0.5-6.8%.
Concentrations of Au, Ag, Sb and weight samples of
Pt, Pd, Hf were revealed [24] in ochreous eluvial
formations, which indicates a potential expansion of
the spectrum of ore components of the weathering
crust according to the hyperbasites of Eastern
Kazakhstan.

Somewhat apart from the above-mentioned
deposits of the weathering crust is titanium-rare
metal-feldspar deposit Kara-Otkel, which is a two-
tiered eluvial (in the lower part) and alluvial-
proluvial (in the upper part of section) placer.

Alluvial titanium deposits are known worldwide
(Ariadnenskoye deposit in Far East, RF, Appalachian
River placers, US, intracontinental placers in India,
sites in Mozambique and Madagascar) and, in
general, have low industrial value [[1], [22]] due to
low concentrations of industrial minerals and small
placer sizes. The industrial value of individual objects
may increase due to the peculiarities of
mineralization (rare-metal minerals, tin or gold as
related metals, or ceramic feldspar, like Kara-Otkel).

The Kara-Otkel deposit consists of several
placers of three age generations [[5], [13], [25]] with
a complex fan-shaped morphology of valleys. Placers
of a two-tiered structure, where the lower tier was
formed in the Late Cretaceous weathering profile
with a predominance of kaolin, the upper tier in the
sediments of the North Zaisan Paleogene formation
(Fig. 6).

The Karaotkel placer deposit is confined to a
horseshoe-shaped depression, open to the
southeast, closed on three sides along the periphery
by a low shaft, clearly expressed in the modern relief
and confined to the contact of the multiphase
Karaotkel-Preobrazhenskaya intrusion with
sedimentary rocks of the lower Carboniferous
Serpukhov stage and the Bukon formation of the
Middle Carboniferous.
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1- N-Q deposits, 2 — karst siltstones, 3 — ochres from
serpentinites and birbirites from listvenites, 4 —
nontronites, 5 — leached serpentinites, 6 — listvenites, 7, 8 —
calcified and dense serpentinites, 9 — gabbro, 10 — siliceous
schists, 11 — limestones, 12 — faults

1 2 [ Fd+ Bl e
-7 C=—ls Il B B =12

Figure 5 - Geological diagram of the Belogorskoye field and generalized section
along the A-B line
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Figure 6 - Geological and structural sketch of the Kara-Otkel deposit, according to [5]
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Several main channels with a width of 1-1.6 km
and a length of up to 12 km are known in the field.
The tributaries are 0.3 to 0.6 km wide and 1-3 km
long. The thickness of the productive deposit is up to
14 m, on average itis 4-7 m.

The lower part of the ore section of the deposit
is confined to the weathering crust of gabbro,
diorites, granosienites and more alkaline differences
in acid magmatism. The upper subzone of the kaolin-
type weathering crust (thickness from 2-3 to 8 m) is
represented by loams with rounded uneven patches
of brownish-red calcification. In the lower parts of
the subzone, the clay component is 50- 70%
hydrous, kaolinite — up to 15%, in the upper parts -
the content of hydrous varies between 20- 30%,
kaolinite — 40-50%. The composition of loams
contains 55% siltstone-clay fractions, and 45% -
sandy. Macroscopically, the lower part of the ore
section is made of variegated and light sandy clays
and loams, the ore component is represented by
ilmenite, in the form of uniform inclusions and
sharply enriched nests and interlayers, with a
content of up to 4-15%.

The upper part of the ore section in the main
channel is represented by unevenly granular arkose
obliquely layered sands of the North Zaisan
formation [5], consisting of quartz (12-48%),
potassium feldspar (5-30%), plagioclase - up to 7%,
fragments of kaolinized sandstones and siltstones of
the lower and Middle Carboniferous (up to 15%),
with inclusions ilmenite and zircon.

Ore minerals represented by ilmenite, zircon,
leucoxene, and rutile undergo the following changes
in composition and appearance:

- ilmenite: average contents in the weathering
crust of 1.72%, in the sands of the North Zaisan
formation - 2.96%, zircon: in the weathering crust —
0.15%, in the sands — 0.6%, leucoxene — 0.63% in the
weathering crust, 0.46% in the sands.

IImenite and zircon experience obvious
enrichment in alluvial-proluvial conditions, the
leucoxene content decreases, apparently due to the
low mechanical strength of the grains. In terms of
the chemical composition of ilmenite, as the initial
ore—bearing formations matured, the bedrock — the
crust of chemical weathering - the products of the
redeposition of the weathering crust accumulated
titanium oxide with the loss of total iron [5]. Judging
by the geological position of the deposit (Fig.7), the
root sources of the placer ore minerals appear to be
quite clear. Studies of the composition of ilmenite

and zircon from the Karaotkel-Preobrazhenskaya
intrusion, eluvium and redeposition products
performed by one of the authors of the article
indicate that the chemical composition of ilmenite
from the weathering crust and Paleogene sands has
a similar composition to the indigenous intrusive
rocks of four of the five phases of the Karaotkel-
Preobrazhenskaya intrusion, with the lowest
discrepancies in the content of basic elements (TiO2
and FeQ) between ilmenite from gabbro of the 4th
phase, weathering crust and Paleogene sands [13].

The Satpayevskoye titanium deposit, located 18
km north of Kara Otkel, is confined to the zone of
transition from an accumulative plain to a low
mountain and is localized in alluvial deposits of the
Aral formation of the Miocene, lying with a sharp
angular discrepancy on the surface of Paleozoic
rocks or their weathering crusts.

The mineralization plan has a ribbon-like
elongated shape, with maximum thickness in the
central part with a gradual decrease towards the
flanks. The areas of alluvial mineralization in the plan
follow the contours of the faults, which are
manifested in the form of crushing zones, intense
fracturing and linear weathering crusts (Fig. 8). The
beds of Neogene watercourses clearly inherit
fragments of discontinuous tectonics. There are 5
placer sites in the field with a similar geological
structure, with valleys ranging from 8.7 to 12.6 km
long and widths from the first hundred to 900 m. The
thickness of the ore sands is from 1 to 14.8 m.

IImenite mineralization is concentrated in sandy
clays and in poorly sorted medium- and
multigrained, often clay sands. The fraction content
of -0.05 mm is from 13 to 84%, with a kaolinite-
hydrous composition. Sand fractions are
represented by quartz (60%), potassium feldspar,
and oxides- iron hydroxides. llmenite occurs in the
form of poorly and moderately rounded grains, flat
and tabular precipitates and their fragments. Zircon
is found in insignificant concentrations, which
determines the specialization of the deposit as
purely titanium. A comparison of the ilmenite
placers of the Satpayevsky deposit and the
Preobrazhenskaya intrusion [[13], [26]], as well as
the structural position of the Satpayevsky ore field
along the boundary of the intrusion and zones of
tectonic  disturbances inherited by placer
watercourses, indicates that the Preobrazhenskaya
intrusion served as a source of placer ore material.
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Figure 8 - Geological scheme of the Satpayev Deposit of Ti-Zr placers, according to [26]
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In the vertical section, the ore-bearing horizon
demonstrates a transgressive cycle of the Early
Miocene [[26], [27], [28]], beginning with alluvial-
proluvial quartz-feldspar sand with gravel, less often
sandstone and sand-gravel material. Above the
section there are sandy-clay deposits, which are
alluvial according to the conditions of formation. The
thickness of productive sediments ranges from 2.4
to 15.6 m, with an average of 7.8 m (Fig. 9).

Industrial ilmenite mineralization is confined to
the lower sandy part of the Aral formation, with a
mineral content of 20-200 (120 on average) kg/m3.
Clays deposited on the sands of the ore- bearing
horizon contain only rare inclusions of very fine
ilmenite and form the off-balance sheet part of the
deposit's reserves [29].

In general, the geological and genetic position of
the two described deposits in the north-west of the
Zaisan depression differs in the features of ore
material mobilization. In both cases, the formation
of placers is associated with the redeposition of the
crust by chemical weathering. However, in the case
of the Kara-Otkel, the Paleocene-Eocene saw the
beginning of deflection of the Zaisan Depression
with weak tectonic movements of the Altai
peneplain, which led to the initial stage of erosion of
the Cretaceous weathering crusts [[27], [29]]. The
area of the Satpayevsky deposit in the Paleocene-
Eocene remained a weakly hilly peneplenized plain.

The beginning of the Alpine orogeny at the end
of the Lower Miocene is associated with the
involvement of the Satpayevsky deposit area in
differentiated tectonic movements. At the same
time, a wide lacustrine transgression of Zaisan
develops in a northwesterly direction [[13], [25],
[27]], forming the lower (balanced) sand-gravel
horizon of the deposit's placers. The stabilization of
the erosion base, at the maximum of lake
transgression in the Middle Miocene, is associated

(m) NW

N
478 (277

with the formation of sandy-clay formations forming
the upper (off-balance) ore horizon.

Placer genesis in the Quaternary period is
associated with the erosion of Paleozoic formations,
which were poorly affected by the hypergenic effect,
since the main part of the eluvium was recycled at
the beginning of the Alpine movements. This
determined the polymictic composition of the clastic
material of quaternary placers of gold and rare
metals in the river valleys of the Kalba-Narym zone.

The next region with Cenozoic placer generation
is the northern slope of the Kazakh Shield. The
formation of the Middle-Upper Eocene coastal-
marine titanium-zirconium placers is known here,
traced as an intermittent strip of fine-grained sands
for about 400 km, from the northern slope of the
Kokshetau massif to the Irtysh Valley. There are
known some placer deposits, from west to east:
Obukhovskaya Group (Ti-Zr-TR), Orlinogorskoye (Ti-
Zr-Sn), Kara-Agash, Letovochnoye (Ti-Zr), Zayachye,
(Ti-Zr), Druzhba (Zr-Ti).

These deposits have a complex titanium-rare
metal specialization, with an ilmenite-to-zircon ratio
of 2-3:1. The last of these placers, Druzhba— is
characterized by a predominance of zircon in the
heavy fraction, with an ilmenite/zircon ratio of 1:2-
2.5[[2], [10], [30]], which reflects the zirconium-rare
metal specialization of the indigenous sources — sub-
alkaline and alkaline collisional granites south and
southeast of the placer (Fig. 10, 11).

All Eocene placer complexes of Northern
Kazakhstan and the Pavlodar Irtysh region are united
under the name of the Obukhov strata and are
characterized by a three-member structure.

r478

- Fa70
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L450

Figure 9 - Geologic al section of Satpayevskoye Deposit along the A-A line, pic. 1 — Quaternary sediments, sandy loams
(Qlll- IV); 2 — sandy-gravel-pebble deposits, and 3 — sands (Ql); 4 — Aral formation, N 1-2, clays; 5 — sandy clays
containing subeconomic ores; 6 — weathering crusts from sedimentary rocks of the Bukon formation (C2);

7— economic ore; 8 — contour of the ore-bearing zone; 9 — static groundwater level; 10 — exploration drillholes
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upper,

N2-Q - cover loams and clays.

Figure 11 - Druzhba generalized section along the A-A line on fig. 10

The obl horizon with a thickness of 2-15 m lies
directly on Paleozoic formations, less often on their
weathering crust, consists of fine—grained gray or
greenish-gray quartz sands with a characteristic
admixture of glauconite and spicules of three-ray
sponges, in rare cases shark teeth are found.

These deposits are paralleled with the maximum
Paleogene transgression in the Middle Eocene,
corresponding to the middle part of Lyulinvor
formation of Western Siberia [[2], [13], [31], [32]].
Ob1 ores are represented by ore minerals dispersed
in the total thickness, without concentrations in the

form of black sludge layers. The texture of the sands
is indistinctly layered, often with a slightly
pronounced horizontal layering formed by thin (up
to 1-2 cm) layers of larger sands. Above, with a sharp
transition, there are large sands of the ob2 horizon
with a thickness of 1- 2 m, carrying insignificant
concentrations of heavy sludge — 1-3 kg/ton.

The ob3 horizon contains the main
mineralization on all placers of the northern slope of
the Kazakh Shield, lying directly on the clays or
coarse sands of the false raft. It is represented by
fine- grained yellow, gray-yellow sands with
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scattered well-rounded gravel and a content of
siltstone particles of up to 25% [2]. The texture of
ob3 sands is emphasized by gently undulating and
subhorizontal-wavy, undulating layers of slurry. The
concentrations of ore minerals are in the range of 5-
65 kg/t of the heavy fraction, 90% represented by
ore minerals of titanium and zirconium, with a ratio
of zircon to ilmenite of 2-2.5:1.

The genetic features of the Druzhba placer [[1],
[32]], which distinguish it from other deposits of the
northern slope of the Kazakh Shield, consist, as
already noted above, in:

1-  Zircon ore specialization,

2-  the sand-gravel composition of the false
raft, in contrast to the clay composition of the other
placers,

3- very fine-grained composition of ore-
bearing horizons and ore minerals.

The zircon specialization of the placer is
explained by the widespread development of
subalkaline and alkaline granite intrusions, which
are characterized by zirconium-rare metal
mineralization in the southern and SE fringes of the
placer. Ore minerals were brought by the river (Pra-
Tundyk), which drained the areas of development of
zircon-bearing  granites with a developed
weathering crust.

The rough composition of the false raft, unlike
the clay composition of other deposits, is explained
by the deflection of the Irtysh syneclise inherited
from the beginning of the Eocene, which was
reflected in the deep depression of the Middle
Eocene Sea, with penetration into the valley of the
Great Tundyk by 40-50 km. This fact is justified by

the presence of well-rounded sands cemented into
quartzite-like sandstones with leaf prints of the
Middle-Upper Eocene flora [[32], [34], [35], [36]].

The zircon source was Late Carboniferous and
Early Permian granosienite massifs drained by the
Great Tundyk (Bestau, Kalmak-Kurgan, etc.), the
distance to which is 40-100 km. Zircon-malacons of
the Early Triassic liparite-dacite Bestau massif (Fig.
10), despite the significant content of zircon in rocks
(up to 1.5%) and the relatively short distance to the
Druzhba placer, took little part in the formation of
zircon concentrations [[2], [32]]. This fact is
explained both by the low resistance of the
malacons themselves to river and coastal-marine
transport, and by the characteristic western
direction of longshore transport from river deltas, as
the main suppliers of placer material, whereas the
Bestau massif is located east of Tundyk delta. The
western direction of transfer has been reliably
diagnosed in the Obukhov placer group, Zayachye,
and Druzhba [[1], [2], [22], [28]].

A characteristic difference between the material
composition of Druzhba and other placers of the
northern slope of the Kazakh Shield and, especially,
Western Siberia, is the extremely small size of ore
minerals and the corresponding quartz grains in
hydraulic size [[32], [36]]. Ore minerals of titanium-
zirconium placers in Western Siberia have the
dimension of fine-grained sand up to the upper
boundary of coarse siltstone, Druzhba - the
dimension of coarse siltstone (55%) and fine
siltstone and pelite (45%), Table 1.

Table 1 - The dimension of heavy fraction minerals from Sublittoral and Alluvial Cenozoic placers in Northern
Kazakhstan, southern part of West Siberia, Zaisan Depression, and modern placers. According to the [[2], [13], [22], [30],

(33]]
Ti-Zr minerals Modern placers Zaisan North Kazakhstan and South of West Siberia
dimension, mm (Aynemer & Early Miocene Pavlodar-Irtysh (Rikhvanov et al., 2001)
Konshin, 1982) Middle-Late Eocene Early Oligocene
Satpayevskoe Obukhovskaya Druzhba Tuganskaya Tarskaya
+1.0 0 0 0 0 0
-1.0+0.5 03 0 0 0 4.6 1.2
-0.5+0.25 2.5 35 0.8 1.0 5.1 1.9
-0.25+0.1 60.1 20.9 5.7 33 44 12.2
-0.1+0.05 30.1 60.8 52.9 50.1 29 51
-0.05+0.01 5.2 13.8 23.3 25.1 2.6 16.5
-0.01 14 1.0 16.5 20.3 14 14.4
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So, modern placers are concentrated in
medium-grained beach sands with fine and medium-
grained dimensions of ore minerals. Placers of
Western Siberia are found in fine—to-medium-
grained sands with fine-grained ore minerals, with a
significant - up to 30% - content of ilmenite in the
siltstone-clay fraction. The Satpayevskoye field of
the Zaisan depression is characterized by similar
dimensional parameters. The placers of the
northern slope of the Kazakh Shield are
characterized by fine-grained sand and ore minerals
of coarse siltstone (0.1-0.05 mm), fine siltstone and
clays (less than 0.05 mm).

Discussion

Sequence of processes of placer deposition and
ore bodies facies diagnostic

Genetically, the placers of these provinces differ
in their facies type:

- North Kazakhstan placers (Obukhov, Kara-
Agash, Zayachya, etc.) are composed of Eocene fine-
grained sands. Facies diagnostics [[1], [2]] indicate
sublittoral ~ formation  conditions  with a
predominance of longshore accumulative sands in
the lower part of the Obukhov sequence and a
complex polyfacies sequence with the participation
of deposits of longshore ridges, delta channels, bars,
and embankments in the upper part of the Obukhov
sequence. Clays of the false raft coincide with a
short-term retreat of the sea, with the formation of
a lagoon or delta in place of the open coast. The
texture of the sands is mainly wavy, the series
alternate with horizontally layered, formed by thin
layers of rich sludge (1-3 cm), coarse sands or
siltstones. Such features of the ore-bearing stratum
indicate the absence of classical beach deposits,
which are characteristic of modern placers of the
oceanic coasts of Australia, India, South Africa, etc.
([1], {21, 1371, [38]].

- Placers of the Pavlodar Irtysh region was
formed in less active conditions of the sublittoral
(off-shore placers). Fine-grained sands with fine
(silty) ore minerals predominate, having an
indistinctly stratified or weakly expressed wavy
texture. Such formations are typical for delta islands,
lagoon beaches, and, in general, coasts where water
exchange with the open sea is difficult [[2], [10],
[32], [38]]. The false raft is also considered, as in the
placers of Northern Kazakhstan, as a product of
short-term regression, but due to the beginning of
the activation of the formations of the Chingiz-
Tarbagatai zone, which was drained by watercourses
supplying placer components to the Druzhby region,

and the inherited deflection of the Irtysh syneclise,
coarser-grained material was supplied to the coastal
zone [2]. The actual sands of the false raft appear to
be alluvial or alluvial-deltaic.

- Placers of the Zaisan region are polyfacies
formations (deluvial-proluvial-alluvial, with the
inclusion of eluvium of the primary source in the
lower sections) (Kara-Otkel), or alluvial, which
drained the rich primary source of ilmenite directly
[[5], [6], [26], [29]]. The formation of the Kara-Otkel
placer deposit is associated with the onset of rifting,
which manifested itself in the subsidence of the
Zaisan Basin and the renewal of the river network on
its northwestern margin. In contrast, the topography
of the Kara-Otkel-Preobrazhenskaya multiphase
intrusive region, like that of the entire Rudny Altai,
retains a weakly defined undulating character with a
developed weathering crust throughout the
Paleocene. The onset of peneplain destruction likely
occurred during the Danian-Ypresian interval.

By the end of the Miocene, Altai was a medium-
low mountain country, including the northwestern
periphery of the Zaisan Depression [[15], [34], [39]].
This process directly influenced the formation of
placers of the Satpayevsky deposit. Unlike the Kara-
Otkiel basin, the reason is not rifting with the
deflection of the Zaisan Depression, but the growth
of mountains that began in the Early Miocene and
peaked in the Early Quaternary [34]. The sediments
of the lower part of the Aral formation correlate with
the growth of the mountains. It is obvious that
orogeny took place in a pulsating mode —the Lower
Miocene stage took place, after which the Altai
Mountain were leveled. The next was the lower
Quaternary stage of large-scale mountain growth
associated with the continuation of the collision of
Hindustan and Asia, when there was a significant
increase in the Himalayas, Kunlun, Pamir and the
general uplift of Tibet [[39], [40], [41]].

The placers age estimation in Northern
Kazakhstan and the Pavlodar Irtysh region is
ambiguous due to the rare finds or uncertainty of
any faunal or floristic remains in the placer strata.

Since the extensive exploration of Ti-Zr placers
in northern Kazakhstan and southern Western
Siberia (late 1950s — mid-1960s), the formation of
coastal-marine placers has been considered to be of
Middle Eocene — Lower or Middle Oligocene age,
with reference to the coastal facies of the Tavda
Formation. Some of this view remains valid today
([11], [22], [30]].

At the same time, in the late 1970s, V. A.
Dargevich identified the first spore-pollen
assemblages, allowing for a more precise age

—— 4 ——
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determination of the ore-bearing sands, as
corresponding to the upper reaches of the Lyulinvor
Formation, or the upper part of the Middle Eocene
[[42]]. Subsequent work by the authors on assessing
the rare-metal potential of Kazakhstan's placers
confirmed these views [[2], [10], [32]], leading to a
refinement of the geological and genetic position of
the placers and, ultimately, to an increase in the
prospects of the eastern part of Northern
Kazakhstan, with a likely strengthening of the
mineral resource base of the Republic of Kazakhstan
for titanium, zirconium, and rare earth elements.

The placers framing the Kokshetau Proterozoic
massif — Obukhovskaya group, Letovochnaya, Kara-
Agash, and others - have been dated fairly reliably.
The Obukhov formation (ob1-3) is compared with
the middle-upper part of the Lyulinvor formation of
Western Siberia, late Lutetian-Bartonian [[10], [22],
[36]].

As for the placers of the Pavlodar-Irtysh region,
the question of the age dating and the relationship
of ore-bearing formations in the Pavlodar Irtysh
region and Northern Kazakhstan remains
controversial. The following should be noted:

1. The influx of huge masses of dissolved
silicic acid and silica gel into the coastal waters of the
Lyulinvor basin, with the simultaneous development
of radiolariae, sponges, and diatoms in deeper parts
of the sea. Well-known sections of the Lyulinvor in
the valley of the Olenty River, at the confluence with
the lake Auliekol are formed by chemo- and biogenic
opoka [36].

2.  Assite of alluvial formations was identified
by one of the authors 40 km south-east of the
Druzhba placer, in an ancient river valley inherited
by the modern Tundyk River. The section shows a
gradual transition from the bottom up, from coarse-
grained sands through gradual silicification to almost
pure quartzite. The thickness of the sands is 3.5 m,
sandstones, from loose to dense, on ferruginous-
siliceous cement — 1.2 m, quartzite with a thickness
of 0.1-0.15 m lies on top.

The entire complex lies in a local Paleozoic
depression, which preserved the sands from erosion
during the latestactivation. This section corresponds
the formations of the false raft of the Druzhba placer
due to the identity of the composition and
dimension of the sands [[32], [36]].

3. It seems possible to assume epigenetic
silicification of the sands and to draw a parallel with
the time of accumulation of siliceous rocks in the
middle part of the Lyulinvor formation of Western
Siberia, respectively, the Tundyk alluvium is older
than the placers of the North Kazakhstan, probably

the late Ypres-early-middle Lutetian. In this case, the
main ore horizon of the Druzhba placer, correlating
with the upper Obukhov strata (ob3), can be dated
as Early-Middle Lutet. With this interpretation,
Druzhba looks like a slightly older placer, in
comparison with the deposits of Northern
Kazakhstan: Lutetian age of Druzhba versus late
Lutetian - Bartonian age of the placers of Northern
Kazakhstan.

The question of why ore formations are shown
in lutetian sands is also controversial.

Below, we will consider our hypothesis about
the occurrence of a special wind circulation in
Central Asia at the end of the Iperlutetia, which
contributed to high concentrations of heavy fraction
in coastal accumulative forms.

The movement of sediments along the coast is
the main factor in the classification of material by
hydraulic size and the formation of placers in
sublittoral conditions. [[1], [22], [32], [37]. The
presence of steady winds is assumed to be a
prerequisite for the formation of coastal placers.
This does not negate the formation of classical beach
placers (black sands), which are most common in
modern conditions, but in most cases, examples of
Eocene beach formations have not been reliably
confirmed.

Since sublittoral placers themselves are
indicators of the direction of coastal transport [[1],
[32], [33], [38]] and are always located west of river
deltas that served as the main suppliers of ore
minerals, it would be logical to assume a
northwesterly direction of coastal currents and,
accordingly, a westerly or northwesterly direction of
prevailing winds.

It is assumed [[31], [43]] that the high-pressure
zone in Tarim has existed since the end of the
Cretaceous period, and the high-pressure zone in
the Gobi appeared with the onset of global cooling
in the middle to the end of the Eocene. Due to the
non-contrasting climate of Central Eurasia, until the
middle of the Eocene, there were no conditions for
the occurrence of strong winds [[28], [31], [44],
[45]]. Starting from Lutet, with a general cooling,
there is an expansion of high-pressure zones in
Tarim and Gobi (Fig. 12). This is facilitated by the
cessation of water exchange between the Tethys
and the Arctic, which was carried out through the
Turgai Strait and leveled the climatic conditions of
Eurasia in the range of 35-55 degrees north latitude.
[[35], [43], [46]].

At the same time, the structures of Altai and
Dzungaria were shallow hills and hilly plains that did
not interfere with the western winds [40]. On the
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Figure 12 - Palaeogeographical scheme of the Central Eurasia for early Eocene (leftward) and mid- late Eocene
(on the right), according to [[35], [46]]. Atmospheric circulation - author's views

other hand, the beginning of large-scale erosion of
the weathering crust of the Kazakh shield
contributed to the penetration of silica compounds
into the adjacent regions of the West Siberian basin,
which led to the formation of a Lulinvor formation,
siliceous in composition (opoka, siliceous clays,
quartz sand). In coastal and subtidal conditions,
concentrations of a heavy fraction of industrial scale
are formed during Lutet, which was facilitated by:

- deep chemical weathering of the primary
sources of placers - formations of different ages
forming the Kazakh shield, Dzungaria and Altai;

- the existence of river systems - ways of
transferring ore minerals to final runoff basins,

- the emergence of a stable system of
atmospheric circulation in the form of westerly and
northwesterly winds, which led to constant coastal
currents in the West Sobir Sea and, in turn, to the
formation of various coastal accumulative forms
containing increased concentrations of heavy
fraction, which became the basis for the formation
of placers. The formation of beach placers proper
most likely took place, but the vast majority of them
were destroyed by subsequent erosion.

The above reasons for the generation of
industrial accumulations of the heavy fraction
expand the prospects for the discovery of new
titanium-zirconium placers in the Pavlodar Irtysh
region. The results of  paleogeographic
reconstructions given in this article, as well as in
other works of the authors [[1], [2], [32], [38]],
suggest that new placer ore bodies can be found
south of the placer mining belt, which extends more

than 400 km along on the northern slope of the
Kazakh shield and in the Pavlodar Irtysh region.

We believe that the formation of ore bodies in
the main (upper) ore horizon of the Druzhba placer
does not correspond to the maximum transgression
level of the Ipresian-Lutetian basin, but rather
indicates stabilization.

The deepest penetration of the sea into the
Kazakhstan shield is shown by blue boundary on (fig
3) and marked by fields of medium- and coarse-
grained sands covered by quartzites. It dated by the
Eocene on geological maps, more precisely, in our
opinion, by the early Lutetian. These formations are
widespread from the valley of the Shiderta River in
the west to the valley of the Tundyk River in the east,
forming separate sand lenses up to 3-10 km long and
1-2 km wide, preserved from subsequent
denudation in the depressions of the Paleozoic
basement.

In some of these areas, quartzite-like
sandstones lie directly on Paleozoic complexes; in
others, sands up to 10-12 meters thick lie between
sandstones and Paleozoic rocks, and reveal
increased contents of heavy minerals up to 10-12 kg
per ton [32]. From our point of view, such
formations can be the remains of beach placers of
Eocene basins [2]. In addition, east of the Bestau
Mountains, within the western slope of the Irtysh
syneclise, sands correlating with the lower ore layer
of the Druzhba placer are possible. These sands are
traced by single wells at a depth of 10-50 meters and
are covered by Pliocene clays and Quaternary sands.
The above considerations significantly expand the
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prospects for the discovery of titanium-zirconium
placers along the eastern part of the northern slope
of the Kazakh Shield.

Conclusion

In preparing this article, the authors sought not
only to describe individual objects of the placer
series of formations in the series "weathering crust -
alluvial placer - coastal-basin placer", but also to
show the features of the processes of placer genesis
for each of the members of this series, both locally
and regionally. In particular, this applies to Ti-Zr
placers of the Zaysan depression, Northern
Kazakhstan and Pavlodar Irtysh region, the subject
of authors’s many years research.

The issue of correlation of Northern Kazakhstan
single coastal-marine formation with classical
marine formations of Western Siberia - the Lyulinvor
and Tavda formations of the Eocene is considered.
The older age of the Obukhov stratum for the
Pavlodar Irtysh region is being substantiated in
comparison with the northern slope of the Kazakh
shield.

For the first time, we consider the factor of
regional atmospheric circulation as one of the
decisive for the formation of the Eocene placer-
bearing coastal-marine formation. The sequence of
tectonic-climatic changes in the Late Cretaceous-
Eocene of Central Asia is substantiated as the reason
for the subsequent placer formation.

The chain of events originates in the collision of
the Indian subcontinent and Eurasia, which was
reflected in Northern Kazakhstan by a complex of
block movements and the beginning of a large-scale
erosion of eluvium formed during the Dat-Eocene
climatic optimum. At the same time, there is a
shallowing of the Turgai Strait with the cessation of
communication between the Arctic and Tethys
basins. The result is an increase in climate contrast,
with the activation of intracontinental high-pressure
zones in Tarim and Gobi, with the emergence of a
system of stable westerly and northwesterly winds.
We believe that such climatic events led to the
generation of constant alongshore currents, which
became the main agent of coastal placer generation
in the Middle, and to a lesser extent in the Late
Eocene. At the same time, classic beach placers
could form, but, most likely, were destroyed by

subsequent denudation, and their finds are not
reliably known.

This interpretation of the tectonic and climatic
events of the Early Paleogene explains the location
of placers on the northern slope of the Kazakh Shield
and in the Pavlodar Irtysh region. Placers are always
located to the west of the paleodeltas, which
determines the leading role of rivers in the supply of
ore material, unlike modern coastal-marine placers,
where the main role in the ore material suppling
belongs to coastal abrasion.

At the same time, prospects are expanding for
the discovery of new ore placer deposits south of the
border of Paleogene deposits continuous
distribution at Northern Kazakhstan and Pavlodar
Irtysh region. We believe that there is reason to
expect the discovery of beach and delta placers in
the depressions of the Paleozoic basement, made by
Eocene sands and armored quartzite-like
sandstones.

Conflict of interest: The authors declare that
they have no known competing financial interests or
personal relationships that could have appeared to
influence the work reported in this paper

CRediT author statement: |.Poezzhaev:
supervision, conceptualization, investigation,
writing-original  draft; D.Nigmatov and M.
Imangalieva: writing -original draft, writing -review
& editing, supervision; O. Gavrilenko, N.
Temirbekov, Z.Mustafina, N. Zimanovskaya:
conceptualization, writing -review & editing.
Acknowledgement: The authors have no

acknowledgements to declare.

Funding information: This research was funded
by the Committee of Science of the Ministry of
Science and Higher Education of the Republic of
Kazakhstan (No. BR 27100483 “Development of
predictive exploration technologies for identifying
ore-prospective areas based on data analysis from
the unified subsurface user platform
"Minerals.gov.kz" using artificial intelligence and
remote sensing methods”).

Data availability statement: The data that
support the findings of this study are available on
request from the corresponding author. The data
are not publicly available due to privacy or ethical
restrictions.

Cite this article as: Poezzhaev IP, Nigmatov DF, Imangalieva MZh, Gavrilenko OD, Temirbekov NM, Mustafina ZA, Zimanovskaya
NA. Placer formation processes in the cenozoic of Northern and Eastern Kazakhstan. Kompleksnoe Ispolzovanie Mineralnogo
Syra = Complex Use of Mineral Resources. 2028; 345(2):52-71. https://doi.org/10.31643/2028/6445.16



https://doi.org/10.31643/2028/6445.16

2028; 345(2):52-71

ISSN-L 2616-6445, ISSN 2224-5243

Contycrik »kaHe LWbifbic KasaKcTaH KaHO30MbIHAAFbI WALWbIIbIMAAPADIH,

Ty3iny npouecrepi

Noesaes WU.MN., *Hurmaros A.0., 'Mmanranuesa M.X., Taspunenko 0.4.,
Temup6ekos H.M., ZMyctadpuHa 3.A., 23umaHosckas H.A.

1 Innova Engineering Servic» XKLUC, Aamamel, KazaxcmaH

2 KazakcmaH Pecrniyb6auKacbiHbIH ¥AmmbiK uH#ceHepik akademuscel (KP ¥UA), Anmamel, Kazakcmat

Makana kengi: 18 Haypei3 2026
CapantamagaH etri: 20 cayip 2026
Kabbinganabl: 9 mayceim 2026

TYWIHAEME

Makana LUbifbic aHe CONTycTik KasakcTaH aymarblHAafbl WaALLbIAbIMAAPAbIH, TY3iNYiHIH TOAbIK,
reonornANbIK-reHeTUKaNbIK KaTapbl BOMbIHWA AepeKTepai KannblnayFa apHanfaH. OHaa Au, Ni,
Co, RM, Ti, Zr, Nb, TR KeH MUHepanzapblHblH, TYMKi Ke3aepiHAe KanbINTacKaH KaONWMHAIK
npodunbgeri yriny KpipTbicTapbiHaH 6actan, 3alicaH OWMbICbIHAAFLI KAKbIH TacbiMangaHFaH
nonAnaLmMANbIK }KIHe annioBUaNabIK WallblIbIMAAp apkblibl ConTycTik KasakctaH meH Masnopap
EpTic MaHbIHbIH, ’Kafanay-TeHi34iK MAbMEHUT-LUMPKOHAbI LWAWbIAbIMAAPbIHA  AeRiHri  Ty3iny
KeseHAepi KapacTbipblnadbl. PyaHbli  AnTaifafbl  anTblH  KOHE HUKenbre 6ai  yriny
KbIPTbICTAPbIHbIH, KUManapbl MeH KeHAEPAiH JI0Kann3auma 3aHAbINbIKTapbl HEFYPIbIM erken-
TerKenni TanpgaHfaH. TEKTOHWKaNbIK  PEeXWMHIH, epeKkwenikTepiHe 6ainaHbicTbl  3alicaH
OMbICbIHAAFbl  MANeoLEH—MUOLEH Ke3eHiHAEr WAbMEHUT LAl bINbIMAAPbIHbIH,  KanbinTacy
JKafgaWnapbl cunaTtTanagbl: naneoueH—3oueHaeri pudToreHes KaHe TOMEHr MuoueHaeri
oporeHe3. KasaK KanKaHbIHbIH, 3/1I0BUINIHEH KPeMHWUIAIH ayKbiMAbl WalblaybiHa 6alinaHbICTbl
MNasnogap EpTiC MaHbl WAWbINbIMAAPLIHbIH, }acbl HaKTblNaHFaH. Kafanay-TeHi3AiK WawbiabiMm
Ty3iny npouectepiHii, OpTanblk Eypasuagarbl alimakTblK naneoreorpaduablk, e3repicTepmeH
6ainaHbicbl kKepceTinreH. byn esrepictep MHAOCTaH MeH Eypasuna nanTanapblHbiH COKTbIFbICYbIHAH
JK9He naneoueH-TOMEHTi 30LeH Ke3eHiHAeri TemnepaTypanblk MakCMMyMHaH 6actay anagbl.
CoHbiMeH KaTap TeTuc neH ApKTMKa wenbdTiK TeHi3aepi apacbiHAafbl Cy asiMacyablH, TOKTaybl
HaTUXKeciHae Tapum meH [06uM alimakTapblHaH 6aTtbic GafbiTTafbl TYPaKTbl KeNAepAiH
KanbINTacybl KaHE oNapAplH, Kasak KanKaHblHbIH, CONTYCTIK WeTiHae cybanTopanbaplk,
WaLWbINbIMAAPAbIH Ty3iNyiHe biKkNaibl KEPCETINTeH.

TyliiH ce30ep: Yriny KpipTbiCbl, TUTAH, CUPEK METaNAap, Kafanay-TeHi3A4ik WallbinbIMaap.
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AHHOTALMUA

CTaTtba nocBaAweHa 0606LWEeHNI0 AaHHbIX NO BCEMY re0/1I0ro-reHeTUYeCKoMy paay poccbinereHesa
B BoctouHom u CeBepHom KasaxcTaHe: oT 06pa3oBaHWMA KOP BbIBETPUBAHUA KAaOAMHOBOMO
npoduna Ha KOPEHHbIX UCTOYHWUKAX pyaHbix muHepanos Au, Ni, Co, RM, Ti, Zr, Nb, TR, uepes
nonndaumanbHble U annoBMaNbHble POCCbINUM GAMKHEro cHoca 3aliCaHCKOM BMaguHbl A0
NPUBPEKHO-MOPCKUX  WIbMEHUT-UMPKOHOBLIX  poccbineli  CesepHoro  KasaxctaHa w

Mocrynuna: 18 mapma 2026 Masnogapckoro MpuupTbiwba. bonee Nogpo6HO paccMOTPeHbl pas3pesbl U 3aKOHOMEPHOCTU

PeueHsnposaHue: 20 anpens 2026
MpuHATa B NevaTs: 9 utoHA 2026 npeactaBfeHne O  pasAnyHbIX  0bBcTaHOBKax  GOpMUPOBaHWMA  MaseoueH-MUOLLEHOBbIX

NNbMEHUTOBbLIX pOCCbII’leﬁ 3aicaHckom BMaguHbl, B 3aBUCMMOCTU OT TEKTOHUYECKOro pexxmma —
pM¢ToreHe3a B ManeougeH-30UeHe W OporeHes3a B HWMXKHEM muoueHe. YTOYHeHa AaTUpPOBKa

JIOKanuMsauun pya gna 3010Ta- U HUKENNIEHOCHbLIX KOpP BbIBETPUBAHUA Py,CI,HOI'O Antasa. [aHo

poccbineit Masnogapckoro MpUMpTbILWbLA, B CBA3MU C MACLUTAaBHbIM BbIHOCOM KPEMHUA U3 3110BUA
Kasaxckoro wwrta. [lokasaHa CBA3b NPOLLECCOB NPUOBPENKHO-MOPCKOTO pocCchinereHesa ¢
peruoHanbHbIMK NaneoreorpadUIeckUmMmn M3MeHeHUsMU B LieHTpanbHol EBpasuu, HaumHas c
Konnausmmn MHaoctaHa v EBpasum 1 naneoueH-HUKHEI0LEeHOBOro TeMNepaTypHoro Makcumyma.
MokasaHa ponb 3aBeplueHus Bogoob6MeHa mexay wenbdoBbiMM MopamK TeTuca v APKTUKKU B
BO3HMKHOBEHWM MOCTOSHHbIX BETPOB 3amafHOro HanpasneHus u3 Tapuma u Tlobu B
BO3HMKHOBEHWM CYBNUTOPA/IbHBIX POCChINeit ceBepHOro obpamaeHns Kasaxckoro wura.

Knrouessie cnosa: Kopa BbIBETPUBAHUA, TUTAH, peaKue meTtanibl, an6pe)KHb|e poccbinu.
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ABSTRACT

The Karaganda coal basin is one of the most gas-bearing in the world. Its feature is that there are
no large accumulations of free gas in it, while the natural gas content reaches up to 25-30 m3/t;
this is confirmed by a large volume of gas sampling, gas logging data, and gas survey data in
operating mines. Methane from coal seams enters the atmosphere through natural migration
through overlying rocks, as well as at the places where seams outcrop under overburden and
through the shafts of closed mines. During degassing of coal seams in the Karaganda basin during
the opening of seams by mine workings, including during open-pit mining, seam outcrops to the
surface, degassing of the worked-out space of closed mines, part of the extracted methane is used
at the mines for obtaining thermal and electrical energy, and the larger part enters the atmosphere
during degassing of coal seams. It is known that methane entering the atmosphere retains the
Earth's heat significantly higher, by 25-30 times, than carbon dioxide. The extraction of methane
from unloaded coal seams for its industrial use in obtaining thermal and electrical energy is an
important task in the development of technologies for the integrated development of coal-
methane deposits, as well as for reducing the environmental load on the regions where they are
located. The purpose of the research is the identification in the section of gas-bearing coal seams
for assessing the potential of methane extraction from unloaded seams for its industrial use and
reducing emissions into the atmosphere. Methods. A complex of geophysical methods for studying
exploration wells to investigate the physico-mechanical and filtration-capacity properties of coal
seams and host rocks, sampling and analysis of coal seam samples in mine workings. Results.
Patterns of changes in the complex of physical properties of coal seams determining their gas
content have been established, geological justification for these changes and changes in the
physico-mechanical properties of host rocks has been given. Application. The gas-bearing coal
seams identified in the section can be used in planning methane extraction from all gas-bearing
seams of the geological section, including coal seams being developed by mines, and the patterns
of changes in physico-mechanical and filtration-capacity properties of coal seams prepared for
development or being developed can be used in geomechanical calculations. The factual materials
for conducting the research were obtained from the results of laboratory and geophysical studies
of exploration wells, materials from geological and production reports.

Keywords: coal suites, metamorphism physico-mechanical characteristics of coal and host rocks,
gas content, forms of methane occurrence in coals, ecology, geomechanics.
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Indroduction

The gas content of coal seams in the Karaganda
Basin is studied to ensure safe working conditions
during mining operations in underground mines. As
the depth of mining increases, both the gas content
and gas pressure in coal seams rise, and their
physico-mechanical as well as filtration-capacity
characteristics undergo significant changes.

These factors govern the mechanism of coal and
gas outbursts, which encompass a complex
sequence of physical processes: destruction of the
coal mass, gas desorption, diffusion and seepage of
gas, and transport of pulverized coal within the gas
flow [[1], [2], [3]].

Investigations of gas-dynamic phenomena in the
basin's mines indicate the synergistic influence of
several key factors, including: in-situ stress and gas
pressure within the coal seam, physico-mechanical
properties of the coal, its micro- and
macrostructure, and the surface energy of coal
particles. The latter increases markedly with the
degree of tectonic pulverization of coal in zones of
tectonic dislocations and abrupt changes in seam
hypsometry [[4], [5], [6]].

Analysis of the factors controlling the
manifestation of gas-dynamic events — and their
implications for safe mining practices — highlights
the necessity of comprehensive studies of the
physical properties of coal seams and host rocks, not
only under natural (undisturbed) conditions but also
in areas already prepared for extraction [[7], [8]].

The development of fracture networks during
pre-mine degasification, as well as fracturing
induced by mining-induced destressing of the coal
seam (including that created by boreholes drilled
from development workings and in-seam
boreholes), substantially enhances the effectiveness
of coal seam degasification operations. All these
processes lead to alterations in the physico-
mechanical characteristics of the coal-rock mass,
which must be duly accounted for in geomechanical
calculations [[9], [10]].

In recent years, there has been growing global
interest in the exploration and development of
unconventional hydrocarbon resources [[11], [12]].
A promising direction for the development of
Kazakhstan’s fuel and energy sector is the integrated
development of coal-methane deposits, among
which the Karaganda Basin holds a prominent
position. One of the key components of this raw
material is coalbed methane — an environmentally
friendly and highly efficient energy and chemical
feedstock [[13], [14]].

Methane extracted during coal seam
degasification is utilized for industrial purposes. This
reduces its emissions into the atmosphere, thereby
mitigating its contribution to global warming,
climate change, and adverse effects on human
health [[15], [16]]. It is used for the generation of
thermal and electrical energy, and its utilization
promotes the intensive socio-economic
development of the coal-methane deposit region.

Experimental part

The object of the study is the Karaganda Coal
Basin, which includes the following districts:
Karaganda, Sherubai-Nurinsky, Tenteksky, and
Verkhne-Sokursky. The most productive and
workable coal-bearing suites are the Karaganda and
Dolinskaya formations.

Coal samples for laboratory investigations were
collected in accordance with GOST R ISO 18283-2010
“Hard coal and coke. Manual sampling”.

It is well known that the gas content of coals is
determined by the degree of metamorphism. In this
regard, the studied stages of metamorphism were
determined based on vitrinite reflectance (R°),
volatile matter yield (A%f), carbon content in the
coals, heat of combustion, and caking properties.
These analyses were performed in the specialized
laboratory of LLP "Scientific Research Center " Ugol’
I" in Karaganda.

It was established that the coals of the basin
belong predominantly to the Ill and IV stages of
metamorphism, with vitrinite reflectance (R°)
ranging from 0.52% to 2.8% [17].

Studies on the forms of methane occurrence in
coals were carried out using the DMT method
(Germany) at the “Spetsmontazhdegazatsiya”
department of the Mining Department of JSC
“Qarmet”. It was found that a dynamic equilibrium
exists in the coal matter between adsorbed
methane, absorbed methane, and methane in the
free phase. The measurements were performed on
250 coal samples taken from boreholes in seam D6
at the “Kazakhstanskaya” and “Lenina” mines in
underground workings. During the studies, the ash
content, volatile matter yield, and moisture content
of the coals were also determined.

Geophysical logging in open exploration
boreholes (GLB) was performed by the companies
Weatherford and IGeo.

To investigate the density and volumetric clay
content of coal seams within the Tentek (T) and
Dolinsk (D) formations at the Kazakhstanskaya mine
(boreholes Nos. 1/2, 2, and 3) and the Lenin mine
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(boreholes Nos. 1-4), studies were conducted under
conditions of the natural stress—strain state. The
research was carried out using an integrated suite of
well-logging  (geophysical logging) methods,
including gamma—gamma density logging (GGDL),
gamma-ray logging (GR), and broadband acoustic

logging (BAL), employing calibrated borehole
instruments.
Coal seams in the borehole sections were

identified using gamma—gamma density logging
(GGDL), characterized by lower density relative to
the surrounding host rocks, as well as by borehole-
derived clay content values from gamma-ray logging
(GR). Additional criteria included elevated electrical
resistivity obtained from the apparent resistivity
method (AR). Gas-bearing intervals were delineated
using the neutron—neutron logging method based
on thermal neutrons.

Drilling regimes for 128 mm diameter boreholes
adhered to the recommendations specified for the
Karaganda Basin in references [[18], [19]].

Results and Discussion

For the Karaganda coal basin, a general
relationship has been established between the gas

content of coal seams and the degree of coal
metamorphism, as well as changes in their physical
properties [[20], [21], [22]], including their
association with tectonically weakened coals [[23],
[24], [25]]. Table 1 presents the systematic
relationship between the thickness of coal-bearing
formations in the Karaganda basin and the stages of
metamorphism.

Table 2 presents the balance of volatile products
generated during metamorphism of organic matter.
The intensity of volatile release varies across
different stages. Carbon dioxide emissions increase
during the transition from peat to lignite, whereas
hydrogen sulfide is released in minimal amounts.
With increasing degree of metamorphism—
particularly during the transition from bituminous
coal to anthracite and from anthracite to graphite—
the maximum amount of methane is generated
[[26], [27], [28]].

The results presented in Tables 1 and 2 confirm
that variations in the gas content of coal seams
within the basin depend on both burial depth and
the degree of metamorphism. The general pattern
of metamorphic influence is expressed in the
increase in methane content with stratigraphic
depth, rising within a formation from the upper
seams to the lower ones (Table 3).

Table 1 - Thicknesses of coal-bearing sequences and stages of coal metamorphism by districts and coal-bearing suites

Districts and deposits Formation thickness, m (stage of metamorphism)
Karagandinskaya Dolinskaya Karagandinskaya,
Nadkaragandinskaya,
Dolinskaya, Tentekskaya
Tentek District 750 (IV-11) 520 (IVv-11) 2400
Samarskoe Deposit 600 (I1-111) 390 (I1) 1965
Zavyalovskoe Deposit 650 (l11) 450 (I1) 2100

Table 2 - Balance of metamorphism products in organic matter, % [20]

The metamorphic series of coals

Volatile component Brown coal bituminous Bituminous coal Anthracite
Peat brown coal coal anthracite graphite
H,0 4.7 14.4 15.0 7.6
CO, 74.8 53.6 18.4 9.3
CHa 11.6 26.3 57.6 65.1
H,S 0.2 5.4 2.8 9.0
NH; 8.7 0.3 6.2 9.0
Total volatiles released at 28.8 29.6 18.7 10.5
each stage

—— 74 ——
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Table 3 - Average values of in-seam methane pressure, volatile matter yield, gas content, and permeability in coal seams
K10 and K12 of the Karaganda Basin

Coal seam | Depth, m Volatile Coal Thickness of | Changeinin- | Methane Gas
matter rank surface layer d, | seam content, permeability,
yield, % nm pressure, m3/t mD
MPa
K12 600 29.5 G 190.0 6.2 19.2 0.35-0.2
K10 370 27.5 G 198.5 3.8 15.0 1-1.4
510 23.0 GF 180.7 4.0 17.5 0.90-0.55
610 26.0 CF 158.1 4.2 18.5 0.30-0.20
680 21.5 C 161.8 4.9 18.2 0.15-0.10

Table 4 - Components of methane occurrence forms in coal seams

Depth, m Moisture, Ash Ad, % Volatile Methane content, m3/t Desorbable gas D

W, % matter r,

% TotalQ | q1 g2 as Ol1bar

-30 0.76 21.6 27.80% 15.9 1.1 116 | 3.2 23 13.6
-25 0.99 9.9 24.70% 17.2 1.2 13.7 | 2.3 2.7 14.5
-25 0.84 22.5 25.70% 13.9 0.9 10.7 | 2.3 2.5 11.4
-25 0.79 24 27.30% 12.7 0.7 6.9 5.1 2.5 10.2
-165 0.58 14.1 28.80% 11.6 0.9 6.2 |45 23 9.3
-170 0.67 17.3 27.10% 15.8 1.4 104 | 4 24 134
0 0.66 19.6 28.30% 18.6 1.5 156 | 1,5 23 16.3
-100 0.9 14.7 28.80% 19.1 1.5 156 | 2 2.4 16.7
-13 0.99 14.7 26.00% 7.6 04 |32 |4 2.4 5.2
-80 1.02 26.8 24.50% 13.8 1 8.9 3.9 24 114
-76 0.98 21.2 27.50% 5.9 0.3 26 |3 24 35
-70 0.91 18.4 27.20% 5.9 0.3 2.5 31 23 3.6
-40 0.9 10 25.80% 6.7 0.3 4.3 21 2.5 4.2
Average 0.85 18.06 26.88% 12.67 0.88 | 8.63 | 3.15 | 2.12 | 10.25

The results presented in Table 3, including the
evaluation of volatile yield, thickness of the near-
surface coal layer, reservoir pressure, methane
content, and gas permeability across coal ranks at
different depths, indicate that methane reservoir
pressure in coal seams increases with depth. For
example, in seam K11 “Felix,” methane pressure at a
depth of 320 m is 2.80 MPa with a gas content of 15
m3/t, whereas at a depth of 690 m these values
increase to 4.90 MPa and 18.2 m3/t, respectively.

Methane in coal seams occurs predominantly in
sorbed and free states, accumulated within micro-

and macropores. The ratio between these forms
varies with depth depending on changes in porosity.

The natural gas pressure within micropores and
natural microfractures of the coal matrix determines
the volume of methane in the sorbed state, whereas
the content of free gas increases slightly with depth
and subsequently stabilizes. This behavior is
associated with metamorphic processes classified as
first-order phase transitions: one part of the coal
substance forms an activated complex, another
contributes to the growth of the aromatic carbon
network, and a third transitions into the gaseous
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phase, which migrates from the coal seam toward
the surface.

During marine regression, the coal-bearing
strata are uplifted toward the surface (in this case,
the Ashlyarik Formation coals), leading to changes in
the thermodynamic parameters of the coal
substance. Under these conditions, coal
macromolecules become more electrically neutral
due to ion diffusion within the coal matrix. The
degree of electrical neutrality of coal
macromolecules is governed by time, ion
concentration, and the structure and size of the coal
substance, including its surface layer.

The key factors controlling the preservation and
migration of gases through coal seams and
surrounding rocks include methane reservoir
pressure, coal permeability, sorption properties, and
the porosity of both coal seams and host rocks [[29],
[301].

The results of studies on the forms of gas
occurrence in coal seam D6, prepared for extraction,
are presented in Table 4, where:

g1 — denotes the amount of gas lost during
borehole drilling and prior to placing the sample into
a sealed container;

g2 — gas measured in the container;

gs — gas released after sample grinding;

ibar — gas desorbed after equilibration at
laboratory (atmospheric) pressure.

The sum of the first three values (Table 4)
corresponds to the total gas content of the sample
Q. Subtracting qibar from this sum yields the amount
of desorbed gas in the sample (D). Analysis of Table
4 and Figure 1 shows that the contents of qi, g3, and
Oibar remain practically unchanged and correspond
to the following mean statistical values (m3/t): q1 =
0.88, g3=3.15, and qipar=2.12.

At the same time, the contents of g, and D
correlate with the total gas content of the sample Q,
and the difference between them represents the
average content of free gas, which is 2.42 m3/t.

The desorbable gas content, amounting to 10.25
m3/t, is determined by two main factors: the
adsorption surface of micropores and
microfractures (including the microfracturing of the
coal surface layer) and the gases absorbed by the
coal matter.

Based on Schlumberger logging results using
neutron-neutron logging (NNL) in combination with
gamma-gamma density logging (GGL-D), gas-bearing
coal seams were identified (see Tables 5 and 6).
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Figure 1 - Methane Components with Average Trend Lines
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Table 5 - Average density, volumetric clay content, and lithology of coal seams in the Tentek and Dolinskaya suites

Borehole | Depth Number of | Coal Average Density p, | Volumetric | Lithology
No interval, m | seam seams thickness, m g/cm3 clay
intersections content Kce,
%
Lenina Mine
1 109.1- 12 T1-Tas2 0.79 1.71 9.13 coals
489.3 0.53 1.74 13.6 coals
516.6- 2 Ds-D11 0.70 1.35 2.23 gas-
647.0 bearing
515.3- 3 De-D11
702.3
2 202.7- 18 T1-To 0.87 1.88 21.15 coal
400.7
536.0-68.7 | 12 D7-Du1 0.81 2.02 23.32 coals
254.6- 6 T2-Ts 1 1.64 3.17 gas-
391.0 bearing
722.7- 2 6 5.20 1.40 2.40 gas-
727.9 bearing
3 96.9-445.7 | 18 T1-T1e 0.80 1.78 14.57 coal
636.7- 5 D7-Do 0.54 1.93 13.36 coal
727.9
186.9- 4 T1-T12 0.93 1.68 5.40 gas-
447.3 bearing
618.9- 3 Ds-D11 1.90 1.55 2.33 gas-
770.7 bearing
4 94.8-673.6 | 24 T1-T1s 0.72 1.885 29.30 coal-fired
676.9- 2 Ds 0.70 1.92 35.30 coal-fired
753.7
552.3- 1 D10-D11 2.57 1.37 3.10 gas-
555.7 bearing
Kazakhstanskaya Mine
2 261.3- 6 Ta-Te 0.60 1.89 33.85 coals
321.0
505.6- 9 De-D11 0.60 1.87 25.48 coals
703.2
347.2- 1 T3 0.7 1.41 9.70 gas-
347.9 bearing
520.4- 7 Ds-D1o 1.06 1.55 6.31 gas-
706.5 bearing
Table 6 - Average characteristics of coal seams by suite
Suite Density p, g/cm? Volumetric clay content Kcc, %
non-gas-bearing gas-bearing non-gas-bearing gas-bearing
Lenina Mine
Dolinskaya 1.51 +0.03 1.41+0,03 17.90£0.21 2.44+0.12
Tentek 1.81+002 1.66 £ 002 21.4010.22 4.28 +0.12
Difference 0.30 0.25 3.50 1.84
Kazakhstanskaya Mine
Dolinskaya 1.89£0.01 1.55 +001 26.85 +0.13 6.30+0.14
Tentek 1.81+0.02 1.41+0.02 23.48 £0.13 9.70+0.14
Difference 0.08 0.14 3.37 3.40
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Table 7 - Average physico-mechanical properties of gas-bearing coal seams in the Tentek and Dolinskaya suites at

Kazakhstanskaya and Lenina mines

Seam Depth Density Kec Poisson’s ratio Modules, GPa Gas
interval, m | (GGL-D), (GL), presence
g/cm? % Young’s | Shear Bulk
BAL
T3 347.2- 1.91 9.7 0.41 3.88 1.37 7.52 gas
347.9
Ds, D9, D10 | 520.4- 1.88 10.2 | 0.37 6.98 2.55 8.78 gas
656.9
Ds 701.1- 1.68 4.8 0.41 6.10 2.16 1.38 gas
706.5 1.48 9.9 0.40 434 1.55 7.31 gas
1.41 0.5 0.41 3.92 1.39 7.11 gas
1.29 33 0.35 5.58 2.11 5.92 gas

Analysis of Tables 5 and 6 shows that the non-
gas-bearing coal seams of the underlying Dolinskaya
Formation at the Lenina mine have an average
density 0.30 g/cm?® lower than that of the Tentek
seams. The average density of the gas-bearing
Dolinskaya coals is 0.25 g/cm® lower compared to
the Tentek coals. This difference is attributed to
variations in volumetric clay content. Specifically, for
non-gas-bearing coal seams the difference in
volumetric clay content is 3.50 %, while for gas-
bearing seams it is 1.84 %.

At the Kazakhstanskaya mine site, the average
density of non-gas-bearing coal seams from both
formations differs only slightly (by 0.08 g/cm?3),
whereas for gas-bearing seams the difference is 0.14
g/cm?3. The ratio of volumetric clay content values
for gas-bearing and non-gas-bearing seams at the
Kazakhstanskaya mine is similar to that observed at
the Lenina mine: 3.37 % and 3.40 %, respectively.

A decrease in both density and clay content in
gas-bearing coal seams is a characteristic feature.
For reliable identification of such seams, the results
of neutron-neutron logging based on thermal
neutrons were used. The readings of this method are
lower in gas-bearing seams compared to non-gas-
bearing ones due to their lower hydrogen content.

Based on the integrated interpretation of
geophysical well logging data (gamma-gamma
density logging (GGL-D) and cross-dipole acoustic
imager) in the depth interval of 284-765 m at the
Kazakhstanskaya and Lenina mines, the average
values of the physico-mechanical properties of gas-
bearing coal seams were determined (Table 7).

The results presented in Table 7 confirm the
lower density of gas-bearing coal seams compared
to non-gas-bearing ones, while following the general
trend of density increasing with depth. For non-gas-
bearing coal seams of both formations, there is a
characteristic increase in physico-mechanical

properties (Young’s modulus, shear modulus, and
bulk modulus) compared to gas-bearing seams.

Overall, the gas content of coal seams in the
Karaganda Basin increases with depth of occurrence,
starting from the lower boundary of the gas
weathering zone. The rate of gas content increase
per 100 m of depth decreases with increasing degree
of coal metamorphism. Thus, at a depth of 1000 m,
the calculated methane content is expected to reach
22-29 m3/t (Ermekov M.A., 1968), and the Langmuir
pressure ranges from 1.08 to 1.41 MPa, with an
average of 1.27 MPa. This is explained by the fact
that the calculated methane quantity according to
the Langmuir model is lower than the maximum
sorption capacity of the seam, which may be
associated with the fracturing of the coal seams and
surrounding rocks.

Particular importance is attached to geophysical
studies of the physico-mechanical and filtration-
capacity properties of coal seams and host rocks in
areas prepared for mining, as these parameters
change during the implementation of all
degasification measures.

As can be seen from Tables 2 and 4, the free gas
concentration of 2.42 m3/t is lower than the known
values reported in the literature (2-12 m3/t). This is
due to the influence of advance degasification of
seam D6, during which mainly free gas is extracted
from natural macropores and macrofractures, as
well as from fractures formed during hydraulic
fracturing of the seam. The research results
confirmed the elevated methane content in
prepared loose coals of seam D6, which is associated
with a significant increase in the specific surface area
of coal particles and microfractures in the surface
nanosized layer of the coal.

From Tables 2 and 4, free gas concentration
(2.42 m3/t) is lower than typical literature values (2—
12 m3/t), attributable to pre-mine degasification,
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Table 8 - Average values of C, (%), W (%), Cs (J/(kg-K)), and V¥f (%) for coals of the Karaganda Basin

Coal rank d(l), nm Cu % W, % Cp, A%f o
B 214.2 50-77 [o 40 1440 42-52
LF 198.7 70-80 17-19 1380 43-46
C 180.8 88-90 2-5 1050 26-29
A 151.5 92-98 1-3 815 <10

which primarily extracts free gas from natural
macropores, macrofractures, and hydrofracturing-
induced fractures. Gas composition in seam D6 from
vertical boreholes (%): H, 0.01-30, O, 0.3-6.0, N,
1.3-42.0, CH, 25.0-98.0, CO, 0.12-11.8. These
findings confirm elevated methane in loose,
tectonically disturbed coals of seam D6, linked to
increased specific surface area of microfractures in
the surface layer and macrofractures in tectonically
pulverized coal.

A critical factor in gas regime formation during
coal extraction and storage is spontaneous
combustion, governed by specific heat capacity Cp
(J/(kg*K)), ash content A (%), carbon content C, (%),
moisture W (%), and volatile matter yield V9 (%)
(see Table 8).

The data presented in Table 8 indicate that as
the degree of metamorphism increases (coal ranks
progressing from B to A), the thickness of the surface
coal layer decreases, the carbon content increases,
while moisture content, specific heat capacity, and
volatile matter yield decrease.

The established regularities can be used in
planning operations for the industrial extraction of
methane from coal seams identified in the well
sections of the basin.

Conclusions

An optimal suite of geophysical logging methods
for open-hole wells has been selected to study the
physico-mechanical and filtration-capacity
properties of coal seams and surrounding rocks.

Characteristic features for identifying gas-
bearing coal seams have been established based on
a comprehensive set of physico-mechanical and
filtration-capacity measurements obtained through
well logging methods.

Using the example of the Kazakhstanskaya and
Lenina mine sites, gas-bearing coal seams were

identified throughout the entire well sections for
potential methane extraction, with subsequent
aggregation of gas volumes obtained during coal
seam degasification.

Regularities in the variation of physico-
mechanical and filtration-capacity properties of coal
seams in the overlying Tentek Formation and the
underlying Dolinskaya Formation have been
established, as well as for coal seam sections
prepared for mining. These findings are an
important factor used in geomechanical calculations
to ensure efficient coal extraction while maintaining
safe working conditions.

It is recommended to conduct a comprehensive
suite of geophysical logging in the open hole of all
vertical exploration and drainage wells to monitor
the variability of physical properties along the dip
and strike of coal seams when planning hydraulic
fracturing operations. The results should be used for
geomechanical calculations during coal mining. This
approach will enable monitoring of changes in the
strength and filtration properties of the coal massif,
as well as the intensity of gas emission, thereby
contributing to the assessment of risks associated
with gas-dynamic phenomena.

To standardize and improve the accuracy of
studies on the physico-mechanical and filtration-
capacity properties of rocks and coal seams, it is
necessary to establish a specialized laboratory in the
Karaganda Basin. This laboratory should include a
well logging crew (party) dedicated to geophysical
investigations.
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TYWIHAEME

KapafaHzabl kKemip 6acceliHi anemaeri e rasfa 6ait 6acceitHaepaiH 6ipi 6onbin Tabblnaabl. OHbIH,
epeKLeniri — OHblH KypamblHAa 60C rasabliH Ken mewepae XuHaamaybl, an Tabusn rasabiibik 25-
30 m3/T-Ka KeTemi; 6yn rasdblK CbiHamManaydplH VAKeH Ke/JeMimeH, ra3fplk KapoTas
OepeKTepiMeH KaHe XYMbIC icTen TypfaH LWaxTanaphafbl rasgplk TyCipinim aepektepimeH
pacTtanagbl. Kemip KabaTTapblHbIH MeTaHbl aTMOchepaFa }KOFapblAaFbl KbIHbICTAP aPKbl/ibl TAOUFK
MWIFpaLMA JKOMbIMEH, COHAAN-aK KabaTTapapbiH KabblplakK acTblHAA LWbIFY OPbIHAAPbIHAA KaHe
»KabblIK WaxTanapAblH, OKNaHAapbl apKbiabl Tyceai. KapafaHabl 6acceiiHiHiK, Kemip KabaTTapbiH
rascbi3faHablpy KesiHAe, Tay-KeH JKYMbICTapbiMeH KabaTTapapl awyaa, COHbIH, iWiHAe alblk
Kapbepnik eHAipy KesiHae, KabaTtTap Kep OeTiHe WbIKKAH Ke3ae KaHe KabblK LaxTtanapaaH
LWbIFATbIH ra3abl ra3cbi34aHAbIPbIIFAH Ke3ae, eHAipinreH meTaHHbIH bip 6eniri waxTanapaa *Kolny
MEH 3N1eKTP 3HEPruACbiH any YWiH naganaHbinagpl, an kKen 6eniri Kemip KabatTapbiH
rascbi3gaHgplpy KesiHae atmocdepafa wWbifapblnagbl. ATmocdepasa LWbIFAPbIIATbIH - MeTaH
epaiH *KblNyblH KOMIPKbILWKbIN rasblHa KapafaHaa 25-30 ece TMIMAIPEK - cakTalTbiHbl 6enrini.
OHAenMereH Kemip KabaTTapbiHaH MeTaHAbl BHEPKICINTIK NaiAanaHy MakcaTbiHAA Kby KaHe
3N1EKTP SHEPrUACHIH aNy YLWiH, KeMip-MeTaH KeH OpbIHAAPbIH KeleHAi urepy, TeXHONOTUANAPbIH
AaMbITYAbIH, MaHbI3abl MiHAETI 6onbin Tabbinagbl, COHAal-aK 0nap OpHANAcKaH eHipnepaeri
3KONOTUANBIK KYKTEMEHi TemeHAeTy 6onbin Tabbinagbl. 3epTreynepdiH, Makcatbl — KabaT
KeciHaiciHae rasfa 6ali kemip KabaTrapbiH 66Ain WbiFapy, OHbl EHEPKACINTIK MaKcaTTa nainganaHy
YWiH eHaenmereH kabaTrapAaH MeTaHAbl any KaHe aTmocdepafa WbIFapbliHAbINAPAbI a3anTy
MYMKIHAiriH 6aFanay. 9aictep. bapnay yHfbiManapblH 3epTTeydiH, reopusmnkanblk a4iCTepPiHIH,
KeleHi Kemip KabaTTapbl MeH KOpLllafaH >KbIHbICTapAblH, PpU3MKa-MeXaHWKaNbIK KaHe Cya3ri-
KYbICTbIK KacMeTTepiH 3epTTey VLWiH, Tay-KeH MXYMbICTapblHAAFbl KeMip KabaTTapbiHbIH,
CblHaManapblH any xaHe Tangay. Hatuxkenep. Kemip KabaTrapbiHbIH, ra3 KypamblH aHbIKTaNTbIH
bU3MKanbIK KacMeTTep KelleHiHiH, e3repy 3aHAbIIbIKTAapbl aHbIKTaNAbl }KaHe OCbl e3repicTep MeH
HEri3ri KopLlafaH XblIHbICTapAblH, GU3MKA-MEXAHUKANbIK KAacUeTTEePiHiH, e3repyiHe reonornanblk,
Herisaeme 6epingi. KonpaHy. KeciHaine GeniHreH rasfa 6ail kemip KabaTTapbl reonoruanbik
KeCiHAiHiH, 6apnblk rasfa 6ait KabaTTapbliHaH, COHbIH, iWiHAE Kemip KabaTbl WwaxTanapbl urepin
JKaTKaH KabaTTapgaH meTaHabl anyapl »ocnapnay KesiHge nafanaHyfa 6onagpl, an wrepyre
JaviblHAaNFaH HEMECEe Mrepinin »KaTkaH Kemip KabaTTapbiHbiH, GU3NKANbIK-MEXaHWUKANbIK, CY3y-
CbIMbIMABIIBIK ~ KacMeTTepiHiH,  e3repy 3aHAbIIbIKTApblH FEOMEXaHMKanblK — ecenTeynepae
nanganaHyfa 6onaapbl.

TyiiiH ce30ep: Kemip cBUTanapbl, METaMOPPMU3M KOMIP MeH KOpLUafaH XblHblCTapAblH, GpusmKa-
MEXaHWKanbIK cunaTTamanapbl, rasgbliblk, Kemipaepaeri MeTaHHbIH, 60ny MiwiHAepi, aKonorus,
reomexaHuKa.
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BblgeneHne MeTaHOHOCHbIX YrO/IbHbIX NNACTOB B pa3pe3e CKBaXKUH
KaparaHauHckoro 6acceiiHa no gaHHbIM reopuanueckoro KapoTaa

NoptHos B. C., 'Tonuk A. B., 1Ayranosa I'. K., 'XyanraH H.., 'KeHetaesa A. A., 'Pabatynbl M., 2Peng Hou
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MNoctynuna: 17 mapma 2026
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AHHOTAUMUA

KaparaHAvHCKUIA yronbHbld bacceiH ABAAETCA OAHMM M3 Hambonee rasoHOCHbIX B mupe. Ero
0COBEHHOCTbIO ABNIAETCA TO, YTO B HEM HET KPYMHbIX CKONJIeHU cBOH6OAHOrO rasa, a npupoaHas
rasoHOCHOCTb gocturaeT Ao 25-30 m3/T, 370 noaTtsepxaaerca 60abWwMM 06bEMOM ra3oBoro
onpobupoBaHMA, NO ra3oBOMY KapoTaKy M AAHHbIMW ra30BOM CbeMKMW B AEUCTBYLLMX LUAXTaX.
MeTaH yronbHbIX NAAcTOB nonagaeT B atmochepy MyTem ecTecTBEHHOW MUrpauuu 4Yepes
BblLLENEXKAlLME NOPOAbl, @ TaKXKe B MeCTax BbIXOAa MNACTOB MoA, HAHOCbl U 4Yepe3 CTBOJbI
3aKpbITbIX WaxT. Mpu gerasauumn yroibHbiX naactoB KaparaHguHckoro 6acceiiHa npu BCKPbITUM
NNacToB ropHbIMW BbIpaboTKaMM B TOM YMC/Ie NPU OTKPbLITON pa3paboTke, BbIxoda MAACTOB K
NOBEepPXHOCTU, Aerasauumn oTpaboTaHHOro NPOCTPAHCTBE 3aKPbITbIX WAXT YacTb M3BAEYEHHOrO
MeTaHa UCNOb3YETCA Ha LWAXTax, ANA NOAYYEHUA TENNOBOM U SNEKTPUYECKON SHEPTUM, @ BonbLuas
YyacTb nonagaet B atmocdepy Npu Aerasauuun yronbHbiX NAacToB. M3BecTHO, TO, YTO MeTaH,
nonaswuii B atmocdepy, yAepKuUBaeT Tenno 3emau 3HauuTenbHo Bblwe, B 25-30, pas, yem
AVOKCKUA, yrnepoga. M3pneyeHne meTaHa M3 HePasrpyKeHHbIX YrosbHbIX MNacToB ANA ero
MCNO/Ib30BHUA B MPOMbILIEHHOCTU NPWU MOAYYEHUWU TEMNOBOM WM 3/EKTPUYECKON 3Heprum,
ABNAETCA Ba)KHOW 3aJayei pasBUTUA TEXHONOTMI KOMMIEKCHON paspaboTKM yriemeTaHOBbIX
MECTOPOXKAEHWUM, HO U CHUNKEHMEM SKONOTMYECKOW HArpysKM Ha PEeruoHbl, rae OHU
pacnonaratotcs. Llenbto nccnenoBaHuii aBnaeTca BblAeNeHME B pa3pe3e rasoHOCHbIX YroNbHbIX
NAacToB ANA OLEHKW MOTEeHLMana M3B/JeYeHUA MeTaHa M3 Hepasrpy’KeHHbIX Mi1acToB A/A ero
NPOMbILWAEHHOrO WUCMNONb30BaHUA UM CHUXEHUA Bbibpoca B aTmocdepy. Metoabl. Komnaekc
reodusMyeckux MeToA0B UCCNENO0BaHWUI Pa3BEAOYHbIX CKBAXKMH ANA  W3y4yeHua OusmnKo-
MeXaHW4YeCcKuUx U GUNbTPALMOHHO EMKOCTHbIX CBOWCTB Yro/bHbIX M1aCTOB U BMELLAoLWMX NOpoA,
oTbopM aHanu3 npob yrosibHbIX MAACTOB B FOPHbIX BblpaboTKax. PesynbTaTbl. YCTaHOBAEHbI
3aKOHOMEPHOCTU U3MEHEHUA KOMMNIEKC GU3NYECKUX CBOICTB YTrONbHbIX NNACTOB, ONPeAENstoLmX
WX ra30HOCTHOCTb, AAHO reosiorMyeckoe 060CHOBaHWE 3TUX U3MEHEHUI U U3MeHeHUn GU3nKo-
MeXaHWYeCKWUX CBOMCTB BMeLLaloWwmx nopog. NpumeHeHune. BolgeneHHble B paspese ra3aoHoCHble
YroNbHble NAacTbl MOTYT 6biTb MCMONBL30BaHbl MPU NAAHUPOBAHUWM A06bIYM MeETaHa M3 BCeX
ra3oHOCHbIX M1aCTOB Fre0N0rMYECKOro paspesa, BK/IoYas paspabaTtbiBaemble LWAXTaMM YrolbHOTO
nnacrta, a 3aKOHOMEPHOCTU M3MeHeHUA (UUKO-MexaHUYecKux, GUAbTPALUOHHO-EMKOCTHBIX
CBOICTB, NOATOTOB/EHHBIX K Pa3paboTKe UK pa3pabaTbiBaembIX YrosibHbIX NIACTOB, MOTYT ObITb
MCNO/Ib30BaHbl NPWU reomMexaHUYecKux pacyetax. PakTuueckme matepuansl, ANA NpoBefeHUA
nccnenoBaHWiA MoayyYeHbl MO pesynbTaTam 1abopaTopHbIX, reoPpu3nMYeckux uccaemoBaHuin
pasBefoYHbIX CKBAXKMH, MaTePUAIOB Fe00rMYECKMX U NPOU3BOACTBEHHbIX OTHETOB.

Kntoveebie cq106a: YyronbHble CBUTbI, METAMOPOM3M PU3UKO - MEXAHUUYECKME XapaKTEPUCTUKM YIis
M BMELWAKWMX MNOPoA, rasoHOCHOCTb, GOPMbl HaXOMKAEHUA MeTaHa B YrAAX, 3KOoAorus,
reomexaHuka.
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ABSTRACT

This study focuses on the production of sulfate-resistant Portland cement clinker using local raw
materials found in the Aral Sea region of the Republic of Uzbekistan and on its properties. The
obtained results highlight the technological, economic, and environmental advantages. The raw
material mixtures consisted of limestone, barren sand, kaolin, and iron-containing industrial
waste, resulting in a clinker with an optimized oxide composition (LSF = 0.82, SR = 2.15, AP =
0.94). X-ray phase analysis reveals a high content of alite (C3S = 38.6%) and belite (C.S = 41.0%)
phases, which ensures high mechanical strength. Low tricalcium aluminate content (tricalcium
aluminate < 5%) and sufficient ferrite content (CsAF = 16.2%) increased sulfate resistance and
phase dominance. Sulfate resistance tests conducted in accordance with ASTM C1012/C1012M
showed that sulfate-resistant Portland cement had the lowest swelling index among samples
immersed in a 5% Na,SO4 solution, demonstrating its superior stability compared to conventional
Portland cement and mixed cement types. The experimental results demonstrate the feasibility
of producing high-quality sulfate-resistant Portland cement clinker using local raw materials and
demonstrate its potential for use in the sulfate-rich conditions of the Aral Sea region. From an
economic perspective, the use of local raw materials reduces production costs, the need for
imports, and increases the competitiveness of the cement industry in our region. From an
environmental perspective, the long service life of sulfate-resistant Portland cement and the
ability to utilize industrial waste align with the principles of a "green economy" and promote
waste reduction and sustainable growth.

Keywords: clinker synthesis, mineral resources, sulfate resistance, green economy, sustainability
of sulfate-resistant Portland cement.
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Introduction

concretes. However, in some regions, specific
natural and geographical conditions pose particular

The rapid development of the construction
industry—particularly the expansion of hydraulic
structures, industrial facilities, and residential
infrastructure—has significantly increased the
global demand for strong and durable cements and

challenges for building materials. In the Republic of
Karakalpakstan, particularly in the Aral Sea region,
soils and groundwater are characterized by high
salinity: high concentrations of sulfate ions (504%)
pose a serious threat to concrete and reinforced
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concrete structures. In a sulfate environment,
ordinary Portland cement quickly degrades: sulfate
ions react with the three aluminate phases of
calcium (CsA), forming expanding ettringite, which
leads to cracking and reduced strength. Therefore,
the production of sulfate-resistant Portland cement
has become a pressing technical challenge for this
region.

According to UzM St 337:2024 and GOST
22266-2013, the CsA content in cement clinker
should not exceed 5%, and should be reduced to
3% under aggressive conditions. This limitation is
due to the fact that C3A reacts with sulfate ions,
forming harmful expanding products. Reducing the
amount of AlLO; in the raw mix or increasing the
amount of Fe,0; are the most effective ways to
suppress CsA formation and improve sulfate
resistance.

The Republic of Karakalpakstan possesses
significant scientific and practical potential in this
area. The region possesses reserves of raw
materials necessary for cement production:
limestone (CaCO3; = 85-90%), kaolin (Al,0; = 36—
38%), basalt, and iron-rich rocks. Rational use of
these resources not only ensures economic
efficiency but also enables the production of high-
quality sulfate-resistant Portland cement (SRC)
clinker, adapted to the region's aggressive sulfate
conditions. Therefore, the production and use of
such cement has become an important
requirement for the construction of reservoirs,
sewer systems, and other engineering structures in
the Aral Sea region.

International and regional standards set clear
requirements for the mineralogical composition of
cement clinker to ensure sulfate resistance. The C3A
content is one of the most important controlled
parameters: the higher its proportion, the faster
the sulfate attack and the greater the risk of
expansive failure in concrete. Reducing CsA by
precisely adjusting the Al,O3/Fe,03 ratio requires
careful selection of raw materials and accurate
calculation of batch ratios.

The main objective of this study is to synthesize
sulfate-resistant Portland cement clinker from
mineral raw materials from the Aral Sea region,
determine its chemical and mineralogical
composition, and examine the relationship
between phase composition and sulfate resistance.

The problem of sulfate corrosion in cement-
based materials has attracted extensive research
attention internationally, as concrete made from
ordinary Portland cement rapidly deteriorates in a
sulfate environment, significantly reducing the
service life of engineering and hydraulic structures

[1]. Many studies are aimed at improving the
mineralogical composition of sulfate-resistant
clinker, in particular, minimizing the CsA phase [2].
Studies have shown that reducing the amount of
Al,Os or increasing the amount of Fe,0; effectively
suppresses the formation of CsA. Clinkers with a
high iron-to-aluminum ratio and a predominance of
the ferrite phase demonstrated a sharp reduction
in C3A content and an increase in sulfate resistance
(3], [4]].

It has been shown that optimization of batch
composition can reduce the C3A content below 5%
[5], with iron-rich admixtures shown to be
particularly effective. Thermodynamic modeling has
confirmed the high sulfate resistance of clinkers
with a predominance of ferrite phases [[6], [7], [8]].
Mechanistic studies have shown that C;A phases
form expanding products in a two-stage reaction
with sulfate ions; long-term observations of the
microstructure of sulfate-exposed concrete have
confirmed that low-C3A cements have high
strength. The addition of mineral admixtures such
as limestone powder, upper kiln slag, and pozolanic
materials has also been noted to significantly
improve sulfate resistance [[9], [10], [11], [12],
[13]].

It has also been noted that sulfate-resistant
Portland cement can deteriorate under prolonged
moisture conditions and exposure to highly
aggressive sulfate. Among the proposed strategies
for combating this problem, increasing the Fe/Al
ratio with iron-rich mineral additives and using
additional cementitious materials such as slag and
limestone have been shown to be the most
effective [14].

Research conducted in Spain examined the
technical and environmental performance of
sulfate-resistant clinkers containing new mineral
components such as iron-rich sand, slag, and
"albero" [15]. The results showed that partial
replacement with slag (up to 30%) increases sulfate
resistance without compromising mechanical
strength. Additional research has confirmed that
optimal use of additional cementitious materials in
Portland cements improves sulfate resistance [16];
the amount of SO; generated by the clinker-gypsum
interaction has been found to have a measurable
effect on sulfate resistance [17].

In addition to compositional optimization, the
use of mineral additives and recycled materials in
clinker  production improves environmental
performance, reduces production costs, and lowers
CO, emissions [18].

Research conducted
Uzbekistan

in regions neighboring
also explored the potential for
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producing sulfate-resistant cement using local
mineral resources, focusing on batch optimization,
phase analysis, and durability testing in sulfate
environments. Practical trials conducted at
Karakalpak Cement LLC confirmed that silicon
additives improve physical and mechanical
properties and enhance sulfate resistance [[19],
[20], [21], [22], [23]]. Buriev et al. noted that a high
degree of substitution with pozolane materials—for
example, fly ash—has a positive effect on sulfate
resistance [[24], [25]]. Iskandarova and her
colleagues identified innovative directions for the
development of composite Portland cement in the
region. Kazakhstani scientists who synthesized
ferrite-phase cements using manganese- and iron-
rich ores confirmed that increasing the C,AF
content reduces CsA, improving sulfate resistance
[26].

From an economic perspective, the use of local
limestone, loose sand, kaolin, and iron-rich
industrial waste reduces dependence on imported
raw materials and lowers production costs,
strengthening the competitiveness of the cement
industry in the region. Rational use of local
resources not only improves technological
efficiency but also reduces production costs,
contributing to the sustainable development of
industry in the Aral Sea region [27].

From an environmental perspective, sulfate-
resistant Portland cement clinker, by resisting
sulfate corrosion, extends the service life of
hydraulic and civil engineering structures, reduces
the need for repairs and reconstruction, thereby
reducing resource consumption and environmental
impacts. These principles are fully consistent with
the concepts of a "green economy" and "circular
economy," which prioritize sustainability and the
efficient use of industrial waste [28]. The inclusion
of iron-rich industrial waste in the batch further
supports waste recycling and helps reduce CO,
emissions in the cement industry.

Overall, sulfate-resistant Portland cement
clinker synthesized from local raw materials from
Karakalpakstan offers a harmonious combination of
technological advantages, cost efficiency, and
environmental sustainability, making it a material
of high practical importance for the Aral Sea region.

Experimental part

Materials and Methods

Sulfate-resistant Portland cement clinker was
synthesized using local raw materials sourced from
the Lower Aral Sea region. The base raw material

mixture included limestone, barren sand, and
kaolin, while gypsum and iron-containing industrial
waste were used as adjusting components to
achieve the target oxide balance. Laboratory
samples were prepared at Karakalpak Cement LLC,
and all analytical measurements were conducted at
the STROM Research and Testing Center of the
Institute of General and Inorganic Chemistry of the
Academy of Sciences of Uzbekistan.

Chemical Composition

The chemical composition of the synthesized
clinker was determined in accordance with UzM St
337:2024 and GOST 5382-2019 by classical titration
and gravimetric methods [[28], [29]]. The results
(wt.%) were as follows: CaO - 61.09; SiO, 22.10;
Al,O3 - 4.98; Fe,05 5.32; MgO - 2.07; SOs - 0.80; LOI
- 1.14; Free CaO - 0.94. The calculated modulus
values (LSF = 0.82; SR = 2.15; AR = 0.94) were within
the standard values established for sulfate-resistant
Portland cement clinker.

Mineralogical composition (XRD)

X-ray diffraction (XRD) analysis was performed
using a Rigaku MiniFlex diffractometer (Cu-Ka
radiation), and phase quantification was carried out
using the Rietveld refining method. The main
mineralogical phases identified in the clinker were:
CsS - 38.6%; CJS - 38.0%; C3A - 4.2%; C.AF - 14.8%.
These results are in close agreement with Bogue's
calculations and meet the standard requirements
for the phase composition of sulfate-resistant
Portland cement clinker.

Sulfate Resistance Testing

Sulfate resistance was assessed in accordance
with ASTM C1012/C1012M [31]. Test specimens
were immersed in a 5% Na,SO; solution, their
dimensional expansion was measured, and they
were compared to reference specimens stored in
distilled water. To ensure the reliability of the
results and accurately quantify the effect of sulfate
ions on dimensional stability and mechanical
strength, two control specimens were used for
each test condition. All analyses were conducted in
full compliance with the requirements of UzM St
337:2024 and GOST 5382-2019 [[29], [30]].

Results and Discussion

The selection of raw materials for the
production of sulfate-resistant Portland cement
clinker is of particular scientific and practical
importance. Therefore, the economical use of local
raw materials is an urgent issue. In the Republic of
Karakalpakstan, dune sands, kaolin, iron-rich
industrial waste and limestone deposits are
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considered promising sources of raw materials. By
analyzing their chemical composition, it is possible
to determine the mineralogical composition of
sulfate-resistant Portland cement clinker.

The ratio of the main oxides in the raw material
mixture is an important factor in the synthesis of
sulfate-resistant Portland cement clinker. Calcium
oxide (Ca0O) serves to form alite (C3S) and belite
(C5S) phases, and silicon dioxide (SiO,) is the basis
for silicate phases; aluminum oxide (Al,Os) serves
to form tricalcium aluminate (tricalcium aluminate).
Also, to ensure sulfate resistance, it is necessary to
reduce the content of tricalcium aluminate to <5%,
preferably to 3%. Iron oxide (Fe,0s) is part of the
ferrite phase (C4AF) and is important in reducing
the content of tricalcium aluminate.

Also, achieving the correct distribution of
oxides is an important factor in ensuring the
strength and long-term stability of cement in
sulfate environments. The chemical composition of

local raw materials in the Republic of
Karakalpakstan by main oxides is presented in
(Table 1).

The chemical composition of these raw

materials is suitable for ensuring the optimal
balance required in the synthesis of sulfate-
resistant Portland cement clinker. Barkhan sands
are characterized by a very high SiO, content
(89.22%), which provides a primary source for
silicate phases (e.g., C3S and C,S) and contributes to
improved mechanical strength of clinker. However,
due to their relatively low Al,O3 (3.15%) and Fe,03
(0.97%) contents, these sands are mainly useful for
increasing the silica modulus (SM).

The iron-rich by-product contains a high Fe,03
content (45.24%), which plays a critical role in
forming the ferrite phase (C4AF) and thus
contributes to sulfate resistance by reducing three
calcium aluminate content. Meanwhile, its SiO,
(40.40%) and Al,O3; (6.00%) levels are moderate,
allowing adjustment of the iron modulus (IM) in the

raw mix. Low levels of alkaline oxides such as Na,O
and K,O ensure that adverse effects occur during
clinker hydration. Kaolin is high in Al,03 (16.47%)
and SiO; (54.07%), and acts as the main raw
material for the formation of aluminate phases.
However, due to the relatively high Al,Os content,
kaolin consumption must be carefully controlled,
otherwise the tricalcium aluminate content in the
clinker may exceed 5%. Kaolin has moderate Fe,03
(9.93%) and Na,O (1.72%) levels, and it is suitable
for adjusting the aluminum modulus (AM). The low
content of SO, (0%) and TiO, (0.17%) does not
adversely affect the quality of sulfate-resistant
clinker.

Limestone is the main source of CaO (53.14%),
which is essential for the formation of alite and
belite phases. The almost complete absence of SiO,
and Al,Oz (0% and 0.15%) in it proves that it is a
pure calcium source. The low content of MgO
(2.56%) and Fe,0; (0.12%) does not cause problems
during the clinker hydration process. The loss on
heat (LOI, = 42.49%) proves the carbonate nature of
the limestone and indicates the release of CO,
during the calcination process.

In general, the mixture of these raw materials
provides the ratio of oxides necessary for the
synthesis of sulfate-resistant Portland cement
clinker. It is recommended to conduct laboratory
tests to determine the main composition.
According to preliminary calculations, the optimal
batch composition may be as follows: barren sand
15-20%, iron-rich industrial waste 5-10%, kaolin
10-15% and limestone 60-70%. This approach
allows for the maximum use of local raw materials
and increases the resistance of cement to sulfate
environments by 20-30%. In addition to these raw
materials, gypsum plays an important role in the
cement production process. It is mainly used as a
component that regulates the rate of hardening at
the cement setting stage.

Table 1 - Chemical composition of local raw materials selected for the synthesis of sulfate-resistant portland cement

Raw Material Chemical composition by major oxides (wt.%)
SIOz A|203 Cao MgO Fe,0s3 Na,O K,O TIOz SO, LOI

Limestone - 0.15 53.14 2.56 0.12 - - - - 42.49
Barxan sand 89.22 3.15 0.68 2.32 0.97 0.94 0.70 0.24 0.20 1.61
Kaolin 54.07 16.47 0.85 2.57 9.93 1.72 - 0.17 - 9.23
ron-ichby- | 4040 | 600 | 205 | 400 | 4524 - | o4 | - |o02| 310
product

sum stone 2.80 0.49 30.98 - - - 2.63 2.80 42.80 20.30
gYp CaS04x2H:0 = 42.80x2.15 = 85.6%
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According to the results of chemical analysis,
gypsum from the Tashaba deposit in the Republic
of Karakalpakstan contains 42.80% SOs, which is
approximately 85.6% CaS0,:2H,0. Such a very high
purity and very low content of SiO, (2.80%), Al,O3
(0.49%), MgO and Fe,0s; indicate that Tashaba
gypsum is an ideal raw material for the cement
industry. Such a pure chemical composition of
Tashaba gypsum ensures the stable formation of
ettringite during the hydration process, prevents
secondary reactions and increases the sulfate
resistance of cement. The low content of impurities
in the mixture has a positive effect on the friability,
color and stability of the composition of the
cement. Therefore, the use of Tashaba gypsum in
the production process of sulfate-resistant clinker
not only improves the quality of cement, but also
serves to effectively use local mineral resources,
reduce production costs, and ensure the
environmental sustainability of the cement industry

(Fig. 1).

Figure 1 - gypsum stone sourced from the Tashaba
deposit, Karakalpakstan

The successful balance of the above raw
material components is reflected in the
mineralogical composition of the synthesized
sulfate-resistant Portland cement clinker, since the
ratio of oxides directly affects the phases formed
(Table 2).

According to the data from the table, the
clinker contains CaO (61.09%). It is mainly derived
from limestone and is important in the formation of
the main part of the alite (CsS) and belite (C,S)

phases, which determine the strength of the
cement and the hydration process. The SiO,
content (22.1%) is moderate, which plays an
important role in the formation of silicate phases in
particular. This oxide is mainly derived from barren
sands and kaolin. The amounts of Al,Os (4.98%) and
Fe,03 (5.32%) serve to form the aluminate and
ferrite phases in the clinker due to kaolin and iron-
rich industrial waste. Small amounts of oxides such
as MgO (2.07%) and SOs (0.80%) improve the
stability of the clinker in sulfate environments and
at the same time prevent undesirable reactions.
The absence of CI~ (0.0%) and the low content of
free CaO (0.935%) greatly increase corrosion
resistance. The low heat loss (1.14%) confirms the
very good quality of the raw materials. The total
oxide content of 100.0% indicates that the clinker
composition is optimal and fully balanced.

In the mineralogical composition, the clinker is
dominated by CsS (38.64%) and C,S (41.03%)
phases, which primarily determine its mechanical
properties. The relatively low content of tricalcium
aluminate (4.17%, <5%) is the main indicator of
sulfate resistance, since it greatly reduces the
formation of ettringite. This is directly related to
the low content of Al,03 in the raw materials. The
presence of the C4AF (16.16%) phase indicated a
high ferrite content in the clinker. This phase is
formed due to Fe,0s introduced through iron-rich
industrial waste and, replacing part of the
tricalcium aluminate, increases the strength of
sulfate-resistant cement clinker. The calculated
modulus values once again prove that the raw
material mixture is in equilibrium. The CaQ/SiO,
ratio (2.76) — the silicon modulus — provides high
mechanical strength of the cement. The lime
saturation factor (LSF = 0.86) indicates that the
firing process was carried out under optimal
conditions. The aluminum modulus n (2.15) and
iron modulus p (0.94) confirm that the oxides have
a stable ratio. These results prove that it is possible
to effectively produce sulfate-resistant Portland
cement clinker based on local raw materials such as
barren sand, iron-rich industrial waste, kaolin and
limestone.

Table 2 - Chemical and mineralogical composition of sulfate-resistant portland cement clinker

Material name LOI Sio, Al,O; Fe,0; Cao MgO SO; | CI- | CaO (Free z
Ca0)

Portland cement 1.14 22.1 4.98 5.32 61.09 2.07 0.8 | 0.0 0.935 100.0

clinker

Mineralogical composition (%) and module indices

C55=38.64; C,5=41.03; C3A=4.17; C,AF=16.16; Ca0/Si0,=2.76; LSF=0.86;

SR=2.15; AR=0.94
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Figure 2 - XRD pattern of SRC clinker showing the main phases (CsS, C,S, C3A, C4AF)

Reducing the amount of tricalcium aluminate
can reduce the expansion and erosion of cement in
sulfate environments by 15-25%, resulting in
increased long-term durability of structures.
However, to maintain optimal modulus values, it is
necessary to precisely control the firing
temperature in the range of 1350-1450 °C, as well
as the time of burning the clinker in the kiln. In
future studies, it is proposed to study the
mineralogy of the raw material mixture in depth,
analyze the hydration kinetics, and conduct
mechanical tests in order to improve the efficiency
of the synthesized clinker. The chemical
composition and phase structure of the clinker
were evaluated by X-ray phase analysis along with
tabular data. The XRD diffractogram showed clear
peaks corresponding to the main crystal phases, the
presence of which confirmed the results obtained
by the Bogue method (Fig. 2). The strongest
diffraction peaks observed between 206 = 29-34°
and 51-52° indicate the dominance of the C3S and
C.S phases.

The high content of alite and belite phases is an
mportant factor determining the main mechanical
properties of clinker. The Alite mineral, which
makes up the mineralogical composition of clinker,
actively participates in the early days of the
hydration process, ensuring rapid hardening of the
cement stone from the first days. Belite, on the
other hand, exhibits a very slow hydration property
compared to allite and serves to increase the long-
term strength of the cement stone in the period of
28 days and beyond. The high content of these two
phases is the main reason for the rapid and very

high-quality mechanical strengthening of the
cement.

The results of the above data were found to be
in full agreement with the analysis of the X-ray
diffractogram. The most intense diffraction peaks
were recorded in the range of 26 = 28-350 and 50—
530, which were found to correspond to the alite
(C3S) and belite (C,S) phases. These indicators
confirm the quantitative data obtained from Bogue
calculations. The peaks around 26 = 32-340 and
480 correspond very well to the tricalcium
aluminate phase (C3A = 4.2%) and indicate that its
content in the clinker is very low. The low content
of tricalcium aluminate clearly indicates that it is an
important factor in increasing sulfate resistance.
The peaks observed at 20 = 32-340, 41-420 and
520 also correspond to the tricalcium
aluminoferrite phase (C,AF = 16.2%), which is in full
agreement with the results of chemical and
mineralogical analyses.

The fact that free CaO is lower than the
required standard indicates the efficiency of the
synthesis process. These results scientifically justify
the possibility of using the obtained sulfate-
resistant Portland cement clinker in the production
of sulfate-resistant cement in accordance with the
standards of the Republic of Uzbekistan St
337:2024 and GOST 22266-2013.

Sulfate resistance tests conducted according to
the ASTM (C1012/C1012M standard showed
significant differences in cement samples. The
degree of expansion observed in a Na,SO, solution
for 28 days was directly related to the composition
of the mineral phases of the cement (Table 3).
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Table 3 - ASTM C1012 sulfate resistance test —
28-day results

Sample Medium Length (mm)
1.1 Distilled Water 16.1
1.2 Distilled Water 16.1
1.3 5% Na S04 16.1
2.1 Distilled Water 16.1
2.2 Distilled Water 16.1
23 5% Na;SO4 16.1
3.1 Distilled Water 16.0
3.2 Distilled Water 16.0
33 5% Na S04 16.0

The 28-day exposure results clearly show that
the cement based on sulfate-resistant Portland
cement clinker showed significantly higher
durability than OPC (ordinary Portland cement) and
blended cements (Figure 3).

16,1 5
16.1 3
16.1 3

7161 3

E 160 1

w160 3

o

= 16,0 3
16.0 3

16.0 4

159 -

Distilled Water (mm) 5% Na2S504(mm)
B Sample N 1.1 Sample Ne 1.2 Sample Ne 1.3
Sample Ne 2.1 Sample Ne2.2 Sample Ne 2.3

B Sample Ne 3.1 B Sample Ne 3.2 B Sample No 3.3

Figure 3 - Expansion of cement samples (SULFATE
RESISTANT PORTLAND CEMENT, OPC, and blended
cement) after 28 days of exposure to 5% Na,SO4 solution

First, the cement based on sulfate-resistant
Portland cement clinker had the lowest expansion
values. This is explained by the limited content of
tricalcium aluminate in the composition (tricalcium
aluminate < 5%). Due to the low calcium aluminate,
it reduces the reaction with sulfate ions and
reduces the formation of excess ettringite or
secondary gypsum. As a result, sulfate-resistant
Portland cement exhibits long-term durability.

Second, ordinary Portland cement (OPC)
showed high expansion. At the end of 28 days, the
deformation values approached or exceeded the
limit values specified in the ASTM C1012 standard.
This is explained by the high content of three
calcium aluminates in the OPC composition.

Tricalcium aluminate actively reacts with sulfate
ions, forming expansive ettringite.

Third, the mixed cements obtained from local
raw materials showed lower expansion than OPC,
but did not reach the level of sulfate-resistant
Portland cement. This indicates that local mineral
additives (kaolin, clay derivatives, iron-rich
additives) have a partially limiting effect on the
reaction with sulfate ions.

In general, experiments have shown that
sulfate-resistant Portland cement, which can be
produced in Karakalpakstan, has significantly higher
resistance to sulfate-rich conditions - in particular,
in the conditions of high-sulfate groundwater of the
Aral Sea region - than ordinary Portland cement.
These scientific results confirm the increased
resistance of sulfate-resistant Portland cement to
the effects of sulfate ions and its possible use as a
promising construction material in aggressive
environments.

Conclusions

This study comprehensively assessed the
feasibility of producing sulfate-resistant Portland
cement clinker from local raw materials in
Karakalpakstan, specifically limestone, barren sand,
kaolin, and iron-containing industrial waste. This
represents a new use for regionally available
resources, which have not previously been explored
in combination for this purpose.

Chemical analysis confirmed that the raw mix
achieved an optimal oxide balance of CaO, SiO2,
Al203, and Fe203, resulting in modulus values (LSF
= 0.82; SR = 2.15; AR = 0.94) fully compliant with
standard regulatory requirements for sulfate-
resistant Portland cement clinker. The significant
belite content is particularly significant, as C2S
promotes long-term strength development and a
reduction in the heat of hydration—properties
particularly beneficial in sulfate-resistant systems.
Critically, the tricalcium aluminate (C3A = 4.2%)
content remained below the 5% regulatory
threshold, which is the primary mineralogical basis
for sulfate resistance. The increased C4AF content,
achieved through the intentional inclusion of iron-
rich industrial waste, further enhanced clinker
stability.

X-ray diffraction analysis, consistent with
Bogue's calculations, confirmed that the free lime
content (0.32%) was significantly below the
regulatory level, indicating that the clinkerization
process was complete and thermally efficient.
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Sulfate resistance tests conducted in
accordance with ASTM C1012/C1012M
demonstrated clear differences in performance
between cement types. Ordinary Portland cement
demonstrated the highest expansion (approaching
the standard limit after 28 days), the blended
cements vyielded intermediate results, and the
sulfate-resistant Portland cement clinker
synthesized in this study achieved the lowest
expansion value, confirming its excellent resistance
to sulfate attack. The exact expansion values for all
cement types tested are presented in Table 3.

In conclusion, sulfate-resistant Portland cement
clinker of standard quality can be successfully
synthesized from local raw materials from
Karakalpakstan, with optimized modulus values
specifically tailored to the mineral properties of
these regional resources. The use of iron-containing
industrial waste as a corrective additive not only
met the compositional requirements but also
facilitated the recycling of industrial waste, reduced
dependence on primary raw material extraction,
and minimized emissions associated with the
transportation of imported raw materials. These
results demonstrate both the technical viability and
the environmental and economic benefits of
localized sulfate-resistant cement production.
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KapaKannakcTaHHbIH, MUMHEpPanAbIK pecypcrapbl HerisiHae cynbdaTtka tesimai
NOPTAAHALEMEHT K/IMHKEPiH OHAIPYAIH TEXHONOIMANDIK, IKOHOMUKANbIK KIHE
3KO/IOrUANDbIK, acnekTinepi

Xapkues A.WL., 2Wang L., 3Atabaes @.6., 3Maxcyaosa H.}K., 'Atawes 3.A.

1 96y PalixoH bupyHuU ambiHOGFLI Yp2eHY memaekemmik yHusepcumemi, YpaeH4, ©36ekcmaH
2Uneay3aH yHUsepcumemi, IHep2emuKasblK UHXeHepusa Konnedxd, Xanuxcoy, Keimali
3636ekcmaH Pecrniybriukacsl Foiaeim akademusacsi MMannel #aHe 6eliopeaHUKAsbIK XUMUS uHCmumymsl, TawkeHm

Makana kengi: 1 xceamokcaH 2025
CapanTtamagaH eTTi: 20 mamsip 2026
KabbingaHapl: 10 mayceim 2026

Byn 3epTrey ©36eKcTaH PecnybauKacbiHbiH, Apan TeHi3i eHipiHeH TabbinfaH KeprinikTi WuKisaT
HerisiHae cynbdaTtka Tesimai NopTAaHAUEMEHT KAUHKEPIH OHAIpyre »KaHe OHbIH, KacueTTepiH
3epTTeyre apHanfaH. AnbiHFaH HITUXKENep TEXHONOTUABIK, SKOHOMMKA/bIK KIHE 3KONOMUANBIK
apTbIKLWbIbIKTapAbl KepceTedi. LLUnKi3aT Kocnanapbl 9KTac, KYHapCbIi3 KYM, KQO/IMH XKaHe Temipre
6ali eHAipicTiK KanablkTapaaH TypAabl, HITUXKECIHAE OHTaMNaHAbIPbINFAH OKCUMATI Kypambl 6ap
KAMHKep anbiHabl (LSF = 0,82, SR = 2,15, AR = 0,94). PeHTreHaik ¢dasanblk Tangay Kofapbl
MeXaHWKasblK BepikTiKTi KamTamacbi3 eteTiH aaut (CsS = 38,6%) »aHe 6enut (C,S = 41,0%)
basanapbiHbIH, KOFapbl KypamblH KepceTeai. YWKanbLUMN antOMUHATbIHbIH, TOMEH MesLepi
(YWKanbLuMit antomMUHaTbiHbIH, < 5%) aHe ¢eppuTTiH, )eTKinikti menwepi (C,AF = 16,2%)
cynbdatka Tesimainiri meH dasanbik 6acbiMapiibiFbiH - apTTbipabl. ASTM  C1012/C1012M
CTaHAAPTbIHA COMKeC KyprisinreH cynbdatka Tes3iMAiNiK cbiHaKTapbl cynbdatka Tesimai
noptnaHauemeHTTiH 5% Na,SO4 epiTiHAiciHe canblHFaH yAarinep apacblHAa iCiHy MHAOEKCIHIH, eH,
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TOMEH eKeHiH KepceTTi, byn KapanaibiM MOPTAAHALEMEHT MeH apanac UeMeHT TypsiepimeH
CaNbICTbIPFAHAA OHbIH, XOFapbl TO3IMAINITIH Adnenaesi. ANbIHFaH HITUXKENEep KeprinikTi WuKisaT
HerisiHae cynbdaTka Tes3imai Kofapbl cananbl NOPTAAHAUEMEHT KAMHKEPIH LWblFapyFa KaHe
OHblH, Opan eHjpiHiH, cynbdaTka 6ait KafaanapbiHa KapaMAblIbIFbIH KepceTyre MYMKIHAIK
6epedi. JKOHOMMKaNbIK TYpPFblAAH YKeprifikTi LKMKI3aTTbl NaiganaHy eHAIpIicC LWbIFbIHAAPbIH
asalnTadbl, UMMNOPTKA KaKeTTiNiKTi asaiTagbl, LeMeHT eHepKacibiHiH Gacekere KabinetTiniriH
apTTbipagdpbl. JKONOMUANBIK TYpPFblAaH anfaHaa, cynbdaTtka TesiMmai NopTAaHALEMEHTTIH, y3aK
KbI3MET eTy Mep3imi KaHe eHepKacinTiK KanaplKTapabl NainaanaHy »Kacbll 3KOHOMUKaFa CalKec
Keneai, KanaplKTapabl a3alTyFa KEMeKTecei KaHe TypaKTbl JaMyFa biKnan eTesi.

TyliiHOi ce30ep: cynbdaTka Te3iMAj NOPTAAHALEMEHT, KAUHKEP CUHTE3I, MUHepanabl pecypcrap,
cynbdaTKa Te3iMAINIK, YKacbl1 SKOHOMUKA, TYPAKTbIbIK.
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AHHOTAUMA

[aHHoe wccnefoBaHME MOCBALLEHO MOJIyYEHUIO CybPaTOCTOMKOrO MOPTAAHALEMEHTHOrO
KAMHKEepa Ha OCHOBE MEeCTHOro Cblpba, OOHApYXeHHOro B pernoHe ApanbCKOro Mmops
Pecny6nvKn Y36€KWUCTaH, M U3y4eHWUto ero cBOMCTB. MonyyeHHble pe3ynbTaTbl NOAYEPKUBAIOT
TEXHO/IOTUYECKME, IKOHOMUYECKME W IKOMOTMYEecKue npevmyliectsa. B KayectBe CblpbeBbIX
cmecell  MCNoNb30Ba/sUCb  WM3BECTHAK, MyCTble NEeckW, KaoanH W boraTble Kenesom
NPOMbILWNEHHbIE OTXOAbl, YTO MO3BOJIU/IO MOAYYUTb KAMHKEP C ONTUMMU3NPOBAHHBLIM OKCUAHbLIM
coctasom (LSF = 0,82, SR = 2,15, AR = 0,94). PeHTreH0}a30Bblii aHa/M3 NOKa3bIBAET BbICOKOE
copepaHune ¢das anuta (CsS = 38,6%) u benuta (C.S = 41,0%), 4to obecneynsaeT BbICOKYIO
MeXaHWYeCcKyo NPOYHOCTb. Huskoe coaeprraHue TpUKanbuMitantommHaTa
(TpuKanbuunantommHaT < 5%) n goctatouHoe cogepkaHue pepputa (C4AF = 16,2%) nosbicuan
cynbdaToCTOMKOCTb M das3oBoe [oOMUHMpPOBaHWe. WcnbiTaHMA Ha  cyibdaTOCTOMKOCTb,
nposedeHHble B COOTBETCTBMM CO CTaHgaptamu ASTM C1012/C1012M, nokasanu, 4TO
CcyNbGaTOCTOMKUIA NOPTAAHALEMEHT MMEN CaMblii HU3KMI MHAEKC HabyxaHuA cpean ob6pasuos,
nometeHHbIx B 5% pacteop Na,SO4, UTO NOATBEPIKAAET Er0 BbICOKYH CTOMKOCTb MO CPABHEHUIO C
06bIYHBIM MOPTAAHALEMEHTOM M CMELUaHHbIMW BUAAMM LeMeHTa. [lonydeHHble pe3ynbTaTbl
OTKPbLIBAOT ~ BO3MOXHOCTb Npou3BOACTBA BbICOKOKQUYeCTBEHHOrO  Cy/bpaToCTONKOro
NOPTAAHALEMEHTHOrO KAMHKepa Ha OCHOBE MECTHOro Cbipbf W AEMOHCTPUPYIOT  €ero
NPUroAHOCTb ANA YCNoBMIA perrioHa Opan C  BbICOKMM copepiaHuvem cynbdatoB. C
3KOHOMMYECKOW TOYKU 3PEHUA UCMO/Ib30BaHUE MECTHOrO Cbipbsf CHUMKAET NPOM3BOACTBEHHbIE
3aTpaThl, YMeHbLIAeT NOTPeBbHOCTb B UMNOPTE M NOBbIWAET KOHKYPEHTOCNOCOOHOCTb LLeMEeHTHOM
NPOMbIWAEHHOCTU. C  3KONOrMYECKOW TOYKM  3peHWUA  A/IMTeNbHbIA  CPOK  CAYK6bl
Cy/NbHaTOCTOMKOro NOPTAAHALEMEHTA U UCNOb30BAHME MPOMBbILLIEHHbIX OTXOA0B COBMECTUMbI
C «3e/1eHO» 9KOHOMMKOW, CNOCOBCTBYIOT COKPALLEHUIO OTXOA0B U YCTOWYMBOMY Pa3BUTHIO.

Kntovesbie cn06a: cynbGpaToOCTOMKMIA NOPTNAHALEMEHT, CUHTE3 KAWHKEepa, MUHepasbHble
pecypcbl, cynbGaTOCTOMKOCTb, 3eN1EHAA IKOHOMUKA, YCTOWYMBOE PasBUTHE.
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ABSTRACT

This study investigates fluoride loss in a mixture of mineralized mass (MM) extracted from the
Central Kyzylkum phosphorite deposits and acidic wastewater (AWW) generated by the fat-and-
oil industry. The research aimed to evaluate fluoride release and its retention stability under
various conditions. Experimental trials were conducted using AWW:MM mass ratios ranging from
100:10 to 100:40. The experiments were carried out at 333 K for 30 minutes, employing ionometric
analysis. The theoretical fluoride content varied from 1.23 g to 4.90 g, while the experimental
values ranged from 0.88 g to 3.68 g. The lowest fluoride loss was observed at the 100:20 ratio,
amounting to 0.34 g. The highest loss, 1.22 g, was recorded at the 100:40 ratio. The 100:25 ratio
(pH 5.90), with a fluoride loss of 0.40 g and an experimental retention of 2.66 g, was identified as
optimal. At pH values between 6.33 and 7.30, fluoride levels stabilized between 3.08 g and 3.68 g.
An exponential regression model demonstrated a high degree of correlation (R? = 0.9767). The
standard deviation ranged from +0.002 g to +0.008 g. lons in AWW (SO4%": 48,145 mg/L and CI™:
38,116 mg/L) significantly accelerated fluoride volatilization. The emission of HF gas contributed
to atmospheric pollution; however, the 100:25 ratio minimized environmental impact. The results
aligned with literature-reported fluoride loss ranges of 0.3-1.5 g. This research contributes to the
development of effective and environmentally safe approaches to waste reutilization.

Keywords: fluoride loss, pH value, lonometric analysis, exponential regression, mineralized mass,
acidic wastewater.
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Introduction

rather extended period of time. Acid wastewater
from the fat and oil industry is highly ionized,

Extensive mining and processing of phosphorite  creating a real danger of pollution of soils and water
rock produce a substantial amount of waste. This  sources. If the wastewater and mineral waste are
waste material also has strong biological capacity = separated, the interaction of the combined chemical
and does not convert into a passive substance fora  properties of the two is not understood. This
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approach to waste utilization is presently changing
in the direction of processing individual wastes
together in order to be able to treat the interaction
of the two. It is important to investigate the amount
of fluoride fixed and liberated into the combined
waste products. The physicochemical properties of
fluoride are highly sensitive to the components of
ionic agents and pH conditions [[1], [2], [3], [4], [5]].

The Central Kyzylkum phosphorite ores have
been generating significant low-grade phosphorite
waste over the years. Although these wastes appear
to be physically stable, they still contain reactive
substances such as fluoride, sulfates, and
carbonates that can potentially vary through natural
weathering. Reaction to rainwater, wind, and solar
exposure alters the topological geochemistry of the
waste, and geochemical analysis has shown that the
concentration of fluoride is high around the waste
storage areas [[6], [7], [8], [9]]. Moreover, the
presence of finer dust particles in dry environments
leads to aerial suspension of the dust particles that
is potentially inhalable by the nearby population.
These waste substances should therefore not be
classified as non-reactive but as potentially reactive
technogenic waste that warrants regulation and
follow-up treatment strategies [[10], [11], [12]].

In the processes of neutralization and
saponification, the fat and oil industry produces a
strongly acidic soapstock wastewater (AWW), which
always has a pH level below 4 [[13], [14], [15]] The
resulting wastewater is rich in anions (SO4%-, CI-,
NOs~) and cations (Na*, Mg?*, NH,*, Ca?*), a fact that
makes it a complex electroactive solution [[16], [17],
[18]]. Due to its acidity and higher ions
concentration, AWW strongly reacts with other
wastes rich in phosphates: lon exchange,
dissolution, and surface-related adsorption
phenomena can release fluoride ions, which were

acidic
. solution
Fluorapite

unavailable prior to the interaction [[19], [20], [21]].
Generally, the soapstock wastewater can be seen as
a reactive effluent rather than a passive one, and it
can alter the physicochemical conditions of other
wastewaters produced by the industry. In fact, a
comprehensive understanding of the soapstock
wastewater chemistry is very important for the
precise modeling of the behavior of the complex
samples of industrial wastes [[22], [23]].

When mineralized mass (MM) and AWW are
combined, an intensely reactive dispersion is
formed, wherein chemical transformations proceed
rapidly. The high acidity of AWW—driven by ions
such as H*, SO,%7, and Cl~—can disrupt the ionic
balance of structurally bound inorganic fluoride
compounds in MM. Fluoride in MM typically exists
in relatively stable crystalline phases, such as
fluorapatite and cryolite, but their stability
decreases sharply at low pH. Under protonation
conditions, fluoride minerals undergo partial
decomposition, thereby facilitating the conversion
of fluoride into ionic or gaseous forms such as HF
[[6], [12]] (Figure 1).

This process is kinetically governed by acidity
level, temperature, and the ionic strength of the
reactive medium. Notably, the ion-exchange
capacity and complexation potential of sulfate and
chloride anions significantly enhance the system’s
reactivity. The mineralized structure of the MM
(mineralized mass) undergoes transformation in
acidic environments, particularly in terms of porosity
and surface activity. Under such conditions, fluoride
components dissociate from the crystalline lattice
and transition into mobile forms. The phase
recrystallization and surface ion migration induced
by interaction with AWW directly influence the
residual fluoride content in the final product. In such

2+ /Qj = i

- Ca
POs* H
& HPb,
D H,PO, H,PO,”
HF

Ca;(PO,);F + 10H* — 5 Ca?* +3H,PO,” + HF ¢

Figure 1 - The decomposition process of fluorapatite (Cas(POa)sF) in acidic solution
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mixed systems, the retention or mobilization of
fluoride depends functionally on ionic strength, pH
of the medium, and reaction duration.
Mathematical modeling enables theoretical
interpretation of these conditions and introduces a
predictive approach to managing the transformation
process. Furthermore, the reactions occurring in
AWW-MM mixtures should not be viewed as simple
physical interactions, but rather as complex,
thermodynamically and kinetically controlled phase
transformations. The portion of fluoride retained in
the product—without volatilizing into the gaseous
phase—can be determined based on mass changes,
pH gradients, and the kinetics of dissociation. Such
combined systems transition waste into an activated
reactive structure, thus enabling controlled
environmental risk management. The reactive
integration of MM and AWW represents a
scientifically  grounded direction for the
development of alternative waste neutralization
technologies [[24], [25], [26], [27]].

The primary objective of this study was to
experimentally determine the amount of fluoride
retained in the final product derived from MM and
AWW mixtures, and to evaluate its loss by
comparing experimental results with theoretical
calculations. The theoretical amount of fluoride was
calculated from the original chemical composition of
the waste, and the gap between this value and the
measured content in the final product indicated the
degree of fluoride release or transfer. In the
experiments, mixtures of mineralized mass (MM)
and acidic wastewater (AWW) were exposed to
controlled conditions of temperature, duration, and
mass ratio to reproduce a reactive environment.
After processing, the fluoride concentration in the
material was determined through analytical
techniques and used as a key parameter in
modeling. This approach made it possible to identify
the main chemical factors influencing whether
fluoride was retained or lost in the system. Within
the modeling framework, variations in fluoride
levels were mathematically related to pH, ionic
strength, and mixing proportions. The findings
offered a clearer understanding of how fluoride-
containing waste undergoes reactive
transformations under environmentally relevant
conditions.

This research systematically examined ion
exchange, phase structure alteration, and
component mobility within a reactive medium
generated through combined treatment of
industrial waste streams. The methodology was

grounded in a concept of transforming dual-source
waste into an environmentally safe form via
chemically activated transformation. This approach
redefined the waste materials not as passive inert
residues but as chemically reactive substrates. The
behavior of fluoride-containing compounds—
particularly the dynamic changes arising from pH
gradients and ionic strength—was mathematically
described through modeling. The methods of
conversion of stable fluoride forms into free ions and
further retention or release of the ions within the
system have been examined using analytical
methods. Thus, it has become possible to develop a
model based on the physicochemical properties of
the substance in relation to ecological risk levels to
make technological waste management even more
sustainable.

Experimental part

The main focus of this study was on industrial
wastes  characterized by varied chemical
compositions and a high tendency to react.

The first object was MM obtained from the
phosphorite deposits of the Central Kyzylkum
region. Its composition includes 15.09% P,0s,
43.17% CaO0, 1.22% Al,0s, 1.34% Fe,03, and 1.21%
MgO. Additionally, the material contains 1.7%
fluoride, 14.01% carbonate compounds, and 2.17%
sulfates. The fluoride is primarily bound in the form
of fluorapatite, which is highly reactive in acidic
environments [[15], [16], [17], [18], [19]].

The second object was AWW generated from
technological processes at the “Urganch yog-moy”
JSC. The AWW contained 100 mg/L H*, 43,158 mg/L
Na*, 38,116 mg/L Cl, 48,145 mg/L SO427, 1,824 mg/L
Mg?*, and 300 mg/L Ca®*. In addition, it included
20.01 mg/L NO,, 840 mg/L NOs™, 3,446 mg/L HCOs",
100 mg/L NH4*, 30 mg/L Fe?*, and 0.3 mg/L Fe3*. This
solution formed a strongly acidic medium with a
total ionic strength of 2,148.08 mg-equiv/L and a pH
range of 2.1-2.5. The ionic composition of AWW
triggers stepwise ion-exchange reactions with the
structurally bound fluoride in MM [[15], [16], [17],
(18], [19]].

Mixtures of AWW and MM were prepared in
mass ratios ranging from 100:10 to 100:40, mixed
under a reaction medium at 333 K for 30 minutes.
Each mixture was subsequently dried at 353 K to
form a solid phase, crushed into powder, and
analyzed for residual fluoride content. The
interaction of acidic ions with fluoride components
in MM promotes fluoride migration and
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decomposition in  the reactive medium.
Furthermore, the increase in pH from 4.10 to 7.30
following the reaction indicates the occurrence of
partial neutralization. Owing to their chemical
complexity and high reactivity, these two waste
streams serve as an excellent laboratory model
system for studies on waste recycling,
environmental safety, and mathematical modeling.
Within such systems, fluoride transformation
behavior, decomposition kinetics, and ion
equilibrium  parameters can be thoroughly
investigated.

After drying, the residual fluoride content in
powder samples of AWW-MM mixtures was
measured using an ion-selective electrode method
with a portable ionometer device, calibrated in
accordance with the manufacturer’s instructions
(produced in the Russian Federation).

To enable solubilization of fluoride ions, each
powder sample was extracted in a 1:10 ratio with
distilled water. The prepared solutions were kept at
20-25 °C for a minimum of 30 minutes to allow the
ion balance to reach stability. Subsequent
measurements were performed in a buffered
medium with a pH of about 5.0-5.5, ensuring that
only free and reactive forms of fluoride were
detected. The ionometer was calibrated prior to
each measurement using standard fluoride solutions
of 0.1, 1.0, and 10 mg/L concentrations.

During  analysis, the actual fluoride
concentration in mg/L was displayed directly on the
device screen. Each sample was measured in
triplicate, and the arithmetic mean was calculated
along with standard deviation to assess analytical
precision.

To complete the fluorine material balance and
experimentally confirm the transition of fluoride
into the gas phase, an additional set of experiments
was conducted using a gas absorption method. The
experimental setup was supplemented with a
fluoride gas trapping system designed to capture
hydrogen fluoride (HF) released during the
interaction between acidic wastewater (AWW) and
mineralized mass (MM).

The reaction was carried out in a sealed glass
reactor equipped with a gas outlet. The outlet was
connected to a two-stage absorption unit. The first
absorber contained 0.1 M NaOH solution, intended
for quantitative absorption of HF according to the
reaction:

HF + NaOH - NaF + H,0

The second absorber contained distilled water
to capture residual fluoride species and possible

aerosol-bound fluorine. All connections were made
using chemically resistant tubing to prevent fluoride
losses.

Blends of AWW and MM were also synthesized
at mass ratios of 100:10 to 100:40. These mixtures
were then allowed to react for 30 minutes at 333 K,
the same as those in the main experiment. During
the reaction process, the gas produced was
channeled through the absorption system under
natural gas pressure without forced gas flow. Once
the experiment was completed, the absorber
solution was allowed to stabilize for 30 minutes
under room temperature.

The concentration of fluoride in the absorption
solutions was analyzed using an ion-selective
electrode analysis technique. Before carrying out
the test, the NaOH absorber solution was first made
to have a pH of 5.0 to 5.5 using a diluted hydrochloric
acid. The calibration was carried out using a
standard fluoride solution with a concentration of
0.1, 1.0, and 10.0 mg/L. The experiment was done in
triple replication.

The amount of fluorine transferred to the gas
phase, Fges, Was calculated using the measured
fluorine concentration, as well as the volume of the
absorption solution. This amount was then
employed to calculate a complete fluorine material
balance via the equation:

Fiotal = Fsotia + Fliquid + F:gas

Where: Fsig = residual fluoride in dried solid
product, Fiquie = fluoride in liquid phase, Fgos =
fluoride captured in absorption system.

This allowed an experimental distinction to be
made between loss of fluoride due to volatilization
of HF gas and losses retained within the solid phase
or carrier liquid. In addition, gas absorption, as a
quantitative gas capture process, ensured that gas
phase fluoride was quantified accurately, and this
had an impact on improving calculations related to
fluorine balance.

This method is distinguished by its rapidity,
sensitivity, and low measurement error. The ion-
selective electrode approach offers a reliable means
of quantifying reactive fluoride, evaluating its
retention, and assessing ecological risk levels.

The theoretical fluoride content in MM was
calculated based on the mass fraction of structurally
bound fluoride. In this study, calculations were
performed assuming complete presence of fluoride
in the form of fluorapatite (Cas(PQOa4)sF). For each
mixture with a defined mass of MM (muum), the
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theoretical mass of fluoride (mf) was determined
using the following equation:

Wp
mrp = Myym m

Where:

mg — theoretical fluoride mass (g),

mpyy — mass of mineralized mass used in the
mixture (g),

wr — mass fraction of fluoride in the
mineralized mass (%).

The amount of substance (ny) of fluoride
corresponding to the theoretical mass was then
calculated using the molar mass of fluoride:

mpg

Ng = —
Mg

Where:

nr — amount of substance of fluoride (mol),

Myp— molar mass of fluoride (19.00 g/mol).

In all experimental combinations (i.e., varying
AWW:MM mass ratios), the theoretical fluoride
content was calculated individually based on the
above formulas. For each calculation, a reaction
efficiency of 100% was assumed, representing an
ideal condition. Subsequently, to compare with the
experimentally determined values, the mass of
fluoride loss was estimated using the following
relationship:

practical

theoretical __
F F

Amp =m
The above model serves as a basis for
theoretically assessing the probability of fluoride
decomposition, the reactivity level of acidic
components in the environment, and the kinetics of
structural breakdown. This mathematical approach,
developed based on formulas, is used to model the
degree of retention or loss of fluoride in waste
materials.
The degree of fluoride loss is expressed through
a mathematical model based on the difference
between theoretical and practical quantities after
the reaction with the waste mixture. In this case, the
mass of lost fluoride (AF) is determined by the
following equation:

AF = Fipeoretical — Fpractical

Here,
AF — amount of fluoride loss (g or mg),
Fineoreticar — theoretically calculated fluoride
content,
Fpracticar— €xperimentally determined fluoride
content.

To evaluate the loss in percentage terms, the
following expression is used:

AF
Pioss = ( ) -100 =

Ftheoretical

_ (Ftheoretical - Fpractical

Ftheoretical ) 100

Using these formulas, the degree of fluoride loss
for each AWW:MM mass ratio is quantitatively
assessed. Thus, the impact of the acidic medium on
fluoride breakdown, the ionic balance of the reactive
system, and the overall mechanism of fluoride
release can be represented through mathematical
modeling. Thanks to its high sensitivity, this model
provides predictive insights into the process and
serves as a reliable tool for assessing the
environmental risks associated with the waste
system.

To further assess the scale of fluoride release
and the ion balance in AWW:MM mixtures, a
modeling approach incorporating differential
analysis, empirical coefficients, and regression
methods was applied. The decline in fluoride
concentration within the mixtures was described as
a function of the AWW:MM mass ratios.This
relationship was further clarified using an
exponential regression model. The general
mathematical expression adopted for the modeling
is as follows [[28], [29], [30]]:

CF == CO : e_kx

Here,

Cr — final fluoride concentration in the dried
powder sample (% or mg/g),

C, — initial (theoretical) fluoride concentration,

k — exponential decay coefficient of the
reaction (experimentally determined),

x — mass of mineralized mass (MM) in the
AWW:MM ratio (g or %).

In this model, the value of kkk is determined
from actual experimental results, and its fit is
statistically evaluated using the coefficient of
determination R?.  Additionally, changes in
equilibrium caused by ionic interactions in the
reactive medium are assessed using the Le Chatelier
principle. The dynamic equilibrium shift AQ is
modeled according to the following equation:

AQ = f (Cy+,Cr-,pH, t)
Here,

Cy+,Cg- — concentrations of key ions
(hydrogen and fluoride) in the reaction medium,
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pH — the acidity level of the reaction
environment,

t — temperature in Kelvin (K).

Furthermore, an Excel-based graphical analysis
was performed to illustrate the differences between
the theoretical and experimental values of fluoride
content at each test point. From these results, a
correlation model with high accuracy was
constructed. This mathematical framework makes it
possible to explore the reaction mechanisms in the
AWW:MM system in detail, supports predictive
modeling of fluoride loss, and provides a
guantitative basis for evaluating the ecological

impact of the resulting waste mixtures.
Results and Discussion

In this study, the efforts were directed towards
investigating the release and loss of fluoride in the
mixture of mineralized mass (MM with 1.7% of
fluoride content), mined at the Central Kyzylkum
phosphorite deposits and the acidic wastewater
(AWW of the fat and oil industry), as well as
discussing environmental issues associated with
them. Experimental tests were conducted at
AWW:MM mass ratios of 100:10 to 100:40 at 333 K
for 30 minutes. Tests of the solid residues obtained
were conducted through the ionometric method.

* In addition, gaseous fluoride released during
the interaction was experimentally captured using
an absorption system, allowing the completion of a
full fluorine material balance across solid, liquid, and
gas phases.

In this chapter, results are presented with
supporting tables and figures, together with
statistical analysis and a discussion of the involved
aspects of the loss of fluoride and relevant scientific
observations and recommendations for further
studies [[31], [32], [33], [34]].

The results provided data about the theoretical
and experimental values of fluoride content in
grams, as well as the amount of fluoride loss. Table
1 summarizes the values obtained for each
AWW:MM mass ratio (100:10-100:40), showing
that the theoretical fluoride content ranged from
1.23 g to 4.90 g, while the experimental values
ranged from 0.88 g to 3.68 g. The lowest fluoride loss
(0.34 g) was recorded at the 100:20 ratio, whereas
the highest loss (1.22 g) occurred at the 100:40 ratio.

Table 2 presents pH values (4.10-7.30) and
practical fluoride amounts (0.88 g-3.68 g). The
highest amount was observed at pH 5.90 (2.66 g),
while at pH 6.33-7.30, it stabilized in the range of
3.08-3.68 g. The standard deviation varied from
+0.002 g to +0.008 g.

Table 1 - Theoretical and practical fluoride quantities and fluoride losses in AWW:MM mixtures

AWW:MM mass  Theoretical fluoride Practical fluoride Fluoride loss (g) Standard
ratio amount (g) amount (g) deviation (g)
100:10 1.23 0.88 0.35 +0.002
100:15 1.84 1.42 0.42 +0.003
100:20 2.45 2.11 0.34 +0.004
100:25 3.06 2.66 0.40 +0.005
100:30 3.68 3.08 0.60 +0.006
100:35 4.29 3.39 0.90 +0.007
100:40 4.90 3.68 1.22 +0.008

Table 2 - pH and fluoride content in AWW:MM mixtures

AWW:MM mass ratio pH Practical fluoride amount (g) Standard deviation (g)
100:10 4.10 0.88 +0.002
100:15 4.81 1.42 +0.003
100:20 5.62 2.11 +0.004
100:25 5.90 2.66 +0.005
100:30 6.33 3.08 +0.006
100:35 6.74 3.39 +0.007
100:40 7.30 3.68 +0.008

— 100——
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Figure 3 - The relationship between pH and fluoride content

Figure 2 (line graph), comparing the theoretical
and practical amounts of fluoride, showed the
highest practical amount (2.66 g) at a ratio of 100:25.

Figure 3 (scatter graph) illustrates the
relationship between pH and the practical amount
of fluoride, showing the highest amount (2.66 g) at
pH 5.90 and stabilization in the pH range of 6.33-
7.30.

In this study, Figure 2 compares the theoretical
(1.23 g-4.90 g) and experimental (0.88 g—3.68 g)

amounts of fluoride at various AWW:MM mass
ratios (100:10-100:40) using a line graph. The
highest experimental fluoride content was observed
at the 100:25 ratio with a value of 2.66 g, while the
lowest was recorded at the 100:10 ratio with 0.88 g.
Fluoride loss ranged from 0.34 g (100:20) to 1.22 g
(100:40). Figure 3 presents a scatter plot of pH
values (4.10-7.30) versus experimental fluoride
content (0.88 g—3.68 g). The peak fluoride retention
occurred at pH 5.90, corresponding to 2.66 g. In the

— 10—
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pH range of 6.33 to 7.30, fluoride levels stabilized
between 3.08 g and 3.68 g. In both graphs, the
standard deviation of ionometric analysis ranged
from +0.002 g to +0.008 g. These graphs clearly
demonstrate the dependence of fluoride content on
both mass ratio and pH, confirming the reliability of
the experimental conditions.

The fluoride loss (0.34-1.22 g) was evaluated
based on a complete fluorine material balance,
including experimentally determined fluoride
contents in the solid and liquid phases as well as
gaseous fluoride captured using an absorption
system, and subsequently analyzed using an
exponential regression model (R = 0.9767).

Each ionometric measurement was repeated
three times, with standard deviations ranging from
10.002 g to £0.008 g. The minimum fluoride loss was
recorded at the 100:20 ratio (0.34 g), and the
maximum at 100:40 (1.22 g). The 100:25 ratio (0.40
g loss and 2.66 g retained fluoride) was identified as
the most balanced condition. The correlation
between pH (4.10-7.30) and experimental fluoride
content (0.88 g-3.68 g) showed a strong
relationship. Statistical results confirmed the
reliability of data obtained at 333 K and a reaction
time of 30 minutes. This analysis allowed accurate
evaluation of fluoride behavior in response to
varying mass ratios and pH values. The low standard
deviation highlighted the high reproducibility of
results. The exponential model effectively explained
the variability in fluoride loss and provided a robust
foundation for subsequent chemical and
environmental discussions.

From a chemical standpoint, fluoride loss (0.34
g-1.22 g) was evaluated as a function of pH. At the
100:10 ratio (pH 4.10), the highest loss (0.35 g) was
attributed to the formation of hydrogen fluoride
(HF) gas. The 100:25 ratio (pH 5.90) provided
optimal conditions with the lowest fluoride loss
(0.40 g) and highest experimental fluoride retention
(2.66 g). In the pH range 6.33—-7.30 (ratios 100:30-
100:40), fluoride content stabilized between 3.08 g
and 3.68 g, attributed to the decreased acidity of the
medium. The high ionic strength of AWW,
particularly SO,%~ (48,145 mg/L) and CI~ (38,116
mg/L), accelerated fluoride release under low pH
conditions. Environmentally, the release of HF gas
(notably at 100:10) contributed to air pollution and
posed health risks. Ratios of 100:20 (0.34 g loss) and
100:25 (0.40 g loss) minimized soil and water
contamination. The treatment of MM and AWW
mixtures promoted stable fluoride retention,

making the process an effective waste neutralization
strategy. The findings demonstrated the significance
of this method in reducing environmental impact
and provided a scientific basis for managing fluoride
behavior and associated ecological risks [[35], [36],
[3711.

Conclusion

This study investigated fluoride loss in a mixture
of MM obtained from the Central Kyzylkum
phosphorite deposits and AWW from the fat-and-oil
industry, yielding several significant findings. The
theoretical fluoride content across AWW:MM ratios
(100:10-100:40) ranged from 1.23 g to 4.90 g, while
the experimental content varied from 0.88 g to 3.68
g. The minimum fluoride loss was observed at the

100:20 ratio (0.34 g), whereas the maximum was
recorded at 100:40 (1.22 g). The 100:25 ratio (pH
5.90) demonstrated optimal conditions with only
0.40 g of loss and 2.66 g of retained fluoride. At pH
values between 6.33 and 7.30, fluoride content
stabilized within the range of 3.08 g to 3.68 g.
lonometric analysis showed high reproducibility,
with a standard deviation between +0.002 g and
+0.008 g.

An exponential regression model (R? = 0.9767)
confirmed the reliability of fluoride loss predictions.
High concentrations of ions in AWW (SO42": 48,145
mg/L; Cl™: 38,116 mg/L) accelerated fluoride release.
At a 100:10ratio (pH 4.10), the emission of hydrogen
fluoride (HF) gas contributed to air pollution. In
contrast, the 100:20 and 100:25 ratios effectively
minimized soil and water contamination. The co-
treatment of MM and AWW ensured stable fluoride
retention, supporting its application as a waste-
neutralization strategy. Statistical findings aligned
with literature data indicating fluoride losses in the
range of 0.3-1.5 g. A key limitation of the study was
the inability to directly measure HF gas emissions.
Nevertheless, the results support the strategy's
effectiveness in mitigating environmental risks.
Reducing fluoride loss significantly contributes to

lowering ecological impact and provides a
foundation for developing advanced waste
treatment technologies. These findings offer
practical implications for industrial waste

management and play a critical role in enhancing
environmental safety. Moreover, the study
contributes to the advancement of innovative
approaches in fluoride control.

— 102——
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MuHepangaHfaH ¢pochopuUT KanabiKTapbl MeH Mait-Mak O6HEePKICIBiHiH,
akaba cynapbl KocnacbiHAafbl PTOpAbIH, 60niHYIH MaTeMaTUKaNbIK,
Mmopaenbpaey XaHe 3KoNoruanbik 6aranay
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1A6pynnaesa @.6., 2Martmypatos A.A.
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AHHOTALMUA

Byn 3epTtrey OpTanbik Kbi3blikym Gocdoput KeH opbiHAAPbIHAH anblHFaH MUHepangaHFaH macca
(MM) meH Mali-KaHe Mali eHepKkacibiHae Ty3ineTiH KbIWKbIA afblHAbl cynapabiH, (KAC)
KocnacbiHAafbl GTOpAbIH, OFanyblH 3epTTeyre bafbiTTanfaH. MyMbICTbIH MaKcaTbl  GTOPAbIH,
6eniHyiH »KoHe OHbIH, TypaKTbl CaKTanyblH JpTypAi KafdahWnapaa 6aranay. DKcnepumeHTTep
KAC:MM macca apakatbiHacbl 100:10-HaH 100:40-Ka geliiHri apanbikTa, 333 K Temnepatypaaa, 30

Makana kenai: 25 menmokcaH 2025 MWHYT 6OMbl MOHOMETPUANBIK TaNAay a4icimeH Xyprisinai. Teopuanbik, ¢top menwepi 1.23 r-gaH
CapantamagaH eTTi: 27 KaHmap 2026 4.90 r-fa geviiH, an Taxipubenik Hatuxenep 0.88 r-gaH 3.68 r-fra gentin e3srepai. EH, a3 ¢Top
Kabbiaanapi: 11 mayceim 2026 »kofanybl 100:20 KaTbiHacbiHaa — 0.34 1, an eH, *ofapbl )ofanty — 1.22 r — 100:40 KaTbiHacbIHAA

aHbIKTangpl. OnTumangabl xargar 100:25 katbiHacbiHAa (pH 5.90) 6alikanbin, GTOpAbIH, *KOFanybl
0.40 r, an Kanablk menwepi 2.66 r 6onabl. pH 6.33-7.30 apanbifbiHaa ¢Top menwepi 3.08 r—-3.68
I AeHreriHae TypakTaHAbl. IKCNOHEHLMANAbI PErPECCUA MOAENI }KOFAPbl KOPPENALMAHbBI KOPCEeTT
(R? = 0.9767). CraHgapTTbl aybiTKy +0.002 r—aaH +0.008 r—ra aevtiH 6onapl. KAC KypambiHAaFbl
noHaap (S0427: 48145 mr/n, CI™: 38116 mr/n) dTopApbIH, YLYbIH eaayip keaenaetti. HF rasbiHbiH,
6eniHyi aTmocdepaHblH, NacTaHyblHa aKendi, anaiga 100:25 KaTbiHACbl 3KONOTUANBIK acepai
6apbIHLLa a3aiTTbl. ANbIHFaH HaTUXKenep aaebu aepektepaeri GTop xofany aykbimbiHa (0.3-1.5
r) coiikec Kenegi. byn 3epTrey eHepKacinTiK KanAbIKTapAbl TMIMAI 8pi 3KONOrMANbIK Kayincis KanTa
eHAeyre apHaNfaH aHa TaCiNAepAiH AaMyblHa yaec Kocaabl.

TyiiiH ce30ep: GTOpUATIH KoFanybl, PH KepceTKilli, MOHOMETPUANDIK Tanaay, IKCNOHeHUManabl
perpeccua, MMHepangaHfFaH macca, KbIWKbIAAbl aFbiHAbI Cyap.
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MaTtemaTuueckoe moaennpoBaHue U 3K0I0rMYecKan oLeHKa BbicBObOXaeHUA
¢TOopa B cmecn muHepanunsoBaHHbIX GOCPOPUTHLIX OTXOA0B U CTOUYHbIX BOA,
MaC/N0XXUPOBOIA NPOMBILLIIEHHOCTH
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Moctynuna: 25 dekabpa 2026
PeueH3upoBaHue: 27 aHeapsa 2026
MpuHATa B nevatb: 11 uroHa 2026

AHHOTALMUA

B HacToAWem uccneaoBaHUM paccMaTpuUBAlOTCA moTepu $Topa B CMECU MUHEepannsoBaHHOM
maccbl (MM), n3BneyéHHoin u3 GocHopUTHBIX MeCTopoKaeHWI LleHTpanbHOro Kbi3blnkyma, u
KMUCABbIX CTOYHbIX BoA, (KCB), 06pasytowmxca B KMPOBOW M MAC/IOXMPOBOM MPOMBbILIIEHHOCTH.
Llenbto paboTbl ABNANACL OLEHKA BbICBOHOXKAEHUA GTOPa M YCTOWYMBOCTU €r0 yAepKaHMA Npu
Pas3INYHbIX YCNOBMAX. IKCMEPUMEHTbI NPOBOAUINCL NPU MACCOBbIX COOTHOWeHnAXx KCB:MM ot
100:10 po 100:40 npu TemnepaType 333 K B TeyeHve 30 MWHYT C WCNO/Nb30BaHMEM
MOHOMETPUYECKOTro aHann3a. TeopeTuyeckoe cogepkaHme gpropa Bapbuposano ot 1,23 r go 4,90
r, TOr4a Kak 3KCNepuMmeHTaNbHble 3HavyeHuA Haxoamnucb B npegenax ot 0,88 r oo 3,68 r.
MuHuManbHble notepu dTopa (0,34 r) Habatoganucb Npu cooTHowweHum 100:20, makcMmanbHble
notepu (1,22 r) — npwu 100:40. ONTUManbHbIM NPU3HAHO cOOTHOWeHue 100:25 (pH 5,90), npu
koTopom notepu coctasuam 0,40 r, a ocTaTouHOe coaepKaHue — 2,66 r. MNpn 3HauyeHuax pH ot
6,33 po 7,30 KoHueHTpauua ¢Topa crabunusmposanacb B npegenax 3,08-3,68 r. Mogenb
JKCMOHEHLMAZIbHOM perpeccMmn Mokasasa BbICOKyl cTerneHb Koppensauuun (R? = 0,9767).
CTaHAapTHOE OTK/IOHeHMe Bapbuposano oT +0,002 r ao +0,008 r. MoHbl B coctase KCB (SO4%:
48145 mr/n v CI™: 38116 mr/n) 3HaunTENbHO YCKOPAAU UcnapeHune ¢Topa. BbigeneHne HF-rasa
cnocobcTBOBaNo 3arpAsHeHUI0 atmocdepbl, 0AHaKO Npu cooTHoweHun 100:25 skonormyeckoe
BO34eiNcTBME BblN0 MUHMMAaNbHLIM. lonyyeHHble pe3ynbTaTbl COrNACYIOTCA C AUTEepPaTyPHbIMU
OaHHbIMM, YKa3blBaOWMMMN Ha AManasoH notepb ¢Topa ot 0,3 o 1,5 r. UccnepoBaHne BHOCUT
BKNAL B pa3paboTKy 3dpdeKTUBHbIX U 3KOMOTMYECKM 6e30nacHbIX NOAXOAO0B K yTUAM3aALUM
NPOMbILWNEHHbIX OTXOA0B.

Kntoueeble cnoea: noteps $¢Topa, 3HaueHne pH, MOHOMETPUYECKWI aHaM3, IKCNOHeHUMaNbHas
perpeccus, MUHepaan30BaHHasA Macca, KUC/ble CTOYHbIE BOAbI.
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ABSTRACT

In this scientific study, the main objective is to purify vegetable oils stored in the state reserve for
an extended period to reach consumable quality based on their physicochemical parameters. In
the experiments, polishing refining of cottonseed oils stored for 6 months or longer was carried
out. By analyzing the physicochemical parameters of polishing-refined vegetable oils, selective
bleaching-filtering agents (BFAs) with various pore structures were obtained for use in the
bleaching-filtration stage. The BFAs were obtained through acid activation of bentonitic and
opoka-type clays, as well as pyrolysis of sunflower husk. The filtration capacities of each
activated BFA toward polishing-refined oils were investigated. The findings show that the highest
efficiency was achieved when a composite BFA of the BK grade-prepared at a 1:1 mass ratio of
acid-activated Navbahor alkali bentonite (ANAB) and pyrolyzed sunflower husk (P-SH) was added
at 1.5-2.0% relative to the oil mass. The research results demonstrate that a composition
consisting of polar organic and non-polar inorganic components was successfully obtained,
capable of filtering fine soapstock particles while not resisting pressure buildup during the
filtration process.

Keywords: bentonite clay, opoka-type clay, sunflower husk, BET analysis, activation, pyrolysis,
composition, polishing refining, bleaching-filtering agent.
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Introduction

Scientific research is being conducted to
improve the technologies for producing natural and
synthetic sorbents in various fields of the chemical

and food industries. In this regard, special attention
is given to improving and testing technologies that
utilize modified sorbents possessing micro, meso,
and macroporous structures and capable of
forming ionic bonds for the removal of coloring
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substances from food products and the purification
of industrial wastewater in the chemical sector [[1],
(2], [3], [4], [5]].

In 2019-2020, global cotton production reached
43 million tons [6], of which Uzbekistan accounted
for about 3 million tons. Cottonseed oil belongs to
the group of vegetable oils that require full refining.

Refining methods are selected based on the
type of oil-bearing raw material and the extraction
process used. Oils obtained from low-grade seeds
require multi-stage refining procedures [[7], [8],
[91].

Chlorophyll, xanthophylls, carotenoids,
gossypol, and soapstock formed during the
processing of vegetable oils-along with other soap-
like substances, free fatty acids, and peroxides-
possess diverse physicochemical properties and
vary in their chemical nature. Depending on the
nature and concentration of these substances,
vegetable oils are refined either through a
complete or partial refining cycle [[10], [11], [12],
[13]].

Depending on the type of oily raw material and
the method of oil extraction, vegetable oils contain
various accompanying substances. These properties
include the content of phosphatides, moisture and
volatile substances, iodine value, color index,
refractive index, and saponification value, among

others [6].
Cottonseed oil contains biologically active
compounds  such as  antioxidants-including

tocopherols, sterols, and flavonoids-as well as a
yellow-colored pigment known as gossypol.

The bleaching stage of the vegetable oil refining
cycle requires the use of selective sorbents that act
through targeted adsorption.

Various mineral-and organic-based adsorbents
are used during the bleaching stage [[14], [15]].

Scientific sources have examined the
physicochemical mechanisms of the pyrolysis
process of sunflower and peanut shells at

temperatures of 280 and 350 °C, as well as the
effects of the resulting solid carbon-based mass on
soil formation and seed germination [16].

Natural mineral sorbents are mineralized clays
with high adsorption or ion-exchange capacities,
which include natural bentonite, siliceous (opoka)
clay, and other similar materials [[4], [14], [17]].

Natural clays are activated through mechanical,
physical, and chemical methods. Such treatments
modify the physicochemical properties of the clay
and enhance its adsorption capacity [[18], [19]].

During the storage of vegetable oils, primary
and secondary oxidation products are formed,

which can have adverse effects on the human body
[20].

In the first stage of the oxidation process,
homolytic cleavage of the covalent bonds within
the C-H hydrocarbon chains occurs, resulting in the
formation of free hydrogen radicals and free fatty
acid radicals. Hydroperoxides, which are primary
oxidation products found in vegetable oils, enter
the oil as a result of enzymatic processes [[21],
[22]].

During the storage of vegetable oils, factors
such as temperature and ultraviolet radiation
contribute to the degradation of fatty acid
molecules. At subsequent stages, oxidation
proceeds in a chain mechanism, and the first
organoleptic changes in the oil become noticeable.
[[23], [24]].

All types of vegetable oils undergo oxidation
due to the presence of accompanying substances.
Oxidation products, in turn, lead to changes in the
standard physicochemical parameters of the oil and
a decrease in its nutritional value. Under the
influence of internal and external factors, the
hydrogen atom adjacent to the double bond of
unsaturated fatty acids is removed, resulting in the
formation of highly reactive free radicals possessing
unpaired electrons. These radicals interact with
fatty acid molecules and initiate a new chain
oxidation process [25].

The increase in acid value and peroxide value in
vegetable oils is attributed to the formation of
primary oxidation products. However, secondary
oxidation products may also form simultaneously
with the primary ones, which ultimately leads to
the deterioration and unsuitability of the oil for use
[26].

The authors extracted oil from flax and hemp
seeds using the cold-pressing method, determined
changes in parameters such as acid value, peroxide
value, and anisidine value in oils stored at room
temperature for 6 months, and analyzed their
oxidation kinetics using differential scanning
calorimetry (DSC). They emphasized that vegetable
oils obtained through cold pressing are highly prone
to oxidative degradation [27].

The studies also examined the extraction of oil
from non-traditional oilseeds and the
physicochemical changes occurring during their
storage. In particular, an increase in peroxide and
acid values was observed during long-term storage
of peanut oil. The rise in these compounds imparts
a bitter taste to the oil and leads to the formation
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of further oxidation products, which may even
contribute to the development of certain diseases
[28].

Physicochemical methods are used to remove
accompanying substances from all types of
vegetable oils. The principles of physical and
chemical refining methods, as well as their adverse
effects on oils, have been extensively described by
numerous authors [[29], [30]].

Vegetable oils stored for long periods typically
exhibit elevated acid values, and the micro-sized
soapstock particles formed during the polishing-
refining stage tend to clog the pores of the filter
cloth, thereby hindering oil flow. In this study, to
eliminate this problem, the possibilities of obtaining
and applying BFAs capable of retaining soap-like
substances were investigated.

During the filtration process, the pores of the
filter cloth are capable of allowing particles up to a
certain size to pass through. Various types of
filtration equipment are used for this purpose,
including both vacuum and non-vacuum systems,
operating in either batch or continuous modes.

The filtration process is carried out using fabric,
non-fabric, and metal mesh filters, as well as
filtration aids-also known as filtering agents-that
facilitate the process. The filtration surface
determines the primary geometric characteristics
of the filter. The filtration surface consists of a
filtering barrier whose porosity directly influences
the permeability and overall performance of the
filter. The following section presents the results of
our studies on the use of bleaching-filtering agents
with varying adsorption activities in the filtration of
vegetable oils and the removal of soap-like
substances after the polishing refining process.

Materials and Methods

Materials

The raw materials used in this study included
bentonite clay obtained from the Navbakhor
deposit and opoka-type clay collected from the
Karmana deposit, both located in Uzbekistan.
Sunflower husk was utilized as a pore-forming
organic additive. Distilled water was used for
sample preparation and processing. A 15 wt.%
sulfuric acid (H,SO,4) solution was employed for the
acid activation and modification of the clay
materials. All chemicals and reagents were of
analytical grade and were used without further
purification.

Our experiments were conducted using 10
liters of cottonseed oil obtained from the state
reserve, which had been stored for more than six
months. The physicochemical characteristics of the
oil used in the experiments are presented in Table 1
below.

To bring the oil samples with the above quality
characteristics to the level required for polishing
refining, the free fatty acids were first neutralized
with a 250 g/l caustic soda solution, using an excess
alkali dosage of 0.5%. During the neutralization
process, the temperature was maintained at 55 °C.
The resulting soapstock was precipitated and
separated using a saline (water-salt) solution. The
physicochemical characteristics of the polished
refined oil are presented in Table 2 below.

Table 1 - Physicochemical characteristics of long-term
stored cottonseed oil

Conten

Sample Acid Red Trans Perox Qualitative t of
value, units paren ide test for moistur

mg cy value, soap e and
KOH/g mmol content volatile
%0/k substan

g ces,

%
Cottons 0.6 8 Clear | 14 Not 0.21
eed oil available

Table 2 - Physicochemical characteristics of polished
refined cottonseed oil

Perox | Qualit | Content
Sample Acid Red | Transp ide ative of
valu, units | arency | value, test moistur
mg mmol for eand
KOH/g %0/k soap volatile
g conte | substan
nt ce, %
Cotton
seed 0.15 8 Turbid : 4.2 Availa 0.11
oil ble

As seen from the table data, both the acid value
and peroxide value of the oil decrease several times
during the polishing refining process. Although
these values are close to standard parameters, they
are still considered relatively high for oils
undergoing secondary refining. In addition, the
turbidity of the oil and the results of the qualitative
test for soap content indicate difficulties in
removing micro-sized impurities from the oil using
primary processing methods such as sedimentation
or simple filtration. Based on the above findings, it
is necessary to explore the potential for developing
specialized bleaching-filtering agents to remove
micro-sized impurities from polished refined oils.
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Obtaining whitening-filtering agents

Our subsequent experiments focused on the
activation of bentonite and opoka-type clays, which
served as the primary research objects for
obtaining bleaching-filtering agents (BFAs). During
the sulfuric acid activation of bentonite and opoka-
type clays, optimal results were achieved using a
15% acid solution. A hydromodule ratio of 1:2.5
(clay to acid solution) was selected, and activation
was carried out with an acid consumption of 40%.
The resulting suspension was washed with distilled
water until the pH value reached 4. The resulting
clay mass was first air-dried under ambient
conditions and then further dried in a drying oven
at a temperature of 110-120 °C for 2 hours.
Considering the effect of particle size on sorption
properties, the dried samples were sieved until 90%
of the material passed through a 56 um mesh
(10,000 openings per/sm?).

To produce a microporous, carbon-based
organic sorbent, sunflower husks were ground to a
particle size of up to 1 mm and subjected to
thermal treatment (pyrolysis) at 600 °C in an
oxygen-free environment. Based on the study of
the sorption properties of the obtained solid
carbon-based samples, a composite bleaching-
filtering agent (BFA) was developed using activated
bentonite and pyrolyzed sunflower husk.

During the filtration of polished refined oils
using BFAs, the reagent was added at a dosage of
0.5-2.0% relative to the oil mass and stirred for 15-
30 minutes at 60 °C. Filtration was carried out in
frame filters at a pressure of 0.1-0.5 MPa using a
filter cloth compliant with State Standard 332-91.
During the process, changes in flow rate with
increasing filtration pressure were monitored, and
the operation was stopped when the pressure
exceeded 0.5 MPa and the flow rate dropped below
0.02 kg s/m2. Under these controlled parameters,
after 10 hours of filtration, the thickness of the
sediment layer on the filter surface reached 10 mm.

The moisture content of cottonseed oil was
determined by the gravimetric method according to
ISO 662:2016. The color of the oil was measured in
red units at a constant 35 yellow units using a
Lovibond Tintometer (Model E) with a 13.5 sm
cuvette.

The acid value was determined by the titration
method in accordance with ISO 660:2020.

The peroxide value was determined by the
iodometric titration method in accordance with ISO
3960:2020.

Sorption pores were determined in accordance
with IUPAC requirements.

Analysis of specific surface area and porosity
was carried out using the method of low-
temperature nitrogen adsorption on a
Micromerelies Gemini VIl 2390t analyzer (USA).

Results and Discussion

The main objective of our study is to remove
micro-sized soapstock particles remaining in the oil
after polishing refining and to reduce the acid and
peroxide values to standard levels, which requires
the preparation of effective bleaching-filtering
agents (BFAs).

To obtain BFAs for filtering polished refined
oils, the sorption properties of Navbahor alkaline
bentonite and opoka-type clay from the Karmana
deposit were investigated. Their sorption indicators
are presented in Table 3 below.

Table 3 - Sorption characteristics of natural bentonite
and opoka-type clays

Parameters NAB oG
Specific surface area (BET), m?/g 43,52  153.25
Specific surface area of micropores, | 2.07 -

m?/g

Specific surface area of meso- and | 41.45 | 153.25
macropores, m?/g

Pore volume, cm3/g 0.014  0.262
Average pore diameter, A 12.94 @ 98

NAB — Navbahor alkaline bentonite; NOA — natural opoka-type clay.

Analyzing the data presented in the table, it can
be observed that the natural bentonite clay exhibits
a relatively small specific surface area of 43.52
m?/g, a specific surface area of micropores of 2.07
m2/g, and an average pore diameter of 12.94 A.
Although the opoka-type clay has a relatively high
specific surface area of 153.25 m?/g, it lacks
significant microporosity, with an average pore
diameter of 98 A. Given that alkali-treated, polished
refined oils contain colloidal and micro-sized
soapstock particles, the sorption characteristics of
these two clays alone are insufficient to yield the
desired performance when used as bleaching-
filtering agents. Our experiments revealed that acid
activation of these clays not only increases their
specific surface area but also promotes the
formation of micropores within the macro and
mesoporous structure under the influence of acid
treatment, thereby enhancing the characteristics
required for our intended application.

Taking the above considerations into account,
the bentonite and opoka-type clays were activated
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using a 15% sulfuric acid solution. The obtained
results are presented in Table 4.

Table 5 - Sorption characteristics of pyrolyzed
sunflower husk

Table 4 - Sorption characteristics of BFAs obtained Parameters P-SH
through acid activation Specific surface area (BET), m?/g 132.14
Specific surface area of micropores, 58.72
Parameters ANAB AOC m?/g
Specific surface area (BET), | 176.38 164.36 Specific surface area of meso and 73.42
m?/g macropores, m?/g
Specific surface area of @ 15.25 470 Pore volume, cm?/g 0.162
micropores, m*/g ' Average pore diameter, A 33.1
Specific surface area of meso- 161.13 P-SH-pyrolyzed sunflower husk
and macropores, m?/g 159.66
Pore volume, cm¥/g 0.108 038a As shown in the table., the obtair.med orgarTic‘:—
Average pore diameter, A 35062 oA based sorbent possesses micropores with a specific

Acid-activated Navbahor alkaline bentonite, AOC-acid-activated
opoka-type clay

The data presented in Table 4 show that
although sulfuric acid treatment of bentonite clay
resulted in a significant increase in its specific
surface area, the majority of the pore structure
consists of macro and mesopores (161.13 m?/g),
while the surface area of micropores remains
comparatively low at 15.25 m?/g. In the acid-
activated opoka-type clay, these values were found
to be 159.66 m?/g for macro-and mesopores, and
4.70 m?/g for micropores. Although an increase in
acid concentration leads to the formation of
additional micropores, it simultaneously causes a
reduction in the overall specific surface area.

It can be concluded that although acid
activation of various clay samples increases their
specific surface area, the resulting materials are still
insufficient for effectively filtering soapstock and
colloidal-sized particles from the studied oils.
According to the literature review, plants and plant-
derived organic sorbents possess microporous
structures.

Based on this information, it was concluded
that it is necessary to obtain an organic-based
sorbent. Therefore, sunflower husks were
subjected to pyrolysis at 200 °C for 120 minutes in
an oxygen-free environment. This process consists
of several stages, including dehydration,
decomposition, carbonization, and the formation of
active (oxide) sites. During pyrolysis, the main
structural components of the husk-cellulose,
hemicellulose, and lignin-gradually decompose,
resulting in a carbon-rich solid mass with a ring-
shaped carbon structure.

Table 5 below presents the sorption
characteristics of sunflower seed husks obtained
through the pyrolysis method.

surface area of 58.72 m?/g. At this stage, it
becomes necessary to study the potential of the
obtained organic-based sorbent with microporous
structure for filtering long-term stored vegetable
oils.

Experiments were conducted to determine the
filtration efficiency of polished refined cottonseed
oil using the sorbent obtained through the pyrolysis
process. Table 6 below presents the results of
filtering polished refined cottonseed oil using the
sorbent described in Table 5, which possesses the
specified sorption characteristics.

Table 6 - Results of filtering polished refined cottonseed
oil using P-SH grade BFA

Parameters P-SH P-SH P-SH P-SH
dosage dosage dosage dosage
1,0% 1,5% 2,0% 2,5%

Acid value, mg

KOH/g 0.15 0.14 0.14 0.14

Red units 8 8 8 8

Transparency turbid turbid turbid turbid

Peroxide value,

mmol %0/kg 4.1 4.1 3.8 3.8

Qualitative test not not

for soap | Available i Available available | available

content

Content of

moisture  and

volatile

substances, % 0.09 0.09 0.09 0.09

As seen from the table, when the P-SH grade
BFA was added to the oil at dosages of 1%, 1.5%,
2%, and even 2.5% relative to the oil mass, the
filtered oil did not show significant improvement in
terms of acid value or peroxide value. At the initial
stage of the filtration process, the filtration rate
was relatively high; however, over time, a
noticeable increase in filtration pressure and a
sharp decrease in the filtration rate were observed.
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This occurred because the P-SH grade organic-
based BFA formed a compressible sediment layer
on the surface of the filter cloth. All organic-based
sediments belong to the category of compressible
deposits.

If the particles in the filtration process possess
non-deformable characteristics, they belong to the
category of incompressible sediments, and an
increase in pressure does not alter their resistance
[31].

During the filtration process, an increase in
pressure leads to deformation and compaction of
particles. Such sediment is compressible, and over
time this causes an increase in resistance and a
decrease in filtration rate (Figure 1). These factors
were taken into account in the present study.

On the one hand, despite the presence of
micro-sized particles in the P-SH grade BFA, the
soapstock particles tended to clog the pores of the
filter cloth, which led to an increase in filtration
pressure. On the other hand, the accumulation of
soapstock particles on the surface of the filter cloth
caused them to swell even under slight moisture,
resulting in an increase in their volume. In both
cases, the formation of a deformable sediment
layer on the filter cloth surface reduced the
filtration rate.

Arrangement of incompressible
sediment particles under
increased filtration pressure

Arrangement of
compressible sediment
particles under increased
filtration pressure

9

Figure 1 - Change in the void space between particles
under the influence of pressure in the filter

Sediment particles

It is well known that the permeability of the
filter plays a crucial role in the filtration of
vegetable oils. The filtration process can be
described using the Strouhal criterion as follows (1).

_rL
=5 (1)

Where:

f - frequency of pressure fluctuations (Hz)

L - diameter of the filter cloth pores (um)

V - flow velocity (m/s)

Based on this, considering that the filtration
process consists of the filtrate volume dV¢
separated over a time interval dt, the filtration rate
St can be expressed as follows (2).

=Y
! Ff+dt (2)

Where:

St - filtration rate

F¢ - filtration surface area

dV; - filtrate volume

The filtration rate is directly proportional to the
driving force acting on the suspension and inversely
proportional to the resistance of the filtration
surface. The resistance on the filtration surface
depends on the properties of the filter medium
itself and the thickness of the sediment layer
formed during the process. Accordingly, the
filtration rate can be expressed as follows (3).

. AP
r— WRep+1p°l (3)

Where:

AP - pressure difference across the filter
(driving force), Pa;

Rfp - resistance of the filter medium, m™’

ro - specific resistance of the sediment, m™

| - thickness of the sediment layer, m

Naturally, both Rg and r, are variable
parameters. The resistance of the filter medium
may increase due to partial clogging of the pores or
swelling of the fabric fibers under the influence of
moisture. The parameter r, represents a specific
resistance value corresponding to a unit thickness
of the sediment layer.

P (Pa) represents the driving force in the filter,
defined as the difference between the pressure
before the filter barrier (P4) and the pressure at the
barrier (P2) (4).

The optimal value of AP is achieved by
maintaining a sufficiently high filtration pressure
(P1) while ensuring that the resistance of the filter
barrier does not lead to an excessive increase in Ps.

Experimental results show that the filtration
process proceeds much more easily when the
particles form a non-deformable sediment. Such
sediments accumulate on the upper surface of the
filter barrier, and the interparticle voids help retain
finer particles. In this case, the internal pores of the
filter cloth remain unblocked, and the filtration
resistance Rg does not change. This extends the
effective operating life of the filter. The variable
resistance depends solely on r,, which is
determined by the increasing thickness of the
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sediment layer. Rs - the resistance of the filter
medium - in our case corresponds to the clogging of
the internal pores of the filter cloth. Once clogged,
these pores are difficult to clean and sometimes
require separate treatment, which reduces the
overall efficiency of the filtration process.

Considering the above theoretical
considerations and the sharp increase in pressure
observed during filtration with the P-SH grade BFA,
a decision was made to develop a composite
material based on ANAB and P-SH, whose sorption
characteristics were presented in Table 3. The
composite obtained in this manner is composed of
polar organic and nonpolar inorganic components.

Experimental research was carried out to
develop composite BFA based on ANAB and P-SH
for the treatment of long-term stored vegetable
oils.

By wvarying the ratio of the obtained
components, it is possible to achieve selective
sorption of molecules of different sizes and, when
necessary, to form an ion-exchanging, micro and
mesoporous structure with adjustable properties
across a wide range of pore sizes.

To enable control over the porous structure of
the resulting BFA, composites were prepared using
various ratios of ANAB and P-SH.

Using the following general mathematical
formula (5), it is possible to predict in advance the
sorption characteristics of composite BFAs obtained
at different component ratios.

Wimq+Wo'm
VI/Com — 1 1 2 2
p m1+m2 (5)

Where:

W;, W, - specific
components, g/m?;

m,, M, - mass ratios, %.

In our subsequent experiments, the effects of
the obtained composites on the bleaching-filtration
process of long-term stored cottonseed oil were
investigated. It was found that the highest
efficiency was achieved when using a composite
BFA composed of bentonite clay and pyrolyzed
sunflower husk in an equal (1:1) mass ratio.

The composite BFAs obtained are expected to
possess polarity that enables the coagulation of
fine soapstock particles within the oil, facilitating
their aggregation and sedimentation. At the same
time, due to their macroporous structure, these
agents should prevent clogging of the filter cloth
during the filtration process.

surface areas of the

The BFA we are developing should not only
mechanically retain particles but also be capable of
reducing the chemical impurities present in the oil-
specifically, the acid and peroxide values as well as
the secondary oxidation products-to standard
levels. The inclusion of acid-activated bentonite
clay with a pH of 4 in the composite provides the
ability to form ionic bonds. The sorption
characteristics of the obtained composite BFA of
the BK grade are presented in Table 7.

Table 7 - Sorption characteristics of the composite BFA

Parameters BK
Specific surface area (BET), m?/g 154.24
Specific surface area of micropores, m?/g 36.36
Specific surface area of meso and  117.27
macropores, m?/g

Pore volume, cm3/g 0.135
Average pore diameter, A 34.08

In the course of our research, the filtration
capabilities of acid-activated clays, as well as
organic, inorganic, and composite materials, were
studied for use in filtering polished refined
vegetable oils after long-term storage.

Table 8 presents the changes in the acid value
of polished refined cottonseed oil after filtration
using various BFAs.

Table 8 - Effect of the amount of BFA obtained by
different methods on the acid value

BFA dosage, % = ANAB - AOC 8K
Acid value, mg KOH/g
0.5 0.13 0.14 0.11
1 0.13 0.14 0.1
1.5 0.12 0.13 0.09
2 0.11 0.12 0.07
25 0.11 0.12 0.07
Standard 0.01 0.01 0.017888544
Deviation
Standard 0.004472136 = 0.004472136 = 0.008
Error
Upper A 013241664 | 014241664 @ 0110211561
(95%) ' ' '
(L;’;";:)r A 010758336 011758336  0.065788439

As shown in the table, the addition of all BFA
samples at a dosage of 2% relative to the oil mass
resulted in the greatest reduction of the acid value.
Specifically, this parameter was 0.11 mg KOH/g for
ANAB, 0.12 mg KOH/g for AOC, and 0.07 mg KOH/g
for the BK composite.
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Figure 2 illustrates the variation of the acid
value of cottonseed oil with respect to reagent
consumption during the filtration process using
different BFAs.
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Figure 2 - Change in acid value relative to BFA dosage

the acid value
samples as the

As seen from the graph,
consistently decreases for all
reagent dosage increases.

This process is associated with the adsorption
of free fatty acids onto the active sites present on
the surface of the BFAs. The regression equations
for the indicators obtained in the experiments were
expressed as follows:

ANAB: y=0,149e%%9% R?=0.8997
AOC: y=0,1391e™, R?=0.8997
BK: y=0,1263e%%%, R?=0.9351

For the BK-grade BFA, the value of R? = 0.9351
indicates that, within this system, the acid value
follows an exponential decay pattern with respect
to reagent consumption.

Filtration using the BK-grade O-FA resulted in
the greatest reduction of acid value and peroxide
content in the oil compared with ANAB and AOC.
This can be attributed to the fact that both clay
samples were activated using an acid-based
method, resulting in a final product with an acidic
pH environment. Although the acidity of the
medium is an important factor for the adsorption of
certain substances, temperature and time can also
contribute to an increase in the acid value. In the
graphs shown in Figure 1, the reduction in the acid
value of the oil sample filtered using the BK-grade
BFA is attributed to the presence of the P-SH
component within its composition.

The capability of the obtained BFAs to remove
oxidation products during the filtration of oil

samples was also investigated, and the results are
presented in Table 9.

Table 9 - Effect of the amount of BFA obtained by
different methods on the peroxide value

BFA
dosage, % ANAB Ao ™
Peroxide value, mmol %:0/kg
0.5 3.8 4 3.7
1 3.6 3.8 33
15 2.9 35 2.1
2 26 3.2 1.9
25 25 3 1.9
Standard 0.59 0.41 0.855569985
Deviation
Standard 0.124096736 0.08 0.397492138
Error
Upper  Cl /) 14547777 4.002115608 3.703615102
(95%)
(L;’;";/e)' A 3335452223 3.557884392 1.496384898
(]

According to the table data, filtration using BFA
samples at a dosage of 2% relative to the oil mass
had the greatest effect in reducing the peroxide
value. At this dosage, the peroxide value of the oil
filtered with ANAB decreased from 4.2 mmol
%0/kg to 2.5 mmol %0/kg, while filtration with
AOC reduced it to 4.2 mmol %0/kg. In contrast,
filtration using the BK composite resulted in a
further decrease of the peroxide value to 1.9 mmol
%0/kg.

Figure 3 illustrates the variation of the peroxide
value of cottonseed oil with respect to reagent
consumption during the filtration process using
different BFAs.
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Figure 3 - Change in peroxide value relative
to BFA dosage
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As observed from the graph, the peroxide value
consistently decreases for all samples as the
reagent dosage increases. The regression equations
describing the relationship between reagent
consumption and peroxide value for ANAB, AOC,
and BK samples are expressed as follows:

ANAB: y = 4.355¢014% R2 = 0.9929
AOC:y = 4.3031e 23 R? = 0.9437
BK: y = 4.354e0377% R2 = 0.8641

The results indicate that the R? values range
from 0.86 to 0.99 which demonstrates that the
model shows excellent agreement with the
experimental data. In particular, the R? value of
0.9929 for the ANAB sample indicates a nearly
perfect exponential relationship between the
peroxide value and reagent consumption within
this system.

Since the pH of the ANAB and AOC samples was
higher compared to that of the BK sample, better
results in terms of peroxide value reduction were
achieved in the oil filtered using the mineral-
organic composite BFA. Under the influence of
temperature, secondary oxidation products are
formed alongside the primary ones. The adsorption
of these compounds onto the active sites of the
BFAs significantly affects the overall kinetics of the
process.

In the BK grade composite, the P-SH
component provides sufficient porosity to retain
micro-sized impurities from the oil, while the ANAB
component prevents clogging of the filter cloth
pores under pressure. In other words, it inhibits
deformation of the sediment particles and
functions as a drainage layer. As a result, both the
filtration pressure and the filtration time are
reduced. In addition, the presence of ANAB within
the BK composition ensures that, during filtration,
the acidic environment of the clay promotes both
the ionic binding of the oil’'s coloring substances
within the microporous active sites and their
adsorption within the meso and macroporous
structures.

In this process, the filtration performance of
AOC was limited because its adsorption pore
structure had a relatively large average pore
diameter (74 A) and a comparatively small specific
surface area of micropores (4.70 m?/g). The
adsorption pores present in AOC are primarily
composed of macro and mesopores. Since the pore
size is larger than that of the particles being
filtered, this indicates that AOC functions mainly as
a transmission channel rather than as an effective
adsorbent medium.

Conclusions

The conducted studies revealed that the
mineral-organic BFA obtained by combining
bentonite and pyrolyzed sunflower husk in a 1:1
mass ratio demonstrated high efficiency in the
filtration process of cottonseed oil. A composite
BFA of the BK grade was developed based on the
synergistic interaction between the mesoporous,
mechanically stable structure of ANAB (with a
specific surface area of 176.38 m?/g) and the
microporous, carbon-based structure of P-SH. This
combination resulted in a material with enhanced
pressure resistance and high filtration efficiency.
The simultaneous processes of filtration and
adsorption purification significantly improve the
color and clarity of the oil, removing oxidized and
suspended impurities. ANAB in the composition
reduces the compressibility of the filtered
precipitate and increases its permeability, while P-
SH effectively sorbs micro-sized molecules and
oxidation products. This ensures a stable filtration
process speed and prevents pressure increase.

At the same time, the proposed BFA oils with
organic and mineral composition act as a drainage
layer during the filtration stage, forming an
incompressible layer under pressure.

The use of BFAs in the filtration process
increases the filtration surface area and filtration
rate due to the resistance of the formed
precipitate. However, from a structural perspective,
preventing this issue is considered quite
challenging.

Through the use of BFAs, coagulated soapstock
particles in polishing refined vegetable oils are
effectively retained. As a result, during a
continuous one-shift operation, issues such as the
need for additional filter cleaning or filter cloth
replacement do not arise.
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TYRIHAEME

Ocbl FbiNbIMW 3epTTEYAiH, Heri3ri MakcaTbl - MEMIEKETTIK KOpAa Y3aK YaKbIT CaKTanfaH ecimaik
MalinapbiH 0N1apablH, GU3NKa-XUMUANBIK KepceTKiwTepi 6oMbIHWA TYTbIHYLWbINbIK canafa AewiH
TasapTy 6onbin Tabbliagpl. Taxipnbenepae anTbl ail Hemece ofaH [a y3akK YaKbIT cakTanfaH
MaKTa MainapbiH XbINTbIpaTy paduHaLMACkl Kyprisingi. HblnTbipatbinbin paduHaumanaHfaH
ecimaik  MainapblHbiH,  GU3MKA-XUMUANBIK,  KEPCETKIWTepiH Tanaay HerisiHae afapTywbl-
cysrineywi areHtrep (ACA) peTiHOe KONZaHyFa apHaifaH, apTyp/i KeyeK KypblibiMbiHA we
CeNeKTUBTI MaTtepuangap anbiHabl.  ACA-nap OGeHTOHWTTI KaHe OnoKa TUNTI casgapabl
KbILWKbIIMEH 6enceHipy, coHAal-ak KyHBaFbIC Kaybi3blH NUPOAU3Aey apKblabl anbiHabl. Dpbip
6enceHgipinreH  ACA-HbIH KbIATbIPaTbiAbin  paduHaLMANaHFaH Malnapabl cysy Kabinerti
3epTTendi. 3epTrey HaTuKenepi 6OMbIHWA eH, XKofapbl TMIMAINIK KbIWKbIAMEH benceHaipinreH
Has6axop cinTini 6eHToHnTi (KNCB) MeH nuponusgeHreH KyH6afbic Kaybi3biHbiH, (M-KK) 1:1
Maccanblk, KaTblHacTa AgaibiHaanfaH BK mapkanbl komnosuumansik ACA-cbl KONAaHbIIFaH Kesge
6alikanabl. byn Kocna mai maccacbiHa KaTbicTbl 1,5-2,0% mesnlepae eHrisinreHge e, »Kofapbl
HOTUIKE KOPCETTI. 3epTTey HaTUKENePi NONAP/IbI OPraHMKabIK KIHE NONAPCHI3 GenopraHMKanbiK
KOMMOHEHTTEPAEH TYPaTblH KOMMO3ULMAHbIH, CITTI acanfaHblH Aanengenai. byn komnosunumsa
cy3y npoueci KesiHAe KbICbIMHbIH, apTyblHa Keaepri KenTipmeW, ycak cabblH TyHHACbIHbIH,
benweKTepiH TMIMAi cy3yre KabineTTi.

TyliiH ce30ep: 6eHTOHUT ca3bl, OMOKa TUNTI ca3, KyHbafbiC Kaybi3bl, BET Tangaybl, 6enceHgipy,
MMPON3, MOMMO3NLMA, KbINTbIPATY apKblibl paduHaLManay, aFapTyLbl-Cy3rifeyLi areHT.
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AHHOTALMA

B AaHHOM Hay4yHOM MCCNefoBaHWM OCHOBHOM LIENIbIO ABMAETCA OYUCTKA PacTUTENbHbIX Macen,
ONUTENbHOE BPEMA XPaHMBLLUXCA B rOCYAapCTBEHHOM pe3epBe, A0 NOoTpebuTeNbCKoro KayecTsa
Ha oOcCHOBe WX (U3NKO-XMMUYECKUX MOKasaTenei. B akcnepumeHTax b6bina nposeaeHa
NoAMPOBOYHAA PadUHALMA XIOMKOBbLIX MACes, XPaHMBLUMXCA B TeyeHWe 6 mecaues M bonee.
Moctynuna: 20 sHeaps 2026 MyTém aHanMsa  PU3MKO-XMMUYECKMX  MOKasaTeneil  NOAUPOBOYHO  PadUHMPOBAHHBIX
PeueH3anposaHme: 23 mas 2026 pacTUTeNbHbIX Macen Obinn MoNyYeHbl CenekTUBHble oTbenuBatowe-GUNLTPYIOWMNE areHTbl
MpuHaTa B neyatsb: 11 uroHa 2026 (O®A) c pasnnuyHOi MOPUCTON CTPYKTYpOW ANA UCNOMb30BaHMA Ha CTaguu OTHENVBaHWA U
dunbTpauun. ODA  6biAM  MOAYYEHbI NYTEM  KUCNOTHOW aKTMBAUMU BEHTOHUTOBLIX U
OMOKOBUAHbIX [/IMH, @ TaK¥Ke MUPO/iM3a MOACONHEYHOW Wenyxu. bBbianM  uccnefoBaHbl
OUNBTPALMOHHbIE  CMOCOBHOCTU  KakAoro akTueBMpoBaHHOro O®PA No  OTHOWEHWID K
NoOAMPOBOYHO PadUHMPOBAHHBIM Maciam. MonyyeHHble pe3ynbTaTbl NOKa3anun, YTo HauBbICLWIAA
adpdeKkTMBHOCTL Oblia JOCTUrHYTa npu JobaBneHuUM KomnosuumoHHoro O®PA mapku BK,
NPUroTOBNIEHHOTO B MAacCoBOM  COOTHOWeHuM 1:1 U3 KMUCNOTHO-aKTUBUPOBAHHOIO
HasbaxopcKkoro wwenovyHosemenbHoro 6eHToHMTa (KANB) M MMpPO/AM30BaHHOM NOACONHEYHOM
wenyxu (M-NW), 8 Konuyectse 1,5-2,0 % no OTHOWEHMIO K macce macna. PesynbtaTbl
nccnepoBaHMA NOKasaau, YTo 6bl1a YCnewHo noayvyeHa KOMMNO3ULMA, COCTOALLAA U3 MONAPHBIX
OPraHUYeCcKMX U HEMONAPHbLIX HEOPraHUYECKUX KOMMNOHEHTOB, cnocobHas GpuUabTpoBaTb Menkue
YacTWLLbl COANCTOKa M NPWU 3TOM He NPenATCTBOBaTb POCTY AaBJeHUA B npoLecce punbTpaLun.

Knroveabie cnosa: 6eHTOHUTOBAA IMHA, IMHA ONOKOBOrO TUNA, Weyxa NoACONHeYHUKa, BIT-
aHanM3, aKTMBaLMA, NWPO/U3, KOMMO3ULMA, MOAMPOBa/sbHAA paduHauuma, otbesnunsaioLle-
$GunbTPYIOLWNIA areHT.
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ABSTRACT

This article describes a comprehensive analysis of the optimal evaporation method for an
alkaline solution that is prepared using the aqueous extract of cotton stalk ash, along with the
investigation of the chemical composition of the precipitation that appears during evaporation of
the solution. Cotton stalk ash is regarded as a secondary product from burning biomass in
household appliances, specifically in tandir ovens used to bake bread and somsa, and is currently
being discarded into the environment. In the presented research, the procedure for preparation

Received: April 21, 2026 of the alkaline solution was conducted under optimal conditions, when the mixture of ash and
Peer-reviewed: April 27, 2026 water with the weight ratio of 1:5 was boiled. Then, filtration and evaporation of the obtained
Accepted: July 1, 2026 suspension were performed. From the results obtained, the optimal evaporation regime was

identified as 75%, as during this regime no precipitation occurs. Nevertheless, at an evaporation
level of 80%, precipitation was observed in the solution due to the disturbance of the solubility
equilibrium. The content of the precipitated components in relation to cations was estimated
using flame photometry, and the phase composition was evaluated with FTIR spectroscopy.
Thus, the precipitate was found to contain mainly carbonate-like compounds. It was proved that
potassium ions prevailed in the solution, and their molar concentration is much greater than that
of other cations. Moreover, when the concentration is high, a certain share of potassium ions is
transferred from the solution into the precipitate phase. As calculated, the total alkalinity of the
prepared solution equals 3.41 N and constitutes about half of the alkalinity of the 6 N NaOH
solution employed in the vegetable oils purification process.

Keywords: cotton stalk ash, extraction, evaporation, potassium ions, carbonates, precipitate,
flame photometry, FTIR, co-precipitation, alkaline solution.
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Introduction plant biomass consists of a complex mineral

composition, where potassium, calcium, and silicon

Rational and effective use of waste from plant  compounds play an important role as predominant
biomass has become one of the priority trends in  elements. There is a considerable difference in the
scientific research. The resulting ash from burning  proportion of these elements, depending on the
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type of raw materials used and the conditions of
the burning process [[1], [2], [3], [4], [5]].

Based on existing scientific publications, it is
possible to state that potassium-containing
compounds in biomass ash have good solubility in
water and transfer to the solution phase during
extraction and play the role of active agents.
Calcium compounds, in turn, are found mainly in
the insoluble carbonate form and do not dissolve in
aqueous solutions [[6], [7]].

Extraction of alkaline components from the ash
involves a series of complex physicochemical
processes, including ion exchange, solubility of
substances, and phase equilibrium processes. Due
to the high solubility of potassium and sodium salts
in water, they selectively dissolve in an aqueous
phase, thus forming a high concentration of alkali
solution [[8], [9]].

The physicochemical properties of the obtained
solution are determined by several main
technological parameters: temperature, duration of
the extraction process, and the ratio between the
liguid and solid phases. The aforementioned
technological parameters have a significant impact
on the formation and stabilization of the
composition of the solution [8].

Technologically, it is important to control the
evaporation process and obtain an aqueous
solution with high concentration. It should be noted
that the higher the concentration of the solution,
the higher its degree of alkalinity; but beyond a
critical point, the solubility equilibrium is disturbed,
leading to precipitation of poorly soluble products
of ion reactions [[10], [11].

In conditions of high concentration, the
interaction between the ions increases, causing co-
precipitation reactions. It contributes to the
creation of poorly soluble complexes and alloys,
reducing the compositional stability of the solution
and causing the loss of a part of the required
substances. Thus, setting the required level of
evaporation and its effective regulation become
essential aspects when striving to improve the
performance characteristics of the technological
complex [[11], [12]].

The alkaline solution produced based on
biomass ash is expected to be a prospective
compound applicable in many industrial
procedures. For example, in processing vegetable
oil, it has a significant function of neutralizing free
fatty acids [[13], [14], [15]].

The success rate of the procedure in question
largely depends on the concentration and chemical
composition of the alkaline solution, and both

parameters play a critical role in the effectiveness
of neutralization and the quality of the end-product
[16]. In addition, the feasibility of utilizing such
solutions as an alternative agent instead of
traditional sodium hydroxide is justified in the
literature as well [3].

From research findings, it can be concluded
that biomass-based ash materials, especially
plantain (heat-treated edible banana) peel ash, and
in the mixture with traditional adsorbents, can
efficiently reduce the concentration of free fatty
acids (FFA) in vegetable oil. Under optimized
conditions, the maximum efficiency of removing
FFA through using these materials may range from
70% to 97% [3].

The high efficiency of the method can be
attributed to the strong reaction of active
substances in the ash with FFA and excellent
adsorption properties of the material.

The process of obtaining potassium carbonate
from cocoa pod ash has also been studied, where
the major impurity element has been revealed to
be calcium ions. It was additionally noted that the
efficient removal of such impurities from the
solution is crucial [1].

Thus, the above data prove the feasibility of the
use of alkaline compounds isolated from the
biomass ash as an alternative or complementary
substance for conventional alkaline reagents in the
vegetable oil refining process, especially in
neutralizing them. At the same time, this approach
is advantageous not only due to its high efficiency
but also because it lowers production expenses.

The technology of processing vegetable oils
involves several consecutive steps, each one aimed
at removing specific impurities from vegetable oils
and concluding according to further processing
needs. The allowed content of accompanying
components of vegetable oils is defined by special
standards and requirements, depending on the
nature, quality, and application of vegetable oils.

Free fatty acid content in vegetable oils
negatively influences the sensory qualities and
increases oxidation rate. In addition, there have
been proven dependencies between accompanying
substance content and composition and ripeness of
vegetable seeds used for oil production as well as
processing conditions [[17], [18], [19]].

In processing vegetable oils with caustic soda,
some part of carotenoids is absorbed by particles
within the soap stock phase, which appears due to
intensive interaction of oil with highly concentrated
alkaline solution. Nevertheless, most of them are
eliminated by solid adsorbents, which have an
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elaborate structure [[20], [21], [22], [23], [24], [25],
[26]].

Thus, the data presented above show that
alkaline solutions derived from biomass ash are
distinguished by their pronounced alkalinity and
have significant prospects for the use of these
solutions in industrial processes, including refining
vegetable oils [[1], [3]]. Nevertheless, while the
process of extraction of ash solutions is described
thoroughly in previous scientific research, the
further  technological step-the process of
evaporation and its impact on the composition of
the solution and precipitation-is insufficiently
studied. Specifically, the issues of ions'
redistribution and their transformation in the solid
state during the process of high concentration of
the solution demand further scientific research.

As recent scientific research has revealed, the
alkaline solutions derived from biomass ash may
serve as an alternative source of sodium hydroxide
in the industry. Such a method provides effective
recycling of production wastes, allows decreasing
the amount of imported chemicals, and helps use
resources rationally [[3], [27], [28], [29]].

Consequently, in the current study, the most
effective regimes for the evaporation of the
alkaline solution prepared from cotton stalk ash
were found, and a detailed analysis of ions’
distribution in the solution and precipitate and
their chemical properties were carried out using
the flame photometry and infrared spectroscopy
approaches. However, since the composition and
concentrations of the alkaline solutions have a huge
impact on the total effectiveness of the purification
process, there should be some research conducted
in this field. Indeed, it can be noted that such
factors as the influence of evaporation on the
solution’s composition and the content of the
active substance have not been considered
thoroughly enough yet.

Materials and Methods

As the subject for investigation, the solution
derived through the aqueous extraction of cotton
stalk ash, along with the precipitates derived
through the evaporation of said solution, were
chosen. As the first step of the experiment, cotton
stalk ash was combined with water in different
mass ratios and heated up to dissolve the soluble
compounds in the liquid phase. According to the
results of the experiments conducted, the highest
concentration of compounds in the solution was
achieved using an ash-to-water mass ratio of 1:5.

This solution was filtered to separate the solid
mass from the solution, and then the filtrate was
kept separately and was evaporated to different
degrees. In terms of filtrate evaporation, the
conclusion is that evaporation up to 75% of the
solution can be considered an optimal stage. In the
case of such evaporation, the alkaline level of the
solution is high, and there is no precipitation. When
the evaporation of the solution was increased to
80%, precipitation occurred in the solution, and the
precipitate was later examined. The solution with
an evaporation rate of 75% was regarded as the
optimal solution.

The determination of cations in the solution
and precipitate and their precipitation was done by
using flame photometry. Flame photometric
analyses were performed using a BWB XP flame
photometer produced by BWB Technologies
Company (United Kingdom).

The determination of potassium ion
concentration in the solution was done by taking
1.0 ml of the solution and placing it in a 1000 ml
volumetric flask. Distilled water was added up to
the mark, after which the solution was thoroughly
mixed. Fifteen milliliters were withdrawn from the
flask and analyzed using flame photometry.

Flame photometric analysis was done according
to a calibration curve, and the concentration of the
ions was determined in ppm.

The chemical composition of the precipitate
was studied by the method of salt analysis. During
the research work, a sample of the precipitate
weighing 1 g was weighed exactly, placed in a
volumetric flask of 1000 ml capacity, and then
dissolved in distilled water. Then the mixture was
well stirred, and the concentration of the main
cations (potassium K*, sodium Na*, calcium Ca?,
and barium Ba?*) in the solution was determined
using the flame photometry method.

The structural composition of the precipitate
was established by infrared spectroscopy (FTIR).
The measurements were carried out on an
IRAffinity-1S FTIR spectrometer (Shimadzu, Japan).
The spectra obtained allowed the identification of
the functional groups present in the sample and an
assessment of the mineralogical composition and
chemical nature of the precipitate.

Results and Discussion

The research involved an analysis of the main
stages of obtaining the alkali solution from cotton
stalk ash, which is classified as agricultural waste,
and the alkali concentration process. In order to
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provide for complete dissolution of the alkaline
components from the ash, the dissolution was
carried out in water at a ratio of 1:5, providing for
the creation of the primary alkali solution. The
obtained solution was concentrated through
gradual evaporation, thus creating solutions with
varying degrees of concentration. In the present
research, evaporation degrees of 25%, 50%, 75%,
and 80% were tested, with the 75% degree being
identified as the most technological one. The
alkalinity was estimated by the titrimetric method,
and the dependence on the evaporation degree
was estimated. Additionally, the solutions with the
75% and 80% evaporation degrees, and the
precipitate sample created under conditions of high
concentration, were studied from the perspective
of their physicochemical characteristics.

It was established that with an increase in the
evaporation level, the balance of ions in the
solution is disturbed, and individual substances
pass into the phase of the precipitate in the form of
insoluble compounds. In this regard, the impact on
the selectivity of the composition of the solution, as
well as the possibility of retaining the main alkaline
components in the solution, is quite tangible.

According to the results of flame photometry of
the optimal solution, potassium ions prevail in its
composition. For a detailed evaluation of these
data, the experimental results obtained during
repeated tests are shown in Table 1.

Table 1 - Analytical results of the optimally evaporated
solution

Experimental lon concentration (ppm)

samples K Na  Ca Ba Li

Sample 1 114.9 10.1 9.3 8.5 0.35

Sample 2 115.3 10.3 9.5 8.7 0.38

Sample 3 116.1 10.6 9.8 9 0.42

Sample 4 116.5 10.8 10 9.2 0.45

Sample 5 115.7 10.2 9.4 8.6 0.4
SD 0.63 0.29 0.29 0.29 0.038

It is clear from the table above that the
potassium ion had the highest concentration
among all ions analyzed, and the low standard
deviations suggest that the test results were highly
reliable.

For instance, in the solution reduced to 75%,
the mean concentration of potassium ions was
115.7 ppm, indicating that potassium is indeed the
primary alkali element in the sample. However,
apart from potassium ions, other ions such as Na*,

Ca?*, and Ba?* ions were also observed, albeit in
low concentrations (Figure 1).
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Figure 1 - Flame photometric spectrogram of the
optimal solution

Based on the average values of the results from
flame photometry, the presence of the following
ions was detected in the solution: Na — 10.4 ppm; K
—115.7 ppm; Li — 0.4 ppm; Ca — 9.6 ppm; Ba — 8.8
ppm.

To express the values in terms of molar
concentration, it was assumed that ppm is equal to
mg/L, and then the calculations were carried out
using the molecular mass of each ion.

Moreover, taking into account the fact that the
solution sample was diluted 1000 times, the
obtained values were recalculated using the
appropriate coefficient, which allowed determining
the concentration of ions in the initial solution
(Figure 2).

Figure 2 - lon concentration in the optimal solution

Furthermore, considering that the solution was
diluted up to 1000 times (from 1 to 1000 ml) during
the test, it was taken into consideration that the
resulting data referred to the sample diluted 1000
times, and accordingly, the resulting concentrations
were recalculated by multiplying by 1000.

However, with the increasing evaporation
degree, which means that the evaporation of the
solution proceeded to more than 75%, the
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precipitation took place. As shown in Table 2, based
on the analysis of the precipitate carried out with
the help of the BWB XP flame photometric
technique, the precipitation includes not only Ca2+
ions but also considerable amounts of potassium
ions.

Table 2 - Results of the analysis of the precipitate
composition

Experiment lon concentration (ppm)
al samples
K Na Ca Ba Li
Sample 1 31.8 0.5 3.6 10.4 0.15
Sample 2 32.2 0.55 3.8 10.7 0.18
Sample 3 33 0.65 4.1 111 0.22
Sample 4 33.4 0.7 4.2 11.3 0.25
Sample 5 321 0.6 3.8 11 0.2
SD 0.67 0.07 0.24 0.35 0.038

From the table, it can be clearly seen that
although different types of cations are found in the
precipitate, the sum of all these fractions comprises
a small proportion of the precipitate. The existence
of potassium ions in the precipitate implies that
evaporation of the solution should be stopped
before the formation of the precipitate (up to 75%
evaporation).

In addition, the existence of potassium ions in
the precipitate suggests that potassium salts also
partially precipitate from the solution at high
concentrations.

The reason behind this behavior is the
disturbance of the solubility equilibrium of the
solution and the process of co-precipitation due to
ion interactions. Meanwhile, the relatively large
percentage of barium ions in the precipitate
suggests the precipitation of carbonates, which
means that carbonate ions are also present in the
system and readily react with divalent cations to
form poorly soluble compounds (Fig. 3).

Graph of 1-minute log
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Figure 3 - Flame photometric spectrogram
of the precipitate

Based on the average results of flame
photometric analysis, it is possible to claim that the
precipitate contains Na — 0.6 ppm, K—32.5 ppm, Li
—0.2 ppm, Ca—3.9 ppm, Ba—10.9 ppm.

The analysis was performed according to the
methodology, whereby 1 g of precipitate was used
as a sample and was placed into a 1000 mL
volumetric flask and filled up with distilled water.
Then, a portion of this solution was analyzed with
the help of a flame photometer. Consequently, the
obtained ppm values indicate the content of ions in
1 g of precipitate in 1 L of solution.

The molar concentration of each ion was
calculated, and the content of ions in the
composition of the precipitate was estimated (Fig.
4).

09
08
0,7
06
05

04

mol/l

03

02

Figure 4 - lon concentration in the precipitate

Based on the obtained data, it can be said that
the content of potassium ions in the precipitate
exceeds the content of other alkali metal ions.
Thus, along with calcium, the precipitate contains
potassium salts. It can also be noted that due to the
higher content of barium ions, sodium, and lithium
ions, the composition of the precipitate is a
heterogeneous mineral mixture. In general, based
on the obtained data, the precipitate after
evaporation of up to 80% belongs to the complex
multicomponent mixture containing a large amount
of potassium and carbonate components.

Data on the chemical nature of the precipitate
obtained by means of infrared spectroscopy
(IRAffinity-1S FTIR) were additionally important.
The analysis of the received spectrum (Fig. 5)
confirms that the precipitate is predominantly
carbonate.

The very strong absorptions appearing at
1477.68 and 1400.32 cm™ represent the vs
vibrational transitions of the COs*" ion. This high
level of intensity and broadness implies that the
carbonate species predominate. Furthermore, the
absorption band appearing at 837.11 cm™
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represents the v, transitions of the COs®" ion;
additionally, the absorption bands at 696.30 and
638.44 cm™ correspond to the v, transitions.
Notably, the absorption bands in the ~700 cm™
region reveal the carbonate phases and could imply
the existence of CaCOs3 or other carbonate forms.

In this context, the very intense absorption
appearing at 1238.30 cm™ indicates the existence
of ion-ion interactions within the carbonate system
or mixed carbonate phases. Additionally, the
absorption band appearing at 1555.55 cm™ might
signify some other types of bonding interactions in
the carbonate system or possibly the presence of
organics.

The band located at 988.70 cm™ signifies the
presence of silicate compounds (Si-O bonds) within
the precipitate sample; hence, the material does
not appear to be an entirely carbonate compound
but a mineral mixture. This may be attributed to
the existence of silicates in the form of biomass ash
contaminants. Weak peaks appearing in the high-
frequency range (2081, 2144, 2206, and 2264 cm™)
could be due to atmospheric CO, or gaseous
compounds. The weak peaks found in the low-
frequency range (605.65 and 449.41 cm™)
represent metal-oxygen (M-0) bonds.

Generally, based on the FTIR analysis results,
one may conclude that the predominant content of
the precipitation is represented by carbonate
compounds, primarily  calcium carbonate.
Nevertheless, due to the presence of certain
additional peaks, it can be stated that the
composition of the precipitate is not pure CaCO;
but is a complex mixture of carbonates containing
potassium, sodium, and other elements.

In this regard, based on the data obtained using
infrared spectroscopy and flame photometry
methods, one can conclude that the principal
component of the precipitate is CaCOs, but its
composition is complex.

Figure 5 - FTIR spectrogram of the precipitate obtained
using the IRAffinity-1S spectrometer

The obtained results indicated the distribution
of ions between the solution and precipitate
phases. At optimal parameters, potassium ions
remained in the solution, while calcium ions
migrated to the precipitate phase in the form of
insoluble carbonates. Nonetheless, increasing the
concentration of the solution resulted in
disturbance of solubility equilibrium, thereby
causing potassium compounds to migrate to the
precipitate. The mechanism involved in this
migration is called co-precipitation due to the ion
interaction effect, which decreases the selectivity
of the system.

It should be noted that the comparison of the

results with literature data shows considerable
discrepancies. Previously, it was found that
potassium compounds remained in the solution
phase, while in the current investigation, the
migration of potassium ions occurred at a high
degree of evaporation.
In this way, even though the evaporation procedure
used for the concentration of the solution has
positive effects up to a certain point, going past this
point causes imbalance in the system and results in
negative outcomes. According to the results of this
experiment, it was concluded that the best
technology in this situation is to stop the
evaporation procedure before the appearance of
precipitate. With such an approach, the largest
amount of potassium ions will remain in the
solution.

Conclusion

Based on the findings of this research, it
became  possible to define the basic
physicochemical processes of extract solution
evaporation from cotton stalk ash. It was
established that the concentration of the solution
up to 75% entails an increase in alkalinity, whereby
potassium ions are present in a concentration of
2.96 mol/L, and precipitation does not take place. If
the degree of evaporation exceeded 75%, then the
solubility equilibrium would be disrupted, and
precipitation would occur.

According to the analysis results, it is possible
to conclude that the nature of the precipitation is
predominantly carbonate, containing, besides other
compounds, potassium ions and calcium. Thus, co-
precipitation takes place owing to the interplay of
ions when the concentration is high. Based on the
analysis of ion distribution, it was revealed that
potassium ions stay in the solution during ideal
evaporation conditions, but excessive
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concentration leads to their partial transition into
the solid phase. This fact is accompanied by a
decrease in selectivity and loss of useful
substances. On this basis, it can be argued that
from the technological perspective, the best regime
implies the termination of the evaporation process
prior to the appearance of precipitation, that is, at
75%.

According to the calculations, the total
alkalinity of the obtained solution is 3.41 N due to
K* and Na* ions. It is known that in conventional
vegetable oil refining technology, sodium hydroxide
(NaOH) is usually used as a 20% solution with a
density of approximately 1.2 g/mlL, which
corresponds to about 6 N alkalinity for oil with an
acid value of 5 mg KOH/g. The comparison results
showed that the alkalinity of the ash extract
solution is approximately 1.8 times lower than that
of the same volume of NaOH solution used in
conventional technology, meaning that its alkaline
effect is about 56.8%.

However, from a technological point of view,
the total amount of alkali introduced can be

compensated by appropriately increasing the
volume of the solution. On this basis, the use of ash
extract solution may significantly reduce the
consumption of imported NaOH and, under certain
conditions, partially or almost completely replace it.
The effectiveness of this approach in vegetable oil
refining will be studied in detail in future research.
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TY3inyi

aHbIKTanapl.

Byn makanaga makTa cabafbl KyNiHiH CyAafbl 3KCTPAKTbl HerisiHAe anblHFAH CinTiNi epiTiHAIHIH,
OHTalNbl BynaHAbIPy PEXMMI, CoOHAaN-aK epiTiHaiHi 6ynaHabipy 6apbicbiHaa naga 6onatbiH
TYHOaHbIH, XMMUANBIK KypamblHa KelleHAi Tangay »KyprisinreH. MakTa cabafbiHblH,  KyAi
TYPMbICTbIK MaKcaTTapAa, atan auTkaH4a HaH MeH camca nicipyre apHanfaH TaHAbIP newTepiHae
broMaccaHbl XKafy HITUMKeCIHAE Ty3iNeTiH, Kasipri yakbITKa AeWiH ic XKy3iHge nanganaHblima,
KOpLUAFaH OpTafa LbIFAPbINbIN KATKaH eKiHLWi PeTTiK eHiM peTiHAe KapacTblpblaaabl. ¥CbiHblFaH
3epTTeyae CinTini epiTiHAiHI any yaepici OHTalbl XaFaanaa Xyprisingi, AFHWU Kyn MeH cyapbiH 1:5
Macca KaTblHaCblHAAFbl KOCMAcbl KaWHaTblnAabl. KeWiH anblHFaH CycneH3wa cysrigeH eTkisinin,
6ynaHablpy Xyprisingi. AnbiHFaH HaTMxenep 6oibiHWa BynaHAbIPYAbIH OHTaWAbI pexumi 75%
Aen aHblKTanabl, eMTKeHi ocbl AeHreipe TyHb6a Tysinyi 6ailikanmainabl. Anaiipga 6ynaHabipy
napexkeci 80%-fa XKeTKeHae, epirilTik Tene-TeHAiriHiH, 6y3blaybiHa 6alinaHbICTbl epiTiHaiae TYyH6a
TyH6aHbIH,  KaTUOHAbIK  Kypambl
aHbIKTanbIN, $hasanbik Kypambl FTIR Oypbe ccnekTpocKonuACh! apKblabl 3epTTensi. HatuskeciHae
TyHOaHbIH, HerisiHeH KapboHaT TeKTi KOCblNbICTapAaH TypaTbiHbl aHbIKTanapl. EpiTiHgige kanui
MOHAAPbIHbIH, 6acbiM eKeHAIri KaHe onapAblH, MONAPbIK KOHLEHTpaumsachl 6acka KaTMoHAapFa
KapafaH4a efayip Kofapbl ekeHAiri ganengeHai. COHbIMEeH KaTap, *KOfapbl KOHUEHTpauwus
KafoanWblHAA Kanuii MOHAApbIHbIH, 6enrini 6ip Geniri epiTiHaiaeH TyH6a dasacbiHa ©TKeHAiri
6alikanabl. Ecenteynep 60MbIHIWA anbliHFaH epiTIHAIHIH Xannbl ciaTiniri 3,41 N- Kypahabl, 6yn
ecimaik MalnapbliH TasapTy yaepiciHge KongawbinatelH 6 N Hatpuit ruapokeuai (NaOH)
epiTiHAICIHIH, CINTINIriHIH, WamameH XapTbICblHa CaKeC Keneai.

KanoiHAbl  doTOMeTpua  aaicimeH
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ONTMMaNbHBIN PeXKUM BbiNAapPUBaHUA LLLE/IOYHOrO PacTBoOpPa, NO/IYy4EHHOro
U3 30/1bl cTE61eM XN0NYATHUKA, U XMMUUYECKUIA aHaNu3 npouecca

06pa303a|-| nAa ocagKa
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AHHOTAUMA
B paHHOM cTaTbe MpeACTaBNeHO KOMMAEKCHOe WCClefoBaHWe ONTUMANbHOMO pPexuma

BbINApMBaHWA LLENOYHOTO PacTBOpa, MONYYEHHOrO M3 BOAHOMO 3KCTPAKTa 30/bl cTebnei
XNIONYaTHUKA, a TaKXKe M3yYeH XMMWUYECKMUI COCTaB OcCafKa, obpasyiouierocs B npouecce
BbiNapueBaHua. 3o0sa cTebneil Xxn0MYaTHUMKA PaAcCMaTPMBAETCA Kak NOBOYHbIA NPOAYKT,
obpasylowuiica Npu CKUraHun BGromaccol B BbITOBbIX YCTPOWCTBAX, B YAaCTHOCTU B TaHAbIpPax,
ncnonb3yemblx ANA BbINEYKM xneba U camcbl, KOTOPbI B HacToAllee BPeMA MPaKTUYECKU He
MCNonb3yeTca U BbIOPACHIBAETCA B OKPYMKaloWyo cpedy. B npeactaBneHHom uvccnefoBaHUM
npoLecc NoayYyeHua WeNoYHOro PacTBoOpa OCYLLECTBAAICA B ONTUMAJbHbIX YCNOBUAX — MyTem
KMNAYEHNA CMECU 30/1bl U BOAbI MPM MAacCOBOM COOTHoweHuu 1:5. 3aTem noay4eHHan cycneHsuna
nopgepranacb GUAbTPaALMM U BbiNapueaHuio. Mo pesynbTaTam yCTaHOBAEHO, YTO ONTUMAsIbHBIM
PEeXXMMOM BbINapuBaHUA ABNAETCA YPOBEHb 75%, MOCKONbKY NPY TaKOM 3HayeHnn obpasoBaHue
ocagka He Habnogaetca. OAHako npu cTeneHn BbinapueaHus 80% B pacTBope 6bino
3apuKcpoBaHo obpasosaHMe oOcafKa, 4TO 0b6YCN0BNEHO HapylleHWem paBHOBeCMUA
pactBopumocTu. CocTaB ocaZika No KaTMOHaM Onpeaenanca MeToAoM NaameHHoW GoTomeTpum,
a ¢dasosbili coctaB — meTtogom MK-Pypbe cnektpockonuu (FTIR). YcTaHOBNEHO, YTO OCagoK
NpeMmyLLEecTBEHHO COCTOUT U3 COeaMHEHUI KapboHaTHoM npupoapl. MokasaHo, 4To B pacTeope
npeobnagaloT MOHbI Kanua, NPU 3TOM MX MONAPHAA KOHLEHTPaUWA 3HaYMTeNbHO MpeBblluaeT
KOHLEHTpaLuun Apyrux KaTMoHoB. Kpome TOro, mpu BbICOKOW CTENEHW KOHLEHTpauuu 4acTb
MOHOB Kanua nepexoAuT M3 pacTBopa B ocagoudHyto ¢asy. CornacHo pacyetam, obuias
LLLeNOYHOCTb NoAyYeHHOro pactsopa coctasnseT 3,41 N, YTo NPMMepPHO COOTBETCTBYET MNOJI0BUHE
wenoyHoctn 6 N pactBopa ruapokecuaa Hatpua (NaOH), ucnonbayemoro B npouecce
padMHMPOBAHMA PacTUTE/bHbIX Maces.

Kmiouesble cnoea: 3ona ctebneit xaomyaTHUKA, IKCTPaKUMA, BbiNapuBaHWe, MOHbI Kaaus,
KapboHaTbl, 0CafloK, NnameHHasa ¢oTomeTpusa, FTIR, COBMECTHOe OCaXKAeHWe, LWEeNoYHON
pacTeop.
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Synergistic Effect of Dual lonic Liquid PVDF-HFP Polymer Inclusion Membranes:
Linking Mechanical, Chemical, Microstructural and Gold Recovery Performance

!Lim C.K., *"Shoparwe N.F., 2Lim K.C., 3Ahmad A.L.

LUniversiti Malaysia Kelantan (UMK), Malaysia
2Universiti Malaysia Perlis (UniMAP), Malaysia
3Universiti Sains Malaysia (USM), Malaysia

* Corresponding author email: fazliani.s@umk.edu.my

ABSTRACT

Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) polymer inclusion membranes
(PIMs) are widely used across separation industries because of their ability to selectively separate
ions or molecules, their chemical stability, and their mechanical flexibility. Still, improving how the
membrane performs without making the membrane material properties deteriorate remains a
challenge. In this study, Aliquat336 and Cyphos IL104 were blended with PVDF-HFP and
fabricated through the solvent casting method. The main objective of this study is to understand
how the ionic liquids can affect the membrane’s chemical properties, physical properties,
mechanical stability, and its ability to recover gold through an H-cell setup. FTIR analysis confirmed
the presence of Aliquat 336, showing bands associated with quaternary ammonium groups, while

Received: May 8, 2026 Cyphos IL 104 displayed vibrations related to phosphonium-related P-C. SEM images further
Peer-reviewed: June 22, 2026 revealed clear differences in how the membrane morphology looked. Pure PVDF-HFP alone had
Accepted: July 7, 2026 compact surfaces; Aliquat 336 membranes appeared to have smoother features, and Cyphos IL

104 membranes developed rougher surfaces with micro-voids. The addition of ionic liquids also
increased membrane porosity from 25 % in the pure membrane to 45 % with the addition of ionic
liquids. At the same time, the contact angle dropped from 90° to 58°, indicating improved
hydrophilicity. Mechanical testing showed that pure PVDF-HFP had the highest tensile strength
(30 MPa), modulus (450 MPa), and tear resistance (2.5 N/mm). Membranes with higher Aliquat
336 content retained better tear resistance, close to 2.0 N/mm, while maintaining smoother
membrane surfaces. In comparison, the addition of Cyphos IL 104 adversely impacts the
mechanical properties. Gold extraction experiments showed promising performance. The PVDF-
HFP/A15C20 membrane achieved 76 % recovery within 12 h. The combination of both Aliquat 336
and Cyphos IL 104 improved ion transport while maintaining acceptable membrane stability
properties. Overall, the results showed that the ionic liquid composition has a strong influence on
both the membrane’s durability properties and separation performance. These findings provide a
useful approach for developing membranes in precious metal recovery applications.

Keywords: Gold Recovery, Polymer Inclusion Membranes (PIMs), Cyphos IL 104, lonic Liquids,
Mechanical Properties, Membrane Science.
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Introduction wastewater treatment, and resource recycling.

Researchers suggested Polymer inclusion

The demand for advanced separation ~membranes (PIMs) as a substitution for
technologies continues to grow as industries look for ~ conventional solvent extraction and precipitation
sustainable approaches to metal recovery, techniques. Their advantages include reduced
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chemical consumption, enhanced selectivity, and
improved environmental compatibility. When we
look among all the polymers used for PIMs,
PVDF-HFP stands out because of its chemical
stability, mechanical strength, and ability to interact
with different ionic liquids and plasticizers [[1], [2]].

PVDF-HFP on its own is like a tough plastic film,
strong and stable but chemically silent. To make it
innovative and diversify its usage, scientists started
to mix in different ionic liquids that supply the
missing chemical groups, which allow it to interact
or bind ions to facilitate ion transport [[1], [3], [4]].
Scientists often go for Aliquat 336 because it can
keep the membrane stable and gives strong
anion-exchange ability [[1], [2]]. One of the least
favourable ionic liquids is Cyphos IL 104, a
phosphonium ionic liquid that is well known for
porosity and ability to bind strongly with metal ions
even in harsh acidic conditions [[5], [6]].

Tons of studies have looked at how A336 and
Cyphos IL 104 can recover metals [[7], [8]], but most
of the time researchers focus on how fast or how
well the rate of recovery happens. What often
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gets overlooked are the really important factors,
which are the chemical properties, physical
microstructure  properties, and mechanical
properties of the PIMs. Also, the carrier composition
on membrane structure-property dynamics is poorly
understood. These factors are essential for ensuring
durability in real industrial applications.

In this study, we focus on the systematic
investigation of carrier-ratio engineering of both
ionic liquids, A336 and Cyphos IL 104, into PVDF-
HFP. Next, we investigated the chemical groups and
physical structures through SEM images, contact
angle, porosity test, and destructive testing for
mechanical properties, and finally carried out gold
recovery experiments. By integrating the
optimization of membrane properties and how well
the recovery performance, a clearer picture of how
the recovery system works. It’s not just about how
fast the metals can be recovered, but also whether
the membrane can stay strong, durable, and stable
over time. This allows us to optimize PIMs with dual
carriers that may be used in real-world applications.
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Figure 1 - Graphical Abstract: Linking Mechanical, Chemical, Microstructural and Gold Recovery Performance
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Experimental part

Poly(vinylidenefluoride-co-
hexafluoropropylene) (PVDF-HFP) pellets were used
as the base polymer material. Aliquat 336 (A336)
and Cyphos IL 104 were used as the ammonium and
phosphonium carriers, respectively. Nitrophenyl
octyl ether (NPOE) was added as a plasticizer to
improve membrane flexibility. All resins and
chemicals were obtained from Sigma-Aldrich only.

Membrane Fabrication

Following Gunasegaran et al. [9], 1.25 g of
PVDF-HFP pellets was dissolved in 25 ml of
tetrahydrofuran (THF) and kept the mixture under
constant stirring until fully dissolved. Once
dissolved, 1 ml of A336 and 0.36 ml of NPOE were
added, then stirred for another four hours to ensure
everything was mixed well. The casting solution was
prepared by incorporating the specific amounts of
carrier according to the membrane compositions
listed in Table 1 below. For single-carrier
membranes, only one ionic liquid (either Aliquat 336
or Cyphos IL 104) was added, whereas for dual-
carrier membranes, both ionic liquids were
introduced simultaneously while maintaining the
total carrier listed in Table 1. Next, 25 ml of casting
solution was poured onto a glass and spread using a
doctor blade. Then, it was left to dry at ambient
temperature (25 + 2 °C) for a day in the fume hood.
After peeling the membrane off the glass, the
membranes were rinsed with distilled water to
remove any residual solvents. Before
characterization, the fabricated membranes were
dried under vacuum at 40 °C until a constant weight
was achieved indicated the residual moisture was
eliminated. Lastly, the thickness of the fabricated
membrane was measured with a digital micrometer,
yielding an average of about 125 * 25 um (n=5).
Table 1 summarizes the membrane acronyms with
different weight % of carrier contents.

Characterization

The fabricated PVDF-HFP PIMs were
characterized through spectroscopic, microscopic,
and mechanical methods. Fourier transform infrared
(FTIR) spectroscopy was carried out on a Thermo
Fisher Scientific iZ10 instrument in transmission
mode, with spectra collected between 400 and 4000
cm™ at a resolution of 4 cm™ over 16 scans for each
sample. All the fabricated membranes were
analysed under identical conditions. These spectra
were then compared with reference peaks to
identify functional groups linked to alkane (-CH, -
CH,), alkyl halide (—-C—F, —CF,, —CF3), aromatic, ester
and alcohol (-P—OH) bonds [[10], [11], [12], [13]].

Surface morphologies of PIMs were examined
by scanning electron microscopy (SEM). The
membrane samples (5 x 5 mm) were gold-coated
and imaged at 4000x magnification under an
accelerating voltage of 10 kV [14]. Porosity was
determined using the dry—wet weight method,
starting with immersing the membranes in water for
24 h, weighing after blotting, drying under vacuum
at 40 °C until achieving constant weight, before
measuring the dry weight with porosity calculated
from the difference in wet and dry weights relative
to water and polymer densities. The porosity was
calculated using the following equation [15]:

(ww-wd)/pw

(%) = X 100 (1)

(ww—-wd)/pw+wd/pp

where ¢ is the membrane porosity, ww is the
wet membrane weight (g), wd is the dry membrane
weight (g), pw is the pure water density, while pp is
the polymer density.

Hydrophobicity was assessed using a contact
angle goniometer [16] (Model: OCA15plus,
DataPhysics). A 1 uL droplet of distilled water was
placed on the membrane surface, and the angle was
recorded 10 s after deposition. Five measurements
(n=5) were performed at different locations for each
sample, and the mean was calculated.

Table 1 - Membrane formulation with different carrier content

PVDF-HFP (wt%) Aliquat 336 (wt%) Cyphos IL 104 (wt%) NPOE (wt%) Acronyms
100 - - - PVDF-HFP
50 35 - 15 PVDF-HFP/A35
50 - 35 15 PVDF-HFP/C35
50 17.5 17.5 15 PVDF-HFP/A17.5C17.5
50 20 15 15 PVDF-HFP/A20C15
50 15 20 15 PVDF-HFP/A15C20
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Mechanical  properties were evaluated
according to ASTM standards. Tensile strength was
measured following ASTM D882-91 using an Instron
5569 machine (100 N load cell) and a Shimadzu
AG-XD plus tester, with samples of 60 x 20 mm held
at a grip distance of 40 mm and tested at 22 + 3 °C
with a crosshead speed of 10 mm/min.

Tear resistance was determined following ASTM
D1938-06 using the same machines with a 10 N load
cell, employing samples of 80 x 50 mm with a grip
separation of 25 mm and a crosshead speed of 250
mm/min at 22 + 3 °C.

All mechanical, porosity, and contact angle
measurements were performed in triplicate unless
otherwise stated, and the results are reported as the
mean.

Rate of Performance

The membrane that showed the best overall
properties was selected for gold extraction
experiments. A stock gold solution (1000 ppm Au3*,
Brand: Merck) was diluted with deionized water to a
working concentration of 15 ppm. The feed phase
was prepared by adding analytical-grade nitric acid
(HNOs, Brand: Merck) to stabilize Au3* ions and
prevent hydrolysis. For the receiving phase, thiourea
(=2 99 % purity, Brand: Sigma-Aldrich) was dissolved
in deionized water. Thiourea served as a complexing
agent to promote transport across the PIMs. The
PIMs were cut and mounted between the feed and
receiving compartments of a H-cell, with equal
volumes on both sides. The system was kept under
constant stirring at 150 rpm at ambient
temperature. Samples were collectedat2 h,4 h, 6 h,
8 h, 10 h, and 12 h, and the gold concentration was
analyzed using inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 8300,
PerkinElmer, Yokohama, Japan). Gold recovery (%)
was calculated based on the decrease in feed
concentration and confirmed by the concentration
measured in the receiving phase.

Results and Discussion

The FTIR spectra confirmed the presence of both
ionic liquids within the PVDF-HFP PIMs. The base
polymer exhibited strong C-H stretching around
2850-3020 cm™ and —CH, bends at around 1400-
1470 cm™, in agreement with previously reported
PVDF-HFP’s characteristics [[17], [18]]. Adding A336
din’t introduce new peaks, but it increased the
intensity and slightly shifted the C—H and —CH,
peaks, which is a sign that the long hydrocarbon
chain mix into the matrix [[19], [20]]. PIMs
containing Cyphos IL 104, showed clear bands

around 1040 cm™ and 1250 cm™, which correspond
to the phosphonium parts, specifically P=0 and P—
O—C stretching. This also confirms the successful
incorporation into the membrane that helps it to
bind metal ions and improves the transport
efficiency in the PIMs system [[21], [22]].

In the dual-carrier system, vibrational signals
from both the hydrocarbon backbone and the
phosphonium component were detected. Notably,
the —CH, bending region shifted toward 1470 cm™
and showed slight broadening between 1000 and
1300 cm™. The shifts indicate that the PVDF-HFP
remains structurally intact and interacting with the
ionic carriers through weak forces. In other words,
the dual-carrier allows the membrane to stay
flexible while still able to adjust the efficiency
properties.

‘ PVDF-HFP

‘ V

W

v

2850 - 3020 ¢cm ' - »> 1380 ¢cm
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Figure 2 - FTIR spectra of PVDF-HFP, PVDF-HFP/A35,
PVDF-HFP/C35 and PVDF-HFP/A17.5C17.5

Figure 3 shows SEM images of PVDF-HFP-based
membranes with and without ionic liquid
incorporation. This analysis helps to understand how
the membrane’s microstructure and pore formation
affect the performance in separation applications.
PVDF-HFP appeared dense and smooth with minimal
defects, consistent with its crystalline nature [23].
When A336 was added in higher amounts, the
surface showed smoother and more uniform
features with occasional small pores compared to
PVDF-HFP. The surface felt softer, which is
consistent with A336 migrating toward the surface,
reducing roughness and improving flexibility [24].

In contrast, Cyphos-rich membranes show
rough, irregular surfaces with micro-voids and
crack-like features, indicating poor compatibility
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between Cyphos IL 104 and PVDF-HFP. Similar
gel-like  morphologies have been reported
previously for Cyphos-modified membranes [25].
When both ionic liquids were present in equal
amounts, the SEM images showed mixed features
suggesting only partial compatibility. However,
when A336 was present in higher proportion than
Cyphos IL 104, the SEM images revealed smoother
and more uniform features, with fewer cracks and
more stable domains. Literature confirms that
Aliquat-rich membranes tend to maintain better
surface stability and mechanical toughness [26].

Figure 3 - SEM micrographs of (a) PVDF-HFP, (b) PVDF-
HFP/A35, (c) PVDF-HFP/C35, (d) PVDF-HFP/ A17.5C17.5,
(e) PVDF-HFP/A20C15, and (f) PVDF-HFP/A15C20

Porosity values are shown in Figure 4. An
increasing trend in porosity is observed, especially
the PVDF-HFP membrane had the lowest porosity at
about 25 %, while the Cyphos-rich (PVDF
HFP/A15C20) reached the highest value at 45 %. The
porosity increases gradually, highlighting the effect
of ionic liquids, where it reshaped the membrane’s
morphology and enhanced the hydrophilicity [27].
Pure PVDF-HFP membrane alone has limited
porosity because of its dense crystalline structure, as
per Figure 3 (a) SEM images. The —CF, groups in
PVDF-HFP are hydrophobic, causing the polymer
chains to be pulled tightly together. As a result, the
available space inside the membrane is reduced,
which limits the formation of voids. When 35 wt %
A336 was introduced, porosity increased to 35 %,

and the membrane became less tightly packed. A336
behaved similarly to a plasticizer by disturbing the
crystalline arrangement of the polymer chains and
creating more free volume within the membrane.
Thus, the formation of pores is facilitated with this
change, corresponding to the moderate increment
of porosity. Velikova et al. [28] reported similar
findings, observing that Aliquat-modified PVDF-HFP
membranes increased porosity due to the
plasticizing effect of the ionic liquid migration and
improved chain flexibility.

An increase to 40 % porosity was attained using
35 wt% of Cyphos IL 104. The introduction of the
bulky phosphonium groups did not allow them to
mix well homogeneously with PVDF-HFP, resulting in
aggregation that gave a gel-like texture. Bahrami et
al. [25] reported that Cyphos-modified membranes
also developed higher porosity and more irregular
structures, which were attributed to phase
separation. Use of a combination of A336 and
Cyphos IL 104 in equal parts for the optimized blend
provided the optimum results with porosity as high
as 42 %. In addition to stopping the packing, a
simultaneous introduction of ammonium and
phosphonium groups also caused additional
disruption in packing due to large separation
between polymer chains, resulting in increased pore
formation. Porosity was also somewhat lower, at
38% in Aliquat-rich blends, indicating that the
capacity of A336 to stabilize dimorphic organic
phases reduced irregularity. In contrast, the porosity
of the PVDF-HFP/Cyphos membranes continued to
increase until 45%, with clear evidence for phase
separation that fragmented the PVDF-HFP matrix.

50

Porosity (%)
—

PVDE-HFP PVDF-HFP/A3S PVDF-HFP/C3S  PVDE-HFPAITSCITS PVDF-HEPAXNCIS  PVDF-HFP/ALSCH

Membranes

Figure 4 - Porosity values of PVDF HFP based polymer
inclusion membranes (PIMs) with varying ionic
liqguid compositions

Contact angle measurements are illustrated in
Fig. 5. A contact angle of approximately 90° was
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obtained for the PVDF-HFP membrane, which is in
agreement with its water-resistant property that
originated from the presence of fluorinated —CF,
groups [29]. Inclusion of 35 wt% A336 reduces this
value to below 76° indicating that surface
compositions are starting to change so that the end
of ammonium moieties near the surface are moving
outward and that there is a trend toward water
affinity. At higher concentrations of Aliquat (in
PVDF-HFP/A20C15), angles approached 65°. It is
clear that A336 somewhat screens the interface and
partly offsets the strong polar effects of Cyphos IL
104.

Quite remarkably, once 35wt% of Cyphos IL104
is included (PVDF HFP/C35), the contact angle drops
to only 63°. That transition signals deeper-rooted
attraction to water. Due to phosphonium ionic
liquids disrupting the conformation of polymer
chains, surfaces become uneven, exposing more
polar sites. To this end, Bahrami et al. [25] described
similar findings where the angles of Cyphos IL 104
membranes were lower than those obtained with
A336. That is mainly due to the polar regions on the
surface that are boosted because of Cyphos IL 104
clusters. In fact, the most potent effect was
observed in PVDF-HFP/A15C20, as it was noted to
bring the angle down to just 58°. A 50/50 mixture of
both gave a result of 61°, which was in the middle,
showing an average influence. However, Cyphos IL
104 pushes the surface to a higher polarity more
than A336. A336, on the other hand, does soften the
membrane, but the contact angle decreases. The
dual-binding nature of these carriers makes
membranes constructed solely from them absorb
water better than those formed solely with one
type. However, the most robust results are found
when these two interact rather than act alone.

100 4
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Figure 5 - Contact Angle of PIMs

The tensile strength and tensile modulus are
displayed in Figure 6. The intrinsic PVDF-HFP

membrane demonstrates leading performance of
tensile strength of 30 MPa and modulus of 450 MPa.
This makes sense as the chains are so closely packed
together [30]. When 35 wt% Cyphos IL 104 was
added, the tensile strength dropped to 20 MPa and
the modulus to 280 MPa. SEM image above revealed
roughness with micro-voids, reflecting poor
compatibility between Cyphos IL 104 and PVDF-HFP.

Blends of A336 and Cyphos IL 104 showed
intermediate mechanical properties. The equal
blend gave 22 MPa strength and 300 MPa modulus,
while Aliquat-rich membranes reached 23 MPa and
310 MPa. These results match the above SEM
morphologies and highlight A336’s stabilizing effect.
In contrast, Cyphos-rich membranes showed lower
values of 21 MPa strength and 290 MPa modulus,
confirming that Cyphos IL 104 has a stronger
influence on weakening the polymer matrix. Overall,
the findings revealed a clear structure-property
relationship. A336 acts as the plasticizer, softening
the polymer, reducing crystallinity, and moderating
the mechanical loss. On the other hand, Cyphos IL
104 tends to cause phase separation, leading to
weaker mechanical properties. Therefore, it is
possible to balance the mechanical properties by
adjusting the ratio of the ionic liquids within the
PIMs.
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Figure 6 - Tensile strength and tensile modulus of PIMs

Figure 7 shows the tear resistance of PVDF-HFP
membranes modified with Aliquat 336 and Cyphos
IL104. PVDF-HFP membrane had the highest tear
resistance of 2.5 N/mm, which can be attributed to
its crystalline packing and strong intermolecular
interactions [[31], [32], [33]]. When A336 was
added, tear resistance dropped slightly to
1.9 N/mm. This drop comes from the polymer chains
moving more freely, yet the smoother surface
feature helped slow down the crack spreading [26].
Previous studies by Bahrami et al. [[25], [33]]
reported that membranes modified with A336
maintained a stronger mechanical integrity and
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were less prone to cracking compared to those
Cyphos-modified ones. Less stress builds up in
Aliquat-based membranes, which explains the
enhancement.

Less durability marked the membranes with
Cyphos IL 104, their tear resistance dipping to just
1.6 N/mm. Bulky phosphonium units lie behind this
loss, failing to disperse uniformly through the PVDF-
HFP structure. Uneven distribution triggers phase
separation - voids form in jagged patterns. Stress
gathers where these gaps sit, opening paths for
tearing. Reports from Guo et al. [20], Bahrami et al.
[25], and Sellami et al. [34] echoed that aggregated
ionic liquids weaken mechanical performance. At
roughly 1.8 N/mm, the hybrid version held
moderate resistance. Equal mixtures of ionic liquids
showed evenly distributed tear strength, whereas
formulations rich in Aliquat demonstrated
marginally higher durability, reinforcing the role of
A336 in stabilization. Blends dominated by Cyphos,
however, exhibited reduced tear resistance,
pointing again to the weakening impact of Cyphos IL
104.

So, these findings suggest that the type of ionic
liquid used plays an important role in determining
the membrane’s tearing resistance. Tear strength is
affected by the overall mechanical properties and
how uniform the surface structure is. A336
contributed to a smoother and even surface that
helped minimize the mechanical loss, while Cyphos
IL 104 tends to form phase separation, thus creating
a few weak spots that may make the cracks grow.
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Figure 7 - Tear resistance of PIMs

Rate of Performance

Gold extraction performance was evaluated in a
H-cell over 12 h. The feed solution contained 15 ppm
Au®* stabilized in nitric acid, while the receiving
phase contained thiourea to promote complexation.
Figure 8 shows that the dual-carrier membranes
enabled steady transport, with gold concentration in

the feed gradually decreasing and the receiving
phase increasing over time. After 12 h,
PVDF-HFP/A35 showed 69 % efficiency, PVDF-
HFP/C35 achieved 61 % efficiency,
PVDF-HFP/A20C15 reached 53 % efficiency, while
PVDF-HFP/A15C20 achieved 76 % efficiency. The
presence of both ionic liquids clearly improved the
extraction rate. A336 contributed to mechanical
stability and minimized adsorption, while Cyphos IL
104 improved the porosity and ion mobility. A small
discrepancy between feed and receiving
concentrations indicated minor adsorption of Au3*
onto the membrane, consistent with the strong
affinity of phosphonium groups for gold ions [[35,
[36], [37], [38]]. Smoothness of A336’s membrane
surface limited adsorption more effectively than
seen with Cyphos-rich membranes.

While texture played a role, differences
emerged clearly under similar test conditions. One
notable contrast came from how molecules
interacted near the interface. Where Cyphos IL 104
showed higher binding tendencies, A336 maintained
lower attachment rates. Surface properties thus
influenced performance without altering bulk
composition.

These findings indicate that using a dual-carrier
membrane of A336 alongside Cyphos IL 104 serves
as an effective alternative that helps strike a useful
middle ground for lasting longer without slowing
down ion movement in the performance. While
A336 adds strength and smoothness to the material,
it is the addition of Cyphos IL 104 that opens up the
internal network, increasing pore formation and
speeding ions through. Success hinges on tuning
both carrier ratio and the performance traits to get
strong materials that still move gold well matters
most when systems run efficiently over time.
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Figure 8 — Feed Phase and receiving phase gold
concentrations over time of PVDF-HFP/A35,
PVDF-HFP/C35, PVDFHFP/ A20C15, and PVDFHFP/
A15C20
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Conclusions

Poly(vinylidene fluoride-co-hexafluoropropylen
e ), when combined with Aliquat 336 and Cyphos IL
104, formed hybrid polymer inclusion membranes
via solvent casting. Though preparation followed
standard procedures, outcomes depended on the
composition details. With FTIR analysis, evidence
emerged that both ionic liquids remained present,
with subtle shifts in absorption peaks pointing
toward molecular-level contact between
components. Instead of sharp confirmation, data
hinted at bonding tendencies without defining exact
mechanisms. Moving to structural features, SEM
images exposed visible differences across samples.
While pure PVDF-HFP stayed smooth and tightly
packed throughout, others diverged dramatically
once Cyphos IL 104 levels increased. Roughness
appeared alongside tiny voids, suggesting phase
separation during drying took place unevenly. These
surface variations did not occur uniformly but
clustered within specific regions. Smoothness and
uniformity rose when A336 concentration increased
within the membranes. With ionic liquid included,
pore volume expanded, shifting from 25 % up to 45
%. A shift downward in contact angle, dropping from
90° to 58°, revealed a stronger attraction to water.
Improved wetting behavior emerged alongside
these structural changes.

It turned out that stronger membranes often
moved substances less efficiently. The pure PVDF-
HFP version stood out with top numbers in stretch
resistance, stiffness, and tearing force due to how
closely its polymer chain sat. Adding ionic liquids
softened the material overall. That softening hit
harder in blends rich in Cyphos IL 104, whereas those
loaded with more A336 kept their shape better
under stress. When comparing all versions made,
PVDF-HFP/A15C20 ended up offering a middle
ground, strong enough, yet also showing higher
porosity and hydrophilicity.

Twelve hours into the test, gold recovery stood
at 76 % with the Cyphos-rich membrane. That

number dropped to 53 % for the Aliquat-rich
membrane setup. What made the difference was
how both ionic liquids worked together across the
PVDF-HFP/A15C20 barrier. lon movement got a
boost not from one compound alone, but their joint
effect. Stability in the membrane came mostly
because A336 limited surface stickiness. Meanwhile,
pathways inside widened thanks to Cyphos IL 104,
letting ions move more freely. Efficiency climbed
where structure and flow balanced out.
Surprisingly, results revealed shifting ionic liquid
proportions altered how membranes resisted stress
while managing flow. With a certain ratio, the
strength increased noticeably and boosted transfer
rates more distinctly. Some ratios managed to hold
firmness steady without sacrificing movement
efficiency. Each membrane responded differently
based on the exact ratio of ionic liquid involved. This
is a useful approach for designing polymer inclusion
membranes aimed at precious metal recovery,
making sure durability and performance are
consistently strong over long-term industrial use.
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PVDF-HFP nonumepiHe eKi MOHADBIK, CYUbIKTbIKTbl KOCY apKbi/bl
membpaHanapablH, CMHEPreTUKabIK 3cepi: MeXxaHUKaNbiK, XMMUANDIK,
MUKPOKYPbIIbIMADIK KacueTTep MeH anTbiHAbl any TUimAiniri
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TYRIHAEME

MonusuHUAMaeHGTOPMA-KOrekcadpTopnponuaeH (PVDF-HFP) HerisiHaeri nonvmepni
MembpaHanap XMMUANBIK TYPAKTbI/bIFbl MEH peTTeNeTiH MUKPOKYPbIIbIMbIHA BalinaHbicTbl 6eny
KonpaHbanapbl canacbiHAa Hasapfa inikTi. [lereHmeH, yHKUMOHaNAbIK Kacuettep MeH
MeXaHWKanblK B6epiKTiK apacbiHAafbl Tene-TeHAIK YHeMi KMbIHAbIK Tyablpaabl, cebebi gactypai
moauduKaumanap KebiHece y3ak mMepsiMai CeHIMAINIKTIH TeMeHAeyi CUAKTbI Kemluiniktepre
oKenepi. byn maceneHi wewwy ywiH 6yn 3epTTey 0NapablH, KYMbICbIH aHbIKTAUTbIH MEXaHUKANbIK,
XUMUANDIK KaHEe MUKPOKYPbIIbIMABIK GaKTOpAapabl aHbIKTay YWiH epiTiHAi Kyt apKbiabl PVDF-
HFP membpaHanapbiHa Aliquat336 »aHe Cyphos IL104 MOHABIK CYMbIKTbIKTAPbIHbIH, KOCbINYbIH
3eptTeiai. WK CnekTpOCKONUACHI WMOHAbIK CYMbIKTbIKTApAbIH, CITTi  EHri3iNreHiH pactagpl:

. Aliquat336 TepTTiKk aMMOHUIAIH, cMNaTTamasnblk, co3blay Tepbenictepi apKkbiabl, an Cyphos 1L104
Makana kengi: 8 mameip 2026

CapanTtamagaH eTTi: 22 mayceim 2026
KabbingaHabl: 7 winde 2026

dochoHuimeH barinaHbicTbl P-C  cO3blly KONaKTapbl apKblibl  aHbiKTagpl. CKaHepneywwi
371eKTPOHAbI MUKpocKkonua (C3M) CyphosneH 6alibiTbinFaH maTepuanibliH, MUKPOKybICTapbl 6ap
Keaip-6yabip, AypbiC emec KypblabiMbl 6ap ekeHiH, an AliquatneH 6alibiTbinFaH maTepuangbiH,
mopdonoruacel Teric ekeHiH kepceTTi. PVDF HFP membpaHanapblHaa KeyekTinik 25%-aaH Aliquat-
Cyphos membpaHanapbiHaa 45%-fa pewiiH ecTi, an aHacy 6ypbiwbl 90°-TaH 58°-Ka AeiiH
TemeHzesj, 6yn ruapodunbainikTiH apTybiH pacTarabl. MexXaHWKaibIK CbIHAKTAp biMblpafa Kenyai
aHbIKTaabl: PVDF-HFP eH ofapbl cosbiny bepikTirive 30 MMMa, cosbiny mogyni 450 MMa kaHe
KblpTblnyFa Te3imainiri 2,5 H/mm 6ongpl, an Cyphos-neH 6GaiibiTbinFaH maTepuan eH, ToMeH
MexaHWKanblK 6epikTikTi KepceTTi. Aliquat-neH 6aibiTbinFaH maTepuan 2,0 H/mm opTala cosblny
6epiKTiri MeH Teric MOpdONOrMACHIH CaKTan, eH NepcnekTUBaibl KOMNPOMUCCKe aliHanapl. Aliquat-
neH 6aibITbliFaH matepuan 2,0 H/mMmm opTaLia co3biiy 6epiKTiri MeH Teric MopdoaorMacbIH cakran,
€H nepcnekT1Banbl KOMNpomMUccke ariHangbl. Kypbinbimabik 6afanaysaH 6acka, antblH eHAipy
PVDF HFP/A15C20 ywiH 12 cafaT iwiHae 76 % KannbiHa KenTipy TMimainirii kepcetTi. Aliquat nex
Cyphos KOC KOCblnybl CMHEPreTMKanblK acepre akengi, byn 6epiktik neH 6epinic Tvimaginiri
apacblHAafbl Tene-TeHAIKTI KamTamacbli3 eTTi. Bbyn 3epTTey MOHAbIK CYMbIKTbIK XMMUACHIH
TUIMAINIK, MexaHUKaNblK OepiKTiK KaHe 3KCTPaKUMA eHiMmainiri apacbiHAafbl Tene-TeHAiKTi
KaMTamacbi3 eTeTiH MembpaHanap »acay YWiH CTpaTervanblK TypFblaaH petteyre 60naTbiHbIH
KepPCEeTy apKbl/bl KaHa yaec kocaapl, byn 6epik, }ofapbl eHimai 6eny maTepuanaapbiH Kacayfa
KON alagpl.

TyliiH ce3dep: antbiHApl Henin any, noaumepai Kocy membpaHanapsl (PIMs), Cyphos IL 104,
MNOHABIK, CYWbIKTbIKTAp, MEXaHUKaNbIK KacMeTTep, MeMBpPaHbIK FbllbIM.
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CuHepretuyeckum apPeKT membpaH ¢ BKAOUEHUEM ABYX UOHHDbIX }KUAKOCTEN B
nonumep PVDF-HFP: cBA3b meXay mexaHUM4YeCKUMU, XUMUYECKUMMU,
MWKPOCTPYKTYPHbIMU CBOUCTBAaMU U 3P PEKTUBHOCTLIO U3B/IeUEHUA 30/10Ta
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AHHOTALUMUA

MonumepHble MembpaHbl Ha OCHOBE MOAUBUHUANAEHPTOPUAA-CcO-rekcadTopnponuneHa (NBAD-
F®MN) npuBneknn BHMMaHWe B 06/1acTVM pas3genuUTeNbHbIX NpUMeHeHui bnarogaps cBoew
XMMUYECKON CTabUAbHOCTU U peryanpyemoint MUKpoCTpyKType. OgHaKo NOCToAHHON npobaemoit
ocTaetca 6anaHc mexay OYHKUMOHANbHBIMU CBOWCTBAaMM W MEXaHUYECKOW MPOYHOCTLIO,
NOCKO/IbKY TPaAULIMOHHbIE MOAMPUKALMM YAacTO NPUBOAAT K TAKUM HE,OCTaTKaM, Kak CHUXKeHne
HafleXKHOCTU B [ONTOCPOYHOW nepcnektuBe. [na peleHua 3Tol npobnembl B JaHHOM
MCCNeA0BaHUM U3yYaeTCcA BKAKOYEHME WOHHbIX Xuparoctel Aliquat336 u Cyphos IL104 B
membpaHbl MBAD-TPIM meToaoM NWUTbA M3 pacTBOpa C LEbI BbIABAEHUA MEXaHWYECKUX,
XUMMWYECKMX W MUKPOCTPYKTYPHbIX (HaKTOPOB, ONPeenstoWwmx WX XapaKTepuctuku. WK-

CNEeKTPOCKONUA NOATBEPAMAA YCMelWHoe BK/OYEHWE MOHHbIX KuakocTen: Aliquat336 6bin
Moctynuna: 8 maa 2026

PeueH3nposaHue: 22 uroHa 2026
MpuHATa B Neyvatb: 7 utona 2026

NAEHTUOULMPOBAH NO XapaKTepHbIM KonebaHMAM PacTANKEHMA YeTBEPTUYHbIX aMMOHMEBbIX
rpynn, a Cyphos IL104 — no nonocam pactasxkeHusa P—C, cBasaHHbIM ¢ dochoHmnem. CKaHupytowasn
3NEeKTPOHHaA MuKpockonua (COM) nokasana, yto oboraweHHbii Cyphos matepuan umeet
LIepoXoBaTylo, HeperynapHyto CTPYKTYpy C MUKpoOMycToTamu, a oboraweHHbli Aliquat — 6onee
rnaskyto mopdonoruto. Mopuctoctb ysenanumnaco ¢ 25 % 8 PVDF HFP po 45 % B membpaHax
Aliquat-Cyphos, a yron cmaumBaHusa ymeHbwuaca ¢ 90° go 58°, 4To noATBEPNKAAET NOBbIWEHHYO
rmapodunbHoCTb.  MexaHuyeckme UcnbiTaHWA  BbiABUAM  Komnpomucc: PVDF-HFP  poctur
HamBbICWEN NPOYHOCTM Ha paspbie 30 MMa, moayna ynpyroctu npu pactaskeHun 450 MMa wm
conpoTuBneHus paspbisy 2,5 H/mMm, B To Bpema Kak oborauweHHbii Cyphos matepuan
NPOAEMOHCTPUPOBA HAUMEHbLLYIO MeXaHWUYecKyto NpoYHocTb. OboralyeHHbIV Aliquat maTepuan
COXpaHU/N yMepeHHOe conpoTuBaeHne paspbisy 2,0 H/mm 1 6onee rnagryio mopdonoruto, ctas
Hanbonee NepcnekTUBHLIM KOMMNPOMMCCOM. [TOMUMO CTPYKTYPHOM OLLEHKM, SKCTPAKLMA 30/10Ta
NpoAeMoHCTpupoBana 3¢pdeKTUBHOCTb U3BeyeHna 76 % ana PVDF HFP/A15C20 3a 12 yacos.
[goiHoe BKatodeHune Aliquat u Cyphos npuseno K cuHepretudeckomy addekrty, obecneuvs
6anaHc mexay NPOYHOCTLIO U 3GPEKTUBHOCTLIO NepeHoca. [laHHoe nccaefoBaHUe BHOCUT HOBbI
BKNaZ, AEMOHCTPUPYSA, YTO XMMUIO MOHHBIX KUAKOCTE MOXKHO CTPaTernyecku HacTpansaTtb ANa
co3paHua membpaH, KoTopble obecneunsatoT banaHc mexay 3GPEKTUBHOCTbIO, MEXaHUYECKOM
NMPOYHOCTbIO U NPOU3BOAUTENIbHOCTBIO M3BAEYEHUA, OTKPbLIBAA MYTb K CO3AAHUIO J0NrOBEYHbIX
BbICOKO3(hPEKTUBHBIX Pa3aennTeNbHbIX MaTepuanos.

Kntouyesbie cnoea: n3sneyeHne 3010Ta, NOAUMEPHbIE MEMBPaHbI ¢ BKAtoYeHUaMuU (PIM), Cyphos
IL 104, MOHHbIE KNAKOCTU, MeXaHUYeCcKMe CBOMCTBA, MeMbpaHHas HayKa.
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ABSTRACT

This study is devoted to the production of sulfate-resistant Portland cement clinker based on
local raw materials found in the Aral Sea region of the Republic of Uzbekistan and the study of its
properties. The results obtained highlight technological, economic, and environmental
advantages. The raw material mixtures consisted of limestone, barren sand, kaolin, and iron-rich
industrial waste, resulting in a clinker with an optimized oxide composition (LSF = 0.82, SR = 2.15,
AR = 0.94). X-ray phase analysis shows a high content of alite (C3S = 38.6%) and belite (C:S =
41.0%) phases, which provides high mechanical strength. The low content of tricalcium
aluminate (tricalcium aluminate < 5%) and the sufficient content of ferrite (C4AF = 16.2%)
increased sulfate resistance and phase dominance. Sulfate resistance tests performed in
accordance with ASTM C1012/C1012M showed that sulfate-resistant Portland cement had the
lowest swelling index among samples placed in a 5% Na.SOa solution, proving its high resistance
compared to ordinary Portland cement and mixed cement types. The results of the experiments
prove the feasibility of producing high-quality sulfate-resistant Portland cement clinker based on
local raw materials and demonstrate its potential for use in the sulfate-rich conditions of the Aral
Sea region. Economically, the use of local raw materials reduces production costs, the need for
imports, and increases the competitiveness of the cement industry in our region. Ecologically,
the long service life of sulfate-resistant Portland cement and the possibility of using industrial
waste are consistent with the principles of the "green economy" and contribute to waste
reduction and sustainable growth.

Keywords: sulfate-resistant Portland cement, clinker synthesis, mineral resources, sulfate
resistance, green economy, sustainability.
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Introduction

of hydraulic structures, industrial facilities, and
residential  infrastructure, has  significantly

In recent years, the rapid development of the increased the demand for durable and long-lasting
construction industry, particularly in the expansion  types of cement and concrete. However, specific
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natural and geographical conditions in some
regions pose unique challenges for construction
materials. In the Republic of Karakalpakstan,
especially in the Aral Sea region, soils and
groundwater are characterized by high salinity,
where the presence of sulfate ions (50427) poses a
serious threat to concrete and reinforced concrete
structures. Ordinary Portland cement is rapidly
corroded in a sulfate environment, since sulfates
interacting with the three calcium aluminate
phases in the composition form expanding
ettringite, resulting in cracking and a decrease in
strength. Therefore, the development of sulfate-
resistant Portland cement is an urgent task for this
region.

According to the standards of UzM St 337:2024
and GOST 22266-2013, the content of tricalcium
aluminate (tricalcium aluminate) in the cement
composition should not exceed 5%, and in some
cases it should be reduced to 3%. This is because
tricalcium aluminate reacts with sulfate ions and
forms harmful expansion products. Therefore,
reducing the content of tricalcium aluminate by
reducing the content of Al,O3 or increasing Fe;03
increases sulfate resistance. As a result, reducing
the CsA phase — that is, by reducing the Al,Os;
content in the clinker or increasing the Fe;0s;
content — is one of the most effective approaches
to increasing sulfate resistance.

The Republic of Karakalpakstan has great
scientific and practical potential in this area. The
region is rich in raw material deposits for cement
production, including limestone (CaCO3 = 85-90%),
kaolin (Al,0; = 36—38%), basalt, and iron-rich rocks.
The rational use of these resources will not only
help achieve economic efficiency, but also produce
high-quality sulfate-resistant Portland cement SRC
clinker that is suitable for the aggressive sulfate
environments of the region. Consequently, the
production and application of sulfate-resistant
cement has become a critical requirement for the
construction of buildings, reservoirs, sewage
systems, and other engineering structures in the
Aral Sea region.

In international and regional standards, specific
requirements are imposed on the mineralogical
composition of cement clinker in order to ensure
sulfate resistance. Among these, one of the most
critical parameters is the content of tricalcium
aluminate (CsA). Studies have shown that the
higher the proportion of the CsA phase in cement,
the more rapidly it reacts with sulfate ions, forming
expansive products in concrete. Therefore, the
content of CsA in sulfate-resistant Portland cement

clinker is strictly regulated by the requirements of
the established normative documents and should
not exceed 5%, and in some cases it is required to
reduce it to 3%. In the production of sulfate-
resistant cement clinker, it is possible to reduce the
CsA phase by reducing the content of Al,0s, which
is an important component of the clinker, or by
increasing the content of Fe;Os. For this, it is
necessary to correctly select the composition of the
main components and correctly calculate the batch
ratios.

The Republic of Karakalpakstan has great
potential for rational use of mineral resources on
the territory of the Republic of Karakalpakstan and
to conduct competent scientific research in this
area. The region has sufficient reserves of raw
materials such as limestone, clay, porphyry, and
iron-rich rocks necessary for cement production.
The use of these mineral resources, while ensuring
economic efficiency, will help produce high-quality
sulfate-resistant Portland cement clinker that can
withstand the aggressive sulfate environments of
this region.

The main goal of this scientific research is to
synthesize sulfate-resistant Portland cement clinker
based on mineral raw materials from the Aral Sea
region, determine its chemical and mineralogical
composition, and study the effect of spatial
structure on sulfate resistance.

The issue of producing sulfate-resistant
Portland cement is of interest to many researchers
around the world, since concrete made from
ordinary Portland cement is very quickly corroded
and destroyed by sulfate ions, which reduces the
service life of engineering and hydraulic structures
[1]. Therefore, many other research works are
aimed at improving the mineralogical composition
of sulfate-resistant Portland cement clinker,
namely, reducing the amount of tricalcium
aluminate (C3A) [2]. Research by world scientists
shows that reducing the tricalcium aluminate phase
in clinker can be achieved by reducing the Al,O3
content or increasing the Fe,03 content. The results
of the study show that the synthesis of clinker with
a high iron/aluminum ratio, dominated by ferrite
phases, dramatically reduces the CsA content and
increases the sulfate resistance of cement [[3], [4]].

It has been scientifically proven that by
optimizing the batch composition, the content of
tricalcium aluminate can be reduced to values
below 5 % [5]. The use of iron-rich additives is
effective in reducing tricalcium aluminate.
Thermodynamic modeling has confirmed the high
sulfate resistance of clinkers with a predominance
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of ferrite phases [[6], [7], [8]]. As a result of a
detailed study of the mechanism of sulfate action,
two-stage studies have confirmed that tricalcium
aluminate phases react with sulfate ions to form
expanding products. By observing the
microstructural changes of concrete under the
influence of sulfate ions for a long time, it has been
shown that cements with a low CsA content have
higher strength. Analysis of cements with the
addition of limestone powder has shown that
mineral additives have a significant effect on the
sulfate-resistant Portland cement system. Long-
term tests of cements mixed with blast furnace slag
have shown a significant increase in sulfate
resistance [[9], [10], [11], [12], [13]].

It has also been reported that sulfate-resistant
Portland cements can be degraded in long-term
humid environments and under strong sulfate
conditions. Scientific approaches to improving
sulfate resistance offer several effective methods.
The use of iron-rich mineral additives to increase
the iron/aluminum ratio and reduce tricalcium
aluminate to increase ferrite phases, as well as the
use of additional mineral components such as slag
and limestone [14].

Studies conducted in Spain have investigated
the technical and environmental performance of
sulfate-resistant Portland cement clinkers with the
addition of new mineral components such as iron-
rich sand, slag and “albero” [15].

The results showed that partial replacement of
slag up to 30% did not harm the mechanical
strength of the cement, but increased its sulfate
resistance.

It was found that the optimal use of additional
cementing materials in Portland-limestone cements
improves sulfate resistance [16]. The interaction
between clinker, gypsum, and other sulfate
additives has been studied, and the SOs; content of
the cement has been shown to affect its sulfate
resistance [17].

However, practice shows that the production of
sulfate-resistant Portland cement clinker can be
achieved not only by adjusting the raw material
composition, but also by using mineral additives
and secondary materials appropriately. As a result,
the environmental efficiency of the cement
industry is increased, as well as the cost of
production and carbon dioxide (CO,) emissions are
reduced [[18], [19]].

Studies conducted in the regions adjacent to
Uzbekistan have explored in depth the possibilities
of producing sulfate-resistant cement based on
mineral resources. These studies were mainly

aimed at improving the batch composition,
studying the phase composition, and increasing the
durability of cement in sulfate environments.

Practical results have also been obtained. Trials
at the “Karakalpak Cement” LLC enterprise
confirmed that siliceous additives improve the
physico-mechanical properties of cement and
enhance sulfate resistance [[20], [21], [22], [23],
[24], [25]]. Buriev et al. reported that a high
replacement level with pozzolanic materials (e.g.,
fly ash) has a positive impact on sulfate durability
[26]. In addition, recent research by Iskandarova
and collaborators analyzed innovative approaches
in the development of composite Portland
cements, pointing to promising directions for the
future development of the cement industry in the
region.

Kazakhstani scientists have carried out studies
on the synthesis of ferrite-phase cements using
manganese- and iron-rich ores. Results published in
the journal Complex Use of Mineral Resources
confirmed that the increase in C4AF content
reduces C3A and improves cement durability under
sulfate environments [27]. Moreover, regional
studies on feldspar, talc-magnesite, and other
useful minerals have shown that their
physicochemical characteristics make them suitable
for future applications in cement and other silicate
material production.

From an economic point of view, the use of
limestone, barren sand, kaolin, and iron-rich
industrial waste reduces the demand for imported
raw materials and reduces production costs. Bu esa
ushbu mintaga uchun sement sanoatining
ragobatbardoshligini oshiradi. By using local raw
materials properly, it is possible to increase
technological efficiency and at the same time
reduce production costs. This will contribute to the
sustainable development of the industry of the Aral
Sea region. In the future, effective cement
production will be established based on new
innovative projects using local resources, and
economic stability will be achieved. In terms of
economic significance, such studies also show the
advantages of rational use of resources in the
national economy [28].

From an ecological point of view, sulfate-
resistant Portland cement clinker is more resistant
to sulfate ions than ordinary Portland cement,
extending the service life of hydraulic and general
construction structures. This is especially important
for sulfate-rich areas of the Aral Sea region,
reducing the need for frequent repairs or
reconstruction. As a result, resource consumption is
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reduced, and environmental impact is reduced.
From the perspective of the “green economy”
principles, these processes are fully consistent with
the concepts of modern economic approaches - the
“green economy” and “circular economy” - while
ensuring the long service life of sulfate-resistant
Portland cement clinker and the ecological balance
through the efficient use of industrial waste [29].

The addition of iron-rich industrial waste to the
batch composition increases the efficiency of
industrial waste processing and serves to
implement the principles of the “green economy”
and “circular economy”. This process is consistent
with modern requirements for production and
helps to reduce carbon dioxide (CO,) emissions in
the cement industry.

The production of sulfate-resistant Portland
cement clinker has technological advantages,
economic efficiency, and environmental
sustainability, making it a useful material for the
Aral Sea region.

Experimental part

The production of sulfate-resistant Portland
cement clinker was carried out using local raw
materials from the Lower Aral Sea region. The main
composition of the raw material mixture consisted
of limestone, barren sand, and kaolin, with gypsum
and iron-rich industrial waste used as additional
components.

Laboratory-scale samples were prepared on the
basis of Karakalpak Cement LLC, and the analyses
were carried out at the STROM Research and
Testing Center under the Institute of General and
Inorganic Chemistry of the Academy of Sciences of
Uzbekistan.

Chemical Composition

The chemical composition, determined
according to UzM St 337:2024 and GOST 5382-2019
using classical titration and gravimetric methods,
was as follows (wt.%): CaO — 61.09, SiO, — 22.10,
Al,0; — 4.98, Fe;03; — 5.32, MgO - 2.07, SO3 — 0.80,
LOI —1.14, Free CaO — 0.94.

Calculated module values were: LSF =0.82, SR =

2.15, AR = 0.94 — all within SULFATE-RESISTANT
PORTLAND CEMENT normative limits.

Mineralogical composition (XRD)
X-ray phase analysis (Rigaku MiniFlex, Cu-Ka
radiation) and Rietveld recalculation revealed the

main phases in the cement clinker: C3S — 38.6%, C,S
—38.0%, tricalcium aluminate — 4.2%, C,AF — 14.8%.
These results are consistent with Bogue
calculations and the solid phase composition of
sulfate-resistant Portland cement clinker.

Test conditions

All analyses were performed in accordance with
the requirements of UzM St 337:2024 and GOST
5382-2019 [[30], [31]]. Sulfate resistance was
assessed according to ASTM (C1012/C1012M:
samples were immersed in a 5% Na,SO, solution for
testing, and their expansion was compared with
reference samples stored in distilled water [32].

To ensure reliability, two control samples were
used in each case, which allowed to accurately
determine the effect of sulfate ions on dimensional
stability and strength.

Results and Discussion

The selection of raw materials for the
production of sulfate-resistant Portland cement
clinker is of particular scientific and practical
importance. Therefore, the economical use of local
raw materials is an urgent issue. In the Republic of
Karakalpakstan, dune sands, kaolin, iron-rich
industrial waste, and limestone deposits are
considered promising sources of raw materials. By
analyzing their chemical composition, it is possible
to determine the mineralogical composition of
sulfate-resistant Portland cement clinker.

The ratio of the main oxides in the raw material
mixture is an important factor in the synthesis of
sulfate-resistant Portland cement clinker. Calcium
oxide (CaO) serves to form alite (CsS) and belite
(C2S) phases, and silicon dioxide (SiO,) is the basis
for silicate phases; aluminum oxide (Al,Os) serves
to form tricalcium aluminate (tricalcium aluminate).
Also, to ensure sulfate resistance, it is necessary to
reduce the content of tricalcium aluminate to <5%,
preferably to 3%. Iron oxide (Fe;0s) is part of the
ferrite phase (C4AF) and is important in reducing
the content of tricalcium aluminate.

Also, achieving the correct distribution of
oxides is an important factor in ensuring the
strength and long-term stability of cement in
sulfate environments. The chemical composition of
local raw materials in the Republic of
Karakalpakstan by main oxides is presented in Table
1.
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Table 1 - Chemical composition of local raw materials selected for the synthesis of sulfate-resistant portland cement

Raw Material Chemical composition by major oxides (wt.%)
SiO: Al203 Cao MgO Fe203 Na:0 K20 TiO2 SO: LOI

Limestone - 0.15 53.14 2.56 0.12 - - - - 42.49
Barxan sand 89.22 3.15 0.68 2.32 0.97 0.94 0.70 0.24 0.20 1.61
Kaolin 54.07 16.47 0.85 2.57 9.93 1.72 - 0.17 - 9.23
Iron-rich by- 40.40 | 600 | 2.05 | 400 | 4524 - 0.40 - | o022 3.10
product

sum stone 2.80 0.49 30.98 - - - 2.63 2.80 | 42.80 20.30
gYp CaSO4x2H20 = 42.80x2.15 = 92.02%

The chemical composition of these raw
materials is suitable for ensuring the optimal
balance required in the synthesis of sulfate-
resistant Portland cement clinker. Barkhan sands
are characterized by a very high SiO, content
(89.22%), which provides a primary source for
silicate phases (e.g., C3S and C,S) and contributes to
improved mechanical strength of clinker. However,
due to their relatively low Al,Os3 (3.15%) and Fe;03
(0.97%) contents, these sands are mainly useful for
increasing the silica modulus (SM).

The iron-rich by-product contains a high
Fe,Oscontent (45.24%), which plays a critical role in
forming the ferrite phase (C4AF) and thus
contributes to sulfate resistance by reducing the
calcium aluminate content. Meanwhile, its SiO,
(40.40%) and Al,O3 (6.00%) levels are moderate,
allowing adjustment of the iron modulus (IM) in the
raw mix. Low levels of alkaline oxides such as Na,O
and K,O ensure that adverse effects do not occur
during clinker hydration. Kaolin is high in Al,Os
(16.47%) and SiO, (54.07%), and acts as the main
raw material for the formation of aluminate phases.
However, due to the relatively high Al,Os content,
kaolin consumption must be carefully controlled;
otherwise, the tricalcium aluminate content in the
clinker may exceed 5%. Kaolin has moderate Fe;0s
(9.93%) and Na,O (1.72%) levels, and it is suitable
for adjusting the aluminum modulus (AM). The low
content of SO, (0%) and TiO; (0.17%) does not
adversely affect the quality of sulfate-resistant
clinker.

Limestone is the main source of CaO (53.14%),
which is essential for the formation of alite and
belite phases. The almost complete absence of SiO;
and Al,03(0% and 0.15%) in it proves that it is a
pure calcium source. The low content of MgO
(2.56%) and Fe,03 (0.12%) does not cause problems
during the clinker hydration process. The loss on
heat (LOI, = 42.49%) proves the carbonate nature of
the limestone and indicates the release of CO,
during the calcination process.

In general, the mixture of these raw materials
provides the ratio of oxides necessary for the
synthesis of sulfate-resistant Portland cement
clinker. It is recommended to conduct laboratory
tests to determine the main composition.
According to preliminary calculations, the optimal
batch composition may be as follows: barren sand
15-20%, iron-rich industrial waste 5-10%, kaolin 10-
15%, and limestone 60-70%. This approach allows
for the maximum use of local raw materials and
increases the resistance of cement to sulfate
environments by 20-30%. In addition to these raw
materials, gypsum plays an important role in the
cement production process. It is mainly used as a
component that regulates the rate of hardening at
the cement setting stage.

Figure 1 - Gypsum stone sourced from the
Tashaba deposit, Karakalpakstan

According to the results of chemical analysis,
gypsum from the Tashaba deposit in the Republic
of Karakalpakstan contains 42.80% SOs, which is
approximately 92.02% CaS04-2H,0. Such a very
high purity and very low content of SiO, (2.80%),
Al,O; (0.49%), MgO, and Fe;0; indicate that
Tashaba gypsum is an ideal raw material for the
cement industry. Such a pure chemical composition
of Tashaba gypsum ensures the stable formation of
ettringite during the hydration process, prevents
secondary reactions, and increases the sulfate
resistance of cement. The low content of impurities

— 146 ——



Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Table 2 - Chemical and mineralogical composition of sulfate-resistant portland cement clinker

Material name LOI SiO2 Al203 Fe203 Cao MgO SOs Cl- Cao (Free z
Ca0)
Portland cement 1.14 22.1 4.98 5.32 61.09 2.07 0.8 0.0 0.935 100.0
clinker
Mineralogical composition (%) and module indices
C35=38.64; C,5=41.03; C3A=4.17; C4AF=16.16; Ca0/Si0,=2.76; LSF=0.86; SR=2.15;
AR=0.94
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Figure 2 - XRD pattern of SRC clinker showing the main phases (CsS, C2S, C3A, CsAF)

in the mixture has a positive effect on the friability,
color, and stability of the composition of the
cement. Therefore, the use of Tashaba gypsum in
the production process of sulfate-resistant clinker
not only improves the quality of cement, but also
serves to effectively use local mineral resources,

reduce production costs, and ensure the
environmental sustainability of the cement industry
(Fig. 1).

The successful balance of the above raw
material components is reflected in the

mineralogical composition of the synthesized
sulfate-resistant Portland cement clinker, since the
ratio of oxides directly affects the phases formed
(Table 2).

According to the data from the table, the
clinker contains CaO (61.09%). It is mainly derived
from limestone and is important in the formation of
the main part of the alite (C3S) and belite (C.S)
phases, which determine the strength of the
cement and the hydration process. The SiO;
content (22.1%) is moderate, which plays an
important role in the formation of silicate phases in
particular. This oxide is mainly derived from barren
sands and kaolin. The amounts of Al,O3 (4.98%) and
Fe,03 (5.32%) serve to form the aluminate and

ferrite phases in the clinker due to kaolin and iron-
rich industrial waste. Small amounts of oxides such
as MgO (2.07%) and SOs; (0.80%) improve the
stability of the clinker in sulfate environments and
at the same time prevent undesirable reactions.
The absence of CI~ (0.0%) and the low content of
free CaO (0.935%) greatly increase corrosion
resistance. The low heat loss (1.14%) confirms the
very good quality of the raw materials. The total
oxide content of 100.0% indicates that the clinker
composition is optimal and fully balanced.

In the mineralogical composition, the clinker is
dominated by CsS (38.64%) and C,S (41.03%)
phases, which primarily determine its mechanical
properties. The relatively low content of tricalcium
aluminate (4.17%, <5%) is the main indicator of
sulfate resistance, since it greatly reduces the
formation of ettringite. This is directly related to
the low content of Al,Os in the raw materials. The
presence of the C.,AF (16.16%) phase indicated a
high ferrite content in the clinker. This phase is
formed due to Fe;0s introduced through iron-rich
industrial waste and, replacing part of the
tricalcium aluminate, increases the strength of
sulfate-resistant cement clinker. The calculated
modulus values once again prove that the raw
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material mixture is in equilibrium. The Ca0O/SiO,
ratio (2.76) — the silicon modulus — provides high
mechanical strength of the cement. The lime
saturation factor (LSF = 0.86) indicates that the
firing process was carried out under optimal
conditions. The aluminum modulus n (2.15) and
iron modulus p (0.94) confirm that the oxides have
a stable ratio. These results prove that it is possible
to effectively produce sulfate-resistant Portland
cement clinker based on local raw materials such as
barren sand, iron-rich industrial waste, kaolin, and
limestone.

Reducing the amount of tricalcium aluminate
can reduce the expansion and erosion of cement in
sulfate environments by 15-25%, resulting in
increased long-term durability of structures.
However, to maintain optimal modulus values, it is
necessary to precisely control the firing
temperature in the range of 1350-1450 °C, as well
as the time of burning the clinker in the kiln. In
future studies, it is proposed to study the
mineralogy of the raw material mixture in depth,
analyze the hydration kinetics, and conduct
mechanical tests in order to improve the efficiency
of the synthesized clinker. The chemical
composition and phase structure of the clinker
were evaluated by X-ray phase analysis along with
tabular data. The XRD diffractogram showed clear
peaks corresponding to the main crystal phases, the
presence of which confirmed the results obtained
by the Bogue method (Fig. 2). The strongest
diffraction peaks observed between 206 = 29-34°
and 51-52° indicate the dominance of the C3S and
C.S phases.

The above data are in complete agreement
with the X-ray diffraction pattern analysis. The most

intense diffraction peaks were recorded in the
ranges of 26 = 28-35° and 50-53°, corresponding to
the alite (CsS) and belite (C,S) phases. These values
confirm the quantitative data obtained from
Bogue's calculations. Peaks around 20 = 32-34° and
48° correspond very well to the tricalcium
aluminate phase (C3A = 4.2%) and indicate that its
content in the clinker is very low. The low content
of tricalcium aluminate clearly demonstrates that it
is an important factor in increasing sulfate
resistance. The peaks observed at 26 = 32-34°, 41—
42° and 52° also correspond to the tricalcium
aluminoferrite phase (C4,AF = 16.2%), which is
completely consistent with the results of chemical
and mineralogical analyses. Thus, when the results
of the chemical and mineralogical analyses were
compared with the X-ray diffractogram, the
predominance of alite and belite, the low content
of tricalcium aluminate, and the high content of
C,AF were scientifically confirmed. These
characteristics allow us to consider the synthesized
clinker as a sulfate-resistant Portland cement
clinker.

The discrepancy observed between the Rietveld
refinement results and the Bogue calculations (C,S:
41.03% vs. 38.0%; C4AF: 16.16% vs. 14.8%) is due to
methodological differences between the two
approaches: the Rietveld method performs a full-
profile X-ray diffraction fit taking into account
crystal structure parameters, while the Bogue
method provides a stoichiometric estimate based
only on the oxide composition. Discrepancies of 2—
5% between these methods are well documented
and are considered acceptable for clinker phase
analysis.
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Figure 3 - Free CaO content in sulfate-resistant Portland cement (SRC) clinker
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Table 3 — Free CaO content as a function of firing temperature

Firing temp. (°C) Free CaO (%) Source
1250 1.42 Odler (1998); Taylor (1997)
1300 1.05 Odler (1998); Taylor (1997)
1350 0.68 Hewlett & Liska (2019)
1400 0.32 This study (experimental)
1450 0.15 Hewlett & Liska (2019)

Table 4 - ASTM C1012/C1012M sulfate resistance test results (28-day immersion)

Specimen ID Cement Lo Immersion L2 (mm) AL Expansion (%) ASTM limit
type (mm) medium (mm) (%)
- — Initial 28-day 28-day Lg-Lo AL/L,x100 <0.10
immersion
SRC Clinker — Batch | (Lo = 160.1 mm)
1.1 SRC clinker | 160.1 Distilled water 160.1 0.0 0.000 <0.10
1.2 SRC clinker | 160.1 Distilled water 160.1 0.0 0.000 <0.10
1.3 SRC clinker | 160.1 5% Na2S04 160.1 0.0 0.000 <0.10
solution
Mean  SD (Batch 1): | 0.000 £ 0.000 <0.10
SRC Clinker — Batch Il (Lo = 160.1 mm)
2.1 SRC clinker 160.1 Distilled water 160.1 0.0 0.000 <0.10
2.2 SRC clinker 160.1 Distilled water 160.1 0.0 0.000 <0.10
2.3 SRCclinker | 160.1 5% Na2S04 160.1 0.0 0.000 <0.10
solution
Mean + SD (Batch Il): | 0.000 £ 0.000 <0.10
SRC Clinker — Batch Il (Lo, = 160.0 mm)
3.1 SRC clinker 160.0 Distilled water 160.0 0.0 0.000 <0.10
3.2 SRC clinker 160.0 Distilled water 160.0 0.0 0.000 <0.10
3.3 SRC clinker | 160.0 5% Na2S0a4 160.0 0.0 0.000 <0.10
solution
Mean  SD (Batch Ill): | 0.000 £ 0.000 <0.10
SRC Clinker — Batch IV (Lo = 160.0 mm)
4.1 SRC clinker | 160.0 Distilled water 160.0 0.0 0.000 <0.10
4.2 SRC clinker | 160.0 Distilled water 160.0 0.0 0.000 <0.10
4.3 SRCclinker | 160.0 5% NazS0a4 160.0 0.0 0.000 <0.10
solution
Mean £ SD (Batch IV): | 0.000 + 0.000 <0.10
Overall Mean £ SD (all 12 specimens): | 0.000 + 0.000 <0.10

Notes: Lo — initial length measured on 21.05.2025; L,s — length measured after 28 days (17.06.2025); AL = Lys - Lo;
Expansion (%) = AL / Lo x 100. Gauge length = 160 mm (ASTM C1012 standard prisms). Immersion solutions: distilled
water (control) and 5% Na:SOs.No visible cracks, delamination, or surface deterioration were observed in any

specimen.

According to the experimental results, the
content of free CaO in the synthesized sulfate-
resistant Portland cement clinker was 0.32%. This
value is much lower than the regulatory
requirements (<1.5%), indicating complete reaction
of lime in the clinker. On the one hand, this ensured
the optimal formation of C3S and C.S phases, and
on the other hand, it led to the minimal formation
of the three calcium aluminate phases (Fig. 3).

As can be seen from the graph, the measured
value (0.32%) is much lower than the normative

limit (1.5%). This indicates the high quality of
sulfate-resistant Portland cement clinker, its
resistance to sulfate environments, and its ability to
serve for a long time.

As Figure 3 shows, the free CaO content
systematically decreases with increasing firing
temperature: from approximately 1.42% at 1250°C
to 0.15% at 1450°C (Table 3). The experimentally
obtained value of 0.32% in the optimized firing
temperature range of 1350-1450°C is fully

consistent with this trend and confirms the
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Figure 4 - Linear expansion of cement samples according to ASTM C1012/C1012M
(28-day sulfate resistance test). SRC clinker: experimental data (this study)

efficiency of the clinker synthesis process. As the
graph shows, the measured value (0.32%) is
significantly lower than the regulatory limit (1.5%).
This demonstrates the high quality of sulfate-
resistant Portland cement clinker, its resistance to
sulfate environments, and its long service life.

The fact that free CaO is lower than the
required standard indicates the efficiency of the
synthesis process. These results scientifically justify
the possibility of using the obtained sulfate -
resistant Portland cement clinker in the production
of sulfate-resistant cement in accordance with the
standards of the Republic of Uzbekistan St
337:2024 and GOST 22266-2013.

Sulfate resistance tests conducted according to
the ASTM (C1012/C1012M standard showed
significant differences in cement samples. The
degree of expansion observed in a Na;SO, solution
for 28 days was directly related to the composition
of the mineral phases of the cement (Table 4).

The 28-day exposure results clearly show that
the cement based on sulfate-resistant Portland
cement clinker showed significantly higher
durability than OPC (ordinary Portland cement) and
blended cements (Figure 4).

First, the cement based on sulfate-resistant
Portland cement clinker had the lowest expansion
values. This is explained by the limited content of
tricalcium aluminate in the composition (tricalcium
aluminate £ 5%). Due to the low calcium aluminate,
it reduces the reaction with sulfate ions and
reduces the formation of excess ettringite or

secondary gypsum. As a result, sulfate-resistant
Portland cement exhibits long-term durability.

Second, ordinary Portland cement (OPC)
showed high expansion. At the end of 28 days, the
deformation values approached or exceeded the
limit values specified in the ASTM C1012 standard.
This is explained by the high content of three
calcium aluminates in the OPC composition.
Tricalcium aluminate actively reacts with sulfate
ions, forming expansive ettringite.

Third, the mixed cements obtained from local
raw materials showed lower expansion than OPC,
but did not reach the level of sulfate-resistant
Portland cement. This indicates that local mineral
additives (kaolin, clay derivatives, iron-rich
additives) have a partially limiting effect on the
reaction with sulfate ions.

In general, experiments have shown that
sulfate-resistant Portland cement, which can be
produced in Karakalpakstan, has significantly higher
resistance to sulfate-rich conditions - in particular,
in the conditions of high-sulfate groundwater of the
Aral Sea region - than ordinary Portland cement.
These scientific results confirm the increased
resistance of sulfate-resistant Portland cement to
the effects of sulfate ions and its possible use as a
promising construction material in aggressive
environments.

Conclusions

The conducted studies comprehensively
assessed the possibility of obtaining sulfate-
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resistant Portland cement clinker from local raw
materials of the Karakalpakstan region - limestone,
barren sand, kaolin and iron-rich industrial waste.

The analysis of the chemical composition
showed that the raw mixture has an optimal
balance of oxides Ca0O, SiO;, Al,03 and Fe;0s. As a
result, the modulus values (LSF = 0.82; SR = 2.15;
AR = 0.94) fully corresponded to the standard
regulatory requirements for sulfate-resistant
Portland cement clinker. Mineralogical analyses
showed the predominance of alite (C3S = 38.6%)
and belite (C,S = 41.0%) phases in the synthesized
clinker, which ensured early and long-term strength
of the cement. The most important indicator — the
content of tricalcium aluminate (C3A = 4.2%) below
5% — ensured the resistance of the cement to
sulfate environments. The high content of C,AF due
to the introduction of iron-rich additives further
increased the stability of the clinker.

X-ray analysis, consistent with Bogue's
calculations, showed that the content of free lime
(0.32%) was well below the regulatory limit, which
confirms that the lime had completely reacted and
the clinker baking process was carried out
effectively.

Sulfate resistance tests conducted according to
ASTM C1012/C1012M showed that cement based
on sulfate-resistant Portland cement had the
lowest expansion value. Ordinary Portland cement
had the highest expansion, approaching the
regulatory limits for 28 days, while mixed cements
gave average results.

Finally, it has been scientifically proven that
sulfate-resistant Portland cement clinker
synthesized from local raw materials has high

stability in aggressive sulfate environments. The
minimum level of tricalcium aluminate, balanced
composition of phases and low free CaO allow it to
be used as a long-term binder. In addition, the use
of local raw materials increases economic
efficiency, reduces the need for imports and
reduces the environmental footprint of cement
production.
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Byn 3eptrey ©36eKcTaH Pecnyb/ivKacbiHbiH, Apan eHipiHeH TabblnfaH XeprifikTi LWuKisaT
HerisiHae cynbdaTtka Tesimai NopTaaHAUEeMEHT KAUHKEPIH OHAipyre »KaHe OHbIH, KacueTTepiH
3epTTeyre apHanfaH. AnbiHFaH HITUXKeNep TEXHOIOTUA/BIK, SIKOHOMMKA/BIK AHE 3KONOTUANBIK,
apTbIKLWbINbIKTapAbl KepceTesi. LLUMKi3aT Kocnanapbl 9KTac, KYHapCbi3 KYM, KAOIWH XKaHe Temipre
6alt eHAIpIicTIK KanaplKkTapAaH Typabl, HOTMMKECIHAE OHTalNaHAbIPbINFAH OKCUATIK Kypambl 6ap
K/NIMHKep anyfa MyMKiHAiK 6epai (LSF = 0,82, SR = 2,15, AR = 0,94). PeHTreHajiK dasanbik Tangay
JKOFapbl MexaHUKasblK BepiKTiKTi KamTamacbi3 eTeTiH anuT (C3S = 38,6%) kaHe 6eant (CS =
41,0%) dasanapbiHbiH, KOFapbl KypamblH KepceTeai. YWKanbuMii antlOMMUHATBIHbIH, TOMEH

Makana kengi: 16 cayip 2026 menwepi (YWKanbLMin antoMUHATbIHBIH, < 5%) aHe &eppuTTiH, KeTKinikTi menwepi (C,AF =
CapanTtamagaH eTTi: 21 mamoip 2026 16,2%) cynbdaTka Tesimainiri meH ¢aszanblk 6acbiMablabiFbiH apTTbipabl. ASTM €1012/C1012M
Kabblnganabl: 8 winde 2026 CTaH4apTblHa CaiKec OpblHAANfaH cynbdaTka Tes3iMAiNiK cbiHakTapbl cynbdaTka Tesimai

noptnaHguemeHTTiH, 5% Na,SO4 epiTiHAiCiHe canbiHFaH yArinep apacbiHAA iCiHY MHAEKCIHIH, eH,
TOMEH eKeHiH KepceTTi, byn KapanalibiMm NOPTAAHALEMEHT MeH apanac UeMeHT TypaepimeH
CaNbICTbIPFAHAQ OHbIH, KOFapbl TO3IMAINITH Adnenaeai. AnbiHFaH HITUNKENeP KePTiniKTi WukisaT
HerisiHge cynbdaTKka Tesimai Kofapbl canasbl NOPTAAHAUEMEHT KAMHKEPiH LWbIFapyFa KaHe
OHblH, Opan eHjpiHiH, cynbdaTka 6ail KaFmaWnapbiHa KAPaAMAbIbIFbIH KepceTyre MYMKiHAIK
6epesi. JKOHOMMKaANbIK, TYpPFblAAH YKeprifikTi LWKMKI3aTTbl NakganaHy eHAipic WbIfbIHAAPLIH
asaiTadbl, MMNOPTKA TAYENAiNIKTI a3ailTagpbl, LEeMEeHT eHepKacibiHiH 6acekere KabinetTiniriH
apTTbipagpbl. KONOMUANBIK TYpPFblAaH anfaHaa, cynbdatka TesiMmai NopTAaHALEeMEHTTIH, y3akK
KbI3MET eTy Mep3iMi KaHe eHepKacinTiK KanaplKTapabl NainaanaHy *Kacbll 3KOHOMUKaAFa Calkec
Kenepi, KanablKTapAbl a3aliTyFa KOMEKTeCe i XKaHe TYPaKTbl JaMyFa biKnan etes,.

TyiiiHOi ce3dep: cynbdaTKa Te3iMAi NOPTAAHALEMEHT, KIMHKEP CUHTE3I, MUHepanabl pecypcrap,
cynbdaTKa TE3IMAINIK, KACblN SIKOHOMMKA, TYPAKTLINbIK,
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CynbdaTtocTOMKNiIA NOPTAAHALLEMEHTHBIN KIMHKEP Ha OCHOBe CbipbeBoM 6a3bl
KapakannakcTaHa: TeXHONOrus, 3KOHOMMUKaA U 3KON0rusa

'Berkanosa I.6., 'Myxutauros A.4., 2Pyametosa A.LL., 3Shengwen T., “TypcyHos 3.P., Toaxues U.WU.

MHcmumym obuweli u HeopeaHu4yeckol xumuu Akademuu Hayk Y3bexkucmara, TawkeHm
2Ypaenuckuli 20cydapcmeeHHsbill yHusepcumem umeHu Aby PalixoHa BepyHu, Y36ekucmaH
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>ByxapcKuli 2ocyoapcmeeHHbIl mexHu4ecKuli yHusepcumem, byxapa, ¥Y36ekucmat

AHHOTAUMA
[aHHOe uccnefioBaHWe MOCBALWEHO MONYYEHUIO CyNbGaTOCTOMKOrO MNOPTAAHALEMEHTHOTO
KMHKEPAa Ha OCHOBE MECTHOrO Cbipbs, OBHAPYKEHHOTO B perMoHe ApanbCKOro Mops

MNoctynuna: 16 anpens 2026 Pecny6amnKn Y36eK1CTaH, U M3yYeHUIo ero CBOWCTB. MonydeHHble pes3ynbTaTbl MOAYEpKUBAIOT
PeueHsunposaHue: 21 mas 2026 TEXHONOTNYECKME, IKOHOMMUYECKME U SKOMOTMYECKME MPEeMMYLLECTBa. B KauecTBe CbipbeBbIX
MpwuHaTa B neyatb: 8 urona 2026 cMecell WUCMONb30BaNNCh WM3BECTHAK, MNYCTble MEecKM, KaoAuH M boraTble enesom

NPOMBILWNEHHbIE OTXOAbI, YTO NO3BONNO MOMYYUTb KJAMHKEP C ONTUMMU3MPOBAHHBIM OKCUAHBIM
coctaBom (LSF = 0,82, SR = 2,15, AR = 0,94). PeHTreHO)a30BbIi1 aHaNWU3 MOKa3biBAeT BbICOKOE
copepaHune das anuta (CsS = 38,6%) u benuta (C.S = 41,0%), 4uto obecneynBaeT BbICOKYHO
MEXaHUYeCcKyto NPOYHOCTb. Hu3koe cofepKaHue TpUKanbLuitantoMmMHaTa

— 152 ——


https://orcid.org/0000-0002-0492-3246
https://orcid.org/0000-0002-4795-6080
https://orcid.org/0009-0004-1008-4057
mailto:tangsw@whu.edu.cn
https://orcid.org/0000-0001-6635-9444
https://orcid.org/0000-0001-6635-9444
https://orcid.org/0009-0003-6432-4442
mailto:tojiyevinomjon0@gmail.com

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

(TpuKanbumitantoMmHaT < 5%) u goctatouHoe cogepkarue dpepputa (C,AF = 16,2%) nosbicuan
cynbdaTocToMkocTe M $asoBoe AOMUHWMpPoBaHMe. WcnbiTaHMA Ha  cynbdaToCTOMKOCTD,
nposedeHHble B COOTBETCTBMM CO CTaHgaptamu ASTM C1012/C1012M, nokasanu, 4TO
cyNbdaTOCTONKMIA NOPTAAHALEMEHT UMEN Camblii HU3KUIA MHAEKC HabyxaHua cpeaun obpasuos,
nomelLeHHbIX B 5% pactBop NazSOs, YTO NOATBEPKAAET €ro BbICOKYIO CTOMKOCTb NO CPaBHEHUIO C
06bIYHbIM NOPTAAHALEMEHTOM M CMELaHHbIMU BUAAMW LemeHTa. lMonyyeHHble pesynbTaTbl
OTKPbIBAOT ~ BO3MOXHOCTb  MPOM3BOACTBA  BbICOKOKAYECTBEHHOTO  CyNbdaTOCTONKOro
NOPTNAHALEMEHTHOTO KAMHKEPA Ha OCHOBE MECTHOrO CblpbA W  AEMOHCTPUPYIOT ero
NPUroAHOCTb AN1A YCNOBUI PerMoHa C BbICOKMM cogepkaHuem cynbdatoB. C IKOHOMUYECKOM
TOYKM 3pEHUA WCMO/Nb30BAaHME MECTHOTO CbipbA CHWUXKAeT MNPOU3BOACTBEHHbIE 3aTpaThl,
YMeHbLIAeT noTPebHOCTb B WMMMOPTE M NOBbIWAET KOHKYPEHTOCNOCOBHOCTb LEeMEHTHOM
NPOMbIWNEHHOCTU. C  3KONOFMYECKOW  TOYKU  3pEHUA  AJIUTENbHBIA  CPOK  CAYK6bl
cynb$paToCTOMKOro NOPTAAHALEMEHTA U UCMO/b30BAHNE MPOMBILLZIEHHbIX OTXO0B COBMECTUMbI
C «3e/1eHOM» IKOHOMMKOW, CNOCOBCTBYIOT COKPALLLEHMIO OTXOA0B U YCTOMYMBOMY Pa3BUTHIO.

Knrovesbie cn06a: cynbGpaToOCTOMKMIA NOPTNAHALEMEHT, CUHTE3 KAMHKEpPa, MUHepasbHble
pecypcbl, cyNbpaToCTONKOCTb, 3eN1EHAA SIKOHOMUKA, YCTOWYMBOE PasBUTHE.
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