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Effect of Chromium on Phase Formation of Intermetallic Aluminum Alloys
in the Al-Fe-Si System
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ABSTRACT

The article explores the prospects for the development of Kazakhstan's aluminum industry, with a
focus on the application of additive manufacturing technologies for the synthesis of chromium-
alloyed composite aluminum alloys in the Al-Fe-Si system. A comprehensive metallographic and
thermodynamic analysis of the phase composition of alloys synthesized by consumable electrode

Received: September 16, 2025 surfacing was carried out. The use of Thermo-Calc software enabled the construction of
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polythermal sections and the assessment of the influence of alloying element concentrations on
the formation of intermetallic phases, including AlisFes (B-phase) and AlgFe,Si. The optimal
chromium alloying conditions were substantiated, ensuring reduced brittleness and improved
mechanical properties through the formation of a fine-grained structure, stabilization of the phase
composition, and removal of large primary dendrites. The obtained results confirm the potential
of chromium alloying as an effective approach in developing intermetallic aluminum alloys with
the desired properties. The study's results contribute to the advancement of technologies for
producing aluminum alloys with enhanced performance characteristics, thereby expanding the
potential for industrial applications of additive manufacturing methods.

Keywords: AlFeSi, intermetallic phases, simulation and modelling, diagrams phase transformation,
microstructure.
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Toleuova Ainagul Rymkulovna

In addition, government support and the
attraction of investments into the sector create
favorable conditions for expanding production
capacities and entering new markets. Collectively,
these factors ensure the sustainable development of
Kazakhstan’s aluminum industry, strengthening its
position both regionally and globally.

Introduction

Currently, the prospects for the development of
the aluminum industry in the Republic of Kazakhstan
appear highly promising, driven by a number of key
factors. First, the modernization of production

facilities is actively ongoing, which undoubtedly
contributes to increased technological efficiency,
reduced energy consumption, and enhanced
competitiveness of domestic products on the
international market.

Second, the implementation of innovative
technologies, including additive manufacturing
methods for synthesizing composite materials,
opens up new opportunities for the creation of high-
performance aluminum alloys with improved
operational characteristics [1].

Modern processing technologies for metallic
materials have a significant impact on improving
their properties [[2], [3], [4], [5], [6], [7], [8], [9]]. At
the same time, layer-by-layer material deposition
(additive  manufacturing) offers a unique
opportunity for precise and fine-tuned control over
the structure and composition of alloys [[10], [11],
[12], [13], [14]]. Unlike conventional casting and
machining methods, additive techniques allow the
production of complex composite materials with
tailored properties, enhancing the strength,
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ductility, corrosion resistance, and electrical
conductivity of aluminum alloys [[15], [16]].

Particularly promising is the alloying and
microalloying of aluminum alloys with various
elements to achieve the desired levels of mechanical
and service properties [[17], [18], [19], [20], [21]].
Similar improvements can also be achieved by
altering the equilibrium conditions of phase
transformations in alloys. Of growing interest is the
Al-Fe—Si—X system, where intermetallics are used as
strengthening phases.

For example, in [22], the authors investigated
the influence of cooling rate and subsequent hot
strengthening on the microstructure and
mechanical properties of an Al-20Si—5Fe—2X alloy (X
= Cu, Ni, and Cr). The samples were produced via gas
atomization with cooling rates of 1x10° K/s and
5%107 K/s. The results showed a significant effect of
cooling rate and the presence of transition metals on
the microstructure and mechanical strength of Al-
20Si-5Fe alloys. The beneficial effect of transition
metals on the thermal stability of Al-20Si-5Fe,
particularly for Ni-containing alloys, was noted.

In studies of the Al-Fe-Si system, iron is
generally considered to have a detrimental effect on
Al-Si alloys, as it promotes the formation of needle-
like intermetallic phases, which considerably reduce
the operational properties of the final product. The
adverse effects of iron are mitigated through
alloying with elements such as chromium,
manganese, and rare earth metals. On the other
hand, [23] proposed using Fe to counteract the
negative influence of Si. The authors studied the
effect of Fe content and subsequent
homogenization on a dilute Al-Si alloy. An increase
in electrical conductivity was observed with the
specific addition of Fe. Moreover, the tensile
strength and electrical conductivity of the Al-Fe-Si
alloy could be further improved after
homogenization. It was suggested that the favorable
performance characteristics of the Al-Fe-Si alloy
may be attributed to the formation and evolution of
the ternary eutectic phase a-AlgFe,Si. It was also
found that elevated homogenization temperatures
and grain refinement promote the precipitation of
the a-phase.

In [24], rapidly solidified Al-20Si-5Fe-2X alloys
(X =Cr, Zr, or Ni), produced via gas atomization, were
degassed under varying vacuum conditions before
hot extrusion. The study demonstrated that the
addition of a fourth element leads to the formation
of dispersed particles that contribute to improved

mechanical properties, particularly at elevated
temperatures.

It is well known that the addition of alloying
elements such as manganese and chromium
suppresses the formation of the 6-phase (AlizFey) in
favor of the less detrimental a-Als(Fe, Mn, Cr)aSi;
phase, which is less brittle and less prone to
cracking. Silicon is added to promote the
precipitation of the AlgFe,Si phase in the alloy [[25],
[26]].

The objective of this study was a fundamental
investigation of the Al-Fe-Si system. The work
focused on identifying optimal concentrations and
temperatures for the formation of the high-
symmetry AlgFe,Si phase when chromium is used as
an alloying element.

Experimental part

An Al-Fe-Si system alloy of the base modification
(a system in which impurity atoms are present as a
result of processing the original charge components)
was produced using additive technology through
synthesis by surfacing with a horizontally oriented
consumable electrode. Commercial-grade materials
were used as the charge. The electrode was made of
St3-grade steel, with dimensions of 2x20x150 mm.
Aluminum was introduced into the alloy by melting
aluminum sheets of AD31 grade, sized 2x30x100
mm. Silicon was introduced using KROO-grade
silicon, crushed to a -63 um fraction.

Before synthesis, a layered package was
prepared from aluminum and silicon, consisting of
four aluminum sheets with silicon applied between
the layers using a wet method. After application, the
package was assembled and dried at room
temperature for no less than 24 hours. The package
was then placed on a steel substrate made of St3-
grade steel, which did not participate in the
synthesis process. The top of the package was
covered with a pumice-like flux of AN-348 grade to
prevent additional alloying of the melt with flux
components. The target composition of the alloy
was Al-30Fe—10Si (at.%).

After synthesis, semi-elliptical ingots were
obtained, which were then sectioned into templates
for metallographic analysis. Microsections were
prepared using standard techniques, including
coolant-assisted cutting, grinding, and polishing with
lubricants. Metallographic investigations were
carried out using an Altami optical microscope. The
resulting microstructure is shown in Figure 1.
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Figure 1 - Microstructure of the Al-Fe-Si alloy of the basic modification after synthesis, x200

As seen, the microstructure exhibits a distinct
directional pattern of structural constituents. It is
composed of alternating intermetallic dendrites and
aluminum layers with minimal dissolution of both
base and alloying components. This type of
morphology tends to degrade mechanical
performance, particularly ductility. As demonstrated
in [27], one effective way to mitigate this issue is
alloying, including microalloying, with elements that
promote dissolution of the primary binary 6-phase
during alloy cooling.

Considering the composition under study, the 6-
phase is expected to be present at room
temperature, but conditions must be created for the
formation of a secondary 6-phase — i.e., one that
precipitates as a result of solid-solid phase
interactions. Accordingly, this study explores the
potential of alloying the base-modified Al-Fe-Si alloy
with chromium and investigates the fundamental
aspects of such alloying.

Results and Discussion

For a more substantiated selection of alloying
element concentrations and optimization of heat
treatment regimes, a comprehensive analysis
focusing on the phase composition of the alloy is
required. The analysis was performed excluding
impurities and trace elements introduced during
synthesis, in order to concentrate solely on the
influence of chromium additions. This analysis was
conducted using Thermo-Calc software, version
2024a, with the aluminum-based thermodynamic
database TCALS.2.

Thermo-Calc is a computational tool for the
calculation of phase equilibria, based on the global

minimization of the Gibbs free energy in
multicomponent systems. The software also enables
the calculation of thermodynamic properties of
phases (such as Gibbs energy, enthalpy, and others),
including metastable equilibria. A key feature of
Thermo-Calc is its modular and extensible
architecture, along with a continually expanding
database of elements for various systems, including
metallic, salt, oxide, and aqueous solution systems.

The program allows for the calculation of phase
diagrams of multicomponent systems, including the
construction of polythermal and isothermal
sections, phase composition predictions, and
cooling curve simulations — all of which were
employed in this study.

Using Thermo-Calc (version TCW8 with database
TCAL8.2), Al-based systems were analyzed to
determine the concentration boundaries for the
formation of primary crystals of Fe-containing
phases.

Figure 2 shows a polythermal section of the Al-
30Fe—9Si—1Cr system with variable aluminum and
iron content. Chromium alloying was introduced by
reducing the aluminum fraction.

According to Table 1, under equilibrium
conditions, aluminum and iron form solid solutions,
intermetallic compounds, and eutectic mixtures. As
shown in the section diagram, during solidification
of an aluminum—iron alloy, the AlsFe, phase (~59.41
at.% Al) appears in the structure, forming via a
peritectic reaction at 997 °C. At approximately 18
at.% Fe and a temperature of 622 °C, a eutectic
transformation occurs, resulting in the formation of
an aluminum solid solution (Al).

Further increases iniron content in the alloy lead
to the formation of the following chemical
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compounds: AlLsSi,Cry (~61.43 at.% Al), AlFeSi Phase Content of components, %
(~51.44 at.% Al), AlgFe,Si (~58.17 at.% Al), and Al Fe Si Cr
AlsFe,Si, (~60.1 at.% Al). Liquid 73.08 | 15.9 10.8 0.21
AlisFeq 59.55 39.49 0.95 0.00
Table 1 - Distribution of phase regions depending on Al15SiaCra 63.18 | 21.79 | 08.05 | 06.96
temperature t=820"°C (4 area)
Liquid 73.00 13.84 13.12 0.03
Designation Phase domain AlisFeq 59.22 39.37 14.03 0.00
1 Liquid Al15Si2Cra 61.92 2391 8.13 6.02
2 Liquid + AlisFes AlFeSi 51.21 33.9 14.88 0.00
3 Liquid + AlisFes+ Al15Si2Cra t=799 °C (5 area)
4 Liquid + AlisFes+ Al1sSioCra+ AlFeSi Liquid 84.16 9.18 6.51 0.14
5 Liquid + Al1sSi2Cra Al15Si2Cra 63.05 20.27 9.5 7.16
6 Liquid + AlisFes+ Al1sSi2Cra + AlgFesSi t=742°C (6 area)
7 Liquid + Al1sSi2Cra+ AlgFexSi Liquid 83.03 9.52 7.44 0.0004
8 Liquid + Al1sSi2Cra+ AlgFeSi + AlsFeaSiz Ali3Feq 59.54 39.23 12.2 0.00
9 Al15Si2Cra+ AlgFeaSi + AlgFeaSiz+ (Al) Al15Si2Cra 61.75 25.64 8.22 4.38
10 Al1sSi>Cra+ AlgFesSi + AlsFesSiz AlgFesSi 56.91 32.54 10.54 0.00
11 Al15SiaCra+ AlgFesSi t =686 °C (7 area)
12 Al1zFes+ Al1sSiaCra+ AlgFesSi Liquid 86.98 4.36 8.65 0.000
13 AlisFes+ Al1sSioCra+ AlgFesSi + AlFeSi Al15Si>Cra 61.25 26.27 8.69 3.77
14 AlisFes+ Al1sSioCra+ AlFeSi AlgFexSi 57.38 32.55 10.05 0.00
t=622°C (8 area)

The AlizFeq phase, also known as the 8-phase, is Liquid 89.76 | 2.09 8.13 0.000
one of the most structurally complex intermetallic Al15SiaCra 60.56 | 27.03 |9.35 3.04
compounds, possessing a monoclinic unit cell. It is | AlsFesSi 57.94 | 3256 |949 |0.00
important to note that the formation of this phase in AlsFeaSiz 58.03 | 269 1506 | 0.00
the form of needle-like particles or large, highly : t =569 °C (9 area)
oriented intermetallic dendrites significantly Allss'zc.” 61.00 | 26.63 | 8.93 3.42

. - . AlgFe;Si 59.67 32.58 | 7.74 0.00
reduces the technological ductility of aluminum -
. AlgFesSiz 60.9 2693 | 12.1 0.00
alloys. The 6-phase (AlizFes) can have a detrimental Al 99.55 0.13 0.42 0.000
eff‘ect‘on the mechanical ‘p.ropertlhes of the alloy due t = 530 °C (10 area)
to its inherently low ductility and impact toughness. Al1sSiaCra 60.49 2586 | 948 415

When this phase forms as large inclusions, it may AlsFeoSi 59.85 3258 | 75 0.00
act as a crack initiation site under mechanical AloFe,Si 61.39 26.93 | 11.6 0.00
loading and also degrades the overall quality of the t = 603 °C (11 area)
cast metal structure. Therefore, the presence of this Al15Si>Cra 60.79 26.18 | 9.16 3.85
phase requires particular attention, especially in the AlgFe,Si 58.49 32.56 | 8.94 0.00
development of alloys produced using additive t =671 °C (12 area)
manufacturing technologies. AlizFesq 59.53 39.17 | 1.29 0.00

Table 2 presents the calculated parameters of Al15Si2Crs 61.34 25.78 | 8.62 4.24
primary crystallization for the Fe-containing phase in AlsFe>Si 57.66 | 32.55 |9.77 0.00
the Al-30Fe—9Si-1Cr system. t =665 °C (13 area)

AlisFeq 59.36 39.18 1.45 0.00
Table 2 - Calculated parameters of primary crystallization AIlSSiZC_” 6112 1255 8.86 4.50
of the Fe-containing phase in the Al-30Fe—9Si—1Cr alloy AlsFesSi 5748 |32.55 |9.96 0.00
system AlFeSi 52.38 33.91 13.69 0.00
t =646 °C (14 area)
Phase Content of components, % AlisFeq 58.6 39.27 2.11 0.00
Al | Fe | si | o Al1sSi>Cra 6072 | 2261 |941 |7.24
t= 1083 °C (1 area) AlFeSi 50.73 | 33.89 | 1537 | 0.00
Liquid 7358 | 1641 [9.00 | 1.00
t=997 °C (2 area)
Liquid 5961 | 28.07 | 11.06 | 12.49 A slightly different phase transformation
AlisFeq 5941 | 39.85 | 0.72 0.00 pathway is observed when chromium is introduced
t =878 °C (3 area) by reducing the amount of iron.
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Figure 3 - Volume fraction of all phases depending on temperature in the Al-28Fe-10Si-2Cr alloy

To provide a more detailed analysis of this
alloying approach, a polythermal section was
constructed (Figure 3), highlighting three regions
most favorable for the formation of the primary
strengthening phases.

In the first region (3% Cr, 27% Fe), below 980 °C,
the B-phase (AlsFes) forms via a eutectic reaction.
The temperature range of 980-780 °C corresponds
to the stability region of the primary 8-phase. As the
temperature further decreases, this phase
completely dissolves, accompanied by the formation
of the a-phase (AlgFe;Si) in the 770-680 °C range. A
subsequent solid-state transformation leads to the
re-precipitation of the 6-phase (Region 22) down to
room temperature.

At high temperatures, based on the
characteristic transformation path, the first phases
to precipitate from the melt are hexagonal a (an) and
cubic a (o). Later, ah is fully replaced by the cubic

a-phase, stabilized by the chromium addition.
Subsequently, the hexagonal a-phase reappears and
coexists with the cubic a-phase. The hexagonal a-
phase is a high-temperature phase with a narrower
stability range (up to 450 °C) compared to its cubic
counterpart (stable up to ~240 °C).

In the second region (15% Cr, 15% Fe), the most
notable phase formation zones are Regions 2, 8, 24,
and 37. In Region 2, a eutectic reaction results in the
formation of CrSi, and a-Cr from the aluminum melt.
This transformation concludes in Region 8, where
both phases coexist. Chromium disilicide (CrSi,) is an
intermetallic compound with a hexagonal structure
consisting of alternating layers of chromium and
silicon atoms, which defines its mechanical behavior
[28]. It exhibits high hardness and brittleness —
typical for intermetallics — as well as wear and
scratch resistance.

— 9
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The a. phase is a hard and brittle intermetallic
constituent, which can either enhance or impair the
properties of aluminum alloys depending on its
morphology and distribution. It is a cubic
modification of the a-phase, formed by partially
substituting iron atoms with chromium. When
uniformly distributed, a. can inhibit grain growth
and stabilize the microstructure. In heat-resistant
aluminum alloys, it improves thermal stability.
However, in wrought and cast aluminum alloys, this
phase can have several detrimental effects, such as
increased  cracking tendency at elevated
temperatures and the creation of internal stress
concentrators, reducing ductility and fatigue
strength. To minimize these effects, careful control
of chromium and silicon content is required, and the
use of modifying elements such as Zr, Ti, or Sc may
be beneficial for microstructural control.

Region 24 is characterized by the presence of
the B-phase (AlsFes), ac, and the ticr phase within
the temperature range of 420-275°C. This is
followed by the formation of the B-phase through a
eutectoid transformation (Region 37).

The intermetallic Ticr phase (Al3CrsSia or AlsCr,)
reduces the alloy's tendency to crack and
contributes to microstructural stabilization. In this
case, chromium acts as a grain growth inhibitor,
promoting the formation of a fine-grained,
homogeneous structure, which improves the
mechanical performance of the alloy. In systems
with excess chromium and reduced iron content,
conditions are created that favor the formation of
this phase instead of the iron-containing 8-phase.

The B-phase (AlgFe,Si;) is one of the most
commonly encountered intermetallic compounds in
the Al-Si—-Fe system. In conventional alloys, it is
generally considered undesirable, as it significantly
reduces mechanical properties [29]. It commonly
forms at grain boundaries as long, needle-like
precipitates, sharply decreasing ductility and impact
toughness. In intermetallic-rich compositions, the B-
phase may also appear as coarse dendrites or flake-
like compact particles, typically located along the
previously formed 6-phase boundaries.

The third region (27% Cr, 3% Fe) is characterized
by a high chromium content, leading to the
formation of the Al,Cr phase, which appears in the
structure as a granulated, rounded morphology.
Overall, Al,Cr is considered a favorable phase, as it
improves high-temperature strength without
significantly compromising corrosion resistance or
impact toughness [30].

To quantitatively assess the phase constituents,
temperature-dependent volume fraction curves
were constructed for all phases along the
characteristic transformation paths considered.

As shown in Figure 3, the primary 6-phase
(AlizFeq) crystallizes first at approximately 1000 °C,
then dissolves and reprecipitates at around 448 °C.
At room temperature, the volume fraction of this
phase accounts for approximately 18% of the total
alloy volume.

The volume fraction of the a-phase (Als(Fe,
Cr)sSi,) reaches approximately 68% at 600 °C and is
formed over a relatively wide temperature range.
The B-phase (AlgFe,Si,) begins to form at 648 °C and
continues to exist down to room temperature,
comprising about 80% of the total alloy volume in
this temperature range.

The a-phase (AlgFe,Si) forms within a relatively
narrow and discrete temperature range of 800-
445 °C, with a volume fraction of approximately
45%.

Subsequently, a temperature-dependent phase
volume fraction diagram was constructed for the Al-
27Fe—10Si-3Cr alloy system (Figure 4).

Even a slight increase in chromium content by
1% leads to a significant change in the phase
composition. In this case, the a-phase (AlgFe,Si)
exhibits a very limited solubility range, constituting
only about 18% of the total alloy volume. The
volume fraction of the cubic a-phase (Als(Fe,Cr)sSiz)
reaches 89% at 610 °C, while the amount of B-phase
(AlgFe,Siz) decreases to 77% at room temperature.
The increase in the cubic a-phase fraction is
compensated by the hexagonal ay, phase.

With an increase in chromium content up to 15%
(Figure 5), the cubic modification completely
replaces the a-phase (AlgFe,Si), with its volume
fraction reaching 98% in the temperature range of
980-430 °C. Below 220 °C, a gradual transformation
into the PB-phase begins, accompanied by the
precipitation of 8 and Al;3Cr,Sis phases. Notably, the
aCr phase persists down to room temperature.

At the same time, the near-complete
substitution of iron with chromium does not
promote an increase in the volume fraction of the
cubic a-phase (Als(Fe, Cr)sSi,) (Figure 6).

On the contrary, the 1;-Cr phase (Al3Cr4Sis)
begins to dominate in terms of volume fraction,
while the hexagonal a-phase is also not formed. It
should be noted that in the Al-15Fe—10Si—15Cr
composition, increasing the silicon content leads to
a reduction in the (Ahls(Fe, Cr)sSiz) phase and the
precipitation of free (unbound) silicon.
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Figure 7 - Microstructure of the Al-Fe-Cr-Si alloy after synthesis, x200

Thus, it has been established that the addition of
2-3% chromium promotes an increase in the
fraction of the high-temperature cubic modification
of the a-phase, while simultaneously suppressing
the growth of the binary 8-phase.

In the Al-15Fe—-10Si—3Cr composition, within
the temperature range of 980-430 °C, the alloy
consists of up to 98% cubic a-phase (ac), with the 6-
phase formation significantly suppressed. From our
perspective, this phase composition is the most
favorable for an intermetallic aluminum alloy.

To validate the obtained modeling results, an

additional study was conducted by introducing 3%
chromium into the base composition. Figure 7 shows
the microstructure of the alloy after chromium
addition. As predicted by the modeling results,
chromium does not form independent inclusions at
room temperature; however, it contributes to the
stabilization of the microstructure. After synthesis,
the microstructure is predominantly composed of -
phase dendrites, a small fraction of ©-phase
distributed between the B-phase dendrites, and a
minor amount of chromium-containing phases. The
intermetallic compounds exhibit no segregation or
cracking.
The primary effect of chromium alloying is
manifested in improved stability at elevated
temperatures and enhanced plasticity due to the
formation of the cubic ac phase.

This study examined the effect of chromium on
the properties of aluminum alloys. As an alloying
element, chromium plays a crucial role: it enhances
structural stability, reduces the risk of defect
formation, and improves the mechanical
performance of aluminum-based components. Its
application may expand the use of aluminum alloys
in high-tech industries such as electrical engineering,
nuclear power, and aerospace engineering.

Conclusions

A fundamental investigation of the Al-Fe-Si
alloy system was conducted with the aim of
optimizing its composition. It was found that the use
of the base configuration leads to the formation of
undesirable morphologies of intermetallic phases.
Chromium alloying significantly alters the phase
composition, reduces the content of the detrimental
B-phase (AhsFes), and promotes the formation of
more stable strengthening phases and Cr-containing
intermetallics. The introduction of as little as 2%
chromium vyields notable changes. The obtained
results confirm the potential of alloying as an
effective approach for developing intermetallic
aluminum alloys with tailored properties. This opens
new opportunities for advancing the aluminum
industry in Kazakhstan and enhancing the global
competitiveness of its products. These results hold
practical value for the development of new
composite materials and for interpreting the
microstructure of industrial aluminum alloys.
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Al-Fe-Si )KyiieciHiH, meTanapanblK aNlOMUHUIA KOPbITNAaNapbiHbIH, Pas3anbik,
TY3inyiHe }X9He MUKPOKYPbI/IbIMbIHA XPOMHbIH, 3cepi

AHppesweHKo B.A., Toneyosa A.P.

dbinkac CarbiHO8 aMbIHOAFbl KaparaHObl mexHUKaselk yHusepcumemi, KaparaHobl, KazakcmaH

Makana Kengi: 16 Keipkyliek 2025
CapantamagaH eTTi: 11 Kapawa 2025
Kabbinganabl: 11 xeamokcaH 2025

TYAIHAEME

Makanaga xpom KopbiTnacbimeH Al-Fe-Si »KyheciHiH, KOMNO3UTTIK antoMWHMIA KOpPbITNAnapbIH
CUHTEe34ey YWiH aaauTUBTI TexHonorvanapapl KongaHyFa 6aca Hasap aygapa  OTbipbin,
KasaKkcTaHaafbl aNtOMUHWUIA 6HEpPKaciBiHiH, Aamy nepcrneKkTuBanapbl KapacTbipbliagbl. BankuTbIH
3N1EKTPOANEH KanTay d4iCiMeH CUHTe3genreH KopbiTnanapabliH, $asanbik KypamblHa KelleHai
meTannorpaduanbiK }KaHe TepMOAMHAMMKANbIK Tanaay Xxyprisingi. Thermo-Calc 6argapnamanbik,
KypasblH nakganaHy noAUTepPMUANBIK KUManapabl Canyfa KaHe Jferipieywi snemeHTTep
KOHL,EHTPALMACbIHbIH, MeTanapanblk dasanapablH, CoOHbIH iwiHae Al13Fe4d (0-¢da3za) koHe Al8Fe2Si
Ty3inyiHe acepiH aHbIKTayFa MyMKIHAIK 6epai. XpOMMEH OHTalNbl Nerpaey WapTTapbl Heri3genai,
6yA ycak TYMipLWIKTi KypblabIMHbIH Nainaa 60aybiHa, dasanblk KypamMHbiH, TYpaKTaHybIHa XaHe ipi
bacTankbl AeHAPUTTEPAiH, KOMblNyblHA 6alNaHbICTbl  CbIHFBIWTBLIKTbIH, TOMEHAEYIH KaHe
MeXaHWKaNblK KacueTTepAiH, KOofapblnayblH KamTamacbi3 eTefi. ANbIHFAH HITUXKeNep Xpom
KOPbITNANAPbIHbIH, KaXeTTi KacueTTepi 6ap MHTEpMeTanablK aNloOMWHUIA  KOpbITNanapbliH
a3ipneyperi TMimai Tacin peTiHAeri aneyeTiH pacTanabl. 3epTTey HaTUMKenepi aKcapTblafaH
OHIMAINIK cuMnaTTamanapbl 6ap anlOMWHUIA KOPbITNANAapbiH any TEXHO/MOTUANAPbIH 33ipseyre
bIKNaN eTefi *KoOHe OHepPKaCinTe afAAUTUBTI S4ICTepAi KONAAHY MYMKIHAIKTEPIH KeHenTeai.

Tyiiin ce30ep: Al-Fe-Si, uHTepmeTtanablk, daszanap, Mmogenbgey, daszanbiK TypaeHaipy
[AMarpaMmmachl, MUKPOKYPbINbIM.
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BauaHue xpoma Ha pa3oob6pa3oBaHMeE U MUKPOCTPYKTYPY MHTEPMETANIIUAHDbIX
anloMuHMeBbIX cnaaBoB cuctembl Al-Fe-Si

AHppesweHKo B.A., Toneyosa A.P.

KapazaHAuHcKuli mexHu4eckuli yHusepcumem umeHu Abblakaca CazuHoea, Kapaza+Hda, KazaxcmaH

Moctynuna: 16 ceHmabpsa 2025
PeueHsunpoBaHue: 11 Hoabps 2025
MpuHaTa B nevaTb: 11 dekabpsa 2025

AHHOTALUMUA

B cTaTbe paccMOTPEHbl NEPCNEKTUBbI PA3BUTUA aJlOMUHUEBOIN NMPOMBbILWAEHHOCTM KasaxcTaHa ¢
AaKLUEHTOM HA NpPUMEHEHME aAOMTUBHbIX TEXHONOTUIA A/  CUHTE3a KOMMO3ULMOHHbIX
aNtOMMHMEBBIX CMaaBoB cuctembl Al-Fe-Si ¢ nermposaHmem xpomom. MposeseH KOMMAEKCHbIN
meTannorpaduyeckmii. - M1 TePMOAMHAMMYECKMIA  aHanu3  $asoBoro coctaBa  CnaaBos,
CMHTE3UPOBAHHLIX ~ METOAOM  HamiaBKM  MAABAWMMCA  3/71eKTpodoM.  Mcnonb3oBaHue
nporpammHoro obecneuyeHns Thermo-Calc N03B0AMNO NOCTPOUTH NMOUTEPMUYECKME Pa3pesbl U
onpeaennTb  BAMAHME  KOHLUEHTPaUUW  NErUpylowWmux  31emMeHToB  Ha  ¢$opmupoBaHue
MHTEpMETaNAnYecknx ¢as, Bkaovas All3Fed (0-dasy) m Al8Fe2Si. O6ocHoBaHbI ycnosusA
ONTMMANbHOTO NETMPOBAHUA XPOMOM, OBecneunBatolme CHUXKEHME XPYNKOCTU U NOBbILEHWE
MEeXaHUYECKMX CBOWCTB 3a cyeT GOPMMPOBAHUA MEKO3EPHWUCTOM CTPYKTYpbl, cTabuausauuu
$a3oBoro coctaBa M ycTpaHeHME KPYMHbIX MepPBMUYHbIX AEHAPUTOB. [oayyeHHble pesy/bTaTbl
NOATBEPKAAIOT NOTEHLMAN NETUPOBAHMA XPOMOM Kak 3ddeKTMBHOro nogxoaa B paspabotke
WMHTEPMETANIMAHBIX  aNIOMWHUEBLIX CNAABOB C 33JaHHbIMKM  CBOWCTBaAMM. Pe3synbTaTbl
MUCCNeaoBaHMa CrocobCTBYIOT PasBUTMIO TEXHOIOTUIA MONYYEHWUSA aslOMUMHMEBLIX CMAABOB C
YAYYLWEHHBIMU  SKCMAYaTaLMOHHBIMKW  XapaKTEPUCTUKaMM M PacLUMPAIOT  BO3MOMKHOCTM
NPUMEHEHWA agAUTUBHBIX METOLOB B MPOMbILWIEHHOCTH.

Kniouesbie cnosa: Al-Fe-Si, uHTepmetannvmgHole $asbl, mogennposaHue, auvarpamma ¢basosoi
TpaHchOopMaLUKN, MUKPOCTPYKTYpPa.
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ABSTRACT

Against the backdrop of depleted rich deposits and the increasing proportion of refractory gold-
bearing ores, improving their processing methods has become an urgent task. This work presents
the results of a comprehensive study of gold-bearing ores from the Pakrut deposit, located in
Central Tajikistan's Zeravshan—Gissar zone. Mineralogical analysis established that the principal
gold carriers are pyrite and arsenopyrite, with the metal predominantly localized as fine inclusions
and fracture-related accumulations. A notable fraction of gold occurs as free particles (17.03%);
however, the dominant share is fracture-bound (62.41%) and is predominantly associated with
arsenopyrite. This distribution explains the limited efficiency of single-stage treatment and
substantiates the need for combined unlocking and recovery routes. Physicochemical studies
confirmed the ores' refractory nature, attributed to the fine dissemination of gold within the
sulfide matrix, combined with high hardness and abrasiveness. At the laboratory scale, various
beneficiation flowsheets were tested, including direct cyanidation; flotation combined with
additional leaching of tailings; and variants incorporating gravity separation. A comparative
analysis showed that the highest gold recovery rate (92.23%) was achieved by the flowsheet
involving cyanidation, followed by tailings leaching and flotation. Although direct cyanidation also
demonstrated a high recovery rate (90.05%), it was less effective. The flotation—cyanidation and
gravity—flotation schemes yielded comparatively lower performance. The obtained data confirm
the effectiveness of an integrated approach to processing the refractory ores from the Pakrut
deposit. Optimizing the beneficiation flowsheet enables a significant increase in precious metal
recovery, reduces technological losses, and minimizes environmental risks associated with the
accumulation of arsenic-bearing waste.

Keywords: Pakrut deposit, refractory ores, gold, pyrite, arsenopyrite, cyanidation, flotation,
gravity separation, mineralogy, beneficiation.
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Introduction

In the current context of depleting rich gold
deposits, the importance of beneficiating low-grade
and “refractory” ores is growing [[1], [2]]. In
Tajikistan and worldwide, the quality of mined gold-

bearing feedstock is declining: an increasing share
of extracted ores are minerals with low gold
contents and complex composition [[3], [4]].
According to expert estimates, more than one-third
of gold reserves are classed as difficult-to-
beneficiate (refractory) ores [5]. A similar trend is
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observed globally: roughly 24% of the world’s gold
reserves are contained in refractory ores [[6], [7]].
Most such deposits are concentrated in traditional
gold-mining regions, including CIS countries [8].
Mining forecasts indicate that production from
refractory ores will grow at a faster rate (about
1.4% per year) than from conventional ores (=0.3%
per vyear) [9]. At the same time, conventional
processing technologies for these ores remain
insufficiently effective: analyses of Russian
operations show that, as mining shifts toward
poorer and more complex ores, precious-metal
losses to tailings have reached 60—-85% [10]. All this
underscores the urgency of developing modern,
more efficient, and environmentally safer
beneficiation and leaching approaches for
refractory gold-bearing ores [11].

The Pakrut deposit (Central Tajikistan) is an
important prospective gold-mining target within the
Zeravshan—Gissar zone. Hydrogeologically and
structurally, it lies on the southern slopes of the
Gissar Range in the Sardoi-Miyona River basin [[12],
[13]]. Genetically, Pakrut ores belong to the quartz—
gold—low-sulfide formation. Primary ore bodies are
represented by lens-like and vein-disseminated
zones of metasomatites of carbonate—quartz—albite
and quartz—sericite composition, occurring within
strongly altered chlorite—sericite—quartz schists of
the Upper Ordovician [14]. Mineralization is chiefly
confined to subvertical fracture zones, with
networks of quartz veins and faults developed
there. The key controlling structures are the Pakrut
anticline and the cross-cutting Graphite Fault. The
principal ore minerals in the mineralized zone are
pyrite and arsenopyrite, which dominate the gold-
bearing veins. In other words, the richest gold areas
are associated with vein-disseminated ores
saturated with pyrite and arsenopyrite inclusions.

Native gold in Pakrut ores is extremely fine [15],
occurring as dusty or granular inclusions and
irregular clod-, droplet-, or platy aggregates,
typically along quartz—carbonate boundaries, in
sulfide intergranular fissures, and in microcracks;
emulsion-like inclusions  within  pyrite and
arsenopyrite are common [16]. This fine, inclusion-
bound distribution hampers gravity recovery and
prevents direct cyanidation without prior matrix
breakdown, explaining the ores’ pronounced
refractoriness [17].

The main challenge is the low gold recovery
caused by the metal being “locked” in sulfides,
which leads to losses of 60-85% during direct
cyanidation. The solution is to apply ore-unlocking
methods—fine grinding, bio-oxidation, or thermal

oxidation [18]. The best results are achieved with
combined technologies (e.g., flotation + bio-
oxidation + cyanidation) [19]. For deposits such as
Pakrut, process optimization is key to substantially
increasing gold recovery, improving economic
efficiency, and reducing environmental impact.
Moreover, more complete extraction of gold from
refractory ores reduces the volume of toxic waste
(e.g., arsenic-bearing  sludges) and the
environmental burden. From a scientific standpoint,
devising an optimal beneficiation scheme requires a
deep understanding of how gold is distributed
within the complex ore matrix and of the
mechanisms governing its transfer into concentrate
and solution — knowledge that is important for
advancing the entire field.

The aggregate features of Pakrut ores — the fine
size of native gold, its association with robust
sulfides (pyrite, arsenopyrite), and a complex
mineralogical environment - define the core
problem addressed here. Traditional single-stage
beneficiation schemes do not ensure complete gold
recovery from such ores, as evidenced by
substantial metal losses [20]. The scientific
objective of this study is to develop an optimal
combined flowsheet for processing Pakrut’s gold-
bearing ores that accounts for their geological and
mineralogical characteristics. This entails
characterizing the ore’s mineralogy and gold
occurrence, evaluating liberation and beneficiation
stages, and selecting a cost-effective,
environmentally sound process configuration to
maximize recovery.

Materials and Methods

Representative run-of-mine ore from the Pakrut
deposit was homogenized, riffle split, and
characterized by particle-size distribution and head
assays. Mineralogical characterization combined
reflected-light microscopy, X-ray diffraction, and
diagnostic leaching (chemical phase analysis) to
quantify the principal gold carriers (pyrite,
arsenopyrite), the modes of occurrence (free,
fracture-related, intergranular/enclosed), and the
size—morphology spectrum of native gold. At bench
scale, we evaluated four processing routes: (a)
direct cyanidation of ore ground to -0.074 mm
(90% passing) at pH 11.5 with 1.5 kg/t NaCN, 40%
solids, 24 h; (b) cyanidation with subsequent
leaching of tailings and flotation; (c) flotation
followed by cyanidation of a reground concentrate
(-0.038 mm, 95% passing; CIP/CIL with up to 14 kg/t
NaCN, 48 h); (d) gravity preconcentration + flotation
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+ cyanidation, with the bulk mixture cyanidized at
up to 18 kg/t NaCN. Flotation tests employed
sodium butyl xanthate (collector), copper sulfate
(activator), sodium carbonate and sodium
hexametaphosphate (modifiers), and pine oil
(frother); grind sizes and reagent dosages were
optimized in closed-circuit experiments. Flotation
experiments were carried out using a laboratory
flotation machine (Model 237 FL-A, Mechanobr,
Russia) equipped with a 0.75-L cell. The pulp solids
content was maintained at 25-40 wt.% solids, and
more than 50% of the particles were finer than
0.074 mm. Prior to flotation, flotation reagents
were added to the cell and the pulp was
conditioned under agitation for several minutes to
ensure a homogeneous suspension. Flotation tests
were performed in a closed-circuit configuration
comprising rougher flotation, two cleaning stages,
and two scavenging stages. The pulp pH was
monitored and controlled using sodium carbonate
(Na2C03). The number of stages and operating
parameters were kept constant across all reported
tests to ensure comparability of recoveries and
product grades. Gold grade and recovery were
determined by fire assay and mass balance; the
concentrate composition (Au, Ag, S, As, and major
elements) was analyzed to assess downstream
processing constraints and compare flowsheet
performance.

Results and Discussion

The Pakrut ores are multimineralic: the
framework is formed by pyrite and arsenopyrite,
with a substantial contribution from quartz — the
principal hosts of gold. Feldspars, carbonates,
chlorite, and sericite are also present in notable
amounts; average contents are listed in Table 1.
Variations in composition and texture affect
liberation and the choice of beneficiation regimes.

Table 1 — Mineral composition of Pakrut gold-bearing
ores

Minerals Content, %
Pyrite 0.98
Arsenopyrite 0.70
Magnetite
lImenite 0.67
Rutile
Feldspar 38.20
Quartz 36.28
Dolomite and carbonates 8.07
Chlorite 8.61
Sericite, kaolinite 5.72
Others 0.77

Diagnostic (chemical phase) analysis indicates a
predominance of free (native) gold and fine to
submicroscopic inclusions within sulfides. Hard-to-
access forms account for only 2—-3%, which implies
the potential for high recoveries with fine grinding
and a rational combination of processing stages.

Additional investigation of mineral composition
was carried out by X-ray phase analysis. On the X-
ray pattern of the initial ore (Fig. 1), the main
phases are clearly registered. Quantitative analysis
showed: quartz 39.28-92.38%; talc 14.97%; alumina
1.49-23.06%; iron(lll) and iron(ll) oxides 0.93-
10.58%; manganese 0.01-0.38%; magnesium 0.10—-
6.12%; calcium 0.84-12.33%; potassium 0.20—
7.54%; sodium 0.19-8.45%; phosphorus(V) 0.01-
0.73%; sulfur 0.00-0.05%; carbon dioxide 0.20—
7.92%; water 0.02—0.48%; other components 0.38—
14.79%.
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Figure 1 - X-ray of the initial ore

Study of the size distribution of native-gold
particles showed a predominance of medium and
fine fractions (Table 2). Over 99% of visible gold is
concentrated in the size range from -0.3 to +0.01
mm, which requires careful control of ore grinding
before beneficiation (Table 3).

Table 2 — Distribution of gold by phases

Gold Gold
Phase Native enc!osed bound Total
gold in to other
sulfides | minerals
Grade, g/t 5.01 0.39 0.12 5.52
Percent, % 90.76 7.07 2.17 100

Gold is present mainly as native gold. As the
silver content in gold increases, its microscopic
color changes from golden-yellow to bright yellow.
Gold occurs primarily as included gold, crack-
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contained gold, and intergranular gold in pyrite,
arsenopyrite, sphalerite, jamesonite, and gangue.

Table 3 - Size distribution of native-gold particles

Class Particle size, | Percent, | Cumulative,
mm % %
Coarse -0.3+0.074 36.43 36.43
Medium | -0.074+0.030 32.24 68.67
Fine -0.030+0.010 31.19 99.86
Microfine | -0.010+0.001 0.14 100.00

The shape of native gold is also an important
factor governing its technological behavior. As seen
from Table 4, granular and irregular particles
predominate and together account for more than
half of all gold.

Table 4 — Morphologies of native gold in Pakrut ores

Particle shape Percent, %
Granular 31.51
Irregular 24.66

Dendritic, veined 17.81
Platy, triangular 9.59
Rounded 12.33
Ellipsoidal 411
Total 100

Analysis of the distribution of native-gold
morphologies is important for understanding the
geological conditions of its formation and for
selecting optimal recovery methods. At this deposit,
the morphology of native gold is quite diverse.

From the table it is evident that the most
common are granular gold particles (31.51%) and
irregular forms (24.66%). Dendritic and veined
forms account for 17.81%, while platy and
triangular forms make up 9.59%. Rounded particles
and ellipsoidal forms are less frequent, amounting
to 12.33% and 4.11%, respectively.

Overall, rounded or ellipsoidal gold is less prone
to grinding, which can hinder leaching and flotation.
In contrast, native gold of irregular morphologies —
such as dendritic, veined, or platy particles — is
more readily milled. This has a favorable effect on
the efficiency of gold flotation and leaching.

Occurrence of Gold
The study of the morphology and distribution of
gold in the gold-bearing ores of the Pakrut deposit
showed that it occurs both in free and in bound

form. The most common are crack-related
segregations of gold associated with arsenopyrite,
pyrite, quartz, and sericite (Table 5).

Table 5 — Forms of gold occurrence and associated
minerals

Form Ass.oaated Share, % Cumulative,
minerals %
?D Arsenopyrite 0.05
2 Pyrite 0.20 1.97
&
s Sericite 1.72
=
- Arsenopyrite, 194
o quartz
oo
()
& Arsenopyrite,
= 1.
g sericite 3 18.58
2 -
E Arseno!:)yrlte, 0.06
o pyrite
E Quartz, sericite 1.68
Pyrite, quartz 13.73
?D Arsenopyrite 58.66
@ Quartz 1.12
s Sericite 0.97 62.41
fg Pyrite 1.29
O Siderite 0.37
F
ree - 17.03 17.03
gold
Total - 100.00 100.00

A smaller but technologically important fraction
of the metal occurs in the free state (17%), which
favors its recovery by conventional processing
methods. At the same time, the presence of gold
wrapped in sulfide minerals, as well as
intercrystalline  gold, imparts technological
refractoriness to the ores and requires the use of
combined unlocking methods.

The analysis of the data indicates that more
than half of the gold is concentrated as crack-
related segregations in arsenopyrite, which
confirms the leading role of this mineral as the main
carrier of the precious metal. A significant portion
of gold (about 17%) is present in the free form,
which ensures the possibility of its effective
recovery by cyanidation and gravity concentration.
At the same time, the presence of intercrystalline
and wrapped gold (about 20%) requires fine
grinding of the ore and the application of flotation
or alternative unlocking methods capable of
releasing gold from the sulfide matrix.
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Characteristics of the Distribution of Other Metal-
Bearing Minerals

Mineralogical study of the gold-bearing ores of
the Pakrut deposit showed that, along with native
gold and its inclusions in sulfides, pyrite,
arsenopyrite, and several subordinate minerals play
a significant role in the formation of the ore mass,
exerting a direct influence on the conditions of
beneficiation and recovery of the precious metal.

Pyrite (FeS,) is one of the most widespread
sulfide minerals in the Pakrut ores and at the same
time an important gold carrier. It occurs both as
independent grains of varying size and as
intergrowths with vein and other ore minerals. The
distribution of pyrite across size fractions is uneven:
large grains up to 0.8 mm are found alongside much
smaller particles down to 0.002 mm. Particularly
inaccessible are gold inclusions within microfine

pyrite, since their liberation requires ultrafine
grinding, which increases the energy costs of
processing. Pyrite is often associated with

arsenopyrite, limonite, and quartz, forming complex
aggregates that determine the refractory nature of
the ore and cause elevated gold losses in flotation
and cyanidation tails.

Arsenopyrite (FeAsS) plays a key role in ore
formation and is the main carrier of finely dispersed
gold. Its grains range in size from 0.005 to 0.050
mm and occur both in free form and as
intergrowths with vein minerals. Characteristic
features include arsenopyrite—quartz and
arsenopyrite—sericite aggregates, as well as fine and
microfine inclusions that are difficult to liberate
during conventional grinding. It is these
arsenopyrite associations that account for the
predominance of crack-related gold in Pakrut ores,
making it necessary to use combined unlocking

methods, including flotation and oxidative
processes.

Limonite (2Fe;03-3H,0). Although present only
in small amounts, limonite commonly infills

fractures and grain boundaries in pyrite, modifying
sulfide surfaces, lowering hydrophobicity, and
complicating flotation; accordingly, the reagent
scheme must be adjusted to maintain selectivity.
Overall, the spatial association of pyrite,
arsenopyrite, and limonite indicates that gold is
closely tied to these phases. The main processing
challenges are gold microinclusions in pyrite and
arsenopyrite and the difficulty of liberating the
precious metal from stable intergrowths. These
features confirm the refractory nature of the ore
and necessitate the application of fine and ultrafine

grinding, flotation, and additional oxidative

unlocking stages to improve gold recovery.

Physical Properties of the Ore

Pakrut gold ore has an average density of about
2.62 t/m? (medium density) and a Mohs hardness of
6-8, indicating a moderately hard material. The
presence of abrasive minerals such as quartz, pyrite,
and arsenopyrite means the ore can cause
significant equipment wear, necessitating heavy-
duty crushing and grinding to effectively liberate
the fine gold particles. The ore’s crushability index
of around 1.6 further suggests it is a medium-
strength rock, consistent with its density and
hardness. Additionally, with an angle of repose of
roughly 40°, the ore forms stable piles — an
important factor for safe stockpiling and tailings
management.

Beneficiation Experiment

A series of laboratory experiments on
processing the gold-bearing ores of the Pakrut
deposit was carried out at several research
laboratories, including the chemical laboratory of JV
“Pakrut”, the ore beneficiation laboratory of the V.I.
Nikitin Institute of Chemistry of the NAST, the
Central Chemical Laboratory of the Main Geological
Directorate under the Government of the Republic
of Tajikistan and the Beijing Research Institute of
Mining and Metallurgy (Kryso Resources plc).
During these experiments, various technological
approaches were investigated, including direct
cyanidation, flotation, gravity separation, and
combined variants thereof. The experiments aimed
to determine the optimal flowsheet that would
ensure the maximum possible gold recovery under
acceptable processing conditions.

Direct Cyanidation

Direct cyanidation was performed on ore
ground to 90% —0.074 mm using 1.5 kg/t NaCN at
pH = 11.5 (maintained with 1.5 kg/t lime), with 40%
solids for 24 h. The test yielded 90.05% Au recovery,
0.55 g/t Au in tails, and 1.5 kg/t cyanide
consumption. The experimental results are
presented in Table 6.

Table 6 — Results of direct cyanidation

Gold in tails, Gold NaCN consumption,
g/t recovery, % kg/t
0.55 90.05 1.5

The obtained data showed a fairly high level of
gold recovery  (90.05%), confirming the
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effectiveness of cyanidation for finely ground ore.
However, part of the metal remained in the
cyanidation tailings, which necessitated the
evaluation of more advanced flowsheets. The next
stage was the study of a combined process that
included cyanidation, subsequent leaching of the
cyanidation tailings, and flotation. The results
obtained are given in Table 7.

Table 7 — Results of flotation of cyanidation tailings

Yield, | Augrade, | Aurecovery,
P
roduct % g/t %
ACLEUTe 1.58 23.43 64.12
concentrate
Flotation tails | 98.42 0.21 35.88
Cyanidation |, 0 o | 55 100.00
tailings (feed)

Cyanidation + Tailings Leaching and Flotation

To increase gold recovery, a combined
flowsheet was tested that included flotation and
additional leaching of the cyanidation tailings. This
scheme made it possible to achieve a more
complete recovery of gold (overall above 92%),
confirming its advantages over direct cyanidation.

Initial ore

? - 0074 mm 90%

Cyanidation

Extract 1 Extractive slag 1

3 &3 Na:00: 1000

5 Cu504 400
2 NaBX 00
oil 2

NaBX 30
oil

Recleaning

5 cleaning 583 CuS0s 200

283 NaBX 80
oz 5

Recleaning 2
5

Tailings

Flotation

- 0038 MM 95%

Extractll  Extraction

tailings I/

Figure 2 - Process flowsheet: cyanidation + tailings
leaching + flotation
The efficiency of a flotation—cyanidation
scheme was also tested. The ore was floated, after
which the concentrate was treated by cyanidation

at a higher reagent dosage (NaCN — 4 kg/t; grind
size -0.038 mm with 95% of the fine class). The
results are given in Table 8.

Table 8 — Results of cyanidation of flotation concentrate

Concentrate Gold in Recovery, NaCN,
grade, g/t tails, g/t % kg/t
23.43 15.42 34.19 4.0

In this case, the total gold recovery was 85.24%,
which is lower than for the combined scheme Fig. 2.
Closed-circuit flotation tests nevertheless showed
the possibility of obtaining concentrates with high
gold contents.

Flotation + Cyanidation

Within this beneficiation option, the initial ore
was ground to -0.074 mm with 81% of the fine
fraction, while the flotation concentrate was ground
to -0.038 mm (95%). At the flotation stage, a
concentrate with a high gold grade of 127 g/t was
obtained, with a yield of 3.85% and a recovery of
91.87% (Table 9). However, significant metal losses
(8.13%) were recorded in the flotation tails, which
ultimately harmed the overall efficiency of the
scheme.

Table 9 — Flotation results (closed circuit)

Product Yi;:d, Au g;:de, Au re;c:very,
Concentrate 3.85 127 91.87
Tails 96.15 0.45 8.13
Ore 100.0 5.32 100.0
The obtained flotation concentrate was

subjected to cyanidation under both CIL and CIP
schemes. With a NaCN dosage of 14 kg/t, pH = 11.5,
and a leaching duration of 48 hours, gold recovery
reached 92.79% (CIL) and 92.12% (CIP), while the
gold content in the tails remained as high as 9.16—
10.01 g/t (Table 10). Thus, despite the high degree
of concentrate enrichment, a significant portion of
the precious metal remained in the solid phase.

The “flotation + cyanidation” scheme,
presented in Figure 3, demonstrated a total gold
recovery of 85.24%. This result was lower compared
with  other combined options, particularly
“cyanidation + tailings leaching + flotation”
(92.23%) and “gravity + flotation + cyanidation”
(86.62%). The reason lies in the fact that during
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flotation, part of the finely disseminated gold,
closely associated with pyrite and arsenopyrite,
remains in the tails, and subsequent cyanidation of
the concentrate does not compensate for these
losses.

Table 10 - Results of cyanidation of the flotation

concentrate
Au, Auin Recovery, NacCN,
RIDCuEs g/t | tails, g/t % kg/t

Concentrate

(cIL) 127 9.16 92.79 14
Concentrate

(cIP) 127 10.01 92.12 14
Flotation tails 0.45 0.38 15.56 1

Therefore, the flotation—cyanidation scheme is
characterized by a high degree of gold
concentration in the beneficiation product but a
relatively low overall process efficiency. For
practical application, it may be advisable in cases
where the priority is obtaining concentrates with
high gold grades. However, to achieve maximum
overall gold recovery, it should be combined with
additional stages (e.g., tailings leaching or finer
grinding).

Initial ore

- 0074 mm 81%

T
3 NazC03 1000
3 (NaPO03)x 0
2 NaBX 80
ol 2
. e
Cleaning
5 383 Na:COs 500
(NaP0O3)x 2 833 3 (NaP03)x 5
2 NaBX 40
o 2
Recleaning Scavenging 1
5 5 283 NaBX 40
\[/ ol 7
t‘ Scavenging 2
Flotation 5g 7
/T
- 0038 mm  95%
"
Tailings
i L
Extract  Extraction

tailings If

Figure 3 - Flotation + cyanidation flowsheet

3.4.4. Gravity + Flotation + Cyanidation

To improve the selectivity of gold recovery, a
combined flowsheet was tested in which gravity
separation was applied prior to flotation. The
gravity stage allowed the isolation of a high-grade
concentrate (471 g/t Au) with a recovery of 31.46%,
although its yield was relatively low at only 0.37%.
The subsequent flotation step produced an
additional concentrate containing 120.1 g/t Au with
61.84% recovery. When the gravity and flotation
concentrates were combined, the resulting mixture
reached an average gold grade of 160.4 g/t and an
overall recovery of 93.30% (Table 11).

Table 11 — Results of gravity and flotation beneficiation

Yield, | Augrade, Au
QIOSHEE % g/t recovery, %
Concentratel | 425 | 471.00 31.46
(gravity)
Concentrate 2| o3 | 12010 61.84
(flotation)
AIbEUIS 319 | 160.40 93.30
concentrates
Tails 96.81 0.38 6.70
Ore 100.0 5.49 100.0

The combined concentrate was then subjected to
cyanidation at a NaCN dosage of 18 kg/t. Under these
conditions, the recovery reached 92.84%, with residual
gold content in the leaching tails of 11.48 g/t (Table 12).

Table 12 — Cyanidation of the concentrate mixture

Product Au, Auin Recovery, | NaCN,
g/t | tails, g/t % kg/t
Mixture of | 1o 4 | 1148 92.84 18
concentrates

As illustrated in Figure 4, the gravity—flotation—
cyanidation scheme ensured a total recovery of
86.62%. Although this result was higher than for the
flotation—cyanidation option (85.24%), it remained
lower compared with the cyanidation + tailings
leaching + flotation scheme (92.23%). The main
limitation of this approach is the extremely low
yield of the gravity concentrate, which, despite its
exceptionally high gold grade, contributes only
marginally to the overall metal balance.

Thus, the gravity—flotation—cyanidation scheme
demonstrates the potential to enhance concentrate
quality and recovery efficiency. However, its
industrial application is constrained by the low
productivity of the gravity stage, which reduces its
attractiveness compared with other combined
processing options.
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Figure 4 - Gravity + flotation + cyanidation flowsheet

Comparative Analysis

The experimental studies demonstrated that
the efficiency of different processing flowsheets for
the Pakrut gold-bearing ores varies significantly
(Table 13). The highest performance was achieved
with the combined flowsheet “cyanidation + tailings
leaching + flotation,” which ensured total gold
recovery of 92.23%. This option allows for a more
complete release of finely disseminated gold and
minimizes metal losses in the tails, making it the
most promising for practical implementation.

reduced overall efficiency. Similar limitations were
observed in the “gravity + flotation + cyanidation”
scheme, where the total recovery was 86.62%.
Although the gravity concentrate showed very high
gold grades, its yield was extremely low, which
reduces the industrial value of this option.

Thus, the comparative analysis confirms that
the most rational approach for processing
refractory gold-bearing ores of the Pakrut deposit is
the flowsheet combining cyanidation with
subsequent tailings leaching and flotation. This
scheme ensures the best balance between gold
recovery, concentrate quality, and minimization of
technological losses.

Chemical Composition of Products

To refine the quality of the obtained
concentrates, a chemical analysis of their
composition was carried out (Tables 14, 15). The
results showed that, along with a high gold content,
the concentrates contained significant amounts of
associated components, primarily sulfur and
arsenic.

The gold content in the concentrate after the
cyanidation and flotation stage ranged from 23 to
43 g/t, while silver was 14.24 g/t. At the same time,
the sulfur content reached 34.13%, and arsenic
9.86% (Table 14). These values indicate strong
sulfide mineralization of the ore, which explains its
refractory nature and the necessity of additional
stages to break down the sulfide matrix during
metallurgical processing.

Table 14 — Composition of the concentrate after
Table 13 - Comparison of beneficiation scheme cyanidation and flotation
effectiveness
Element Au, g/t Ag, g/t S, % As, %
Ne Technology Au recovery, % Values 23-43 14.24 34.13 9.86
1 Cyanidation 90.05
5 Cyanidation + tailings 92.23 Analysis of the flotation concentrate showed an
leaching + flotation even higher gold grade of 127 g/t, with a silver
3 Eetaiienkasdiication 85.24 content of 20.92 g/t. The sulfur content was
4 Gravity +'flot.at|on+ 86.62 17.29%, and arsenic 7.78%. Calcium (0.75%),
cyanidation

Direct cyanidation also showed a high result
(90.05%); however, part of the gold remained in the
solid phase due to its association with pyrite and
arsenopyrite. This limits the method’s effectiveness
and indicates its applicability mainly for ores that
are relatively easy to unlock.

The “flotation + cyanidation” scheme provided
a lower recovery rate of 85.24%. Despite the high
gold grade in the flotation concentrate (127 g/t),
substantial metal losses in the flotation tails led to

magnesium (0.78%), and manganese (0.041%) were
also present (Table 15). These elements may
influence subsequent hydrometallurgical processes
by altering leaching kinetics and solution properties.

Table 15 — Composition of the flotation concentrate

Element Au, | Ag, S, | Ca, | Mg, | Mn, | As,
/T |/t | % % % % %

N [e)] —
N o | ~&| R R < x
Values N ol ~| = ~ o ~
Q ~ o o S ~N
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Thus, chemical analysis confirmed that the
concentrates from the Pakrut deposit have a
complex composition with high levels of harmful
impurities, primarily sulfur and arsenic. This
requires a specific approach to subsequent
metallurgical processing, including the application
of oxidative pretreatment technologies aimed at
reducing the content of these elements and
improving the recovery of precious metals.

Conclusion

The conducted studies confirmed that the gold-
bearing ores of the Pakrut deposit are characterized
by complex mineralogy and a refractory nature,
which significantly complicates the extraction of the
precious metal by traditional methods. It has been
established that native gold occurs predominantly
in a finely dispersed form, closely associated with
pyrite and arsenopyrite, which necessitates the use
of combined technologies. Comparative analysis of
the flowsheets showed that the maximum gold
recovery (over 92%) is achieved by combining

cyanidation with tailings leaching and flotation. This
scheme not only improves metallurgical
performance but also reduces metal losses and
lowers the volume of toxic waste. The results of the
work confirm the need for an integrated approach
to processing refractory ores of Central Tajikistan
and provide a foundation for developing industrial
technologies capable of ensuring efficient and
environmentally safe gold recovery.

Conflict of interest. There are no competing
interests for all authors.

CRediT author statement: Kh. Kholov:
development of the research idea; analysis of the
topic  development, development of the
technological scheme, formulation of conclusions,
selection of bibliography, writing the text; Sh.
Juraqulov: processing of research results using
program Microsoft Excel; Sh. Samihzoda — is a
performer of experimental works, direct
management of experimental research; H.
Mahmudov — analysis of the results obtained in
geology and mineralogy.

Cite this article as: Kholov Khl, Juraqulov ShR, Samihzoda ShR, Mahmudov HA. Mineralogical features and optimization of
combined beneficiation flowsheets for refractory gold-bearing ores of the Pakrut deposit (Central Tajikistan). Kompleksnoe

Ispolzovanie Mineralnogo Syra =
https://doi.org/10.31643/2027/6445.26

Complex

Use of

Mineral Resources. 2027; 342(3):16-26.

MaKpyT KeHOPHbIHbIH, (OpTanbIK TaXKiKCTaH) KUbIH @HAEeNETiH aNATbIHKYpamAapbl
KeHAepiHiH, MMHEPaNoruablK epeKkLlesiikTepi XXaHe onapabl 6aiibITyablH,
KYPaMAacTbipblIFaH TEXHONOTUANDIK, Cy/16an1apblH OHTaMNaHAbIPY

L2*Xonos X.WU., *¥ypakynos LL.P., '‘Camuxsoga LL.P., *“Maxmygos X.A.

1B.U. HUKUMUH amoIHOaFbI XUMUS uHcmumymsi TaxcikcmaH ¥FA, ywarHbe, TaxikcmaH
2C. AliHu ambiHOarbl Taxik Memaekemmik nedazo2uKkansik yHusepcumemi, AywaHbe, Taxikemax
3[eonoaus, #ep cinkiHiciHe Mme3simai Kypblnbic #aHe celicmonoaus uHcmumymel Taxcikcman ¥FA, Aywarbe, TaxikcmaH

4TaxcikcmaH may-keH Memarnaypaus uHcmumymel, bycmoH, TaxcikcmaH

Makana kengi: 8 kazaH2025
CapantamapgaH etri: 1 kapawa 2025
Kabbinganabl: 5 kaHmap 2025

TYWIHAEME

Bali KeH OpbIHAAPbIHbIH, CapKblAybl KAHE KWUbIH BHAENETIH anTblH Kypamabl KeHZep YNecCiHiH,
apTyblHa 6aiinaHbICTbl O0NapAbl eHAey JAiCTepiH KeTingipy e3ekTi MmiHaeTke aliHangpl. byn
MaKanaga OpTanblk ToXiKCTaHHbIH, 3epaBlwaH-MMccap alimafblHAA@ OpHanackaH [MakpyT KeH
OpHbIHAAFbl  anTblH  Kypamabl  KeHAepAi KeleHAi 3epTrey  HaTUXKenepi  YCbIHbLIFAH.
MuHepanorvanbiK Tanaay anTbiHHbIH, Heri3ri TacbimangayLwblaapbl MMPUT NEH apCEHONUPUT eKeHiH
KOpCeTTi, MeTaN/ Heri3iHeH YCaK KOCbIHAbIIAP MEH XapblKLWaKTbl 6alinaHbICKaH LWOFbIpAaHynap
TYpiHAE OpHanacKaH. ANTbIHHbIH, aliTapabiKTai 6eniri 6oc KyiiHae (17,03%) kesaecesi; AereHMeH,
6acbim  6eniri  KapblKWaKTbl 6HainaHbickaH (62,41%) KaHe HerisiHeH apceHonMMpPUTNEH
KaybIMAACTbIpbinFaH Typae 6onaabl. MyHaan 6eniHy 6ip caTblibl eHAEYAIH TUIMAINIr WeKTeyni
60NaTbiHbIH K3HE awy MeH 6enin anyablH, KypamMaacTblpblifaH SA4ICTEPIHIH  KAXKEeTTiNiriH
TyCiHaipeai. KeHaepain, d13nKa-xumuanblk, 3epTreynepi cynbdua maTpuLacbiHAa anTbiHHbIH YCaK,
cenneni 6onaTbiHbIH, COHAAN-AK OFfapbl KaTTbiNblFbl MeH abpasusTiniriHe 6ainaHbICTbl KUbIH
eHAeneTiH CcuMaTblH aHbIKTagbl. 3epTXaHanblK Kafgannapga opTypai 6albiTy npoueciHiH
cynbanapbl CbiHanAbl: onap, Tikenen umaHuaTtey; GAoTauMAMEH KanablKTapabl Kocbimlia
WwaManayabl YANeCTipy; ¥KaHe rpaBuTauuanbiK 6aibiTyabl KAMTUTBIH HycKanap. CanbicTbipmansl
Tangday eH, Kofapbl Tuimainikke (Au 3aKcTpakuuackl 92,23%) «uuaHuAaTey + KanablKTapabl
Wwaimanay + pnotauma» cynbacblH KONAAHY apKblibl KON KETKi3ineTiHiH KepceTTi. Tikenen
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LUMaHuaTey Kofapbl KepceTkiw kepceTTi (90,05%), 6ipak Tuimainiri TemeH 6onapbl. dPnotaums-
UMaHMATeY KaHe rpasuTauma-¢pnotauma cynbanapbl CanbiCTbipMmanbl TYpAE TOMEH HaTUXKenep
KepceTTi. ANblHFaH AepeKTep MMaKkpyT KeH OPHbIHbIH, KMbIH 6HAENETIH KeHAEepiH eHaeyre apHanfaH
KeleHai Tacingin keneweri 6ap ekeHairiH pactaingpl. balibiTy cynbanapbiH oHTanaHablpy 6afansl
MeTangapabl eHAIpYAi alTapAblKTai apTTbipyFa, TEXHONOMUANbBIK LblFbIHAAPAL!I a3alTyFa KaHe
MbIWbAK 6ap KanaplKTapAblH, *KUHanybiMeH 6aiinaHbICTbl IKONOMMANBIK TayeKenaepai asanTyra
MYMKIHAiK 6epeai.

Tyiiin ce30ep: MaKpyT KEHOPHbI, KMbIH BHAENETIH KEHAEP, aNTblH, MUPUT, APCEHONUPUT, LUaHAaAY,
dnoTaumsa, rpaBUTaLMANBIK BalbITy, MUHEpanorus, KeHaepai 6anbITy.
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AHHOTALMUA

Ha poHe ucToweHna 6oraTbix MECTOPOXKAEHWI U POCTA A0M YNOPHbIX 30/10TOCOAEPIKALLUX PYA,
COBEPLUEHCTBOBAaHWE METOA0B UX NepepaboTKM CTano akTyanbHOW 3agayeit. B paHHoW pabote
npeacTasneHbl  pe3ynbTaTbl  KOMIMJIEKCHOTO  WUCCNeAOBAaHUA  30/10TOCOAEPNKALMX  PYA,
mecTopoxaeHua [lakpyT, pacnonoxkeHHoro B 3epaBlwaH-Muccapckoit 3oHe LeHTpanbHoro
TapKUKUCTaHa. MWHEPaNornyecknii aHanms MoKasan, YTo OCHOBHbIMM HOCUTENAMM 30/10Ta
ABNAIOTCA NUPUT U apCEHONWUPUT, NPU 3TOM METaNN MPEUMYLLECTBEHHO JIOKa/NIM30BaH B Buae
TOHKMX BK/ILOYEHUI U TPELMHHO-CBA3AHHbIX CKOMIeHWA. 3ameTHas [0/1A 30/10Ta NPUCYTCTBYET B
cBoboaHOM cocToaHum (17,03%); oaHako NnpeobnagatoLiasn YacTb ABAAETCA TPELMHHO-CBA3AHHOW
(62,41%) ¥ rnaBHbiIM 06pa3oM accouMMpOBaHa C apceHonNUpUTOM. Takoe pacnpegeneHue
0b6bACHAET OrpaHuyeHHylo 3PpPeKTUBHOCTb OAHOCTaAUMHON nepepaboTKM M 06OCHOBbIBAET
HEobX0AMMOCTb KOMBUHMPOBAHHbIX METOZLO0B BCKPLITUA U M3BAEYEHUA. DU3MKO-XMMUYECKUe
nUccnepoBaHUA pya, BbIABUAM MX YNOPHbIA XapakTep, ObYCNOBAEHHbIM TOHKMM BKpanaeHuem
30/10Ta B CcynbdUAHON MaTpuue, a TaKKe BbICOKOM TBEpAoCTblo WM abpasuBHOCTbIO. B
NabopaTopHbIX ycn0BUAX bbliv oNpoboBaHbl Pas/iMYHble TEXHONOTUYECKME CXeMbl 06OralLeHunn:
npAmas uuaHugaumsa; KombuHauum ¢ ¢notaumerdt U OONONHUTENbHBIM  BbllieNaunBaHUEM
XBOCTOB; @ TaK)Ke BapWaHTbl C BKAIOYEHMEM rpaBUTALMOHHOro oborauieHusa. CpaBHUTENbHbIN
aHanM3 nokasan, yYto Hambosbwan adpdeKkTmMBHOCTL (M3BneyeHne Au 92,23%) pocturaetcs no
cxeme «UMaHWAauma + BblllenaynBaHme XBocToB + ¢aoTauma». Npamaa umaHugauma nokasana
BbICOKMI nokasatenb (90,05%), Ho okasanacb meHee 3dpdeKTMBHON. Cxembl «PpnoTauma-
LMaHUPOBAHME» U «TpaBUTaLmMA-GAOTALMA» NOKA3aAWN CPaBHUTEIbHO boniee HU3KUE pe3ynbTaTbl.
MonyyeHHble faHHble NOATBEPXKAAIOT MEPCNEeKTUBHOCTb  KOMMJIEKCHOrO nogxoda  Ans
nepepaboTkun ynopHbix pya Makpyta. ONTMMM3auma cxem 06oraleHns No3BoaseT CyLLecTBeHHO
NOBbICUTb U3B/IEYEHWE [PAroLeHHOro MeTasla, COKPaTUTb TEeXHONOrMYeckue noTepu u
MWHMMM3NPOBATL 3KONOTUYECKME PUCKKM, CBA3AHHbIE C HAKOMAEHWMEM MbILbAKCOAEPKALLMX
0TX0A08B.

Knrouyeeble cnoea: mectoposkaeHue [akpyT, yrnopHble pyApl, 30/10TO, MUPUT, apCeHOMNUPMUT,
LuuaHupoBaHue, GaoTaums, rpaBuUTaLMoHHoe oboralleHme, MUHepanorus, oboraweHve pya.
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ABSTRACT

This study presents a mathematical model of the dynamics of tricone drill bits, which remain
widely used in open-pit mining due to their reliability and versatility. Despite their extensive
application, improving their efficiency and durability remains a relevant issue. The main
operational challenges are identified, including insufficient knowledge of the stress—strain state of
rocks in the contact zone and the effect of tooth geometry on kinematics and rock-breaking
efficiency. Analytical dependencies are proposed to account for bit geometry, trajectory motion,
transmission ratios, and tooth—rock interaction. Based on the principles of theoretical mechanics,
performance criteria are formulated through specific contact and volumetric work of rock
destruction, enabling an objective assessment of energy consumption. The model demonstrates
the potential of analytical methods for optimizing drill bit design and kinematics, reducing energy
consumption, increasing productivity, and extending tool life. The results can be applied in the
design of next-generation drill bits and in engineering software for selecting rational drilling
parameters under specific geological conditions. The proposed approach provides a foundation
for further studies in mathematical modeling of rock destruction dynamics and the advancement
of open-pit mining technologies.

Keywords: rock, drilling, drill bit, kinematics, work, design, model, equation.
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Indroduction

In global open-pit mining practice, well drilling is
mainly performed using roller bits, which are the key
tools in this production process. This type of work is
characterized by high labor intensity and high costs.
At the same time, about 80-85% of all drilling
operations are carried out using three-cone bits.
Drilling accounts for 25-40% of the total cost of
production, therefore, the tasks of increasing the
service life of bits and reducing the costs of their use
are of paramount importance [1].

Despite the accumulated experience in the field
of design and operation of roller bits, many aspects
of their operation have not been fully studied. In
particular, questions remain open regarding the
stress-strain state of the rock in the contact zone
with the teeth, an accurate description of the
dynamics of the interaction of the rollers with the
rock, as well as taking into account the forces of
penetration of the rock-destroying tool when
determining the kinematic parameters. Existing
approaches are often empirical in nature and do not
allow for a full consideration of the influence of the
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geometric parameters of the teeth on the efficiency
of rock destruction [2].

The modern development of drilling theory and
tool design requires a transition to mathematical
models that allow the real dynamics of the
interaction between the drill bit structure and the
rock to be described. This approach provides not
only a fundamental understanding of the
destruction process, but also the ability to optimize
the design of drill bits for specific operating
conditions.

In the conditions of the mining industry of
Uzbekistan, where large-scale open-pit mining is
carried out, the issues of improving the design and
increasing the durability of drill bits are of particular
importance. The use of mathematical modeling
allows solving the problems of optimizing the
structure of roller cutters, choosing rational drilling
modes and developing new tools that can reduce
costs and increase the reliability of the production
process.

However, to date, the stress—strain state of
rocks in contact with the working parts of drill bits,
as well as the dynamics of roller drilling tools and the
modeling of their interaction, have not been fully
investigated. There are unresolved problems due to
the failure to take into account the forces of
penetration of the teeth of the rock-cutting tool into
the rock when determining the kinematic
parameters of the drill bits [3].

The purpose of this work is to develop and
analyze a mathematical model of the dynamics of
three-cone drill bits, taking into account the
geometric parameters of their weapons, gear ratios,
and features of the trajectories of the teeth. Based
on the model, criteria for the tool's performance are
formed, allowing not only to evaluate its
effectiveness, but also to use the obtained results in
the design and implementation of new designs of
drill bits [4].

Materials

The main objective of the studies described in
this and the following chapters is to establish the
relationship between the obtained criteria for
assessing the performance of the roller cutter
structure and the classical criterion for the cost of
drilling per linear meter, known as the Bingham
criterion [5]. It should be noted that the kinematic
criteria in the form of relatively specific contact work
and volumetric destruction work were obtained on
a deterministic basis. We need to determine the

possibilities of efficient manufacturing of such
structures in the conditions of Uzbekistan.

Today, the goal of increasing the efficiency of
three-cone bits is viewed through optimization of
the process of rock destruction during drilling. This
requires a corresponding mathematical model that
describes the mechanism of interaction of the
cutting tool adequately to their real dynamics in the
well bottom [6].

Rock destruction by drilling bits can be assessed
by determining two parameters, such as specific
contact and specific volumetric work of destruction,
and are presented as follows [7]:

A _ Agen
sT T g

(1)

where: A, - specific contact work of destruction,
kgs.mm/mm?;

Agen - total work expended on deformation
and destruction of rock when pressing the stamp,
kgs.mm;

S - area of the flat base of a cylindrical stamp,

mm?;

A __Agen
v v’

(2)

where: A, - specific volumetric work of
destruction, kgs.mm/mm?3;
V - volume of deformed rock, mm?.

Next, it is necessary to show that the criteria for
specific contact work and volumetric destruction
work are functions of the geometric parameters of
drill bits, by varying which it is possible to solve
optimization problems to improve the dynamics of
tricone bit armament [8].

How the criteria for specific contact work and
volumetric destruction work depend on the
geometric parameters of the bit is easiest to trace in
the process of constructing their analytical
structures. All this is based on the method for
calculating the main parameter of these criteria - the
contact path of the teeth of the roller cutters at a
given depth of their immersion in the rock [9].

To calculate the technological criteria for the
performance of three-cone bits, it is necessary to
construct two-parameter equations of the
trajectories of the movement of the tooth tip of the
roller cutter in the form [10]:

x =x(G,p,9)
y=y(G,9,¥) ¢, (3)
z=12z(G,9,¥)
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or
x=Rsing—rsiny cosg—r(1-cosy)singcosa,
y=Rcosp+rsinysing—r(1-cosy)cospcosa, ¢,
z=r(1 cosy)sing;

(4)

where I'is a set of geometric parameters, and ¢
and  are the angles of rotation of the bit and roller
around their axes.

R is the radius of the circle at the bottom of the
well along which the crown rolls, mm;

ris the radius of the crown, mm;

a is the angle of inclination of the plane of the
crown to the plane of the cross section of the well,
deg.;

Next, we consider the transformations of two-
parameter equations (3) to one-parameter ones

x =x(G,i,Y)
y=y(G,i,¢) (5)
z=2z(G,i,Y)

The gear ratio of the roller cutter i, which
determines how many revolutions the roller cutter
will make around its axis in one revolution of the bit,
can be calculated using a special method [11].

The transformation of two-parameter equations
of motion trajectories in the form (5) to one-
parameter equations is carried out by substituting
[12]:

) (6)

-

where i - gear ratio of the bit. Then we have:

X; =R, SinT_rj siny/cost%— j],

w--(w\

y; =R, cosT+rj siny sin| =—— , (7)

i )
=r,(1 cosy).

where R, r, and i - constant parameters that
determine the external appearance (geometry) of a
tricone drill bit;

Y — variable parameter.

On the basis of theoretical mechanics, it is
possible to construct analytical structures of

dynamic criteria for assessing the performance of
three-cone bits [13].

The speed of movement of the teeth of the drill
bit rollers must be integrated and have the form of a
function of the parameter (.

Let's find it using the well-known formula of
theoretical mechanics [14]

dx )’ dy “(dz Y
v) y dy dy
Further

V() = \/Aj + Bjcos + Cjsin + D cos? 1),
(9)

Where:
R? +r?

__J J 2
Af - i2 77
2R:T;

B] — l_“cosy,
2R;1;
j —%siny,
2
7".
j
D; 7

Here, it should be noted that the offset angle y;
refers to the j-th crown, and is determined through
the magnitude of the offset of the roller cutter axis
in the plan k and through the radius of the circle at
the well bottom R;, along which this crown rolls.

Expressions for calculating the path of contact of
a roller cutter tooth with displaced axes of rotation
in the plan are found using the well-known formula
of theoretical mechanics:

S = IV dl//, (10)
Yo

where: o and ¢, respectively, the lower and

upper limits of integration, depending on a given or

certain depth of immersion of the contact paths into

the rock.

The expression we are Iooking foris:

S —IV )dy + I w)dy (11)

27— Vi

H.
Where is :arccos(l R
risine
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H; = hj - calculated height on the toroid belt if the
crown is in contact with the rock on the periphery,
mm;

H; = §; - Specified height of the trajectory on the
toroid belt, if the crown contacts the face not on the
periphery, mm.

Here it is necessary to consider two cases of
assigning the limits of integration:

1. If the j-th crown is not rolled on the
periphery of the face, then

Yi(s)

2z
Sj:IVj(w)dw+ I Vi(v)dy (12)

0 27-,(5)

3. If the crown is peripheral (first, calibrating),
then

Yi(s)

2z
S, = J.VJ. (w)dy + J. V(v)dy . (13)

0 27-y(h)

In general, the integration of the contact paths
of the teeth of the cutters with the offset axes of
rotation in the plan is since the contact and contact
paths are not equal to the contact paths of the exit
from the contact, even with equal values of their
immersion in the rock.

' quji
A= 3. AS Toila

(§(cos(5-8)5))(Pzayia)

Results

Next, let's look at the calculation of the cutter
ratio of a tricone drill bit i, which is the main
parameter for calculating contact paths when
embedded in rock. The gear ratio of the cutters can
be determined by the ratio of the radius of the net
rolling ring ro and the radius of the circle at the
bottom of the hole along which it rolls Rpin the form:

Ro_j¥ (14)

To determine the performance assessment of
tricone drill bits, the following criteria should be
considered:

- analytical structure of the criteria;

- The physical meaning of the criteria;

- Possibilities of Criteria for Evaluating the
Performance of Tricone Bits in Solving Optimization
Problems.

Criteria (1) and (2) are objective energy criteria
for the static destruction of rock under a stamp in
the study of the physical and mechanical properties
of rocks [[16], [17]].

Energy criteria for the physical and mechanical
properties of rocks during their static fracture are
the criteria for assessing the performance of drill bits
in the form of relative specific contact and
volumetric fracture work, the analytical structure of
which is presented below in the formulas.

It is proposed to take the following functional
dependencies as criteria for assessing the
performance of drilling tricone bits:

|
sin 21//+%sin4z//, (15)

Ty ilq,; sin2¢+%sin4lp, (16)

"o 3
Aq,j - z:q=1 .
3 ZTTRq'qu’j(Tt— ¢ _np

Pax

q
h(1+tg<;))

Where is
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T, = 4-[%{(&“. —2r, ,COSy, ; COSax )+ 17, [COSa(COSa—Ziq)+(l+ j)]}J+
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g, j — The index that determines the number of
the cutter and the number of the crown;

R — Crown rolling radius at the bottom of the
well, mm;

r —radius of crown, mm;

i — drill bit gear ratio;

o — Corner of the Axis of cone bits, deg;

. (K
y =arcsin (Ej — offset angle, deg;

() — variable parameter of the cone bit, deg;

8 — Tooth sharpening angle, deg;

¥ — Angle of inclination of the axis of the crown,
deg;

a — Tooth cross-section length, mm;

b — Tooth cross-section width, mm;

F — Tooth movement resistance force, N;

z— Number of teeth, pcs;

P.x— Axial load on the tooth, kN;

Pn — Rock hardness, Pa;

¢ - Angle of internal friction, deg;

r:— radius of the cutting part of the tooth, mm.

The assessment of the performance of drill bits
is the kinematic parameters, for the kinematic
passport of the tricone bit, tabular and graphic forms
are presented [18,19,20].

Without the use of computer technology,
calculations and analysis of the dynamics of tricone
bit armament based on these formulas are
ineffective [21].

Discussion

As can be seen, formulas (15) and (16) show the
set of geometric parameters of drill bits.

g )

The implicit dependence of these criteria lies in
the specified value of insertion (immersion) of the
teeth of the cutters into the rock. This dependence
is associated with the geometric parameters of the
drill bits, on the shape of the teeth, on the energy
parameters transmitted to the teeth, on the physical
and mechanical properties of rocks in certain
conditions (constrained, lightweight) at the bottom
of the well, i.e.:

6=6(D,P,E). (17)

To date, this function has not been built in an
explicit form. But this fact is not an obstacle for
studying the performance of tricone bits under
other equal conditions, i.e., at a given value of tooth
insertion. At the same time, we also know the limits
of change in this value

0<6<hy, (18)
where: h; - the height of the tooth departure
from the body of the ball, mm.

Thus, it can be argued that the criteria for
assessing the performance of tricone bits in the form
(15) and (16) are functions of the triad: bit — rock —
energy.

The physical essence of kinematic criteria and
their obvious dependence on the geometric
parameters of drill bits serve as an objective basis for
the development of a methodology for improving
the dynamics of new structures and their
modifications.
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Conclusion

The conducted research has resulted in the
development of a mathematical model describing
the dynamics of the armament of tricone drill bits,
taking into account their geometric parameters,
gear ratios, and the kinematics of tooth movement
in the rock contact zone. Analytical dependencies
have been obtained that make it possible to
guantitatively assess the specific contact and
volumetric work of rock destruction, which serve as
objective criteria for evaluating drilling efficiency.

The proposed model provides a theoretical
framework for determining the relationship
between the structural parameters of drill bits and
their operational performance, thereby enabling
optimization of bit geometry and operating modes
under various geological conditions. The results
demonstrate that improving the dynamic
characteristics of tricone bits through mathematical

consumption, increase drilling productivity, and
extend tool life.

The formulated energy and kinematic criteria
can be effectively used in the design of next-
generation drill bits and in computer-aided
engineering systems for simulating drilling
processes. Further research should focus on
experimental verification of the developed model
and on the integration of the obtained results into
practical design and optimization methodologies for
rock-destroying tools in open-pit and deep drilling
operations.
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Yw Kaway Ticti 6ypFblnapabl ababikTay AMHAMMUKACDIHbIH,
MaTemaTuKanbiK moaeni
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TYAIHAEME

Makanaga ceHimginiri meH ambebanTbiibifbiHa 6aliNaHbICTbl  albIK  KapbepAik Tay-KeH
JKYMbICTapblHAQ KeHiHeH KOA4aHblNaTblH YW Kaway TicTi  bypfblnapabl  KababikTay
AVHAMMKACbIHbIH, MaTeMaTUKabIK MOAENI YCbIHbIFAH. ¥3aK Mep3imai nainaanaHy TaxipubeciHe
KapamacTaH, onapapliH, TMiMAiniri meH 6epikTiriH apTTbipy Macenesiepi e3ekTi 60abin Kana bepeai.
Herisri navaanaHy macenenepi, COHbIH, ilWiHAE KaHacy alMaFblHAAFbl Tay KbIHbICTAPbIHbIH,
Makana kengi: 1 Kbipkyliex 2025 KepHey-aepopmaumsa Kyii KaHe bypfFblaay KallayblHblH, TiCTepi reoMeTpUACbIHbIH, KMHEMAaTUKa
CapanTtamagaH eTri: 1 kapawa 2025
Kabbinganabl: 8 kaymap 2025

MeH KupaTy Tuimainirine acepi Typanbl 6iniMHiH, KeTKinikcisgiri aHbiKTanabl. acanfaH
QHANUTUKANbIK TayenainikTep KallayAblH reOMeTPUACbIH, KO3FaibiC TPAeKTOpuACbIH, Bepinic
KaTbIHACTapblH YKoHe TICTEPAiH KblHbICNEH ©3apa 9peKeTTecyiH ecKkepyre MyMKiHAIK bepep,.
TeopuAnblK MexaHWKaFa CyhMeHe OTbIpbIf, 3HepPrus LWblFblHAAPbIH O6BEKTUBTI 6afanayabl
KamMTamacbl3 eTeTiH MEHLUIKTI YKaHacy ’KaHe Kenemgaik 6y3y XyMbICTapbl apKblibl eHIMAINIK
KpUTEpUiNepi TYXKblpbiIMAanapl. Y¥CbIHbLIFAH MOLENb  KallaynapablH, KYpblIbIMbIH - KaHe
KMHEeMaTUKacblH OHTalNaHAbIPYFa, 3HEPrus LWblfbIHbIH a3aiTyFa, OHIMAINIKTI apTTbipyFa XKaHe
KbI3MET eTy Mep3iMiH y3apTyfa MyMKIHAIK 6epeai. AnblHFaH HaTuKenepai »KaHa 6yblH
Kawaynapapl kobanaysa KoHe HaKTbl Tay-KeH XX9He reoNoruAnblK Kafdannapga yTbiMabl
bypfblnay napameTpsiepiH TaHAayFa apHanfaH WHXeHepnik bafgapnamainbik KacakTamaHbl
»Kacayga navganaHyra 6onagpl. YCbIHbINFAH TACIA Tay KbIHbICTapPbIHbIH, BY3blaybl AMHAMMKACHIH
MOZe/NbAiey KaHe allblK Kapbepaik eHAIpYy TEXHONOTMANAPbLIH XETiNAIpY canacbiHAafbl 04aH api

3epTTeynepain, HerisiH Kypaiabl.
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AHHOTAUMA
B pabote npeacTaBieHa MaTeMaTUYeCKan MOLENb AUHAMMKM TPEXLIAPOLLEYHbIX BYpOBbIX 40JIOT,

KOTOPblE COXPaHAIOT LMPOKOE NMPUMEHEHWE B YC/IOBUAX OTKPbITbIX FrOPHbIX paboT 6naroaaps
CBOEN HAAEKHOCTM M YHMBEPCaNbHOCTU. HecmoTps Ha A/IMTEeNbHbIA OMbIT MCMO/b30BaHUs,
BOMPOCHI NOBbIWEHNUA UX 3GPEKTUBHOCTU U AONTOBEYHOCTM OCTAIOTCA aKTyasbHbIMM. YTOUYHEHbI
K/HOYEBbIE IKCMyaTaLMOHHbIE NPOB/IeMbl, BK/HOYAA HELOCTATOUHYIO M3Y4EHHOCTb HaNPAKEHHO-
£ebopMMPOBAHHOIO COCTOAHMA MOPOA, B 30HE KOHTaKTa M B/MAHME reomeTpuu 3y6bes Ha
KMHEMATUKY U 3PDEKTUBHOCTb paspyweHna. MpeaioxeHbl aHaAUTUYeCKMe 3aBUCUMOCTH,
YYUTBIBAIOLLME FEOMETPUIO BOOPYIKEHMA, TPAEKTOPUIO ABUNKEHWSA, NepeaaToUdHble OTHOWEHUA U
B3aMmopgencTeme 3ybbes C Noposoil. Ha ocHOBe TeopeTMHECKON MeXaHWKU chOopMyAnpoBaHbI
KpuUTepun pabotocnocobHOCTV Yepes yaenbHble KOHTaKTHbIe U 06 bEMHbIE PaboTbl paspyLleHus,
4yTo ObecrneunBaeT OOBLEKTMBHYIO OLEHKY 3HEepreTMdeckux 3atpar. Mogesnb AemoHcTpupyert
BO3MOMHOCTM aHaIMTUHECKMX METOAO0B A/1A ONTUMM3ALMM KOHCTPYKLMM U KMHEMATUKKU [0J10T,
CHUXEHMA 3HepronoTpebeHns, NOBbILEeHUA NPOU3BOAUTENbHOCTM U YBENIMYEHUA CPOKA CTYKObI.
MonyyeHHble pesy/nbTaTbl MOTYT 6bITb MCMOAb30BaHbI NPU MPOEKTUPOBAHMM [ONOT HOBOrO
MOKO/IEHWS M CO34aHUM UHXXEHEPHOrO NPOrPammMHOro obecrneyeHuns ans Bbi6opa paLMoHanbHbIX
napameTpoB BypeHUs B KOHKPETHbIX FOPHO-Te0NIOrMYECKMX YCI0BUAX. MPeaNoKeHHbIN NOAX04
bopmMMpyeT OCHOBY ANA AanbHEMWMX UCCnefoBaHUA B 061acTM MOAENMPOBaHUA ANMHAMMKM
paspyLIeHnsA NOPOA, 1 COBEPLUEHCTBOBAHMA TEXHONOMMI OTKPbITbIX FOPHbIX PaboT.

Knrouesbie cnosa: noposa, byperue, bypoBoe f0M0TO, KUHEMATUKA, paboTa, NPOEKTUPOBaHME,
MOAE/b, ypaBHeHMe.
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Prospects for Industrial Extraction of Methane from Coal Seams in the Karaganda
Basin: Results of Experimental-Industrial Studies at the Taldykuduk Site
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ABSTRACT

The study focuses on assessing the industrial potential of coalbed methane production in the
Karaganda Basin based on drilling and testing data from wells T7 and T8 at the Taldykuduk site.
The goal is to develop and verify engineering solutions, ensuring efficient methane extraction from
unstressed seams under real geological and technical conditions. The research object is the coal
seams of the Karaganda suite, characterized by high gas content, developed fracturing, and
heterogeneous reservoir structure. Vertical wells were drilled with local enlargement of
productive intervals, zone isolation using packers, and controlled hydraulic stimulation. A set of
Received: November 7, 2025
Peer-reviewed: December 10, 2025
Accepted: January 8, 2025

geophysical surveys was conducted, including gamma, density, and neutron logs, caliper logging,
inclinometry, gas-geochemical monitoring, and flow tests, to determine reservoir pressure and
permeability. Laboratory analyses of core and coal samples examined adsorption—desorption
properties, elemental composition, and formation water characteristics, enabling the selection of
optimal reagents and gas treatment schemes. Stable methane inflows up to 30 m3/day were
obtained under steady depression without water inflow, confirming readiness for pilot-industrial
operation. After hydraulic stimulation and optimization of well regimes, an increase in gas flow
rate was recorded, confirming the efficiency of reservoir stimulation. Based on pressure and flow
curves, technological parameters were defined — perforation intervals, hydraulic treatment
conditions, and requirements for gas collection, dehydration, and compression systems. The
practical significance of the study lies in substantiating a technological scheme for industrial
methane extraction and reducing methane hazards during mining. Implementation of the
proposed approach will enable integration of extracted gas into the regional energy balance and
reduce uncontrolled methane emissions, providing environmental and economic benefits.

Keywords: methane, degasification, drilling, hydraulic fracturing, industrial production, gas
permeability.
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Introduction

Over recent decades, coalbed methane has
evolved from a source of heightened mining hazard
into an independent type of hydrocarbon feedstock
actively incorporated into the energy balances of
many countries. The experience of the United
States, China, and Australia confirms that coalbed
methane production volumes can reach tens of
billions of cubic meters per year, comparable to
conventional natural gas production [[1], [2], [3],
[4]]. The technologies for its extraction are based on

the use of specialized drilling and inflow-stimulation
methods—horizontal and directional wells,
hydraulic fracturing, mechanical enlargement of
productive zones, and optimization of drawdown.
These processes are accompanied by geophysical
and gas-geochemical monitoring, filtration and
desorption modeling, and a system for conditioning
the gas for transportation.

In Kazakhstan, interest in industrial coalbed
methane production has intensified thanks to the
large resources of the Karaganda Basin, whose total
potential is estimated at up to 2 trillion m3 [5]. For a
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long time, degasification activities were carried out
mainly to improve the safety of underground
operations. Under current conditions of growing gas
demand and the transition to low-carbon energy,
the key task is to shift from degasification as a safety
measure to industrial development of coalbed
methane and its integration into the gas-transport
infrastructure. The main technological obstacle is
the low permeability and pronounced anisotropy of
coal reservoirs, which require multistage stimulation
methods and precise selection of drainage regimes

to prevent water loading and stabilize inflow.
Particular attention is given to the Taldykuduk

area of the Karaganda Basin, where pilot-industrial
work has been carried out on the construction and
testing of vertical wells using technologies for
enlarging productive intervals and hydraulic
fracturing [6]. Commissioning of well T7
demonstrated a stable methane inflow of about 30
m?3 per day, which is comparable to the initial stages
of industrial development of analogous fields
abroad. The results obtained and the interpretation
of pressure and rate curves made it possible to
formulate initial technological regulations for
selecting exposure intervals, injection parameters,
and drawdown management, as well as to
determine requirements for gas dehydration,

compression, and utilization systems.
The scientific novelty of the study lies in the

comprehensive validation of various inflow-
stimulation technologies—from mechanical
enlargement to hydraulic impact—applied to the
geological and technical conditions of the Karaganda
Basin. An essential element is the implementation of
proprietary solutions protected by patents: a
method for advance reduction of natural gas
content [7], a method for advanced degasification of
a coal seam by an inclined-directed well with
branches [8], and a method of degasification using
an injection well [9]. These technologies form a
unified system—from preliminary reduction of
reservoir pressure and redistribution of flows to the

formation of high-conductivity channels.
The relevance of the topic is determined by the

combination of the Karaganda Basin’s substantial
resource base, the insufficient maturity of domestic
industrial production technologies, and the need to
adapt global experience to local conditions. The
expected results include an increase in recoverable
methane reserves, enhanced energy security, and a
reduction in uncontrolled emissions through
managed extraction and utilization of gas. Going
forward, plans include expanding the network of
pilot wells, implementing multistage hydraulic-

stimulation technologies, refining geomechanical
and flow models, and conducting a techno-
economic assessment for the transition to the
industrial stage of coalbed methane developmentin
Kazakhstan.

Experimental part

The methodology applied at the Taldykuduk site
was designed to evaluate the industrial potential of
methane extraction from coal seams. The work was
carried out in stages: preparation and drilling of
reference wells, geophysical surveys to identify
promising zones, local operations to increase near-
wellbore permeability, stepwise inflow tests with
pressure-recovery monitoring, and laboratory
studies of core and formation water. The approach
focuses on result reproducibility and safe technology
scaling under conditions of low natural permeability
of coal reservoirs.

Field tests were conducted on wells T7 and T8.
During drilling, mechanical penetration rate, torque,
axial load, drilling fluid flow rate, and density were
controlled; productive intervals were selectively
exposed for subsequent studies. The suite of
geophysical measurements included gamma-ray,
density, and neutron logs, acoustic profiling, caliper
logging, and inclinometry. Joint interpretation made
it possible to determine lithological associations,
identify zones of increased fracturing, and assess gas
saturation of the rocks.

Figure 1 — General view of the U/Reamer
MOT 7-1/2 in x 22 in

Mechanical enlargement was used as a gentle
method for increasing permeability without
applying proppant. A U Reamer 7-1/2 x 22-inch
reamer provided uniform enlargement of the
borehole diameter within the productive laver
under controlled axial load and rotation frequency.
The effectiveness of the operation was confirmed by
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changes in caliper profiles without excessive ovality.
To prevent clogging of the fracture—pore space,
circulation flushing with low-salinity water and an
inhibitor additive was used to reduce coal fines
dispersion. This ensured preservation of the
filtration properties of the rock mass and stability of
the obtained results (Figure 1).

Hydraulic fracturing was performed in well T8
within a specially isolated coal interval. Injection
parameters were selected based on calculations of
the minimum horizontal stress derived from
acoustic and density measurements, using empirical
relationships characteristic of coal rocks. The
operations were carried out in stages: interval
sealing with packers, initiation of the injection stage,
main stage of fracture opening and formation of a
conductive channel, followed by controlled closure.
Pressure and flow rate were recorded with high
temporal resolution, which allowed, through
interpretation of the closure curves, to estimate the
conductivity of the created channel and the
expected productivity increase. The layout and
sequence of operations are shown in Figure 2.

Figure 2 — Location of wells T7 and T8

Inflow tests were performed using a stepwise
scheme with sequential increases in drawdown
followed by stabilization of the flow rate. Reservoir
pressure was determined using buildup periods,
which made it possible to calculate the
permeability—thickness product (kh), skin factor, and
drainage radius from logarithmic and derivative
diagnostics. After hydraulic fracturing, the linear-
flow component was additionally analyzed using
square-root-of-time analysis, allowing estimation of
the fracture half-length and effective conductivity.

Laboratory studies included determination of
bulk and grain density, porosity by helium
pycnometry, gas content from desorption canisters,
and methane adsorption characteristics from
Langmuir isotherms—capacity and saturation
pressure. Gas permeability was measured under
steady-state and quasi-steady-state conditions

while varying effective stress and orientation
relative to bedding [10]. Mechanical tests were
carried out on dry and wetted specimens under
uniaxial compression and Brazilian tension; the
resulting static moduli were compared with dynamic
values calculated from acoustic data [11]. The
ranges of the obtained parameters are summarized
in Table 1 for subsequent calibration of flow models.

Table 1 — Results of laboratory studies and test intervals
of coal seams in well T7

Seam Roof, Floor, T otal
Ne thickness, Purpose
No. m m
m

For
8 186.6 210.3 23.7 methane
1 gas inflow

For
9 212.0 216.3 4.3 methane
gas inflow

For
5 154.2 165.1 109 methane
gas inflow

For
2 6 165.1 176.6 11.5 methane
gas inflow

For
7 176.6 182.1 5.5 methane
gas inflow

For
3 3 119.2 121.1 19 methane
gas inflow

The chemical composition of formation waters
was determined using certified methods, including
analysis of ionic composition, total mineralization,
and assessment of the medium’s tendency to form
scale and corrosion. The data obtained were used in
selecting inhibitor programs, gas dehydration
schemes—adsorption or glycol—and in choosing
compression parameters, which made it possible to
avoid technological flow-rate limitations at the early
stage of development.

Interpretation of hydrodynamic data was
performed taking into account gas
supercompressibility by transforming to
pseudopressure, as well as the two-component
structure of the coal seam, represented by the
matrix and a fracture system with active desorption—
diffusion exchange. Exchange parameters were
determined from the character of the early and late
segments of the pressure-buildup curves and from
the behavior of the derivative function. Matching of
calculated and actual data was carried out iteratively
on the basis of the set of rate—pressure
relationships, with laboratory results used as a priori
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constraints. To assess parameter uncertainty,
bootstrap analysis and Bayesian regularization were
applied.

Quality control included preliminary calibration
of pressure, temperature, and flow sensors, as well
as inter-operational checks. Geophysical
instruments were verified on control intervals, and
calipers on standard calibration rings. Operational
logs contained detailed entries on depth, regimes,
and the tools used, which ensured accurate tracing
of operations and made it possible to promptly
identify the causes of possible discrepancies.

The efficiency criteria were stable gas inflow at
moderate drawdown, a decrease in skin factor after
stimulating treatments, absence of early water
breakthrough, and reproducibility of results in
repeated test cycles. The flow rates obtained at well
T7, on the order of several tens of cubic meters of
gas per day under a stable regime, make it possible
to consider this approach as a basis for expanding
the pilot network with the use of multistage
stimulation technologies.

Results and Discussion

Well T7: drilling, enlargement, and completion.

In June 2016, drilling began on the vertical pilot-
production well T7 at the Taldykuduk site (Figure 2).
The wellbore design included a direction with a
diameter of 340 mm, a 244.5 mm conductor, and a
140 mm production casing with full cementing to the
surface. This scheme ensured borehole stability
within the section of argillites and siltstones, as well
as the possibility of selective exposure of coal
interbeds. Low-mineralized water with an inhibitor
preventing the dispersion of coal fines was used as
the drilling fluid. Drilling regimes were selected with
limits on axial load and torque, with continuous
control of mechanical penetration rate and fluid
flow rate, which made it possible to minimize near-
wellbore damage.

To increase the contact area between the
borehole walls and the coal seam, as well as to open
microfracturing, a U Reamer MOT 7-1/2 x 22-inch
(559 mm) reamer was used. The increase in effective
filtration area was confirmed by caliper logging
results (Figure 2).

The suite of geophysical surveys conducted
before and after mechanical enlargement made it
possible to identify, within the 154-216 m interval,
coal interbeds with reduced apparent density (1.59-
2.21 g/cm3) and increased specific electrical
resistivity (15.3-118.4 Q-m). In combination with
acoustic characteristics, these data indicate high gas

saturation and low wettability of the rocks. Joint
interpretation of gamma-ray, density, and neutron
logs with the caliper results was used to refine test
boundaries and select sections for mechanical
enlargement (Tables 2-3). Caliper profiles confirmed
uniform diameter increase within the target
intervals without signs of ovality or loss of borehole
wall stability.

Table 2 — Main physical parameters of the rock skeleton
and fluids in the section of well T7.

Rock skeleton o, g/cm? AT, pus/m
Sandstone 2.65 165

Clay 2.40-2.55 275-325
Limestone 2.71 155
Fresh water 1.00 610
Saline water 1.05 590

The technological sequence of operations
included borehole cleaning, enlargement of
productive zones, repeat geophysical surveys,
isolation of seams using packers, and a series of
stepwise inflow tests. During mechanical
enlargement, axial load and tool rotation frequency
were controlled, and continuous circulation of low-
mineralized water ensured efficient removal of
cuttings and coal dust. To prevent secondary
clogging of the fracture—pore space, a specially
selected inhibitor was used that accounted for the
ionic composition of formation waters; the
parameters of its selection are provided in the
summary materials. According to control caliper
logging, a uniform diameter increase of 20-60 mm
was recorded within the target intervals while
maintaining the proper cylindrical shape of the
borehole.

Well cleanup and commissioning were carried
out according to the standard scheme: initial
cleaning, gradual reduction of bottomhole pressure,
stabilization of flow rate, and a final pressure-
buildup stage. During the cleaning stage, a short-
term removal of drilling fluid and fine coal was
observed, after which gas inflow became stable. The
series of stepwise tests showed a regular increase in
flow rate with growing drawdown; at the control
step, a stable methane inflow of about 30 m® per day
was obtained under a moderate pressure
differential and with no signs of water breakthrough
[12]. Analysis of pressure-buildup data made it
possible to determine integral permeability, skin
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factor, and drainage radius. A decrease in the skin
parameter relative to the initial values confirmed
the positive effect of mechanical enlargement of the
productive interval, which is consistent with the
results presented in Table 3.

Table 3 - Results of interpretation of open-hole well-
logging data for well T7 in the Taldykuduk area.

a — Geophysical and geometric parameters of coal seams.

Ne Top, Base, H, m As, GZ3, GZ3B, GR,
m m mm O-m Qm HR/h
1 112.9 113.9 1.0 242 75.3 38.7 6.5
2 114.8 117.0 2.2 289 54.4 34.2 6.3
3 119.2 1211 19 286 27.7 29.0 5.1
4 144.2 145.1 0.9 254 44.1 34.7 7.5
5 154.2 165.1 10.9 289 118.4 113.4 2.5
6 165.1 176.6 11.5 359 45.9 41.7 19
7 176.6 182.1 5.5 324 75.2 50.7 15
8 186.6 210.3 23.7 381 36.2 33.7 3.7
9 212.0 216.3 4.3 312 26.4 36.0 4.7
10 248.5 251.7 3.2 314 30.6 21.0 7.8
11 266.8 268.6 1.8 311 25.6 30.1 8.1
12 280.5 282.4 1.9 298 27.3 27.6 8.5
13 284.5 286.4 1.9 235 319 35.0 7.9
14 299.3 308.5 9.2 436 15.7 15.3 7.0
15 309.9 316.3 6.4 444 16.1 20.0 6.4

b - Physical and petrophysical parameters of coal seams

Ne p, g/cm? Kclay, % Kp, % Lithology

1 2.17 45.8 6.5 Carbonaceous argillite
2 2.09 44.3 6.3 Carbonaceous argillite
3 1.64 32.0 2.6 Coal

4 2.18 60.1 6.5 Carbonaceous argillite
5 1.63 9.1 1.2 Coal

6 1.59 5.4 0.8 Coal

7 1.59 3.1 0.4 Coal

8 1.66 17.9 2.4 Coal

9 1.73 27.0 3.8 Coal

10 1.93 64.9 9.2 Carbonaceous argillite
11 1.79 69.4 9.9 Carbonaceous argillite
12 2.21 76.6 10.9 Carbonaceous argillite
13 2.05 65.3 9.3 Carbonaceous argillite
14 1.68 54.3 7.7 Carbonaceous argillite
15 1.62 45.4 6.2 Carbonaceous argillite

Laboratory studies for T7 included porosity
(helium pycnometry), gas content (desorption
canisters), adsorption parameters from Langmuir
isotherms, and gas permeability under steady-
state/quasi-steady-state conditions with control of
effective stress. The obtained ranges were used as a
priori inputs for calibration of flow models and were
compared with well-logging density and acoustic
indicators; the consistency of field and laboratory
estimates confirms the correctness of interval
selection. Formation-water  analysis  (ionic
composition, mineralization) was applied to select
inhibitor programs and gas dehydration schemes at
the compression-preparation stage, which removed
technological flow-rate limitations during the
commissioning period [13].

The following operational recommendations
were formulated for well T7: maintain stable,
moderate drawdowns without abrupt changes in
wellhead pressure; in case of increasing hydraulic
resistance, perform preventive flushing of the near-
wellbore zone; provide for gas dehydration using
glycol or adsorption systems, taking into account
moisture-content fluctuations; upon the
appearance of local signs of water breakthrough,
adjust offtake regimes and, if necessary, perform
targeted isolation of water inflow. Overall, the
combination of mechanical enlargement with a
gentle operating regime ensured stable gas inflow at
an early stage without increasing geomechanical
risks and can be considered a baseline scheme for
analogous coal seams at the pilot-industrial
development stage.

During T7 operation, a stable methane inflow of
about 30 m3® per day was recorded, which, under
moderate drawdown, confirms the industrial
potential of the site. The liquid rate was in the range
of 0.9-5.6 m® per day, which is associated with the
removal of residual drilling fluid and partial inflow of
formation waters from adjacent interbeds [14].
Chemical analysis revealed elevated
mineralization—about 12.5 g/L of dry residue with
chloride concentration up to 7.5 g/L. Such an ionic
signature is characteristic of the participation of
formation waters and indicates well-developed
natural fracturing that provides hydraulic
communication of coal interbeds with water-bearing
intervals (Tables 2, 3). Taking into account the
chloride—sodium type of water, the use of corrosion-
resistant materials and inhibitor programs with
control of pH and hardness is recommended; for gas
conditioning—glycol dehydration with control of salt
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deposition in heat-exchange units. According to
pressure-buildup analysis, a decrease in the skin
parameter relative to the initial values was noted,
which confirms the effect of mechanical
enlargement. The “soft” operating regime was
recognized as optimal: gradual increase in
drawdown, maintenance of balance between the
gas and liquid phases at the wellhead, preventive
flushing with low-mineralized water with an
inhibitor additive preventing dispersion of coal fines
(Figure 2; Tables 2, 3).

Well T8: drilling and preparation for hydraulic
fracturing.

In August 2016, a vertical pilot-production well
T8 was drilled at the Taldykuduk site (Figure 2). The
design included a direction with a diameter of 340
mm, a 244.5 mm conductor, and a 140 mm
production casing run to a depth of about 550 m
with cementing to the surface, which ensured
borehole stability and reliable isolation of non-
productive intervals at the stage of subsequent
stimulation. The suite of geophysical studies
identified priority coal interbeds with low apparent
density (1.75-1.89 g/cm3), elevated specific
resistivity (25.4-197.1 Q'm), and increased P-wave
transit time (428-627 ps/m)—Tables 4-7. These
indicators correspond to slightly wetted, highly gas-
saturated reservoirs with low natural permeability,
where formation of an artificial conductive system is
required to ensure stable inflow.

Taking into account geophysics, caliper logging,
and geomechanical constraints, hydraulic fracturing
was planned in T8 within the priority intervals
(Tables 6, 7). The preparatory stage included
refinement of the minimum horizontal stress from
acoustic and density data, determination of a safe
pressure range, a diagnostic injection to evaluate
breakdown pressure, leakoff coefficient, and closure
character, as well as verification of cement quality
and tightness of the packered zone. In addition, the
working fluid was selected with regard to the ionic
composition of formation waters to minimize the
risks of swelling and plugging [15]. Based on the
diagnostic injection, volumes and injection rate
were refined, as were the parameters of the
selected proppant—preferably a lightweight fine
fraction with good transportability and moderate
requirements for pressure and rate.

The technological sequence of hydraulic
fracturing provided for interval isolation with
packers, initiation of the injection stage, the main
stage of conductive fracture formation with control
of bottomhole pressure and rate, and controlled

closure with recording of the pressure-falloff curve.
From sections of linear and radial flow on time and
logarithmic plots, effective conductivity and fracture
half-length were determined. Comparison with
pressure-buildup results after the operation made it
possible to assess the decrease in skin parameter
and the increase in integral permeability.

The success criteria were the formation of stable
gas inflow at moderate drawdown, absence of
increased water inflow at an early stage, and
reproducibility of flow rate in repeated tests. To
manage risks, online monitoring of pressure and rate
with high temporal resolution was used, adjustment
of injection rate in the presence of signs of unstable
opening, and post-operation analysis of closure
mechanics with evaluation of the leakoff-to-storage
ratio [16].

Post-fracturing startup was carried out
according to a gentle scheme: minimal drawdowns
during the first day, control of gas humidity and
composition of produced fluid, gradual increase in
offtake under stable dynamics. At the initial stage, a
predominance of linear inflow with a gradual
transition to a quasi-radial regime is expected as the
fracture is cleaned and the filtration properties of
the near-wellbore zone stabilize (Tables 4-7). If signs
of water breakthrough appear, regrouping of
intervals, reduction of drawdown, selective isolation
of water inflow, or adjustment of the working-fluid
composition during repeated treatments is
envisaged. Overall, the strategy implemented at T8
logically complements the results obtained for T7:
mechanical enlargement made it possible to ensure
rapid inflow startup, while hydraulic fracturing
creates conditions for long-term conductivity and a
stable gas regime while maintaining controlled
geomechanical risks (Figure 2; Tables 4-7).

Table 4 - Suite of open-hole geophysical studies for well
T8 in the Taldykuduk area.

a — Electrical methods

Parameter 1 2 3
Method KS (NO.5M2A; | SP BK
A2MO5N)
Mnemonic GZ3B, GZ3 SP LL3
Depth scale 1:500 1:500 1:500
Logging 146.3-506.0 146.3— 146.3—
interval, m 502.0 508.5
Instrument EK-73 EK-73 EK-73
Data quality Good Good Good

—— 40 ——
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b — Radioactive methods

Parameter 4 5 6
Method GR NK GGK-p
Mnemonic GR RFTN, RHOB

RNTN,

TRNP
Depth scale | 1:500 1:500 1:200
Logging 146.3—- 146.3—- 146.3—-
interval, m 509.5 511.0 511.0
Instrument 2NNK-73 2NNK-73 PK-73
Data quality | Good Good Good

¢ — Other methods

Paramet 7 8 9 10
er
Method Caliper, Inclinome | Acoust | Cemen
Profilome | try ic t-bond
try loggin | log
g (AK) | (AKC)
Mnemo | CALI, C1, AZIM, DTP, CBL
nic C2 DEVI DTS
Depth 1:500 1:500 1:200 | 1:500
scale
Logging 146.3— 0.0-510.0 | 146.3— | 0.0-
interval, | 511.0 509.5 146.3
m
Instrume | 4PM-73 IN-73 2AK 2AK
nt
Data Good Good Good Good
quality

The presented suite of geophysical studies made
it possible to obtain a complete understanding of the
lithological structure, fracturing, and gas saturation
of the coal seams. The use of a combination of
electrical, radioactive, and acoustic methods
ensured high interpretation accuracy of the section
and identification of priority intervals for stimulation
operations. Data from gamma, density, and neutron
logs were used in constructing correlation models
and determining the dynamic properties of the
reservoirs.

Table 5 - Main physical parameters of the rock skeleton
and fluids in the section of well T8.

Rock skeleton p, g/cm? AT, us/m
Sandstone 2.65 165

Clay 2.40-2.55 275-325
Limestone 2.71 155
Fresh water 1.00 610
Saline water 1.05 590

The data in the table illustrate the ranges of

density and acoustic parameters used in the
interpretation of geophysical survey results.
Comparison of these values with field

measurements made it possible to refine rock types,
assess gas and water saturation of the coal seams,
and adjust reservoir boundaries.

Table 6 - Testing recommendations.

Total
thickness,
m

Seam | Roof, | Floor,

Pur
Ne m m urpose

For
methane
gas
inflow
For
methane
gas
inflow
For
methane
gas
inflow
For
methane
gas
inflow

7 3141 | 324.9 10.8

325.9 | 326.8 0.9

9 328.2 | 330.5 2.3

150.2 | 158.7 8.5

Table 7 - Results of interpretation of open-hole
geophysical logging data for well T8 at the Taldykuduk
area

a - Coal intervals (well T8, open hole)

Parameter 1 7 8 9
Seam Ne 1 7 8 9
Roof, m 150.2 314.1 325.9 328.2
Bottom, m 158.7 324.9 326.8 330.5
Total, m 8.5 10.8 0.9 2.3
DS, mm 477 295 256 249
BK, Q-m 59.5 159.5 197.1 158.2
GK, uR/h 2.7 2.7 3.3 3.0
W, % 58.6 54.0 50.3 52.3
GGKp, g/cm? 1.77 1.76 1.89 1.75
AK, us/m 627.32 | 445.17 | 429.72 | 428.39
Kgl, % 8.6 9.1 13.0 10.8
Kp GGKp, % 2.7 2.6 4.2 3.4
Kp NK, % 1.2 1.2 1.7 1.4
Kp AK, % 1.6 1.4 2.4 1.8
Lithology Coal

—— 4] ——
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b - Carbonaceous argillite (shallower)

Parameter | 2 3 4 5 6

Seam Ne 2 3 4 5 6

Roof, m 177.5 | 181.2 | 183.8 | 199.6 | 201.7

Bottom, m | 178.5 | 182.3 | 185.2 | 200.4 | 202.9

Total, m 1.0 1.1 1.4 0.8 1.2

DS, mm 467 460 329 465 425

BK, Q'm 19.6 19.3 23.7 10.6 25.4

GK, uR/h 5.0 5.5 5.2 6.7 4.3

W, % 57.0 48.5 45.6 53.1 46.8

GGKp, 1.75 1.76 1.99 1.76 1.75

g/cm?

AK, us/m 612.0 | 440.4 | 297.7 | 500.7 | 596.5
3 6 7 5 6

Kgl, % 26.6 30.9 28.3 44.7 20.4

Kp GGKp, 8.5 9.9 9.0 14.3 6.5

%

Kp NK, % 3.8 4.4 4.0 5.7 2.9

Kp AK, % 5.0 5.7 5.3 8.3 3.8

Lithology Carbonaceous argillite

c - Carbonaceous argillite (deeper)

Parameter 10 11 12

Seam No 10 11 12

Roof, m 334.5 384.6 389.5

Bottom, m 336.8 388.2 390.6

Total, m 2.3 3.6 1.1

DS, mm 293 399 245

BK, Q'm 107.2 21.2 21.5

GK, uR/h 5.5 7.9 8.5

W, % 47.7 51.8 41.8

GGKp, 1.81 1.76 1.91

g/cm?

AK, us/m 445.01 380.95 299.11

Kgl, % 31.4 59.0 69.0

Kp GGKp, % | 10.0 18.9 22.1

Kp NK, % 4.5 8.3 9.8

Kp AK, % 5.5 10.8 12.8

Lithology Carbonaceous argillite

Parameter 13 14 15

Seam No 13 14 15

Roof, m 412.2 434.0 497.4

Bottom, m 416.8 438.4 499.3

Total, m 4.6 4.4 1.9

DS, mm 307 277 276

BK, Q-m 28.8 25.9 45.4

GK, UR/h 7.8 8.6 8.4

W, % 41.5 49.7 41.7

GGKp, 1.77 1.86 1.81

g/cm?

AK, us/m 288.82 283.13 289.79

Kgl, % 58.0 69.7 66.5

Kp GGKp, % | 18.6 22.3 21.3

Kp NK, % 8.0 9.9 9.4

Kp AK, % 10.8 13.0 12.4

Lithology Carbonaceous argillite

Comparison of the data for wells T7 and T8
makes it possible to identify two different
approaches to the opening and development of the
coal seams of the Karaganda Basin. At well T7,
mechanical enlargement of the productive intervals
was used, which ensured a rapid transition to a gas
regime and a stable methane inflow of about 30 m3
per day. At the same time, the inflow of mineralized
waters with a high chloride content was recorded,
indicating the presence of natural fractures and a
hydraulic connection between the coal and aquifer
interbeds. This feature increases drainage efficiency
but requires the use of corrosion-resistant materials
and inhibitor programs to prevent salt deposition
and equipment degradation.

In contrast, at well T8, a strategy of hydraulic
fracturing aimed at creating an artificial filtration
system under conditions of low natural permeability
was implemented. The method requires precise
geomechanical calculations, diagnosis of the
formation state, and selection of the composition of
working fluids and proppants. Despite greater
technological complexity and costs, hydraulic
stimulation ensures expansion of the drainage
radius and the formation of a stable conductive
system, which in the future increases the stability of
gas deliverability and reduces the skin factor.

The mechanical enlargement applied at T7 is
effective for the rapid initiation of flow and
confirmation of seam productivity, whereas the
hydraulic treatment at T8 provides long-term
conductivity and a more uniform drainage of the
formation. A comprehensive analysis of the results
of both wells demonstrates the possibility of
adapting different stimulation methods depending
on geological conditions and the technological
objectives, and lays the groundwork for transitioning
to an industrial level of methane production from
the coal seams of the Karaganda Basin.

The results of commissioning well T7 and drilling
well T8 at the Taldykuduk site of the Karaganda
Basin make it possible to perform a comparative
analysis of the effectiveness of the applied
technologies against international practice. In the
United States—in the San Juan and Powder River
basins—industrial methane production from coal
seams is based on drilling horizontal and inclined-
directional wells with multistage hydraulic
fracturing. This approach provides stable gas rates
on the order of 30-80 thousand m3 per day and
higher [[17], [18], [19], [20]]. In China, vertical and
horizontal hydraulic stimulation methods, as well as
directional drilling technologies, are developing
rapidly, which has made it possible to raise annual
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methane production to more than 10 billion m3 [21],
[22]. The Australian experience shows that
combining vertical and horizontal wells with
hydraulic fracturing forms the most stable drainage
system, especially in low-permeability coals [[23],
[24], [25]].

Against this backdrop, research in Kazakhstan is
still at the stage of pilot-industrial testing; however,
the methane inflow of about 30 m® per day at well
T7 can be regarded as a significant achievement for
the initial stage of development. Similar figures were
recorded in the early stages of coal seam
development in the United States and China. The
application of mechanical enlargement at T7
confirmed its effectiveness in increasing the
filtration surface, but also revealed an
accompanying issue—the inflow of mineralized
waters that partially reduces the net gas rate.
Meanwhile, the hydraulic fracturing implemented at
well T8 is aimed at forming a long-term network of
drainage channels capable of ensuring a more stable
and higher level of performance [26].

For the geological conditions of the Karaganda
Basin, the most rational option appears to be a
combined approach that includes preliminary
mechanical enlargement of productive zones
followed by multistage hydraulic fracturing. Such a
combination makes it possible to unite the
advantages of both technologies: rapid engagement
of coal interbeds in gas release and the subsequent
stable development of the drainage system. These
solutions logically continue the results of the pilot-
industrial works and provide a basis for scaling up
production while controlling risks associated with
rate nonuniformity and water inflow.

Overall, a comparison of global and domestic
experience confirms that the Karaganda Basin has
high potential for industrial development of coal
seam methane. Further progress requires improving
inclined-directional drilling technologies,
introducing multistage hydraulic fracturing, and
integrating domestic patented solutions into a
unified technological complex, which will enable a
transition from the experimental level to industrial-
scale production.

Conclusions

Field work carried out at the Taldykuduk site in
the Karaganda Coal Basin has convincingly
confirmed the possibility of shifting from traditional
degasification measures—aimed mainly at ensuring
the safety of underground mining—to industrial

production of methane from coal seams. Testing of
the T7 pilot-production well showed a stable gas
inflow of about 30 m3 per day already at the initial
stage of commissioning. This result indicates the
high gas content of the Karaganda Suite seams and
confirms the site’s prospects for scaling industrial
methane production technologies.

Analysis of the effectiveness of various opening
and stimulation methods showed differences in the
mechanisms of formation impact and in operational
outcomes. The mechanical enlargement applied at
well T7 significantly increased the filtration surface
and enabled a rapid transition to a gas regime. This
approach is distinguished by implementation
simplicity and high reproducibility of results while
minimizing risks to the geomechanical stability of
the borehole. At the same time, an inflow of
mineralized waters with a high chloride content was
recorded, indicating the involvement of formation
horizons in the drainage process. The water factor—
especially during long-term operation—requires the
introduction of specialized inhibitor programs, the
use of corrosion-resistant materials, and monitoring
systems that ensure control of the near-wellbore
zone condition and the stability of the hydrodynamic
regime.

Hydraulic fracturing of the seam, prepared for
implementation at well T8, is a more expensive and
technologically complex operation, but it provides
different operational advantages. By creating an
artificial network of fractures, a stable filtration
system is formed in a coal mass with low natural
permeability, capable of maintaining a steady gas
inflow. An increase in the drainage radius and a
reduction in the skin parameter contribute to the
long-term stability of the flow rate and to bringing
low-permeability seams into production. Global
practice—primarily the experience of China, the
United States, and Australia—confirms that this
method is key in moving from the experimental level
to industrial-scale methane production.

Of particular importance is the possibility of
integrating mechanical enlargement and hydraulic
fracturing with domestic engineering solutions
protected by patents No. 8188, No. 10961, and No.
10923. The combined use of these technologies
creates a technologically flexible system that makes
it possible to adapt impact methods to specific
geological and technical conditions. Comprehensive
application of the methods ensures effective
reduction of reservoir pressure, redistribution of
flows, and formation of high-conductivity zones,
thereby increasing the system’s overall energy
return.

—— 43 ——



2027; 342(3):35-46

ISSN-L 2616-6445, ISSN 2224-5243

The practical value of the results obtained lies in
creating the prerequisites for organizing, on the
basis of the Karaganda Basin, a pilot-industrial test
site for methane production from coal seams.
Implementation of such a complex will not only
diversify Kazakhstan’s fuel and energy balance and
reduce dependence on imported natural gas, but
also raise the level of industrial safety of coal
enterprises through controlled reduction of gas
hazard and prevention of sudden outbursts.

Overall, the results of studies on wells T7 and T8
confirm the technological and economic feasibility
of industrial development of coal seam methane in
the Karaganda Basin. Combining stimulation
methods, applying innovative engineering solutions,
and adapting best international practices form the
basis for establishing a new coalbed methane
industry in Kazakhstan. This industry can not only
strengthen the country’s energy independence, but

also ensure sustainable regional development
through more environmentally friendly and rational
use of hydrocarbon resources.
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KapafaHabl Kemip 6acceiHiHiH Kemip KabaTTapbiHaH MeTaHAbl OHEePKACINTIK
eHAipyAiH nepcneKkTnsanapbl: TangblKyAbIK y4acKkeciHaeri TaXipnbenik-
OHAIPICTIK 3epTTeynep HaTUXKenepi

*Mycun P.A., AxmatHypos [1.P., 3amanues H.M., Ucuna H.E.

KEAK 3d6inkac CarbiHo8 ambiHOaFbl KaparaHObl mexHUKanbIK yHusepcumemi, KaparaHosl, KazakcmaH

TYWIHAEME

bipTekTi emec

Makana kengi: 7 kapawa 2025
CapanTtamagaH eTTi: 10 xeamokcaH 2025
Kabbinganapbl: 8 kaHmap 2025

rasgpl  CbifbiMaay,

GUNBTPALMA-CBINBIMABINBIK  KYPbINbIMbIMEH,
cunaTtTanatbiH KapafaHAbl CBUTACbIHbIH, KOMip KabaTTapbl. ©OHimAi vHTepBanZapAbl KeprinikTi
KeHeWTe OTblpbIN, Nakepaepai naganaHy apKblabl alMaKTblK OKLUaynay aHe 6akblnaHaTbiH
TMAPABANKANBIK CTUMYNALMA KOMAQHbIIFAH TiK YHFbIManap OypfbinaHabl. Famma-, TbiFbI3AbIK
JKOHE HEUTPOHAbIK KapoTaXK, KaBEPHOMETPUA, UHKAMHOMETPUSA, ra3-reOXMMUATIbIK MOHUTOPUHT
MeH ©TIMAINIrH aHbIKTay YWiH afblHAbIK CblHAKTapAaH TypaTbiH
reopusmnKanblk 3epTreynep KeweHi opbiHAaNAbl. KepH MeH Kemip yarinepiHiH, 3epTxaHanblk
Tangaynapbl agcopbuma—aecopbums KacMeTTepiH, 3NEMEHTTIK KYyPaMblH KIHE NAACT CyNapbIHbIH,
cMnaTTamanapblH KamTbiabl, 6y OHTalMAbl peareHTTep MeH rasgpl AaiblHAAY CXemanapbliH
TaHJayFa MyYMKIHAIK 6epai. TypakTbl genpeccus )araaibiHaa TayiriHe 30 m3-re geiiH arbiMapl
MeTaH Cycbl3 anblHAbl, 6yn Taxipubenik-eHAipicke nailganaHyfa AalblH €KeHiH pacTagpl.
TnApaBAMKabIK CTUMYAALMA KIHE YHFbIMANAP XKYMbIC PEXMMIEPIH OHTalNaHAbIPYAAH KeliH ras
[ebuTiHiH apTybl Tipkenai, byn kabaTka acep eTyai KaHe TMiMAi ekeHiH aanengeai. ebut xaHe
KbICbIM KMUCbIKTapbl 6oMblHWa nepdopauma apanbikapbl , rMApPOeHAeY WapTTapbl, COHAAN-aK

oHe KabaT KblICbIMbl

3eptrey KapafaHabl Kemip 6acceiHiHaeri TanapiKyablk yyackeciHgeri T7 xaHe T8 yHFbiManapbl
6oiMblHWa BypfFblnay »KaHe CbIHAK AepeKTepi HerisiHae Kemip KabaTTbiK MeTaHblH eHEepKacinTiK
eHAipy aneyeTiH bafanayra apHanfaH. yMbICTbIH MaKCcaTbl — HaKTbl F€0NOTMUANbIK-TEXHUKANbIK,
Kafoannapaa KyKTemeci TycipinmereH KabattapgaH meTaHAbl TUIMAI eHAipyai KamTamachbi3
eTeTiH UHXXeHepAiK WeliMmaepai a3ipaey aHe Tekcepy. 3epTTey HbiCaHbl — YKOfapbl rasgantaH,

oTe  KapblKWaKTbUIbIKNEH

CYCbI3JAHAbIPY KUHAKTAy JKyhenepiHe KOWbINATbiH TeXHONOTUANbIK,
napameTpnep anKkbiHAAAAbl. MHYMbICTbIH, NPAKTUKaNbIK MaHbI3AbIblFbl ©HEPKICINTIK MeTaH
OHAIPYAIH TEXHONOTUANBIK CXeMacblH Herisgeyfe KaHe Tay-KeH KYMbICTapbl KesiHae meTaH
KayniH a3aiTyaa YCbIHbIIFAH TACiNAj iCKe acblpy eHAipifreH rasabl aiMaKTblK 3HEepreTUKanbik
6anaHcka (kaHe 6aKplnaHbaWTbiH MeTaH LWbIFAapbiHAbINAPbIH  a3aliTyFa MYMKIHAIK 6epeai,
9KONOTUAIBIK dPi IKOHOMUKA/IbIK Naraa aKenesi.
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AHHOTAUMA

MccnepoBaHme NOCBALWLEHO OLEHKE NPOMBILNEHHOTO NoTeHuMana gobblum meTaHa U3 yroNbHbIX
nnactos KaparaHguHCKoro 6acceiHa Ha OCHOBE AaHHbIX BYPEHUA U UCMbITaHWUIA CKBAXKMH T7 1 T8
Ha TanablKyayKcKom yyacTke. Llenb pabotbl — paspabotatb u BepndMUMpPOBaTL UHIKEHEPHbIE
pelweHus, obecneunsatowme sdpPpeKTMBHOE U3BEYEHNE METAHA U3 HEPA3TPYXKEHHbIX NJACTOB B
peanibHbIX Tre0N0ro-TEXHUYECKUX ycnoBuAX. OBBEKT uccnefoBaHWA — YrosibHble MAacTbl
KaparaHAMHCKOM  CBUTbI,  XapaKTepu3yloWMecs  BbICOKOM  ra3sOHOCHOCTbIO,  Pa3BUTOM
TPELLMHOBATOCTbIO M HEOAHOPOAHON OUALTPALMOHHO-EMKOCTHOM CTPYKTYpoi. [MpobypeHbl
BEPTUKA/IbHbIE CKBAXKMHbI C IOKaNbHbIM PaCLUMPEHUEM NPOLAYKTUBHBIX UHTEPBANOB, 30HA/IbHOW
n3oNAUMEn C NPUMEHEHMEM MaKePOB M KOHTPO/SMPYEMOMN MAPABANYECKON CTUMYAALMEN.
BbINO/MIHEH KOMMAEKC reopu3nyecknx WCCAeA0BaHWMIA, BKAOYAOWMIA ramMma-, NAOTHOCTHOW W
HEMUTPOHHbIW KapoTaX, KaBePHOMETPUIO, NMHKIMHOMETPUIO, Fa30reoOXMMNYECKUA MOHUTOPUHT U
NPUTOYHbIE WUCMbITaHMA ANA  ONpejeseHnA nNNacToBoro [AasB/ieHMA U NPOHULL@EMOCTH.
JlabopaTopHble aHanM3bl KepHa M yraa OXBaTbiBaAu agcopbuMOHHO-4eCoPBLMOHHbIE CBOMCTBA,
3/1IEMEHTHbIW COCTaB M XapaKTePUCTUKM MAACTOBbLIX BOA, YTO MO3BOJIMIO BbIGPaTh ONTUMaNbHbIE
peareHTbl M CXeMbl NOArOTOBKM rasa. MonyyeHbl yCTONUMBbIE MPUTOKM MeTaHa A0 30 m3/cyT npu
CTabunbHOW Aenpeccun U OTCYTCTBUM NPUTOKA BOAbI, YTO NOATBEPKAAET FOTOBHOCTb K OMbITHO-
NPOMBbIWNEHHOW 3KcnyaTaumu. Mocne rMapoCTUMYAALUM U ONTUMM3ALUM PEKUMOB PaboTbl
CKBaXKMH 3adUMKCMPOBAHO yBenuuyeHne p[ebuta rasa, noaTeepskpatoliee 3PpHEKTMBHOCTb
BO34ENCTBMA Ha nnact. Mo KpuebiIM gaBneHus M aebuta onpepeneHbl TEXHONOrMYecKue
napameTpbl — MHTepBaabl nepdopaumm, ycnosua rmapoobpaboTkm u TpeboBaHMA K cucTemam
cbopa, OCYyLWKM U KOMNPUMMPOBaAHWA rasa. MpaKTMYecKkas 3HaYMMOCTb paboTbl 3akitoyaeTcs B
060CHOBaHMM TEXHO/OTMYECKON CXEMbl MPOMBIWIEHHON A06bIMM  MeTaHa U CHUNKEHUU
MEeTaHOoOoMNacHOCTM NPKW BeAeHMMN ropHbIX paboT. Peannsaums npeanoxXeHHoro nogxoaa no3sonut
MHTErpupoBaTh A0ObITbIV ra3 B PErMOHaNbHbIM 3HEPTO6aNAHC U YMEHBLUUTL HEKOHTPOUPYEMbIE
BbI6POCHI MeTaHa, 06ecneymBas 3KONOrMYECKME M SKOHOMUYECKME NPENMYLLECTBA.

Knrouesbie cnosa: meTaH, aerasaums, bypeHue, ruapopaspbiB Naacta, NPomblWaeHHas fobbiua,
ra3onpoHULAEMOCTb.
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ABSTRACT

The article presents the results of studies of magnesia binders of various material compositions.
The purpose of the work is to study the technological and operational properties of composite
magnesia binders containing metallurgical slag and magnetite ore. Solutions of magnesium
chloride and magnesium sulfate, as well as a mixture of them, were used to seal magnesia binders.
The technological properties of magnesia binders were evaluated by the consumption of saline
solution, consistency, and viscosity changes of the suspensions. To determine the operational
quality of composite binders, indicators of density, strength, water absorption and water
resistance were used. The dependences of the rheological properties of suspensions on the
composition of the dispersed phase and the type of saline solution are revealed. The operational
advantages of composite magnesia binders have been established and substantiated: increased
density, lower water absorption, increased water resistance and comparable strength compared
with caustic magnesite. The directions of using the developed magnesia-slag and magnesia-
magnetite binders are proposed. The research results are aimed at developing resource-saving
technologies for magnesia binders and concretes.
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Introduction

Modern trends in the development of
construction materials science are aimed at
developing resource-saving technologies using man-
made waste from various industries [[1], [2], [3]].

Cement production consumes significant
volumes of carbonate raw materials and fuel
resources, and is also accompanied by harmful
emissions into the environment [[4], [5]]. An
alternative to energy-intensive Portland cement are
composite binders containing active mineral
additives (granulated metallurgical slag, waste from
thermal power plants, etc.). Composite cements are
characterized by a reduced clinker content and
improved technical properties. However, cements
with a high content of mineral additives often
harden slowly early and fail to achieve high design
strength values. To address these issues,

technological approaches (increasing the fineness of
the binder grinding, introducing water-reducing
additives) are used, which complicate the process
and require additional costs [[1], [3]].

The development of modern construction
technologies is facilitated by the use of effective
materials. Magnesia binders, primarily caustic
magnesite, are characterized by high activating
properties for materials of various origins.

The hydration properties of latent substances
are activated by the combined action of caustic
magnesite (MgO) and a salt binder (MgCl, or MgS0,
solutions). Composite binders combined with
magnesium chloride exhibit increased hydraulic
activity due to the participation of chloride ions in
the formation of bridging polymer structures that
strengthen the magnesite rock [[6], [7], [8], [9]].

Consequently, the activating capacity of
magnesite binders is determined not only by the
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caustic magnesite but also by the composition of the
salt solution. This advantage of magnesite-chloride
activation underlies the production of composite
magnesite binders, which are comparable in
strength to caustic magnesite. Moreover, composite
binders differ from caustic magnesite in their
increased resistance to water and aggressive
environments [[10], [11], [12]].

The properties of composite magnesite binders
depend on the composition of the mineral component.
Several studies have confirmed the effectiveness of
combining caustic magnesite with fuel combustion
ash, metallurgical slag, and other man-made materials
([13], [14], [15], [16]].

A positive effect of iron additives on the physical
and mechanical properties and durability of
magnesite binders has been revealed [[17], [18],
[19]]. It is believed that the reduction in the
hygroscopicity of magnesite oxychloride binders
containing trivalent iron cations occurs through the
neutralization of the negative charge of magnesium
hydroxyl chlorides by the positive charge of trivalent
ions, as well as by reducing the electrostatic
attraction of water dipoles [[20], [21]].

To expand the scope of magnesite concrete
applications, research is needed into the properties
of composite binders, which determine the nature
of the technological process and the intended use of
the materials.

The aim of this study is to investigate the
technological and operational properties of
composite magnesite binders.

Experimental part

The object of the study was composite
magnesite binders based on caustic magnesite,
aluminosilicate, and iron components.

To produce the composite binders, caustic
magnesite grade 75 powder, containing 75-85%
MgO and characterized by a specific surface area of
290 m?/kg, was used.

Metallurgical slag containing the following
(wt.%) was used as the aluminosilicate component
of magnesite composites: SiO, 44.1; AlLO; 13.2;
Fe;030.9; Ca0 31.3; Mg0 5.2; SO32.1; other 3.2. The
main phases of the metallurgical slag were
akermanite, anorthite, and gehlenite. Magnetite ore
with a magnetite iron content of 89.6% was used as
the ferrous component. Non-metallic minerals

accompanying magnetite included
garnet, scapolite, actinolite, and epidote.

Composite binders were obtained by combined
milling of the components to a specific surface area
of 300-320 m?/kg. The dispersion of the binders was
assessed using a PSKh-10M device (manufacturer:
Own Technologies (Sobstvennyye Tekhnologii) from
Russia).

Magnesia binders are mixed with salt solutions.
The combination of caustic magnesite and
magnesium chloride solution ensures intensive
hardening and high strength. When caustic
magnesite is mixed with magnesium sulfate
solution, the hardened stone is more stable in an
aqueous environment [9]. For mixing the studied
composite magnesia binders, a magnesium chloride
solution with a density of 1250 kg/m?3, a magnesium
sulfate solution with a density of 1220 kg/m3, and a
mixture of these solutions with a magnesium
chloride content of 70% were used. The density of
the salt solutions was determined with a
hydrometer at a liquid temperature of 20-22 °C.

An  important  technological parameter
determining the performance characteristics of
composite materials is the rheological properties of
molding suspensions. Molding binders are non-
Newtonian fluids. During the preparation and
compaction of molding mixtures, internal friction
occurs between the layers of the suspensions, which
is characterized by viscosity. Suspensions exhibit
thixotropy if their viscosity decreases over time and
under mechanical stress. Suspensions are rheopexic
if their viscosity increases over time [22].

Suspensions were prepared using the binders
studied, and their state was assessed using a
standard instrument — a Suttard viscometer —
based on the diameter of the suspension's flow. The
amount of salt solution was adjusted to produce a
suspension with a flow diameter of 250-270 mm.

This state of magnesite suspensions is necessary
for viscosity measurements using an M3600
automatic rotational viscometer, which operates on
the "cylinder-in-cylinder" principle (manufacturer:
Grace Instrument, USA). The viscometer's cylindrical
measuring vessel was filled with the suspension, and
then the cylindrical rotor sleeve was immersed in the
suspension. The study algorithm involved rotating
the rotor at 10 revolutions per minute (rpm) for 60
seconds, followed by 200 rpm for the next 3600
seconds. Selecting the rotational viscometer mode
allowed us to observe changes in the viscosity of the

pyroxene,
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suspensions during the period of active
technological impact on the molding mixtures.

The performance characteristics of magnesite
binders were measured using physical and
mechanical properties such as density, strength,
water absorption, and water resistance of the
hardened stone.

To evaluate the properties of the hardened
binders, 20 x 20 x 20 mm samples were molded from
suspensions tested in a rotational viscometer. The
samples were allowed to harden in air.

Strength testing of the samples was performed
using a 100MG4A compact hydraulic test press
(manufactured by Special Design Bureau
Stroypribor, Russia).

Water absorption of the hardened stone was
determined based on the change in sample weight
after 24 hours of exposure to water.

The water resistance of the binders was
assessed using the softening coefficient, which was
calculated as the ratio of the strength of the material
exposed to water for two days to the strength of the
material hardening in air. Physical and mechanical
tests of the binders were conducted on six samples
from each series. The range of test results was 4.5-
6.7%.

Discussion of results

Preliminary  studies = demonstrated the
preference for composite binders containing 50%
mineral component (Table 1).

The liquid component content influences the
consistency of molding sands, the curing behavior,

Table 1 — Composition of magnesite binder suspensions

and strength properties. The combination of caustic
magnesite with mineral components reduces the
need for a salt solution to form a slurry of a given
consistency. The use of magnesium sulfate solution
increases the liquid-to-solid ratio for the studied
slurries.

The graphical dependencies (Figure 1) reflect
the nature of the change in suspension viscosity
when the rotor is running at 200 rpm. In the first 500
seconds, a decrease in viscosity is observed in all
suspensions due to the increased mixing speed in
the viscometer. Subsequent changes in viscosity
characterize the structure formation processes in
the suspensions. Initial viscosity values depend on
the composition of the binders. The use of
magnesium sulfate solution is accompanied by a
decrease in initial viscosity (Figure 1).

The viscosity of the MX suspension increases
starting from 1000 s and reaches 420 Cp (centipoise)
by the end of the tests. The MS suspension,
containing a magnesium sulfate solution, increases
its viscosity to 580 Cp in the period from 500 to 2400
s; subsequently, the suspension remains unchanged.
The MC suspension, containing a mixed salt solution,
increases its viscosity in the period from 700 to 2500

s. After reaching a viscosity of 580 cP, the suspension
remains unchanged until the end of the tests.

Unlike caustic magnesite suspensions, the
viscosity of magnesite-slag suspensions begins to
increase later and exhibits increased sensitivity to
the composition of the brine. The viscosity of the FX
suspension increases in the range of 1200-2500 cP,
reaching 580 cP, and subsequently remains stable.

Compo Composition of the binder, % Composit:)uni:f;he mixing o
sition ’ Liquid to
code caustic metallurgical magnetite magnesium magnesium binder ratio

magnesite slag ore chloride sulfate
MX 100 - - 100 - 0.65
MS 100 - - - 100 0.73
MC 100 - - 70 30 0.75
FX 50 50 - 100 - 0.51
FS 50 50 - - 100 0.53
FC 50 50 - 70 30 0.54
KX 50 - 50 100 - 0.43
KS 50 - 50 - 100 0.48
KC 50 - 50 70 30 0.50
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Figure 1 — The influence of the composition of binder suspensions on the change in viscosity in a rotational
viscometer (binders’ designations as in Table 1)

The viscosity of the FS suspension increases
starting from 1600 cP and by the end of the tests it
is 250 cP.

Magnesia-slag suspension FC, containing a
mixed salt solution, increases its viscosity in the
range of 1100-3000 s to 580 cP, and then remains
unchanged. Magnesia-magnetite  suspensions,
compared to similar magnesia and magnesia-slag
suspensions, are characterized by a lower initial
viscosity. The viscosity of the KX suspension
increases in the range of 1500-3600 s and reaches
580 cP. The viscosity of the KS suspension increases
in the period from 1500 to 3600 s and reaches 210
cP. Magnesia-magnetite suspension containing a
mixed salt solution increases its viscosity from 110
to 130 cP in the range of 1600—-3600 s. Iron, being an
acceptor metal, is capable of liquefying binder
suspensions [21].

The revealed patterns of influence of the
material composition of magnesite binders on the
rheological properties of suspensions will allow to
regulate the technological parameters of processing
molding mixtures in the manufacture of products.

The density of hardened binders reflects the
structural properties of the stone and depends on
the material composition (Figure 2). The binders
tested, hardened with magnesium sulfate solution,
are characterized by a stone density 16-19% lower

than similar oxychloride-cured binders. The reduced
density of oxysulfate-cured binders is due to the
lower density of the magnesium sulfate solution, the
increased amount of liquid used to obtain the
suspensions, and the amount and morphology of
hydrates.

The density of hardened magnesite composite
binders exceeds that of caustic magnesite due to the
chemical and mineral composition of metallurgical
slag and magnetite ore and the formation of
hydrates with their participation. The density of
hardened magnesite-slag binders is 3—14% higher
than that of caustic magnesite. The density of
magnesite-magnetite binders is 26—32% higher than
that of hardened caustic magnesite.

The water absorption of binder stone
characterizes the porosity of the structure and
affects the strength and durability of the material
(Figure 3). Open porosity of the stone, accessible to
water penetration, is formed due to unbound liquid
and also depends on the structure of hydrate
formations.

There is no direct correlation between stone
water absorption and the liquid-to-solid ratio. The
type of salt solution and the presence of
aluminosilicate and ferrous components have a
significant impact on stone water absorption (Figure
3).
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The loose structure of binders produced using
magnesium sulfate solutions exhibits increased
water absorption. For the water
absorption of MS, FS, and KS stones exceeds that of
MX, FX, and KX stones by 1.8, 2.8, and 3.1 times,
respectively. However, the differences in water
absorption between MS, FS, and KS are insignificant.
KX, a magnesia-magnetite binder of oxychloride
hardening, exhibits the lowest water absorption.
The amount of water absorbed by KX is 2.3 times less
than that of MX and 1.5 times less than that of FX.

The strength of hardened stone at 28 days
demonstrates the superiority of oxychloride-cured
binders (Figure 4). The strength of MX, FX, and KX
binders exceeds that of MS, FS, and KS binders by
2.0, 2.3, and 1.9 times, respectively. Binders
tempered with a mixed salt solution are comparable
in strength to oxychloride-cured binders.

The strength of magnesia-slag and magnesia-
magnetite binders is 87-102% and 85-95% of the
strength of caustic magnesite, respectively.

This proves that the strength of composite
binders only by magnesium
hydroxychlorides and hydroxysulphates, but also by
hydrates based on metallurgical slag and magnetite
ore [[11], [15], [16]].

The widespread use of magnesite binders is
hampered by their low resistance to water. It is

example,

is formed not

known that the combination of caustic magnesite
with mineral components increases the binder's
water resistance [[10], [12], [19]]. The results of the
study confirm the operational advantages of
composite magnesite binders (Figure 5). The
softening oxychloride-cured
composite binders is 1.5-1.6 times higher than that
of caustic magnesite mixed with magnesium
chloride solution.

coefficient of

Binders obtained using magnesium sulfate
solutions are generally characterized by increased
water resistance due to the stability of magnesium
hydroxy sulfates [[9], [17], [18]]. The low softening
coefficient values of the studied hydroxy sulfate-
hardening binders are due to the loose structure of
the stone obtained from suspensions with a low
content of the dispersed phase. The reason for the
low strength of MS, FS, and KS in water is the erosion
of contacts between hydrates, which is facilitated by
the high-water absorption of the stone.

Increased water resistance of composite binders
is ensured by the helicrystalline structure of the
stone, which, along with magnesium hydrochlorides
and hydroxysulfates, is formed by weakly
crystallized hydroaluminosilicates, hydrosilicates,
magnesium hydroferrites, hydrogarnets and iron
hydroxides [[12], [16]].
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Figure 2 — The influence of the composition of magnesite binders mixed with various salts
on the density of hardened stone
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Hardened binder is the component of concrete
structure that determines the strength and
performance properties of construction projects.
Magnesia binders offer a wide range of
compositional possibilities due to the combination
of caustic magnesite with mineral components and
salt solutions of varying compositions.

The ability to influence the physical and
mechanical properties of composite magnesite
binders through targeted selection of mineral
components and the composition of the salt solution
makes it possible to obtain building materials with a
wide range of changes in structural characteristics.

The high density of magnesia-magnetite rock
makes it suitable for use in radiation-protection
concrete.

Magnesia-slag binders of oxychloride hardening,
comparable in strength and other technical
characteristics to caustic magnesite, contain up to
50% man-made components and contribute to the
development  of  resource-saving  concrete
technologies with a low carbon footprint.

The diversity of composite magnesite binders is
the basis for targeted modification of the processes
of structure formation and regulation of the
properties of concrete for general construction and
special purposes.

Conclusions

The possibility of regulating the technological
and operational properties of magnesia binders of
oxychloride and oxysulfate hardening by using
metallurgical slag and magnetite ore in their
composition has been proven.

Composite magnesia-slag and magnesia-
magnetite suspensions differ from magnesia
suspension of equal consistency by a decrease in the
content of salt solution by 1.2-1.5 times.

Composite  magnesite  suspensions  are
characterized by long-lasting thixotropy. This will
expand the processing capabilities of molding
mixtures containing magnesite composites.

Hardened composite binders form a stone of
increased density, which reaches 1950-2400 kg/m?3,
and it can be used to produce particularly heavy
concrete.

Composite binders are characterized by slow
structure formation, while they are not inferior in
design strength to caustic magnesite.

The reduced water absorption of composite
binders is predetermined by the denser structure of
the stone. Magnesia-slag and magnesia-magnetite
binders exhibit increased water resistance due to
the helicrystalline structure of the stone. Weakly
crystallized hydrates formed with the participation
of metallurgical slag and magnetite concentrate are
compacted by undissolved particles of the original
phases, clogging the voids of the composite binders,
promoting compaction and increasing the stability
of the crystalline framework of magnesium
hydroxychlorides and hydroxysulfates.

The use of a mixed solution of magnesium
chloride and magnesium sulfate does not impair the
technological properties of magnesite suspensions
and allows for the regulation of the formation and
properties of the stone structure.

The developed composite binders ensure
resource conservation by reducing the proportion of
caustic magnesite by up to 50% and decreasing the
consumption of salt solution, expanding the
possibilities of using magnesite concrete for various
construction areas.

Composite magnesite binders are an alternative
to Portland cement. The excellent physical and
mechanical properties of magnesite binders,
coupled with their pronounced adhesive properties,
allow for the production of effective concretes
based on various aggregates. A promising
application for magnesite binders is multilayer
concrete with variable structure for enclosing
structures of buildings with various operating
conditions.
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KomnosuuuanbiK marHe3suAnbIK TYTKbIP 3aTTapAblH TEXHONOTUANDIK,
YKOHe naiiaanaHy Kacuetrepi

* Mupiok O.A., 2 Topwkosa J/1.B.

1 PydHelli MUHAycmpusnsik YHusepcumemi, PydHeili, Kazakcmax
2 Topalirbipoe YHusepcumemi, lasnodap, Kazakcmaw

TYWIHAEME

MaKanaga apTyp/ii 3aTTblK  KypamAaafbl MarHesuanblK 6ainaHbICTbIpFbILUTAPAbI  3epTTey
HaTUXKenepi KenTipinreH. MyMbICTbIH MaKcaTbl — KypambiHAA METANNYPrUANbIK KOXK KaHe
MarHeTUT KeHi 6ap KOMMNO3NUUANBIK MarHe3nANblK TYTKblP 3aTTapAblH TEXHONOTMUANDbIK XaHe
nanganaHy KacvetTepiH 3epTrey. MarHuii TyTKbIpAapblH apanacTbipy YwWwiH MarHuin xnopuai meH
MarHui cynbdaTbiHbIH, epiTiHAiNepi, coHAal-aKk onapablH, KOcnacbl KOAAAHbINAbI. MarHesuabik,

Makana kengi: 28 KasaH 2025 TYTKbIP 3aTTapAblH, TEXHOIOTUANDIK KacueTTepi Ty3 epiTiHAICIHIH, WbIFbIHbIHA, KOHCUCTEHLUMACBIHA
CapanTtamagaH eTTi: 8 #enamokcaH 2025 JKOHEe CycneH3uAnapAblH TYTKbIP/bIFbIHbIH, ©3repyiHe Herisgenin 6afanaHgbl. KoMnosmumanbik,
Kabeinaanabi: 9 kaymap 2025 TYTKbIPNAPAbIH NaiganaHy canacbiH aHbIKTay YLiH Tbifbi3AblK, 6EPIKTIK, Cyapl CiHipy KaHe cyfa

Te3iMAiNIK  KepceTKiwTepi KondaHbiaabl. CycneH3uAnapAblH, PEONOrUANbIK  KacueTTepiHiH,
avcnepcTi  ¢asaHblH, KypamMblHa KaHe Ty3abl epiTiHAHIH, TypiHe Tayenainiri aHbIKTangbl.
TbIfbI3AbIFbIHbIH, XOFapblNaybl, Cy CiHipiNyiHiH TOMeHaeyi, CyFa TO3IMAINIKTIH, }KOFapblaaybl KaHe
KayCTMKaNblK MarHesuTneH Ca/biCTbipFaHAA CaNbICTbIpManbl BepikTiri CMAKTbI KOMNO3ULMANDIK
MarHesuAbIK TYTKbIP 3aTTapdblH, NaianaHy apTbiKWbINbIKTapbl aHbIKTanabl. O3ipAeHreH
MarHesuAbIK-KOXKAbI *KIHE MArHe3uANbIK-MarHeTUTTIK TYTKbIP 3aTTapabl NaiganaHy b6afbiTTapbl
YCbIHbINABI. 3epTTey HaTUXKeNepi MarHesuT 6alinaHbICTbIpFbIlUTapbl MeH 6ETOH YLWiH pecypcTapapl
YHEMIEWTIH TexHonormanapapl asipneyre 6arbiTTanFaH.

TyiiiH ce30ep: KayCTUKaNbIK MarHe3uT, MeTaNNypPrusblK KOX, MarHeTUT KeHi, KOMNO3ULUANBIK,
TYTKbIP, CYCNEH3MAHDBIH, TYTKbIP/bIFbI, TACTbIH, KYPbIJbIMbI.
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TexHOoNOrMyecKkue 1 sKcnayatayMoHHble CBOMCTBA KOMNO3ULUUNOHHDbIX
MarHesnazibHbiX BAXYLUX

* Mupiok O.A., 2 Topwkosa /1.B.

1PyoHeHcKuli UHOycmpuansHelli YHusepcumem, PydHsid, KazaxcmaH
2 Topatizbipos YHusepcumem, Maesnodap, Kazaxcmarx

AHHOTAUMA

B cratbe npuBeaeHbl pe3ynbTaTbl MCCﬂeAOBaHMVI MarHe3snasbHbIX BAXYLWMX pPa3/IMYHOIo
BellecTBeHHOro cocrtasa. Llenb paGOTbI — nuccnenoBaHune TeXHONOrMYeCKUX U 3KCNyaTauMOHHbIX
CBOWCTB KOMNO3UNLUMUOHHbIX MarHesnasbHbIX BAXYLWUX, coAepKalnx MeTanI’IprMHeCKMﬁ wnak n
MarHeTutTosyto pyay. [na 3aTBOpeHMA MarHesmasibHbIX BAXKYLWMX WMCNONb30BanM pPacTBOPbI
Xnopuga MmarHma wu cynbd)aTa MarHus, a TaKXe WX CMecb. TexHO/MorM4yeckue CBOMCTBA

Moctynuna: 28 okmabps 2025 MarHesuanbHbIX BMKYLMX OLEHMBAAW MO Pacxody COMEBOTO PacTBOPa, KOHCUCTEHLMWM U
PeueHsuposaHue: 8 dekabps 2025 M3MEHEHMIO BA3KOCTM  CycneHsuwit. [lnAa  onpefeneHua  3KCMyaTauMOHHOTO  KadyecTsa
MpuHATa B NevaTb: 9 AHeapA 2025 KOMMO3ULMOHHBIX  BSXKYWMX  MCMONb30BaAM  MOKasaTeNn  NAOTHOCTM,  NPOYHOCTH,

BOZOMOrNOLLIEHMA N BOAOCTOMKOCTU. BblsiBNIEHbI 3aBUCUMOCTH PEONOMMYECKUX CBOMCTB CyCneH3ni
OT cOoCTaBa AWCnepcHoW ¢asbl M BMAA CONEBOrO0 PacTBOpa. YCTaHOB/AEHbl M OBOCHOBaHbI
3KCM/yaTaLMOHHbIE NPENMYLLECTBA KOMMO3ULMOHHbBIX MarHe3uanbHbIX BAXKYLIMX: NOBbIWEHHAn
NAOTHOCTb, MeHbllee BOAOMOI/IOWEHNE, MOBbILWEHHAA BOAOCTOMKOCTb M COMOCTaBMMAasn
MPOYHOCTb MO CPABHEHWIO C KAyCTUYECKMM MarHesutom. [lpeanoxeHbl HanpasaeHus
MCMO/b30BaHMA pa3paboTaHHbIX MarHesmasibHO-WAAKOBbIX M  MarHesmasibHO-MarHeTUTOBbIX
BAXKYLUMX. Pe3ynbTaTbl WCCNefOBaHWI HanpaBieHbl Ha pas3BUTME pecypcocbeperatowmx
TEXHONOTMIA MarHe3nanbHbIX BAXKYLLMX U 6ETOHOB.

Knrouesbie cnoea: Kaycmqecxmﬁ MarHeswur, MeTaﬂJ’IypI’l/l"leCKMﬁ WwiakK, MarHeTuToBaa pyaa,
KOMNO3NUWMOHHbIE BAXYLWWE, BASKOCTb CyCHeH3MVI, CTPYKTYpPa KaMHA.
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Development of technology for obtaining high-purity sodium chloride with
induced impurity removal and process modeling
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ABSTRACT

High-purity NaCl is required for chemical processes. Halite from the South Kazakhstan Bakhyt Tany
deposit contains CaSO,4 and Ca?*/Mg?* that degrade quality and operability. The article presents
statistical processing and modeling of impurity deposition with phosphate ions using an
automated calculation process. A stoichiometric amount of NazPO, was added to the NaCl 315
Received: November 7, 2025 mol/dm? brine, stirred for 25-30 minutes, precipitated for 30 minutes, and filtered. Sulfate was
Peer-reviewed: November 19, 2025
Accepted: January 12, 2026

quantified by barium-sulfate turbidimetry; residual Ca?*/Mg?* in the filtrate was measured
titrimetrically. The Excel 2000 workbook performs coefficient estimation, significance testing,
model adequacy testing, and error analysis. Response optimisation is also carried out through
protected input fields. The resulting second-order models are adequate within the studied range
of factors, reflect significant main effects and interactions, and predict optimal process modes,
which have been confirmed experimentally. Under optimized conditions, removal reached 99.9%
for Ca?* and 99.8% for Mg?*. Sulfate ions remained at trace levels in the NaCl product. The
framework enables reproducible parameter selection and provides a basis for integrating near-
zero-waste handling of co-products in subsequent process design.

Keywords: phosphate-induced precipitation, high-purity sodium chloride, modeling & statistical
analysis, near-zero-waste flowsheet, Ca/Mg ions removal.
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Introduction

Sodium chloride is one of the most important
reagents in the chemical industry and one of the
most common mineral salts. Of all the Asian
countries, Kazakhstan has the largest number of salt
lakes [1]. The salt deposits in southern Kazakhstan
have a high sodium chloride concentration and also
contain sodium sulphate, as well as calcium and
magnesium salts in the form of chlorides and
sulphates. In deposits closer to the west, such as
Inder, Chelkar, and Satimola, the mineral also
contains potassium chloride [[2],[3]].

The price of sodium chloride is directly
dependent on its purity [4]. Sodium chloride is found
in a solid mineral state in nature. In most cases,
insoluble residue and calcite magnesium ions
crystallise into the mineral along with sodium
chloride [[5], [6]]. Consequently, it is imperative to

dissolve the mineral and subsequently precipitate
the residual ions [7]. The conventional
methodologies employed for the purification of
sodium chloride encompass the utilisation of sodium
bicarbonate and limestone. However, to obtain
high-purity sodium chloride by these methods, the
process must be multi-stage [[8],[9]].

After precipitation, any solid particles that are
insoluble in the solution are removed by filtration.
The crystallisation of sodium chloride allows pure
salt to be separated from impurities; this process is
also subject to the kinetic laws related to solubility
and temperature [10]. The technological processes
of natural salt raw materials are determined by the
final equilibrium states of the processed raw
materials' components and the introduced reagents,
as well as by kinetic factors. The latter either hinders
or facilitates the implementation of technical
solutions. The kinetics of dissolution processes
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depend on various factors, including the nature and
composition of solids, the composition and
temperature of solutions, the size and shape of
crystals, and the instrumental conditions of
dissolution [11].

Understanding the kinetics of the process of
purifying sodium chloride from calcium and
magnesium ions is key to developing effective
technologies for producing a high-purity product.
Understanding the reaction rate, mechanism, and
factors affecting the process enables the purification
conditions to be optimised and salt of the required
purity to be obtained [[12], [13]]. Using
mathematical modelling and experiments helps
control the process more accurately and achieve the
desired results. The precipitation rate depends on
the concentration of the reagent, the temperature,
and the reaction time [14]. The purification of
saturated brines containing sodium chloride from
calcium and magnesium is of great importance for a
number of industrial processes. These include the
production of chlorine and alkali, as well as food and
pharmaceutical salts.

As demonstrated in the studies conducted by Mi
et al. [15], Bouaziz et al. [16], and Pérez-Gonzalez et
al. [17], elevated ion concentrations, in conjunction
with the presence of competing anions such as
sulfate, have been shown to impede the process of
calcium and magnesium precipitation. A variety of
purification methods are employed in industrial
settings, including the lime-soda method and
selective precipitation using phosphates or
carbonates. However, magnesium precipitates to a
greater extent than calcium and requires stricter pH
control. Despite the incorporation of a sufficient
quantity of reagent, magnesium may persist in
solution. Consequently, a combination of reagents
and multi-stage treatment is frequently employed in
practice. Presently, the potential for the utilisation
of impurities as valuable resources is a subject that
is being subjected to actively studied. Precipitation
of magnesium from brines is a promising area of
research. As research has shown, [[15], [16]]. The
brine purification process can be integrated with the
production of magnesium salts and magnesium
hydroxide. Magnesium salts have a wide range of
applications, including in the production of materials
or fertilizers. Studies have shown that the
effectiveness of purification from impurities
depends not only on the choice of reagent, but also
on consideration of kinetic factors such as time,
temperature, and mixing speed.

The objective of the present study is to develop
and validate mathematical models of the
purification of sodium chloride solutions from

calcium and magnesium ions by sodium phosphate
and to perform statistical analysis of the resulting
datasets. To enable optimization toward a high-
purity NaCl product, we further identify and quantify
the factors controlling the rate and efficiency of
impurity precipitation. In parallel, we design and
assess a near-zero-waste flowsheet that converts
phosphate-bearing by-streams into fertilizer co-
products. The combined modeling, statistical
treatment, and flowsheet evaluation provide a basis
for comparative benchmarking against conventional
purification routes.

Experimental part

The salt of the South Kazakhstan region of the
Bakhyt Tany deposit was selected for the study. The
guantification of sulfate ions was achieved through
the implementation of barium sulfate turbidimetry.
The content of calcium and magnesium ions was
measured using EDTA titration. Microstructure of
the samples and elemental analysis were performed
using a JSM 6610 LV scanning electron microscope
manufactured by the Japanese company JEOL, using
the INCA Energy 450 energy dispersive microanalysis
system. The measurement accuracy was within
0.01%.

In the process of cleaning the brine from
impurities, phosphate ions were used as a
precipitator. A saturated salt solution of halite with
a concentration of 315 mol/dm? was prepared for
the experiment. A stoichiometric amount of sodium
phosphate was added to the concentrated solution
to precipitate calcium and magnesium salts. The
resulting mixture was continuously stirred in a
thermostat for 25-30 minutes, then the particles
were allowed to settle for 20-25 minutes and
filtered. The filth was rinsed with clean water. The
remains of insoluble salt and insoluble calcium and
magnesium compounds settled on the filter in the
form of sediment. The amount of calcium and
magnesium ions present in the filtered brine was
determined by titration with EDTA. The NaCl
solution thus obtained is then employed in the
treatment and drying of the target product.

The objective of the present study is to
automate the processing of research results. To this
end, a program for a personal computer has been
developed. The program is based on MS Excel 2000
running on Windows. This development allows you
to quickly obtain all the necessary calculation results
online. This, in turn, made it possible to accurately
determine the optimal conditions for the ion
deposition reaction. The programme has been
developed in the form of an Excel workbook. It is




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

evident that within the confines of the book, on a
specific page, ancillary materials are present. These
materials encompass matrices of intermediate
values, formulae for calculating parameter b, and
statistical processing, among others. It is important
to note that all fields on this page, with the
exception of input fields, are protected from random
changes. The following elements are designated as
input fields: a column for entering output Y values; a
row for entering input parameters X on a natural
scale, utilised in the search for the optimal mode;
and a field for entering the experimental output
value obtained after laboratory testing of
optimisation results. In addition to the current input
values, the main sheet displays: coefficient
estimates b; significant coefficients according to the
Student's criterion; the result of the Fischer criterion
adequacy test; for each experiment, there are
absolute and relative approximation errors when
using all b and only significant b; average total
relative error in the sample; the result of the search
for the optimal mode; absolute and relative error for
computational and experimental verification.

The discussion of the results

The mineral halite from the Bakhyt-Tany deposit
in the Sozak district of the South Kazakhstan region
was selected for detailed study. The sodium mineral
present in the selected deposit is distinguished by its
low impurity content, its superficial location, and its
high sodium chloride concentration. Preliminary
research by the authors [18] indicates that the
moisture content of the samples ranges from 0.6 to
3%. It was possible to calculate the approximate salt
composition of the halite mineral based on the
results obtained. The composition of the solution is
as follows: calcium sulfate (CaSO,) at 2.5%,
magnesium sulfate (MgSQ4) at 0.18%, magnesium
chloride (MgCly) at 0.37%, and sodium chloride
(NaCl) at 88.4%. The mineral has been found to
contain up to 2-3% by mass of insoluble residue.

In a previously published paper [[17], [18]], we
presented experimental results on the purification
of NaCl solutions from Ca%* and Mg?* ions using
sodium phosphate. The present article is devoted to
the statistical processing of the aforesaid
experimental data and the mathematical modelling
of the process, with a view to identifying significant
factors, constructing predictive regression models,
and optimising the conditions for obtaining a high-
purity product. Consequently, the present study
extends the findings of [18] from the level of a
laboratory experiment to that of a quantitatively

verified model and computational optimisation,
whilst also addressing integration into a near-zero-
waste scheme.

A study was conducted to ascertain the most
effective method of purifying the natural mineral of
the Bakhyt Tany ore — halite. The study incorporated
various factors into its mathematical planning,
including the chemical composition of the raw
materials, the degree of purification, the
temperature, and the time of purification. The study
aimed to determine the dependence of the degree
of purification Y on such factors as: a) temperature
X1 (K), b) time Xz (min), and c) degree of purification
X3 (%). In order to establish the dependency sought,
it was necessary to ascertain the value parameters
in the mathematical model that adequately
described the cleaning process. These were given in
the form of the regression equation below:

V=Bo+B1X1+B2Xo+B3X3+B11X1%+ B2oXo?+ B3sXs+
B12X1Xo+ B13X1 X3+ B23X2 X3 (1)

The determination of the value parameters b
was achieved by utilising the method of planning a
second-order rotatable experiment. Following a
comprehensive analysis of the system in question,
the range of possible changes to the factors was
determined and is presented in Table 1 and Figure 1.
Based on the results of the experiments, the optimal
parameters of the technological regime were
determined, and they are shown in Table 2. The
processing of the experimental results was
conducted in accordance with the prevailing
methodology.

The following table presents the results of
studies undertaken to ascertain the levels of factors
and their ranges of variation.

Table 1 - Results of studies to determine the level of
factors and their ranges of variation

Factors X1 X2 X3

Lower level (-1) 10 20 90

High Level (+1) 45 25 105

Zero level (0) 27.5 22.5 97.5

Variation interval 17.5 2.5 7.5

(AX)
Shoulder+a 56.935 | 26.705 110.115
Shoulder-a -1.935 18.295 84.885
Table 2 - Calculated optimal parameters of the

technological regime

Ne X1,°C | X2, min | X3,% |Y, degree of
purification
1 25 30 95 99.9
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The equation is adequate!

(@)

Coefficients of the model Coefficients of the model

At: coeﬂfi‘lclients significant At: coef;i'lclients significant
BO 97.88290 97.88290 BO 99.07944 99.07944
Bl X1 -0.02928 0.00000 Bl | X1 0.75263 0.75263
B2 X2 -1.22742 -1.22742 B2 | X2 -0.27084 0.00000
B3 X3 -0.32341 -0.32341 B3 | X3 -0.42955 -0.42955
B11 | X1*X1 0.53413 0.53413 B11 | X1*X1 -1.40842 -1.40842
B22 | X2*X2 -1.28667 -1.28667 B22 | X2*X2 -1.12557 -1.12557
B33 | X3*X3 0.07451 0.07451 B33 | X3*X3 -0.78970 -0.78970
B12 | X1*X2 0.47500 0.47500 B12 | X1*X2 -0.13750 0.00000
B13 | X1*X3 -0.92500 -0.92500 B13 | X1*X3 0.11250 0.00000
B23 | X2*X3 -0.32500 -0.32500 B23 | X2*X3 -1.73750 -1.73750
The number is The number is

- - 9 L - 7

significant.coefficient. significant.coefficient.
The calculated F-criterion 4.1 The calculated F-criterion 4.5
Tabular F-criteria 5.1 Tabular F-criteria 5.1

The equation is adequate!

(b)

Figure 1 — Coefficients of the quadratic regression model and the experimental plan in coded variables (X1-X3);
the values of all significant coefficients, a matrix of dimensionless inputs, as well as the result
of the adequacy test by the F-criterion are shown: (a)Mg; (b) Ca

During the mathematical processing of the
fractional factor experiment data, the coefficients of
the regression equations were estimated, and the
following second-order models were obtained in
encoded coordinates:

Y=97,88290-0,02928X1-1,22742X-
0,32341X5+0,53413X1%-1,28667X,2+0,7451X52 )
+0,47500X1X-0,92500X1X3-0,32500X2X3
¥=99,07944+0,75263X1-0,27084X,-0,42955Xs-
1,40842X:%-1,12557X,2- 0,78970X32 (3)
-0,13750X1X,+0,11250X1X5-1,73750X2Xs

The obtained regression equations (2) and (3)
adequately describe the behavior of the system in
the studied range of factors (verification by the
Fisher criterion: Feacuation<Ftable The signs and
relative values of the coefficients are consistent with
chemical expectations: the linear contribution of X»
and negative quadratic terms for X;-Xs indicate the
existence of internal limitations on
"supersaturation" and optimal dose/time windows
beyond which precipitation efficiency decreases.
The presence of statistically significant interactions
confirms that process management requires
balancing factors rather than independently
adjusting them. The mean relative approximation
errors are negligible, and the discrepancy between

the calculated and verified (laboratory) Y output is
within the stated margin of error. This renders
models a viable engineering tool for operational
forecasting of the degree of purification and the
selection of modes. To assess the reproducibility of
the results, the variation in the degree of purification
of the solution from magnesium and calcium ions
was analysed. The measurements were performed
in three parallel repetitions (n = 3), and the obtained
values are presented as fluctuation intervals. The
degree of purification from magnesium ions after
optimisation was 98.5—-99.8%, which corresponds to
a relative error of approximately +0.6%. Similarly,
the degree of purification from calcium ions was in
the range of 98.2-99.8%, which corresponds to an
error of approximately +0.8%. Such small
fluctuations in the results indicate high stability and
reproducibility of the process.

Flow chart and its comparison with analogues

The conventional protocol for the purification of
salt rocks and brines involves a series of operations,
including rock crushing, dissolution, removal of
insoluble residue, precipitation of impurities, and
filtration. In patent KG 1428 (CO1D 3/08,
03/30/2012) [19], it is proposed that barium
hydroxide be introduced into a heated (50-70 °C)
solution at a sulfate-ion ratio of 1.37-1.50:1. The
method's primary benefits are twofold: firstly, it
accelerates the process by eliminating multi-stage
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deposition; secondly, it reduces consumption of
reagents and energy.

The principal disadvantage of the barium
approach is the use of toxic Ba(OH) (hazard class 2),
which complicates the achievement of a reagently
pure salt and increases safety and waste
management requirements. Furthermore, in the
presence of Ba(OH),; and subsequent neutralisation
of HCl, soluble CaCl, and MgCl, are formed; thus,
calcium and magnesium pass into solution and are
not removed from the sodium chloride matrix.

An evaporative method for producing
commercial salt is also widely known [20] [RU
2075440, C01D 3/06, 1997], which provides "Extra"
quality for the food industry (Ca = 0.02 wt.%, Mg =
0.01 wt.%, K = 0.02 wt.%, SO.> = 0.16% by weight).
Nevertheless, this level of purity is inadequate for
the tasks of fine organic synthesis, electrochemistry,
and microelectronics, where lower levels of
impurities and the absence of corrosive acid
residues are required.

The closest method to ours is the RU 2495825
method (C01B 3/14, 10/20/2013) [21], which
involves the purification of a saturated NaCl solution
at 25 °C from mechanical impurities. This is achieved
through a series of processes including evaporation,
crystallisation, centrifugation, subsequent washing
and drying. Before the process of evaporation, the
solution is subjected to treatment with HCl at a
concentration of 1.0-1.5 wt. %. This is followed by
the process of boiling and the washing of the crystals
with high-purity water. The process is characterised
by multifarious disadvantages, including but not
limited to:

- Multi-stage
inefficient and costly.

- The use of concentrated hydrochloric acid,
which is liable to cause corrosion of equipment and
necessitates additional flushing with expensive
water, thus increasing capital and operating costs.
Existing solutions are characterised by the utilisation
of toxic reagents (Ba(OH),), the provision of food but
not chemical purity, or the requirement of acid
treatment and energy-intensive steaming. It is
imperative that a technologically simple, safe, and
economical scheme is implemented for the selective
removal of Ca?* and Mg* ions, without the
introduction of corrosive components.

The proposed method is based on the selective
precipitation of calcium and magnesium in the form
of insoluble phosphates during the treatment of
brine with sodium phosphate. The technology
combines mechanical desalination, dissolution, and
circulation of saturated NaCl fluxes with single-stage

operation, which is both

stoichiometric phosphate injection and subsequent
gravity filtration phase separation. CaSO,4 is an
undesirable impurity in the composition of salt and
insoluble residue. In the production of soda, it
increases the formation of scale in evaporators and
reduces the efficiency of the process. There are
special purity requirements for food salt.

Calcium sulfate is a valuable raw material.
Recent studies [[22], [23]] have shown that it is
widely used in various fields, including the
production of building materials, ceramics, soil
improvement products, and asphalt concrete
composites. Thus, the removal of CaSO,4 from halite
has two main advantages. The first is to improve the
quality of salt. Secondly, the creation of
opportunities for processing and reuse of this by-
product in other industries.

Based on the results of the study, a technological
scheme was developed, shown in Figure 2. The
production process of table salt begins with loading
salt into a mixer (1). Then, mechanical impurities are
removed using a circulating saturated solution,
which is heated to a temperature of 20-25 ° C and
remains for 30 minutes.

Throughout the entire process, a constant ratio
of solution and salt is maintained — 3:1 by weight.
The resulting suspension is separated by sieving on
a sieve (2). The solution containing mechanical
impurities passes through a walnut filter (3), where
it is cleaned. This solution is returned to wash the
sodium chloride salt.

The ore that has been washed is dissolved in
water, and the resulting solution is passed through a
filter press to remove any remaining water. Then the
solution reaches a saturation state in the reactor at
a temperature of 25 °C. At this point, sodium
phosphate is added to the solution in an amount
equal to 95% of the stoichiometric norm. This is
necessary for the precipitation of calcium and
magnesium impurities. The resulting suspension is
then settled in a sump (5), where it is divided into
two layers. The top layer containing impurities is a
condensed pulp, which is filtered in a filter (6). The
filtered sludge is removed, and the filtrate and
washing water are returned to the reactor (4) for
reuse.

The clarified part of the solution is drained from
the sump and enters the spray dryer (7), where it is
dried using flue gases at a temperature of 100-110 °
C. As a result of this process, sodium chloride
crystallizes. The dried crystalline product is
transferred from the dryer to the screw feeder (9),
where it undergoes a cooling period, and then
packed.
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Final product NaCl

Figure 2 - Technological scheme

The proposed method has several advantages
over the existing method. Firstly, it does not require
the use of concentrated hydrochloric acid in the
cleaning process, which avoids corrosion of the
equipment and eliminates the need for thorough
washing of sodium chloride crystals with high-purity
water. Secondly, this method significantly simplifies
the technological process and reduces energy costs.

This scheme provides three valuable products:

1. Pure NaCl

2. Building composite CaSO,4

3. Phosphorites, which can be used as raw
materials for fertilizers

In addition, solutions are recycled during the
processing process, which helps to reduce costs and
minimize toxic by-products. This technological
approach is characterized by almost zero waste,
which is an important aspect of sustainable
production. During the processing process,
impurities are converted into resources, which
effectively eliminates their waste status.

As illustrated in Figure 3, the spectrogram of
the resulting product is evident. As demonstrated in

Table 3, the analysis of the elements has been shown
to confirm the high degree of purity of the sodium
chloride obtained.

Table 3 - Elemental composition of the obtained sodium
chloride

Element Mass % Atom, %
Na 36.87 47.39
cl 63.13 52.61

Figure 3 - Spectrogram of the obtained sodium chloride
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Cost analysis showed that the main costs of
obtaining one ton of purified sodium chloride are
related to the price of the feedstock and reagent,
sodium phosphate. Under optimal conditions, the
cumulative variable costs amount to KZT 25,782 per
ton, and the permanent costs amount to KZT 5,000
per ton. This results in a total cost of about 30,782
tenge per ton. Taking into account the trade margin
of 15%, the selling price of the product is 35,399
tenge per ton. Thus, the expected profit from the
sale of one ton of purified sodium chloride is
approximately 4,600 tenge. Calculations confirm
that the use of sodium phosphate as the main
reagent significantly affects the cost of the process.
However, the optimized technology remains
economically beneficial. The absence of significant
energy costs and a small amount of waste make this
method more preferable from an environmental
and economic point of view compared to alternative
cleaning methods.

Conclusions

A statistical and mathematical model of
phosphate-induced purification of NaCl brines from
Ca?* and Mg* has been developed and verified;
second-order models (2)-(3) are adequate according
to the Fisher criterion and technologically
interpretable.

The identification of dominant factors and
significant interactions has been achieved, thereby
excluding independent parameter setting and
requiring coordinated mode management.

The calculation of optimisation, based on the
models, provides the target removal rates: The
concentrations of Ca?* and Mg** were found to be
99.9% and 99.8%, respectively, within the specified
factor windows.

It has been demonstrated that SO4% does not
integrate into the halite lattice and is concentrated
in the mother cell; only trace amounts of sulfates
remain in solid NaCl, which confirms the consistency
of the model with product analysis.

A scheme for the reduction of waste, with three
distinct streams, has been established. The target
product is pure NaCl, CaSO,; with mechanical
impurities, has been identified as a suitable building
material/filler. Phosphates of calcium and
magnesium are considered suitable as co-products
for use as fertiliser.

In  comparison with conventional acid-
evaporation and barium methods, the proposed
scheme eliminates the use of toxic reagents and
corrosive media, reduces the number of stages,
water capacity and OPEX, while maintaining or
exceeding the purity level.

The implementation of an application tool in the
form of an Excel workbook has been undertaken for
the purpose of facilitating instant calculations,
optimising search functions and expediting the
verification of modes. This development serves to
streamline the transfer of results to the production
site.

The dependencies obtained provide direct
engineering regulations, including factor operating
windows, sensitivity gradients, stopping criteria, and
guality control metrics.

The original experimental arrays from the
previously published work have been rethought, and
through statistical processing and modelling they
have been transformed into a predictive
optimisation tool ready for scaling.

The environmental impact of the process is
evident in the transformation of "impurities" into
resource flows, as well as the closure of brine
circulation. These factors serve as indicators of a
practical, waste-free process. This section is not
mandatory but can be added to the manuscript if the
discussion is unusually long or complex.

The proposed model and scheme ensure
industrially significant purity of NaCl with a
minimum of stages and waste, as well as create
economically useful co-products (CaSO4 and Ca/Mg
phosphates). This makes the technology competitive
and sustainable for implementation in modern
chemical technology chains.
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Kocnanappapb! KeTipyai MHAYKUUANAY apKbl/bl }KOFapbl Ta3a/bIKTaFbl HaTpUiA
X/10pUAiH any TEXHONIOrUACBIH 33ip/iey XKaHe NpouecTi moaenbaey

Vpaskenpuesa [.A., ‘Kapup6aesa A.A.

M. dyesoe ameiHdarel Ohmycmik KazakcmaH 3epmmey YHusepcumemi, LLibimkeHm, KazakcmaH

TYAIHAEME

XvMUANbIK npouecTepre }ofapbl TasanbikTafbl NaCl kaxeT. JereHmeH OHTYCTiK KasakcTaHaafbl
BaKbIT TaHbl KeH OpPHbIHAH aNblHFaH raAnTTiH KypambiHaa CaSO, waHe Ca?*/Mg?* 6ap, onap eHim
canacblH TemeHgeTeai. byn makanaga ¢dochat MoHAApPbl apKbIbl KOCManapAblH, TYHYbIH
aBTOMATTaHAbIPbIFaH ecenTey NPOLECiHIH, KOMEriMeH CTaTUCTUKANbIK 6HAEY KaHe Mmoaenbaey
yCbiHbInagpl. 315 monb/am® NaCl Tysabl epiTiHgiciHe cTexnomeTpuanbik menwepae NazPO,
Kocblnabl, Kocna 25—-30 MMHYT apanactbipbingpl, 30 MUHYT TYHABIPbIIAbI KOHE KeWiH cysinai.
CynbdattbiH, Menwepi 6apuii cynbdaTbiH KONAAHATBIH TYPOUAUMETPUANDIK DAICNEH aHbIKTaNAb!;
dunbTpatTarbl Kanabik Ca?*/Mg?* TuTpumeTpuanbik agicneH enweHai. Excel-2000 xymbic
KiTabblHAA@ KOpFfanfaH eHrisy epictepi apKpiabl KoddoduumeHtTepai 6aranay, CTblOAEHTTIH, t-
CblHafblHA HerisgenreH MIHAINIKTI Tekcepy, ®PuwepaiH CaMKecTiK Kputepuiti, KaTenepai
AMarHOCTUKaNay KaHe KOpfanfaH eHrisy epicTepiH naiganaHbin kayan 6eTiH oHTalnaHablpy
JKy3ere acblpbingpl. HaTuxKeciHAe anblHFaH eKiHwi peTTi mogenbaep 3eptrenreH $aKTop/bIK,
KEHiCTiKTE afeKBaTTbl 6ObIN LWbIKTbI, MaHbI3Abl HETI3ri }XaHEe ©3apa SpEKeTTecy acepepiH alwbin
KOPCETTI XKaHe Taxipnbe »Ky3iHAe pacTanfaH }KyMbIC allmaKTapblH 601Kaabl. OHTaNaHAbIPbINFaH
wargannapga Ca®* ywix skoto Trimginiri 99,9%-ra, Mg2* ywin 99,8%-fa »eTTi, an NaCl eHimingeri
cynbdat menwepi 6onmawbl AeHrerge Kangpl. YCbiHbUIbIN  OTbIpFaH d4iC  ONTUMAanabl
napameTpnepai TaHAayFa MYMKIHAIK 6epegi »KoHe npouecTi KeliH »obanay KeseHiHae
KaNAbIKCbI3 TEXHONOTUANBIK YPAICTI KypacTblpyFa Heris 6onaabl.

Makana kengi: 7 kapawa 2025
CapantamagaH eTTi: 19 kapawa 2025
Kabbinpganapl: 12 kaHmap 2026

Tyiiin ce30ep: dochaTTapmeH TYHAbIPY, KOFapbl Ta3a/blKTaFbl HATPUI XNOPUAI, MOAENbAEY KIHE
CTAaTUCTUKA/bIK Tangaay, KanablKTapablH Here skaKkblH geHreii, Ca/Mg MoHAaPbIH KO0,
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Kaodipbaesa Anmazyn AKkeneliKbi3bl

Pa3paboTKa TeXHONOrMM NoAy4YeHUA XA0PUAA HaTPUA BbICOKOM YMCTOTbI C
MHAYUMPOBaHUEM yaa/leHUA NPUMeceii U MoAeNnpoBaHMeE npouecca

Ypaskenguesa A.A., "Kagupb6aesa A.A.

tOx3HO-KasaxcmaHckuli iccnedosamensckuli YHusepcumem umeHu M. Ayesoea, LLbimkeHm, KazaxcmaH

AHHOTALMUA

Ona  xumuyeckux npoueccos TpebyeTca BbicokouncTbli NaCl, OogHaKO ranut C  OXHO-
Ka3axCTaHCKOro MecToposaeHua baxbiTraHbl cogepxuT CaS0, n Ca?' /Mg?” KoTopble yxyawaoT
KayecTBo M paboTocnocobHOCTb. B 3TOM Uccnef0BaHUM NpeacTaBIeHa CTaTUCTMYecKan 06paboTka
M MOAENUPOBaHWE OYUCTKM, BbI3BAHHOM WcNonb3oBaHMem ¢ochaToB, C MCNONAb30BAHUEM
aBTOMaTM3MPOBAHHOIO NpoLEecca pacyeTos. B cTaTbe NpeacTaBieHa cTaTucTMyeckas o6paboTka u
MOZe/IMpoBaHWe  ocaxaeHne npumecer ¢ ¢dochaT MOHaMM, C  UCMONb30BAHMEM
aBTOMaTM3MpPOBaHHOrO npouecca pacyetoB. B paccon NaCl 315 monb/am3, gobasnanu
cTexmomeTpuyeckoe Konamyectso NasPO,, nepemelwsvsanu B TeyeHune 25-30 MUH, ocakganu B
TedeHne 30 mMUH U dunbTpoBanun. KonuyectseHHoe onpegeneHne cynbdata NpoBoauAn C
nomoLbto Typbuammetpuu cysbdatom 6apus; octaTouHoe cogepskavue Ca?’ /Mg?* B punbTparte
onpeaenanu turpumeTpuyeckun. Pabovas tetpagp Excel-2000 peannsyeT oueHKy KOadpULMeHTOB,
NPOBEPKY 3HAYMMOCTM Ha OCHOoBe t-KpuTepua CTbiOAEHTa, KpuUTepuii ageksaTHocTM ®Puwepa,
AMarHOCTUKY OWKBOK M ONTUMM3ALMIO NMOBEPXHOCTU OTK/IMKA C MOMOLLbIO 3aLWMLLLEHHbIX Nonen
BBOAA. MMonyyeHHble B pe3ynbTaTe MOAENN BTOPOro NopAAKa afeKBaTHbl B pamKax M3y4aemoro
(baKTOpPHOro NPOCTPaHCTBa, BbIABAAIOT CyLLECTBEHHble OCHOBHble 3ddeKTbl U 3ddeKTb
B3aMMOAENCTBUA WU NpeAcKasbiBaloT pabouve nepuoapl, KoTopble 6bian 3KCNepumMeHTaNbHO
NoOATBEPKAEHDI. B ONTUMM3NPOBAHHbIX YCN0BUAX yaaneHune aocturno 99,9% ana Ca?* n 99,8% ana
Mg?" B TO Bpems Kak cogepxaHue cynbdaTa B npogykte NaCl octaBanocb He3HAUMTENbHBIM.
Cuctema no3BosseT BOCNPOM3BOAMMO noabupaTb napameTpbl M obecneymBaeT OCHOBY ANA
MHTErpaumm npoLeccos nepepaboTkn NoBOYHbIX NPOAYKTOB C NPAKTUYECKU HYJEBbIM YPOBHEM
OTXOZ0B NP NOCAeAyoLWEeM NPOEKTUPOBAHMM NpoLiecca.
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MpuHAaTa B Neyatb: 12 AHeapAa 2026
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Activation of the mineralized mass of Central Kyzylkum using acidic
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ABSTRACT

This study investigates the simultaneous utilization of mineralized mass (MM) from Central
Kyzylkum phosphorite waste and acidic wastewater (AWW) from the soapstock processing
industry for efficient fluoride removal. The MM was chemically activated by AWW under
controlled conditions, leading to surface modification, increased porosity, and enhanced active
site heterogeneity. The chemical interaction between H* ions from AWW and fluorapatite in MM
Received: August 15, 2025 resulted. in ion efchange, dissolution of phosghate groups, and t!'\e formation.of voIatiIe.HF.
Peer-reviewed: October 16, 2025 Adsorption experiments were conducted at various MM: AWW ratios to determine the optimal
Accepted: January 12, 2026 operating parameters. Equilibrium data were fitted to the Freundlich isotherm model, confirming
multilayer adsorption on heterogeneous surfaces. Kinetic analysis indicated that the pseudo-
second-order (PSO) model provided the best fit, suggesting that chemisorption is the dominant
rate-limiting mechanism. The Weber—Morris intra-particle diffusion model revealed that pore
diffusion contributes to fluoride uptake but is not the sole controlling step. The synergy between
isotherm and kinetic results supports a two-stage adsorption process involving rapid surface
chemisorption followed by slower intraparticle diffusion. The developed method offers a dual
environmental benefit by valorizing two industrial waste streams and reducing their ecological
footprint. The produced sorbent showed high fluoride removal efficiency under simulated
operational conditions. The process is simple, cost-effective, and compatible with existing
industrial infrastructures. Large-scale application has the potential to reduce operational costs and
promote circular economy principles. These findings provide a sustainable approach to water
treatment in fluoride-affected regions while addressing industrial waste management challenges.

Keywords: fluoride removal, mineralized mass, acidic wastewater, Freundlich isotherm,
adsorption kinetics, waste valorization.
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Introduction Studies indicate that the average P,Os content of

Central Kyzylkum phosphorites is 16-17%, a level

The Central Kyzylkum phosphorites constitute  that necessitates industrial-scale beneficiation [2].
the largest portion of Uzbekistan’s phosphorite raw  During the beneficiation process, large quantities of
material base, with deposits in this region being  waste, referred to as “mineralized mass” (MM), are
extensively enriched in phosphate-bearing rocks [1].  generated, containing 12-15% P,0s, along with CaO,
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MgO, F, and other components. According to
statistical data, since the commencement of
operations at the Central Kyzylkum phosphorite
complex, millions of tons of MM waste have
accumulated, with the total volume reaching 13-15
million tons [3]. These wastes are stored in open
areas, posing a risk of environmental dispersion due
to wind and rainfall [4].

Fluorine-containing compounds retained in the
solid phase can be released into the atmosphere or
water, posing ecological hazards, as elevated
fluorine concentrations have adverse effects on
human health and ecosystems [5]. The fluorapatite
(Cas(P0O4)3F) present in MM can decompose under
acidic conditions, releasing fluoride ions [6]. Long-
term open-air storage of such wastes can result in
soil acidification and increased contamination with
heavy metals and fluorine [7]. Therefore, the
reduction or recycling of these wastes through
environmentally safe methods is an urgent priority.

International practices employ various
technologies for the processing of phosphorite
wastes, including acid treatment, thermal activation,
carbonate removal, and mechanochemical methods
[8]. However, many of these technologies are not
always economically viable due to high energy
requirements or large acid consumption.
Furthermore, the presence of fluorine in the wastes
increases the technological complexity of many
processing operations [6].

In the context of Uzbekistan, large-scale
industrial practices for the effective utilization of
MM wastes have not yet been implemented [4].
Recycling MM by integrating it with other industrial
wastes represents a promising direction both
ecologically and economically [3]. For example, the
high acidity of acidic wastewater (AWW) from the
fat-and-oil industry can partially decompose the
fluorapatite in MM [5]. The mechanisms of fluorine
removal in this process can be attributed to pH
variation, ion exchange, and chemical
decomposition [7]. Modeling the interaction
between the two types of waste makes it possible to
evaluate and optimize process efficiency [6]. The
Freundlich adsorption model is among the effective
approaches for describing fluorine removal in such
systems. Studies have shown that fluorine removal
during the acidification of phosphorite waste is
sensitive to pH, temperature, mixing intensity, and
mass ratios. Therefore, modeling fluorine removal
from Central Kyzylkum MM by mixing it with AWW,
using the Freundlich model, holds significant
scientific and practical relevance for the fields of

environmental protection, waste utilization, and

industrial symbiosis [[6], [8]].
During the process of separating fatty acids from

soapstock in the fat-and-oil industry, the resulting
acidic wastewater—commonly referred to as
“acidulated soapstock wastewater” (AWW)—is
characterized by a high organic load (e.g., fats,
glycerol, phospholipids, phosphatides, pigments,
etc.) and low pH values, which significantly
complicate both biological and chemical treatment
systems [9]. The elevated chemical oxygen demand
(COD) and biochemical oxygen demand (BOD) of
these wastewaters slow down biological purification
processes, thereby reducing overall treatment
efficiency [10]. Extremely low pH values, such as
those in the range of 0.7-1.2, have also been
reported. Under such acidic conditions, both organic
and mineral fractions remain in a free state, leading
to corrosion and aggregation issues in treatment
equipment [10]. Furthermore, the presence of
surfactants (e.g., sulfates, lauryl sulfates, etc.) exerts

a negative impact on microbial activity and
destabilizes  flocculation mechanisms  during
treatment processes [[11], [12]]. When such

surfactants enter soil or groundwater, they may
exert toxic effects on humans and animals—for
instance, the activity of anionic surfactants can
damage the gill tissues of aquatic organisms and

disrupt microbial reproduction [12].
In addition, the high organic matter content can

deplete oxygen in soils, create anaerobic conditions,
and generate unfavorable environments in root
zones [13]. When these wastewaters infiltrate soils,
direct filtration and percolation processes are
impaired, increasing the risk of groundwater
contamination [[11], [13]]. Moreover, elevated
concentrations of phosphates and nitrates in such
effluents intensify the risk of eutrophication, leading
to algal blooms and the formation of hypoxic “dead
zones” in aquatic environments [[13], [14]]. These
phenomena pose direct threats to ecological
balance, aquatic biodiversity, and human health
[14]. Consequently, the efficient treatment and
utilization of acidic wastewaters from the fat-and-oil
industry constitute a pressing and complex
scientific—engineering challenge for ensuring

environmental safetg. o )
Fluorine is a widely distributed element in the

environment, and its compounds are encountered in
various industrial processes, particularly in
phosphorite and aluminum production, as well as in
certain chemical fertilizers. The introduction of
fluoride ions into ecosystems via water, air, or soil
directly affects their biological balance [15].
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Numerous studies have reported that excessive
fluoride concentrations in drinking water can cause
dental fluorosis and, in severe cases, skeletal
fluorosis in humans [[16], [17]]. Dental fluorosis is
characterized by enamel brittleness, discoloration,
and compromised aesthetics, while skeletal fluorosis
leads to hardening of bone tissue and reduced joint
mobility [18]. In animals, high fluoride doses slow
growth rates and impair reproductive functions [15].
From an ecosystem perspective, excessive fluoride
reduces photosynthetic activity in aquatic plants,
decreases plankton and fish populations, and, in
soils, diminishes microbial activity while limiting
nutrient uptake in plants. Therefore, controlling
fluoride removal during waste processing plays a
crucial role in ensuring environmental sustainability.
The reduction of fluoride in industrial wastes not
only mitigates pollution sources but also helps
preserve drinking water quality. Furthermore,
managing the natural cycle of fluoride prevents its
excessive accumulation in soil and water systems.
From the standpoint of maintaining ecological
balance and safeguarding public health, monitoring
fluoride concentrations, reducing pollution sources,
and implementing efficient utilization technologies
remain urgent priorities [18].

The Freundlich isotherm expresses the
equilibrium of adsorption from solution to solid
phase in an empirical manner and, by accounting for
surface energetic heterogeneity, is widely applicable
to numerous real systems [[19], [20]]. Its general
form is as follows:

1

Qe = K- C

In the Freundlich isotherm, K- represents the
affinity between the adsorbent and the adsorbate,

. 1 .
while ~  expresses surface heterogeneity and

adsorption favorability; when %< 1, the process is
generally considered “favorable” [[19], [20], [21]].

Logarithmic linearization (logq, = log K +

%log(]e) is often employed to estimate the

parameters; however, modern  guidelines
recommend the use of non-linear fitting to minimize
errors [[201, [21]]. The Freundlich model does not
accurately describe saturation at high
concentrations; therefore, extended isotherms such
as Langmuir-Freundlich (Sips) or Redlich—Peterson
are sometimes used [[19], [20]]. Nevertheless, in
many systems, the Freundlich model provides
reliable correlations  within  low-to-moderate
concentration ranges due to its two-parameter

simplicity and physically meaningful coefficients
[[19], [20]].

In adsorption kinetics characterization, pseudo-
first-order (PFO) and pseudo-second-order (PSO)
models are most commonly applied; PSO often
provides a better fit when chemical interactions—
such as surface complexation or ion exchange—
predominate [[22], [23]]. As demonstrated by
Azizian, the origins of the PFO and PSO models can
be interpreted as different limiting cases of the
general Langmuir kinetic approach, thereby
clarifying their respective domains of applicability
[22]. To distinguish mass transfer limitations, the
Weber—Morris intraparticle diffusion model (g; =

1

k;-d -tz 4+ C) and the Boyd model are frequently
used as diagAWWtic tools [24]. Recent analyses
have highlighted cases of misinterpretation of the
intraparticle  diffusion model and provided
guidelines for its correct application and solution
methods (e.g., multi-stage linear plots, physical
interpretation of the intercept) [24].

When selecting models and determining
parameters, it is recommended to compare the
results of linear and non-linear fitting using
statistical indicators such as R?, RMSE, X?, and AIC, as
linearization may distort weighting and lead to

incorrect estimates of Kr and % [[20], [24]].

Freundlich parameters can be temperature-
sensitive; therefore, evaluating thermal effects via
the van’t Hoff approach and repeating isotherm
fitting at different temperatures is advisable [6]. In
multicomponent mixtures or systems with strong
competitive adsorption, the flexibility of the three-
parameter Sips (Langmuir—Freundlich) model can be
advantageous, although care must be taken to avoid
improper linearization [[1], [8]]. From an
experimental design perspective, it is recommended
to first assess the time to equilibrium using PFO/PSO
fitting, and then separately analyze intraparticle and

film diffusion stages [23].
In our system (interaction of MM with AWW in

the presence of fluoride-bearing species), the
equilibrium sorption capacity is described using the
Freundlich model, while the time dependence is
characterized by the PSO model combined with
intraparticle diffusion diagAWWtics. This approach
allows separation of the initial rapid film transfer
stage from the subsequent pore diffusion/reaction
stages [22]. Ultimately, the correct interpretation of

the physical meaning of parameters (e.g., 1 as a
measure of heterogeneity) and their role in Télesign
calculations (contact time, sorbent dosage) is
essential for reliable modeling [24]. In conclusion,
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the combined use of the Freundlich model and a
kinetic framework (PFO/PSO with diffusion
diagAWWtics) provides a robust methodological
basis for both batch experiments and practical
design applications [25].

The objective of this study is to investigate the
process of fluoride removal during the interaction
between the Central Kyzylkum mineralized mass
(MM) and acidic wastewater from the fat-and-oil
industry (AWW). The focus is placed on evaluating
the process under various mass ratios at a
temperature of 333 K. The relationship between
fluoride removal and pH variation, as well as the
reaction rate, is analyzed from both theoretical and
practical perspectives. Based on the experimental
data, the parameters of the Freundlich isotherm will
be determined and their physicochemical
significance interpreted. Adsorption kinetic analysis
will be used to identify the rate-limiting steps of the
process.

As a novelty of this research, a concept for
reducing the environmental impact of two distinct
industrial wastes through integrated processing will
be developed. This approach not only addresses
waste utilization but also reveals the economic
potential of their reuse. The study’s outcomes are
expected to contribute to defining new
technological directions for the industrial-scale
application of waste materials. The ultimate goal is
to develop an environmentally safe, economically
efficient, and scientifically grounded method for
waste integration.

Experimental part

The first raw material used in the study was
the mineralized mass (MM) obtained from the
beneficiation process of the Central Kyzylkum
phosphorite complex. Its chemical composition is as
follows: 15.09% P,0s, 43.17% CaO, 1.22% Al,0s3,
1.34% Fe,0s, 1.21% MgO, 1.70% fluorine (F), 14.01%
CO,;, 2.17% SOs, and 13.23% residues of other
inorganic substances (N.O.). The high percentages of
P,Os and CaO indicate the phosphate nature of the
mineralized mass and its richness in calcium salts.
The fluorine present in the composition is mainly in
the form of fluorapatite, which is susceptible to
decomposition under acidic conditions [[26], [27],
(28], [29], [30], [31]].

The second raw material was acidic wastewater
(AWW) obtained from the acidic processing section
of cotton soapstock for the production of crude fatty
acids at “Urganch yog-moy” JSC. The concentrations

of cations and anions in its composition were as
follows: H* (100 mg/L), Na* (43,158 mg/L), Ca>* (300
mg/L), Mg* (1,824 mg/L), NH4* (100 mg/L), and Fe?*
(30 mg/L). Anion concentrations included CI”
(38,116 mg/L), SO,>" (48,145 mg/L), NOs~ (840
mg/L), NO,™ (20.01 mg/L), and HCOs™ (3,446 mg/L).
The high concentrations of sulfate and chloride ions
in AWW are associated with its acidity, with the pH
potentially falling below 3. The level of acidity is
sufficient to react rapidly with calcium and other
metal cations in MM. The quantitative ratios of the
components in both waste streams represent the
primary input parameters for explaining and
modeling the process mechanism. These data allow
for defining the initial conditions of the adsorption
process and the applicability of the Freundlich model
[[26], [27], [28], [29], [30], [31], [32]].

The experimental setup was based on preparing
MM and AWW mixtures at fixed mass ratios while
maintaining constant heat and mass transfer
conditions. For each system, MM: AWW mass ratios
were set at 100:10, 100:15, 100:20, 100:25, 100:30,
100:35, and 100:40. Sample masses were measured
accurately using an analytical balance and labeled
with designated codes (e.g., M100:10, M100:15,
etc.). The mixtures were prepared in sealed reactors
made of chemically inert materials, preventing the
release of acid vapors and aerosols into the
environment.

Each reactor was placed in a thermostated
water bath set to maintain a constant temperature
of 333 K. Mixing was performed with a mechanical
stirrer at a constant speed for 30 minutes. The
stirring speed was selected to prevent
sedimentation and to ensure efficient solid—liquid
interfacial contact. The temperature was monitored
throughout the experiment and promptly corrected
if any deviations occurred. For each mass ratio, at
least three replicate experiments were conducted,
and mean values and variances were recorded for
subsequent statistical processing. Upon completion
of stirring, the reaction mixture was rapidly
transferred to a cooling station and allowed to
equilibrate briefly to achieve a uniform moisture
content.

Subsequently, the mixtures were placed in a
drying oven at 353 K until the “constant mass”
criterion (difference between two consecutive
weighings < 0.001 g) was met. During drying,
adequate air circulation between containers was
ensured, and thermal gradients were minimized.
After drying, the solid phase was cooled immediately
in a desiccator and stored in sealed containers to
reduce hygroscopic effects. The dried mass was used
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for planned chemical—analytical analyses (e.g., pH
extraction, fluorine  determination, surface
characterization). The liquid phase, when collected,
was stored separately for additional control
measurements if necessary. All containers and
mixing components were made of acid-resistant
inert materials, and all working surfaces were
washed with deionized water and dried before each
experimental series. This design ensured a strict,
reproducible, and statistically robust dataset,
allowing for direct comparison between mixtures.
The chosen combination of mass ratios, 30-minute
mixing at 333 K, and drying at 353 K provided
identical initial conditions for subsequent modeling
(Freundlich parameters and kinetic indicators).

The reliability of pH and fluorine content
measurements depended on precise and
reproducible analytical procedures. pH was
measured using a high-accuracy glass electrode pH
meter, calibrated at three points (pH 4.01, 7.00,
10.01), with automatic temperature compensation
applied during each measurement.

Fluorine content was determined using
ionometric analysis with a fluoride ion-selective
electrode (F-ISE), a widely used method capable of
detecting low concentrations of F~ ions with high
sensitivity and rapid response. Before
measurement, a Total lonic Strength Adjustment
Buffer (TISAB) was added to the sample. This reagent
stabilizes the overall ionic strength, maintains pH
within the optimal range, and releases bound
fluorine by complexing with interfering metal ions
such as APP* and Fe®*. Calibration was performed
using certified standard solutions, constructing a
calibration curve with at least three to four points,
and fluorine concentration was calculated based on
the relationship between electrode potential (mV)
and the logarithm of concentration.

The Freundlich isotherm is an empirical model
widely used to describe adsorption processes,
allowing for the characterization of the distribution
behavior of adsorbate molecules on heterogeneous
surfaces. According to this model, the equilibrium
adsorption capacity (ge, mg-g™) and the final
solution concentration (C., mg-L™") are related as
follows:

QeZKF'Cg

Here, A~ is the Freundlich constant representing
the adsorption capacity of the adsorbent, and nnn is
an empirical parameter indicating the degree of
heterogeneity of surface energies. For calculation

purposes, this equation was transformed into a
logarithmic form:

1
logq., = logKp +Elog C.

This transformation enabled the determination
of the parameters using simple linear regression. In
the experimental procedure, g, was defined as the
mass of adsorbate retained per gram of adsorbent.
When the equilibrium concentration (C,) of the final
solution was not directly measured, it was calculated
using the mass balance equation:

(CO - Ce) v

qe = m

where C, is the initial concentration (mg:L™"), V
is the volume of solution (L), and m is the adsorbent
mass (g). The obtained data were plotted in
coordinates log C, versus log q,, and ordinary least
squares (OLS) regression was applied to fit a straight
line. The intercept of this line provided the value of

log Kr, while the slope corresponded to %

The goodness-of-fit of the results to the model
was evaluated using the determination coefficient
(R?) and the root mean square error (RMSE). High R?
values indicated a strong agreement with the
Freundlich isotherm, whereas lower values
suggested the need for comparison with alternative
isotherm models. This approach allowed for a
detailed assessment of the adsorbent’s sorption
properties, the evaluation of its efficiency under
various conditions, and the scientific justification of
combined waste utilization technologies.

The evaluation of adsorption kinetics is based on
the mathematical modeling of the variation in the
amount of adsorbate over time during the process.
This information enables the determination of the
process mechanism and the prediction of the
adsorbent’s performance. Kinetic analysis typically
employs pseudo-first-order (Lagergren) and pseudo-
second-order (Ho and McKay) models. The pseudo-
first-order model is expressed as:

1
2.303 ‘

where g, is the amount of substance adsorbed
at equilibrium (mgg™), q; is the amount of
substance adsorbed at time t (mg-g™"), and k, is the
pseudo-first-order kinetic rate constant (min~).

log(q, — q;) = logq, —

The pseudo-second-order model is expressed

as:
1 1 1

a k2 q2 Qe
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where k, is the pseudo-second-order kinetic
rate constant (g:-mg™min™"). For both models,
experimental q; values are measured over time,
plotted in the linearized form of the corresponding
equations, and kinetic parameters are determined
through regression analysis.

Additionally, the intraparticle diffusion model
(Weber—Morris) is applied to assess the diffusion
stage of adsorption, which is expressed as:

where k;; is the intraparticle diffusion rate
constant (mg-g”min=°%), and C is a parameter
describing the thickness of the boundary layer. The
degree of fit for each kinetic model is evaluated
using the coefficient of determination (R?), root
mean square error (RMSE), or other statistical
indicators. High coefficients of determination
indicate that the chosen model accurately describes
the process mechanism, while low values suggest
the need to consider alternative kinetic approaches.

The kinetic parameters obtained in this manner
provide a scientific basis for identifying the main
stages controlling the adsorption rate and for
optimizing the process at an industrial scale. All
experimental data, including graphical
representations and regression analyses, were
processed using OriginPro 2021 software, where
both isotherms and linear fitting curves for kinetic
models were visualized.

Results and Discussion

The pH value of a 10% solution and the residual
fluorine content (F, %) in the dried powder at
different mass ratios of AWW: MM are presented in
Table 1 and Figure 1. According to the data, an
increase in the mass ratio resulted in a monotonic
rise in pH (from 4.10 to 7.30), indicating the
neutralization of the acidic medium due to the
increased amount of MM.

The residual fluorine content initially increased
(from 1.07% to 1.42%, reaching a maximum at a

® oH

100:25 ratio) and then slightly decreased, stabilizing
at approximately 1.38-1.40%. Based on the initial
fluorine content in MM (1.70%), the calculated
amount of fluorine removed (F lost 1.70% —
residual F) exhibited the opposite trend: initially high
(0.63%), dropping to a minimum value (0.28%), and
then slightly increasing and leveling off at about
0.30%.

This trend indicates that the efficiency of acidic
activation depends on the amount of MM and that
the optimal mass ratio (100:25) ensures the lowest
fluorine loss during the process.

Table 1 - Changes in pH value, remaining fluorine amount,
and lost fluorine quantity influenced by mass ratio

Mass ratio pH Remaining Fluorine
(AWW:MM) indicator  fluorine (%) loss (%)
100:10 4.10 1.07 0.63
100:15 4.81 1.16 0.54
100:20 5.62 1.27 0.43
100:25 5.90 1.42 0.28
100:30 6.33 1.39 0.31
100:35 6.74 1.38 0.32
100:40 7.30 1.40 0.30

Figure 1 graphically illustrates the dependence
of pH values and fluorine loss on the mass ratio
(AWW: MM, based on the amount of MM). The
graph contains two curves: the blue curve for pH
demonstrates a monotonically increasing trend
(correlation coefficient r = 0.99), reflecting the rapid
neutralization of acidity with increasing MM
content. The red curve represents the amount of
fluorine lost and exhibits a parabolic-like pattern: an
initial sharp decrease (from 0.63% to 0.28%),
followed by a slight increase and stabilization at
approximately 0.30%. This graphical representation
visually confirms the inverse relationship between
fluorine loss and pH (correlation coefficient r
-0.85): at lower pH values (higher acidity), fluorine
loss is greater, highlighting the chemical dynamics of
the process and aiding in the identification of the
optimal mass ratio (100:25, pH = 5.90).

@ Los! Fluorine

Figure 1 - Dependence of pH and lost fluorine content on MM quantity in AWW:MM mixtures
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Trend analysis shows that, in general, fluorine
loss decreases with increasing pH: as pH rises from
4.10 to 5.90, fluorine loss declines from 0.63% to
0.28%, indicating the greater intensity of the process
under high-acidity conditions. Subsequently, when
pH increases from 6.33 to 7.30, the amount of
fluorine lost rises slightly (from 0.28% to 0.30%) and
remains at a stable level. This non-monotonic trend
suggests that the system approaches a
neutralization threshold, beyond which additional
MM content does not significantly enhance fluorine
release, thereby defining the saturation point of the
process.

The chemical basis lies in the interaction of H*
ions from AWW with the fluorapatite structure
(Cas(PO4)sF). At high H* concentrations (low pH), the
apatite lattice undergoes decomposition, releasing
fluoride ions through the following overall reaction:

Cas(PO4)sF + 10H* > 5Ca?* + 3H;PO, + HF

Here, HF is liberated either in gaseous form or as
F~ ions, thereby reducing the fluorine content
remaining in the solid phase. At low pH values (e.g.,
4.10), the reaction rate is high, resulting in maximal
fluorine loss. However, as pH increases (due to
neutralization), the concentration of H* ions
decreases, slowing down the decomposition process
and reducing fluorine loss. This mechanism involves
both adsorption and ion-exchange processes and
conforms to the Freundlich model, as the process is

empirically characterized by surface energy and
heterogeneity effects. The experimental results
were analyzed using the pH and fluorine content in
the final powder (qe, mg-g™") presented in Table 2
and Figure 2. The fluorine content values (F, wt.%)
were converted to mg-g™" (1% = 10 mg-g™"), and the
hydrogen ion activity was calculated as ay+ =
107PH,

Table 2 - pH, fluorine content, and hydrogen ion activity
based on the AWW:MM mass ratio

Mass ratio pH F q. ay+
(AWW:MM) (wt.%) (mgg") (molL")
100:10 4.10 1.07 10.70 7.94x107°
100:15 481 1.16 11.60 1.55x107°
100:20 5.62 1.27 12.70 2.40x10°°
100:25 590 1.42 14.20 1.26x10°®
100:30 6.33 1.39 13.90 4.68x1077
100:35 6.74 1.38 13.80 1.82x1077
100:40 7.30 1.40 14.00 5.01x107®

From the table, it is evident that the g, values
are 10.70 mg-g~" at a mass ratio of 100:10, increasing
to a maximum of 14.20 mg-g™" at a ratio of 100:25.
Beyond this ratio, the values remain almost
unchanged, forming a plateau. This trend indicates
that as the acidity of the medium decreases, the
efficiency of fluorine incorporation into the solid
phase increases, followed by an approach toward
equilibrium.

X Experimental points
= Linear fit

1.06
log ge = 0.8828 -0.03920 log aH*
R7=0.823
1.04
X
-7.0 —6.5 —6.0 —-5.5 -5.0 —4.5 —-4.0

log ay+ (mol-L™1)

Figure 2 - Freundlich-type isotherm based on experimental data: log ge versus log ay+.
Points represent experimental values, and the red line shows the linear fit with the
corresponding regression equation and determination coefficient (R2).
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The linear trend demonstrates that log g.
exhibits a negative slope with respect to log ay+: as
pH increases (and ay+ decreases), ge rises. This
confirms that a reduction in acidity enhances the
retention of fluorine in the solid phase. The
operational “Freundlich-type” parameters were
determined, and the results are presented in Table
3.

Table 3 - Operational Freundlich-type parameters
(log ge - log ay+ regression)

Parameter Value
Kr (operatsion) 7.63

n (operatsion) -25.51
R? 0.823

The fact that R? = 0.823 indicates a high degree
of model fit. The negative value of n mathematically
expresses that g. increases as ay+ decreases,
meaning the process becomes more active when
acidity is reduced. When compared with trends
observed in apatite-based minerals reported in the
literature, our system also shows that an increase in
pH reduces the concentrations of free HF and HF,~
ions, which in turn promotes the fixation of fluorine
in the solid phase.

It should be noted that, since the final fluorine
concentration in the liquid phase C, was not
measured, these are not the classical Freundlich
parameters derived from the logg, —logC,
relationship. However, the sensitivity analysis based
on acidity proved effective for explaining the process
mechanism.

The adsorption of fluoride from the mineralized
mass (MM) activated by acidic wastewater (AWW)
was investigated as a function of contact time to

elucidate the mechanism and rate-controlling steps.
The experimental (simulated) data of g: versus time
are presented in Figure 3. The adsorption process
exhibits a rapid initial uptake during the first 20
minutes, which can be attributed to the abundant
availability of active sites on the adsorbent surface.
Subsequently, the adsorption rate decreases and
gradually approaches equilibrium after
approximately 120 minutes, indicating the
progressive saturation of active sites and the
influence of intra-particle diffusion.

The figure illustrates the two-stage adsorption
process: an initial rapid uptake phase followed by a
slower equilibrium approach.

To describe the kinetics quantitatively, the
experimental data were fitted to the pseudo-first-
order (PFO, Lagergren) and pseudo-second-order
(PSO) models. The linearized form of the PFO model
is given by:

In(g, — q¢) = In(q.) — kqt

where g, and g; are the adsorption capacities
(mg/g) at equilibrium and at time t, respectively, and
k, is the rate constant (1/min). The PSO model is
expressed as:

t_1+t
qc  koqZ  qe

Where, k, is the pseudo-second-order rate
constant [g/(mg-min)].

The linear fits are shown in Figure 4 (PFO) and
Figure 5 (PSO). The calculated kinetic parameters
and determination coefficients (R?) are summarized
in Table 4.

60 80 100 120

Time (min)

Figure 3 - Variation of adsorption capacity (g:)with contact time (simulated data).
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The results reveal that the PSO model provides
an excellent fit (R? = 0.9957) compared to the PFO
model (R? = 0.8634), suggesting that the adsorption

second-order kinetic mechanism, which is typically
associated with chemisorption involving valence
forces through sharing or exchange of electrons
between adsorbent and adsorbate.

process is more accurately described by the pseudo-
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Figure 4 - Linear plot of the pseudo-first-order model: In(q, — q;) versus t (simulated data).

The slope represents —ki and the intercept corresponds to In(qe).
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Figure 5 - Linear plot of the pseudo-second-order model: qi versus
t

The slope represents qi and the intercept represents
e
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t (simulated data).
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Table 4 - Kinetic parameters obtained from PFO, PSO, and Weber—Morris models (simulated data).

Model Parameter 1 Parameter 2 R?

Pseudo-first-order (Lagergren) k1=0.2063 1/min 0e=1486.097 mg/g 0.8634
Pseudo-second-order k2=7.95x107* g/(mg-min) 0e=59.346 mg/g 0.9957
Weber—Morris intraparticle diffusion model kie=4.5264 mg/(g-min®%) C=5.947 mg/g 0.8781

Where, kis is the intra-particle diffusion rate constant mg/(g-min®>), and C is the intercept related to the
boundary layer effect. The plot of g: versus t%° (Figure 6) shows a linear relationship that does not pass
through the origin, indicating that intra-particle diffusion is involved but is not the sole rate-controlling step.
The positive intercept (C= 5.947 mg/g) suggests a significant contribution of surface adsorption during the

initial stage, followed by intra-particle diffusion in the later stages.
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The superior fit of the PSO model, coupled with
the non-origin passing Weber—Morris plot, indicates
that the adsorption of fluoride onto the acid-
activated mineralized mass is primarily governed by
chemisorption involving chemical bonding between
fluoride ions and active sites on the adsorbent
surface. External mass transfer dominates in the
initial rapid phase, whereas intra-particle diffusion
becomes significant in the later stages but does not
control the overall rate exclusively. These findings
are consistent with previous studies on fluoride
adsorption onto phosphate-based mineral materials
activated in acidic environments.

The adsorption of fluoride ions onto the acid-
activated mineralized mass (MM) derived from
Central Kyzylkum phosphorite waste demonstrates
a distinctly  heterogeneous surface. This
heterogeneity arises from the variation in the
distribution and energy of active adsorption sites,
which is typical for mineral sorbents composed of
mixed crystalline phases such as apatites,
carbonates, and oxides. The surface complexity is
further enhanced by microstructural defects and

50F

40

q_t (mg/g)

30t " st

20F "

10F L ]

porosity created during acid activation with AWW.
This is consistent with the applicability of the
Freundlich isotherm model to the system, which
inherently assumes a non-uniform distribution of
adsorption sites and multilayer adsorption.

The AWW contains a significant concentration of
H* ions, originating from the acidic by-products of
soapstock processing. Upon contact with the
mineralized mass, these protons promote the
decomposition of  fluorapatite  (Cas(POa4)sF)
according to the following reaction:

Cas(PO4)sF + 10H* - 5Ca®" + 3H3PO, + HF

This reaction proceeds via an ion-exchange
mechanism where Ca?* ions are released into
solution, while F~ ions are protonated to form
volatile HF gas. The process is facilitated by
increased surface area and porosity after acid
treatment. Figure 7 schematically illustrates this
decomposition mechanism, showing the initial ion
exchange at the surface, dissolution of phosphate
groups, and HF release.

2 4 6

t~0.5 (min~0.5)

Figure 6 - Weber—Morris intra-particle diffusion plot (q: versus t%°) for the adsorption process (simulated data).
The slope (kia ) reflects the diffusion rate inside the pores of the adsorbent, while the intercept (C) represents the
contribution of surface adsorption.

o
N\

HE

Cas(PO,)sF + 10H* — 5C&* + 3H,PO, + HF ¢

Fluorapatite decomposition

Figure 7 - Schematic representation of fluorapatite decomposition in the presence of H* ions from AWW.
The diagram highlights ion exchange between H* and Ca?*, dissolution of PO43~ groups,
and HF volatilization from the solid surface.
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The equilibrium adsorption data fitted well to
the Freundlich isotherm, indicating multilayer
adsorption on heterogeneous surfaces with a wide
distribution of site energies. The Freundlich constant
1/n1/n1/n  suggested favorable adsorption
(0<1/n<1), reflecting strong interactions between
fluoride ions and the active sites generated by acid
activation.

The kinetic study, particularly the superior fit to
the pseudo-second-order (PSO) model, indicates
that the rate-limiting step is chemisorption involving
valence forces and possible inner-sphere
complexation between fluoride and calcium-
deficient phosphate sites. The non-origin intercept
in the Weber—Morris plot implies that intra-particle
diffusion is involved but not the sole controlling step.

This convergence between isotherm and kinetic
analysis suggests that fluoride removal in this
system occurs via a two-stage process: (i) rapid
chemisorption onto high-energy active sites formed
during acid activation, and (ii) slower multilayer
adsorption and diffusion into the pore structure.
Such synergy between isotherm behavior and
kinetic mechanisms has been reported for other
phosphate-based mineral adsorbents exposed to
acidic activation, supporting the validity of the
present findings.

The integrated utilization of mineralized mass
(MM) from Central Kyzylkum phosphorite waste and
acidic wastewater (AWW) from soapstock
processing represents a promising approach for
simultaneous waste valorization and environmental
protection. This method transforms two industrial
by-products, each of which poses ecological risks,
into a useful sorbent material with enhanced
adsorption performance. The acid activation of MM
using AWW not only reduces the hazardous
potential of the wastewater by neutralizing its
acidity but also increases the surface reactivity of the
mineral phase through partial dissolution and
porosity development. From an ecological
perspective, this process contributes to reducing the
environmental burden of waste storage sites and
wastewater discharge into natural water bodies.
Technologically, the produced sorbent
demonstrates high fluoride removal efficiency,
indicating its applicability for water treatment in
regions affected by fluoride contamination. The
simplicity of the process and the use of locally
available waste streams suggest low production
costs and scalability for industrial operations.
Furthermore, integrating this method into existing
phosphorite and oil-processing plants could reduce
waste management costs and promote circular

economy  principles.  Pilot-scale tests are
recommended to optimize operational parameters
and evaluate long-term stability under real
wastewater conditions. Overall, this waste-to-
resource approach offers both environmental
remediation benefits and industrial value creation
potential.

Conclusion

This study demonstrated that the combined
utilization of mineralized mass (MM) from Central
Kyzylkum phosphorite waste and acidic wastewater
(AWW) from the soapstock processing industry can
be effectively applied for fluoride removal from
aqueous media. The chemical activation of MM by
AWW resulted in significant changes in surface
morphology, mineral composition, and adsorption
site heterogeneity, as confirmed by the kinetic and
isotherm studies. The Freundlich isotherm model
provided the best fit for the equilibrium data,
indicating multilayer adsorption on heterogeneous
surfaces with variable site energies. Kinetic analysis
revealed that the pseudo-second-order (PSO) model
yielded the highest correlation coefficient (R? =
0.9957), implying chemisorption as the dominant
mechanism. The Weber—Morris intraparticle
diffusion model indicated that pore diffusion
contributed to the process but was not the sole rate-
controlling step, as evidenced by the positive
intercept. The decomposition of fluorapatite under
the influence of H* ions from AWW played a critical
role, releasing Ca%* and PO, ions while forming
volatile HF. This reaction enhanced the number of
active adsorption sites and improved fluoride
removal efficiency. From an ecological perspective,
the process provides a sustainable method for
mitigating two major industrial waste streams
simultaneously. Technologically, the method is
simple, cost-effective, and adaptable to existing
industrial facilities without requiring extensive
infrastructure modification. The produced sorbent
showed stable performance under simulated
operational conditions, suggesting its viability for
long-term application. The integration of waste
activation and pollutant removal in a single step
aligns with circular economy principles. Large-scale
applications could reduce both operational and
waste management costs in the phosphorite and oil-
processing industries. Further optimization of
process parameters such as temperature, contact
time, and MM: AWW ratio can potentially improve
efficiency even further. Future work should focus on
evaluating the adsorbent’s regeneration potential
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and long-term stability under real wastewater
conditions. Additionally, life cycle assessment (LCA)
studies are recommended to quantify the
environmental benefits of the proposed technology.
The results of this research contribute valuable

insights for developing eco-efficient fluoride
removal strategies based on waste-derived
sorbents.
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OpTanbiK KbI3bIIKYMHbIH, MUHEpaaAaHFaH MmaccacblH 6enceHaipy: PpenHaNmnX
mopaeniHe HerisgenreH ¢TopabiH 6eniHyiHiH, aacopbLuUANbIK KWHETUKACDI
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byn 3eptreype drtopmati TMimai KeTipy yuwiH OpTanblk  Kbi3blikym dochaT  KeHiWiHiH,
KanAbIKTapblHAH a/iblHFaH MUHEpangaHFaH MmaccaHbl (MM) »kaHe cabblH KanablKTapblH eHAeYAeH
anblHFAH KbIWKbINAp! afbiHabl cynapapl (KAC) 6ip mesringe naganaHy KapacTbipblnagbl. MM
KaTaH, bakblnaHFaH Xafgainapaa KAC kemerimeH Xumuanblk benceHaipingi, HaTuxeciHge 6eTki
KabaTTbiH, MoANDUKALMACHI, KEYEKTINIKTIH apTybl }KaHe 6enceHai opTanapabiH reteporeHaiNiriHiH,
Kywetoi 6aiikanapl. KAC KypambiHgafbl H* voHZapbl meH MM KypambiHaafbl ¢Topanatvt
apacbliHAAFbl XMMUAbIK ©3apa dPeKeT MOH anmacyFa, Gocdat ToNTapbIHbIH, epyiHe KaHe YLIKbILL
HF TysinyiHe akenai. 9pTypni MM:KAC KaTbiHacTapbliHAa agcopbunsa Taxipubenepi xyprisinin,
OHTalNbl KYMbIC NapameTpnepi aHblKTanabl. TeHrepimaik aepektep ®PpelHANUX u3oTepma
moZeniHe caikecteHaipinin, reteporeHai 6etrepae KenkabatTbl agcopbuma Kysere acaTbiHbl
pactangbl. KWHETUKanNbIK Tangay ncesno-ekiHwi petTi (PSO) moaenbaiH, eH, ¥KaKcbl COMKecTiriH
KepceTTi, Byn XMMUANBIK afacopbUMAHBIH, XKbINAAMABIKTbI WEKTENUTIH Heri3ri MexaHu3m eKeHiH
6ingipeni. Bebep—Moppuc benwekiwinik guddysma moaeni dTopapiH CiHipinyiHe KeyekTik
andodysuaHbIH, YaeciHiH 6ap ekeHAiriH KepceTTi, 6ipak 6y ¥Kanfbl3 LWEKTENTIH KaJam eMec eKeHi
aHbIKTaNapl. M30Tepma MeH KUHETUKANbIK HITUKeNep apacbiHAaFbl COMKECTIK Kbingam 6eTTik
XemocopbLuMsaHbl KaHe KeWiHri 6aay WHTpaanddysnaHbl KaMTUTBIH eKi caTbinbl agcopbums
MeXaHW3MiH pacTaiabl. JamMbITblIFaH 94iC €Ki OHepKaCINTiK KanaplK afblHAAPbIH Kaaere XapaTty
JKOHE ONapAablH IKONOTUANDBIK i3iH a3alTy apKbl/ibl KOCAP/bl SKONOTUANBIK Nakaa bepesi. AnbiHFaH
copbeHT Moaenbaik *KyMbIC KaFganbiHaa GTopabl KETipyAe *KoFapbl TMIMAINIK KepceTTi. Mpouecc
Kapanalibim, YHEMA[ }KaHe KONAaHbICTaFbl @HePKacin MHOPaKypblIbIMbIMEH yiinecimai. OHAipicTiK
ayKbIMZa EHri3y onepauuAnblK LWbIFbIHAAPAbI a3alTyFa KaHe TYMblK 3KOHOMWKaNbIK »Kyie
KaFMAaTTapbIH inrepinetyre MymKiHAiK 6epesi. ¥CbiHbIFaH HaTUXKenep GTop acepiHe ylblpafaH
ayfaHaapaa cyapl TasapTyAplH, TYpPaKTbl TaCiNiH yCbiHaAbl, COHbIMeH 6ipre eHepKacinTik
KanablkTapapl 6ackapy macenenepiH weweaj.
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AHHOTAUMA

B AaHHOM uccnegoBaHUM M3y4aeTcs OAHOBPEMEHHOe WCMNOo/b30BaHWE MWHEepann30BaHHOW
maccbl (MM) 13 dochopnToBbix 0TX040B LieHTpanbHbIX Kbi3blIKYMOB M KMC/IbIX CTOYHBIX Bo4 (KCB)
OT NPOMbILWNEHHOCTM NO nepepaboTKke coancToka ana 3dPeKTUBHOro yaaneHua dropuga. MM
6bl1a XMMUYECKM aKTMBMpPOBaHa ¢ npumeHeHnem KCB B KOHTPOIMPYEMbIX YCA0BUSX, YTO NPUBEO
K MOAMOMKALMM NOBEPXHOCTW, YBEJIMYEHWUIO MOPUCTOCTM WU BO3PACTAHWUIO TETEPOTrEHHOCTU
aKTUBHbBIX LLeHTPOB. Xumunyeckoe B3aumogeictane noHos H* ns KCB ¢ ¢pTopanatutom B cocTaBe
MM BbI3BaN0 MOHHbIN 0b6meH, pacTBopeHune docdaTtHbIx rpynn u obpasosaHue netydero HF.
JKCnepuMMeHTbl No agcopbumm 6bianv NpoBegeHbl NPU PasANYHbIX COOTHoweHuax MM:KCB c
Lenblo OnpeaeneHus ONTUMalbHbIX MapameTpoB npouecca. PaBHOBeCHble JaHHble 6blin
annpoKCMMMPOBAHbl MOAENbIO M30Tepmbl PpeliHaIvxa, YTO NOoATBEpAUI0 MHOFOYPOBHEBYIO
afcopbumio Ha reTeporeHHbIX NoBepxHOCTAX. KMHETUYeCKWUi aHanu3 nokasasa, YTo MoAenb
ncesgosToporo nopsgka (PSO) obecneumBaeT Hawnydwee COOTBETCTBME, YTO YKasblBaeT Ha
XEMOCOPOLMIO KaK Ha AOMUHUPYIOLWNUIA TMMUTUPYIOLWMIA MexaHn3m. Mogaenb BHYTpuanoddysum
yactuy, Bebepa—Moppuca BbisBuaa, yto noposas aAnddysna BHOCUT BKNah B NOrAoWeHue
dTOpMNaa, HO He ABNAETCA efMHCTBEHHbIM onpegenslowmm 3tanom. CornacoBaHHOCTb
pe3ynbTaToB M30TEPM WU KUHETUKU MOATBEPKAAET ABYXCTaAMMHBIA MeXxaHu3m aacopbuum,
BK/tOYaOWMiA BbICTPYIO MOBEPXHOCTHYIO Xemocopbumio 1 nocneaytowyto 6onee meaneHHyo
BHYTpuanddysuio. PaspaboTaHHbI MeToa obecneymBaeT ABOWHOWM 3KONOTMYECKUit 3ddeKT 3a
CYET YTUAN3ALUMM ABYX NPOMbILWAEHHbIX OTXOLOMNOTOKOB U CHUMXEHUA MX 3KONOrMYECKOro creaa.
MonyyeHHbIn cOpbEHT NOKasan BbICOKY 3OPEKTUBHOCTL yaaneHus dTopuaa B MOAENbHbIX
3KCMN/IyaTaUMOHHbIX ycnoBuax. MpoLecc ABAAETCA NMPOCTbIM, SKOHOMWYHBIM U COBMECTUMBIM C
CyLecTayloWwein NPOMbIWNEHHON WHOPACTPYKTYpon. [pombliwneHHoe BHeapeHue CcnocobHo
CHM3UTb 3KCM/yaTaUMOHHblE 3aTpaTbl U CNOCOBCTBYET Pa3BUTUIO NPUHLMMNOB UUPKYAAPHOM
3KOHOMMUKM. MNpeacTaBieHHble pe3ybTaTbl 06€CNeYMBALOT YCTONUMBDIN NOAX0A K OYUCTKE BOAbI B
paioHax, 3aTPOHYTbIX GTOPOM, OAHOBPEMEHHO peLlas 3aJayuu yrnpaBAeHUA NPOMbILLIEHHbIMU
oTX04aMM.

Kniouyeesbie cnoea: ypanenve ¢Topa, MUHEPAnM30BaHHAA Macca, KUC/Ible CTOYHble BOZAbI,
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Sigmoid Neutralization Response of Acidic Soapstock Waste by Mineralized
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ABSTRACT

This study investigates the neutralization behavior of an acidic wastewater (AWW)-mineralized
mass (MM) system at mass ratios ranging from 100:10 to 100:40, processed at 333 K for 30 min.
The evolution of pH as a function of MM dosage and the corresponding CaO content (%) in the
solid phase were quantitatively evaluated. The solution pH increased sigmoidally from 4.10 to

Received: December 9, 2025 7.30, while the CaO content rose from 23.92% to 36.96%, approaching a saturation plateau at
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higher MM dosages. The pH—dose relationship was described using four-parameter logistic (4PL),
Gompertz, and Weibull models, all showing a high goodness of fit (R? > 0.97). Model comparison
based on AlICc and BIC criteria indicated that the Gompertz model provided the best statistical
performance, whereas the 4PL model ensured clearer physicochemical interpretability. A strong
positive correlation between pH and CaO content was established (Pearson r=0.9649, n=7, p <
0.001), enabling estimation of CaO content from pH values. Numerical inversion of the 4PL model
combined with a multi-model ensemble approach was used to determine optimal MM dosages for
target pH levels. The recommended operating conditions were identified as 100:32 for pH 6.5,
100:36 for pH 6.8, and 100:38 for pH 7.0, with a stabilization zone observed at 100:37-100:40.

Keywords: neutralization, dose-response, 4-parameter logistic (4PL), pH—-CaO correlation,
operational optimization.
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Madaminov Azimbek Egamberganovich

Introduction acidification, groundwater contamination, and
adverse effects on aquatic ecosystems. Therefore,
Acidic wastewater generated during the the development of effective and resource-efficient

processing of soapstock in the fat-and-oil industry
represents a significant environmental challenge
due to its low pH, high salt content, and elevated
concentrations of organic and inorganic
contaminants [[1], [2], [3]]. Improper handling or
disposal of such effluents may lead to soil

neutralization strategies remains an important task
for both environmental protection and industrial
sustainability [[4], [5], [6], [7]].

In parallel, large volumes of mineralized
phosphorite residues are accumulated during
phosphate mining and beneficiation, particularly in
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the Central Kyzylkum region [[8], [9], [10]]. These
low-grade materials are typically characterized by
high CaO content and limited direct industrial use,
resulting in long-term storage and associated
environmental risks. Recent studies have highlighted
the potential of such calcium-rich mineral residues
to serve as neutralizing agents for acidic waste
streams, thereby enabling simultaneous wastewater
treatment and waste valorization [[11], [12], [13],
[14]].

Neutralization processes involving
heterogeneous mineral systems often exhibit non-
linear behavior due to buffering effects, phase
transformations, and saturation phenomena [[15],
[16], [17]]. However, many previous studies have
relied on linear or simplified empirical approaches,
which do not adequately describe the full pH
response over a wide range of reagent dosages. In
particular, the sigmoidal nature of pH variation
during neutralization and its quantitative
relationship with solid-phase CaO enrichment have
received limited attention in the context of waste-
derived mineral reagents [[18], [19]].

The objective of this study is to investigate the
neutralization of acidic wastewater using
mineralized phosphorite mass from the Central
Kyzylkum region, with a focus on the sigmoidal pH-
dose response and its mathematical description. By
applying four-parameter logistic (4PL), Gompertz,
and Weibull models, the work aims to identify
optimal operating mass ratios and to establish a
guantitative relationship between solution pH and
CaO content in the solid phase. This approach
provides a predictive basis for process optimization
under experimentally defined conditions.

Experimental part

Materials. As feedstocks, the present study used
AWW produced during the acid treatment of
cottonseed soapstock at “Urganch Yog‘-Moy” JSC
and MM stored in the Central Kyzylkum region.
According to the results of laboratory analyses, the
AWW had pH 2.0 (strongly acidic), COD of 947.2 mg
0,-L™", BODs of 380.2 mg O,-L™", and total hardness
of 140.5 mg-eq-L™". Major cations were Na* (43,158
mg-L™"), Mg?* (1,824 mg-L™"), Ca?* (300 mg-L™"), and
NH4* (100 mg-L™"), while major anions were S04
(48,145 mg-L™"), CI- (38,116 mg-L™), and HCOs"
(3,446 mg-L™"). Besides, AWW contained 2.1 wt%
total organics and 1.64 wt% total SOs. The

phosphorite residues of the Central Kyzylkum region
represented low-grade mineralized mass of the
following composition, wt%: P,0Os 15.09, Ca0O 43.17,
Al,O3 1.22, Fe,05 1.34, MgO 1.21, F 1.7, CO, 14.01,
SO3 2.17, and moisture 9.11. Due to the high CaO
content, these residues can be used as the basic
neutralizing agent for AWW treatment. The
combined use of AWW and MM not only reduces
ecological hazards but also opens up new sources of
secondary raw materials for fertilizers and other
products [[20], [21], [22], [23]].

In order to investigate neutralization, AWW and
MM were mixed at different mass ratios from
100:10 to 100:40, enabling quantitative assessment
of pH changes upon increasing phosphorite addition.
Mixing was performed at 333 K (=60 °C) to
accelerate acid-base reactions and ensure a
homogeneous medium. Each experiment was
carried out under intense agitation for 30 min,
during which the liquid phase reached quasi-
equilibrium. Afterwards, the mixtures were dried at
353 K (=80 °C) to eliminate moisture and accurately
determine CaO in the final solid phase; such drying
conditions also contribute to residual acid reactions
being completed [[22], [23]]. In systematic variation
through the mass ratios, the pH increased from 4.10
to 7.30, while the content of CaO in the solid phase
increased from 23.92 wt% to 36.96 wt% (Table 1).

Methods. All experimental procedures reported
in this study were carried out by the authors under
laboratory conditions. Standard analytical methods
cited from the literature were used solely as
reference protocols for measurements, whereas
sample preparation, neutralization experiments,
data acquisition, and data processing were
performed independently within the framework of
this work.

This methodological approach offered the
possibility to obtain a complete picture of the
neutralization process, find the optimum mass ratio,
and obtain reliable data for mathematical modeling.
Moreover, experimental conditions were chosen
considering realistic technological parameters in
accordance with industrial reprocessing practice. pH
and CaO content were selected as main
performance indicators of the neutralization
efficiencv. pH was measured using a laboratorv pH
meter with an ion-selective electrode; the
instrument was calibrated before each run with
standard buffer solutions (pH 4.00, 7.00, and 9.18).
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In order to avoid the effects of temperature, the
measurements were performed after attaining
equilibrium at 333 K for every mixture.

Table 1 - Composition of neutralization products derived
from acidic wastewater (AWW) and the Central Kyzylkum
mineralized phosphorite mass

Mass ratio (AWW:MM) pH Cao, %
100:10 4.1 23.92
100:15 4.81 27.95
100:20 5.62 28.66
100:25 5.9 32.68
100:30 6.33 35.48
100:35 6.74 36.74
100:40 7.3 36.96

The measurement of the content of CaO was
done using the traditional method of
complexometric titration using an EDTA solution to
titrate calcium ions (Ca?*), and murexide indicator.
To maintain analytical accuracy, each assay was
carried out in triplicate and mean values were
provided as a result. Additionally, some of the
samples were confirmed through the gravimetric
method, where calcium was precipitated from
solution as CaCOs;, and the mass correlation
between that precipitation and the amount of CaO
was determined mathematically via stoichiometry.
The estimated overall analytical uncertainty was
controlled to +0.02 for pH and #0.3% for CaO. The
use of both complexometric and gravimetric
methods enabled the researcher to collect a reliable
dataset that is suitable for the mathematical
modeling of neutralization reactions. For a
mechanistic yet parsimonious description of the
process, the four-parameter logistic (4PL) model was
adopted, as it captures the sigmoidal pH—dose
dependence effectively. The general form of the 4PL
used in this work is:

() = A1+ A2 — A1
xX) = —_—
Y 1+ ()™
X0

Here, A1 denotes the initial lower asymptote
(acid-region pH), A2 the upper asymptote
(neutral/alkaline region), x the half-response mass
(dose at which pH=(A1+A2)/2), and n the transition

steepness, which reflects buffer capacity and the
sharpness of the reaction front [24].

Parameter estimation was performed by
nonlinear least squares; starting values were
anchored to the observed minimum and maximum
pH, and 95% confidence intervals were obtained by
bootstrap resampling (21000 replicates) [25]. Model
selection relied on AlCc [26] and BIC [27], with the
lowest scores indicating the preferred specification.
As alternatives to 4PL, Weibull and Gompertz
functions were also evaluated.
Weibull model (four-parameter, CDF form):

el
y(x)=A2— (A2 — Al)e 'z

Here, A is the scale parameter, and 8 is the shape
parameter; in practice, the Weibull specification
captures the gradual, decelerating approach to the
plateau as the dose increases.

Gompertz model.
y (r) = A1 + (A2 — A1) e~ @*PI-k(x=x0)]

This model describes an initial lag phase, a
period of accelerating growth, and a final brief
saturation stage; it is thus better suited to
asymmetric response curves [28]. All models were
validated by residual diagnostics (residuals vs. fitted
values, Q-Q plots, and Cook's distance) and
weighted  regression was applied when
heteroscedasticity was detected. The key benefit of
the 4PL formulation derives from the
physicochemical interpretability of the parameters:
Al corresponds to the starting acidic baseline, A2 to
the final neutral/alkaline plateau, x0 to the half-
response dose (i.e., operational mass ratio at the
midpoint of the process), and n describes the
transition steepness (i.e., process sensitivity),
thereby elevating the analysis of neutralization from
simple empirical observation to a predictive,
parametric basis. In this regard, numerical inversion
of the 4PL model was also implemented to calculate
the required mass ratio for a given target pH, which
allows for actionable decisions in industrial practice.
In all, the 4PL constitutes a rigorous mathematical
representation of full sigmoidal neutralization
behavior and returns results that are at once reliable
and practically useful, while Weibull and Gompertz
provide supporting checks and further insight when
asymmetry in the process response is present.
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Although standard analytical approaches
reported in the literature were used as
methodological references, all experimental work
and data presented in this article were generated by
the authors.

Results and Discussion

The results presented below were obtained
exclusively from experiments conducted in this
study. All data points correspond to independently
performed neutralization tests at defined AWW:MM
mass ratios, and no secondary or literature-derived
datasets were used in the analysis.

The AWW:MM ratios tested in this research
ranged from 100:10 to 100:40, all trials carried out
on day 333 K; all agitation times lasted 30 minutes
and were performed according to protocols
described in the 'Materials and Methods' section.
The solution's pH was monitored after each
experiment, and the mass fraction of CaO contained
within the solid portion of the solution was
computed and expressed as a percentage of that
solution mass. Solutions were two-point calibrated
with buffers, one at pH 4.00 and the other at pH
7.00, before obtaining the pH measurements of each
solution; all solutions were corrected for
temperature variations by using ATC. The electrodes
utilized for pH measurements were cleaned before
each use, and electrode drift was accounted for. The
results of CaO determinations were obtained
through STN methods; sample treatments and
measurements of ions using the ion-selective
electrode were consistently performed in the same
manner from run to run. The major contributors to
uncertainty associated with analysing the data were
identified as, but are not limited to, electrode drift,
the effects of ionic strength, and the potential for
heterogeneity in the samples being analysed;
therefore, the responses obtained from calibrating
and controlling test solutions were completed
before each measurement series began. The
resulting raw dataset covered AWW:MM points
100:10, 100:15, 100:20, 100:25, 100:30, 100:35, and
100:40. The corresponding pH values were 4.10,
4.81, 5.62, 5.90, 6.33, 6.74, and 7.30, and CaO
contents were 23.92%, 27.95%, 28.66%, 32.68%,
35.48%, 36.74%, and 36.96%, respectively (Table 1).
Descriptive statistics confirmed data stability and
controlled dispersion. For pH, N =7, min = 4.10, max
= 7.30, mean = 5.829, SD = 1.105, and CV = 18.95%
(Table 2).

Table 2 - Descriptive statistics for pH and CaO (%): N, Min,
Max, Mean, SD, CV (%)

Metric N Min Max Mean SD° CcV, %
pH 7 4.10 7.30 5.829 1.105 18.95
Ca0, % 7 2392 3696 31.770 5.035 15.85

*SD — sample standard deviation; CV (%) = SD / Mean x
100.

For CaO, N=7, a minimum of 23.92% to a
maximum of 36.96%. The mean CaO content was
31.770% with SD=5.035 and CV=15.85%. This data
preliminarily indicates that there is a sigmoidal
increase with respect to the pH levels and near-
saturation of CaO. The dataset is sufficiently
informative for future stages of modelling. The
increase of the AWW:MM ratio caused an increase
in the pH of the solutions. An initial monotonic
increase and a distinct sigmoidal response was seen
as the AWW:MM ratio was increased from 100:10 to
100:40. The growth rate of the pH-response
increased between the AWW:MM ratios of 100:20 -
100:30, followed by a plateau from 100:35 - 100:40.
This response demonstrated that the Neutralisation
process occurred stepwise during Buffering and
Carbonation. Four-parameter Logistic, Gompertz,
and Weibull Models were fitted to the pH-dose data
according to the procedures and constraints set
forth in Materials and Methods; these three models
all fitted the data adequately with minor differences
in goodness of fit. The Gompertz model yielded the
lowest AlICc and BIC and thus emerged as the
preferred specification; its R = 0.989 indicates a high
explanatory power. The Weibull model achieved R?
= 0.987 with competitive AICc/BIC values. Although
the 4PL model also produced R? = 0.989, it was
penalized more strongly by AICc and therefore
ranked slightly lower. Figure 1 presents the observed
points and the three fitted curves on a single plot,
clearly illustrating the sigmoidal trajectory.

rved pH
7.0 o t2 fit ~

Gomper
— Weibull fit /
6.5

25
MM (part in 100:MM)

Figure 1 - pH vs. MM: observed data points with fitted
4PL, Gompertz, and Weibull curves
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Figure 2 residual distribution for the best-fitting
model, confirming the absence of systematic
patterns.

Random dispersion of the residuals around zero
indicates that the model is correctly specified. The
physical interpretation of the 4PL parameters is
convenient: the lower asymptote is A; = 3.03 and the
upper asymptote is A, = 9.50. For 4PL, the half-
response dose ECso (Xo) = 27.93, meaning that the
response reaches its midpoint at this dose, and the
slope parameter n = 1.55 reflects a moderately sharp
transition. In the Gompertz model, the upper
asymptote is a = 8.82, while the shape parameter c
= 0.043 indicates a gradually advancing
neutralization front; the half-response occurs at xso
= 11.87, i.e., at a lower dose. For the Weibull model,

the upper asymptote is a = 9.50 and the shape
parameter ¢ = 0.659, capturing dynamics that
accelerate initially and then decelerate; the
corresponding half-response is xso = 14.18, which
marks the dose yielding the median response. Table
3 reports the goodness-of-fit indicators—R?, AlCc,
and BIC—enabling direct comparison among the
models.

0.20
0.15
0.10

0.05

Residual (pH)

0.00

-0.05

-0.10

10 15 20 25 30 35 40
MM (part in 100:MM)

Figure 2 - Residuals for the best-fitting
model (Weibull).

Random dispersion of the residuals around zero
indicates that the model is correctly specified. The
physical interpretation of the 4PL parameters is
convenient: the lower asymptote is A; = 3.03, and
the upper asymptote is A, = 9.50. For 4PL, the half-
response dose ECso (Xo) = 27.93, meaning that the
response reaches its midpoint at this dose, and the
slope parameter n = 1.55 reflects a moderately sharp
transition. In the Gompertz model, the upper
asymptote is a = 8.82, while the shape parameter c
= 0.043 indicates a gradually advancing

neutralization front; the half-response occurs at xso
=~ 11.87, i.e., at a lower dose. For the Weibull model,
the upper asymptote is a = 9.50 and the shape
parameter ¢ = 0.659, capturing dynamics that
accelerate initially and then decelerate; the
corresponding half-response is x50 = 14.18, which
marks the dose yielding the median response. Table
3 reports the goodness-of-fit indicators—R?, AlCc,
and BIC—enabling direct comparison among the
models.

The table also includes an interpretation of the
ECso (Xo) and n parameters to guide practical dose
selection. While the Gompertz model attains the
lowest AICc/BIC, indicating the statistically preferred
specification, the 4PL parameters remain the most
operationally intuitive.

Table 3 - Parameter estimates and goodness-of-fit
statistics for pH models (4PL, Gompertz, Weibull)

Model 4PL Gompertz Weibull
Lower asymptote 303 ~0.00 ~0.00
(yd)
Upperasymptote 4 8.82 9.50
(yT)
EC50, x50 27.93 11.87 14.18
n (slope/shape) 1.55 0.043 0.659
R? 0.989 0.989 0.987
AlCc -2.998 -17.255 -15.903
BIC -23.214 -25.417 -24.066
Accordingly, we recommend balancing
statistical  optimality = with  physicochemical

interpretability. For example, in production terms,
the 4PL xo points to the transition region around pH
= 6.2-6.3. By contrast, Gompertz and Weibull
emphasize the early-transition segment more
strongly and are useful for assessing reagent
economy. Residual diagnostics confirmed adequacy
across the main domain, with minor edge deviations
that may arise from buffer phases and solid-phase
formation. Overall, the pH-dose response
corroborates  the multistage nature  of
neutralization. In the next step, the CaO-dose
results are integrated to recommend a clear optimal
dose window. In the AWW-MM system, the
association between pH and CaO (%) is strongly
positive: Pearson r = 0.96490, n = 7, p = 0.000435
(Table 4).

—— 84 ——
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Table 4 - Pearson correlation (pH vs. Ca0), significance,
sample size, 95% confidence interval for r, and linear
regression summary (slope, intercept, R?).

Metric Value
Pearsonr 0.96490
p-value 0.000435

n (observations) 7

95% ClI (r, lower) 0.77494
95% ClI (r, upper) 0.99498
Linear slope, dCaO/dpH 4.39823
Slope 95% ClI (lower) 3.02215
Slope 95% CI (upper) 5.77431
Intercept (CaO % at pH = 0) 6.13460
R? 0.93104

This implies that as pH increases, the CaO
fraction in the solid phase also increases
monotonically; the 95% confidence interval for the
Pearson correlation is [0.77494, 0.99498]. A simple
linear regression (CaO = 6.13460 + 4.39823:pH)
yielded R? = 0.93104, indicating that =93% of the
variance in CaO is explained by pH (Figure 3). In the
scatter plot of Figure 3 (markers = observations), the
least-squares regression line shows that a one-unit
increase in pH raises CaO by ~4.40% (95% Cl for the
slope: [3.02215, 5.77431]).

These quantitative results are mechanistically
consistent with: (a) consumption of free acidity
during neutralization, leading to a pH rise; (b)
increasing buffering strength (phosphate—calcium
and carbonate buffers) as pH grows; (c) formation of
carbonate and Ca—phosphate phases (e.g.,
brushite/apatite), which transfers Ca species to the
solid phase and increases CaO (%); and (d)
emergence of a plateau at high pH due to solubility
constraints and slower phase-growth kinetics.

As a result, CaO can be practically predicted
from on-line pH control; for example, at pH = 6.8,
Ca0=6.13460+4.39823x6.8=36.0%. The strong,
monotonic pH-CaO association, together with the
plateau observed in the upper segment of the pH-
dose curve (zone of sharply diminishing marginal
gains) forming around 100:37-100:40, informed the
dose selection for target pH. Accordingly, the
required doses were obtained by numerical
inversion of the 4-parameter logistic (4PL) model
(the primary specification described in Materials and
Methods) and stabilized via triangulation with
Gompertz, Weibull, and local linear interpolation
(see Table 5).

38t Observed
Linear fit

4.0 4.5 5.0 5.5 6.0 6.5 7.0
pH
Figure 3 - Relationship between pH and CaO (%) in the
AWW-MM system (n = 7).
Markers indicate observations; line shows the least-
squares linear fit (CaO = 6.13460 + 4.39823-pH;
R2=0.93104; p < 0.001).

All  computations were interpreted strictly
within the observed range (MM = 10-40). For each
target pH, the ensemble median across the four
approaches was adopted as the recommended dose,
whereas the model min—max defined the
operational control window.

Table 5 - Target pH - recommended dose (100:MM),
based on 4PL inversion with multi-model triangulation
(Gompertz, Weibull, and local linear interpolation)

Target pH 6,5 6,8 7.0
4PL (MM) 30.67 34.63 37.63
Gompertz (MM) 32.55 36.38 38.74
Weibull (MM) 32.00 35.52 37.57
Linear interp. 32.07 35.54 37.32
(MM)
Ensemble median 32.07 35.98 37.60
(MM)
Recommended 100:32 100:36 100:38*
(100:MM)
Operational 100:31- 100:35- 100:37-
window 100:33 100:37 100:40

Accordingly, the most suitable settings are pH
6.5 - ~100:32, pH 6.8 - ~100:36, and pH 7.0 -
~100:38. Because the last setting lies very close to
the onset of the plateau, a cost-aware operating
policy is to start at 100:37 and, under on-line pH
control, adjust 37 - 38 only if required.
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Conclusions

The neutralization of acidic wastewater by the
Central Kyzylkum mineralized mass exhibited a clear
sigmoidal pH response within the investigated mass
ratio range of 100:10-100:40. Under the applied
conditions (333 K, 30 min), the solution pH increased
from 4.10 to 7.30, while the CaO content in the solid
phase rose from 23.92% to 36.96%, indicating
progressive incorporation of calcium-bearing
components during neutralization.

Mathematical description of the pH-dose
relationship using four-parameter logistic (4PL),
Gompertz, and Weibull models demonstrated a high
goodness of fit (R? > 0.97). Although the Gompertz
model showed the most favorable statistical criteria
(AICc/BIC), the 4PL model provided parameters with
clearer physicochemical interpretation, enabling
identification of the transition region and the onset
of saturation. Based on model inversion and multi-
model comparison, the optimal operating mass
ratios were determined as 100:32 for pH 6.5, 100:36
for pH 6.8, and 100:38 for pH 7.0, with a stabilization
(plateau) zone observed at 100:37-100:40.

A strong positive correlation between pH and
CaO0 content was established (Pearson r = 0.9649, p
< 0.001), demonstrating that pH can serve as a
reliable operational indicator for estimating CaO

enrichment in the solid phase under the investigated
conditions. This relationship provides a quantitative
basis for process control and dose selection during
neutralization.

The conclusions of this study are limited to
experimentally measured pH and CaO parameters
and their mathematical interpretation. Potential
effects related to corrosion behavior, environmental
impact, carbonation processes, and the agronomic
suitability of the solid product were not evaluated
and therefore remain outside the scope of the
present work. These aspects should be addressed in
future investigations.
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KbIWKbIN cabbliH KanablKTapblHbIH, CUTMOUATbI 6eiiTapanTaHAbIpy peakuuAcbiHAA
MUHepangaHfaH GochopuT KanablKTapblH NaganaHy:
4 napameTpAi NOrMCTUKANDIK, TaCiN
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TYRIHAEME

Makana kengi: 9 xceamokcaH 2025
CapantamagaH eTTi: 6 kaHmap 2026
KabbingaHapl: 16 kaHmap 2026

Bbyn 3eptreyae 333 K temnepaTypaga xaHe 30 MUHYT eHAey yakbiTbiHAa 100:10-100:40 maccanbik,
KaTblHacTapAa «KblWKblLIAbl afblHAbl cy (AWW) — muHepangaHfaH macca (MM)» KyMeciHiH,
beiTapanTaHy NpoLeciHiH Xypici 3epTTengi. MM posacbiHa 6aiinaHbICTbl pH e3repici »kaHe KaTTbl
basaparbl CaO menwepi (%) caHapiK Typae 6aranaHapl. EpiTiHai pH maHi 4,10-HaH 7,30-Fa aeiiH
curmomganst Typae aptrbl, an CaO menwepi 23,92%-aaH 36,96%-Fa aentiH ecin, MM-HiH, }kofapbl
[O3anapbiHAa KaHbIFy NAaTOCbIHA KaKblHAAAbl. «pH—po3a» Tayenginiri TeptnapameTpni
noructukanbikK (4PL), Tomneprty, kaHe Beilbynn moaenbaepi apKplibl cvnaTTangbl, 0NapAabiH,
6ap/ibiFbl KOFapbl CAMKeCTIK AapexeciH kepcetti (R? > 0,97). AlCc »aHe BIC KpuTepuitnepi
HerisiHae KyprisinreH mopgenbaepai canbiCTblpy HaTUkKeciHae FomnepTy, modeni eH Kakcobl
CTAaTUCTUKA/bIK, KepceTKilTepre Me eKeHi aHblKTanabl, an 4PL mogeni ¢usnKa-XxMmUANbIK,
TYPFblAAH HEFYP/IbIM aiiKblH MHTEpPNPeTauuAIaHaTbiH NapameTpaepai KamTamacoi3 eTTi. pH neH
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Ca0 meswwepi apacbiHAA KyLWTi OH, Koppenauua opHaTbinabl (MpcoH KoadduumenTi r = 0,9649, n
=7, p < 0,001), 6yn CaO menwepiH pH MaHAepi apKbiabl bafanayra MyMKiHAIK 6epeai. 4PL
MoZenNiH caHAbIK Kepi ecenTey MynbTUMOAENbA aHCambbaik TaciameH bipikTipinin, 6epinreH pH
Aenreinepi ywiH MM-HiH OHTaliAbl A03aNapblH aHbIKTAy MaKCaTbiHAA KONAAHbINAbI. ¥CbIHbIAFAH
KyMbIC pexxumaepi pH 6,5 ywin 100:32, pH 6,8 ywiH 100:36 »aHe pH 7,0 ywiH 100:38 60sbin
aHbIKTaNApl, an TypakTaHy arimasbl 100:37-100:40 apanbiFbiHaa 6aikangpl.

TyiiiH ce3dep: GeiTapanTaHAbIpy, A03a—peakuna Tayenainiri, TopT napameTpai NOrMCTUKANbIK
mogenb (4PL), pH—CaO Koppenaumacsl, TEXHONOTUAbIK NPOLECTi OHTalNaHAbIPY.
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AHHOTAUMUA

B HactoAwem wuccnefoBaHWMM UM3ydaeTca noseAeHMe npouecca HenTpanusaumm cucTembl
«KMCNOTHblEe CTOYHble Boabl (AWW) — muHepanusosaHHas Mmacca (MM)» npu maccosbix
cooTHoweHuax ot 100:10 ao 100:40 npu Temnepatype 333 K 1 NpogonkutenbHocTM obpaboTtku
30 MWH. KonMyecTBeHHO OLeHeHa 3aBMCMMOCTb M3meHeHusa pH oT go3upoBkM MM, a Takxke
cooTBeTcTBytoLee cogepkaHune CaO (%) B TBepaon dase. 3HaueHne pH pacTtBopa Bo3pacTano no
curmomzanbHom 3asucumocty ot 4,10 po 7,30, B TOo Bpems Kak copeprkaHme CaO yBenmumsanocb
€ 23,92% po 36,96%, npubAnKaAcb K NNaTo HacblleHua npu 6osee BbICOKUX A03MpPOoBKax MM.
3aBUCMMOCTb «pH-p03a» bbina onucaHa € MCMOAb30BaHMEM YeTblpexnapameTpuyecKon
noructuueckon (4PL), mogeneit fomnepTua v Belbynna, KOTOpble MNOKa3aan BbICOKYIO CTEMEHb
annpokcumaumn (R? = 0,97). CpaBHeHne mogesnelt Ha ocHoBe Kputepues AlCc u BIC nokasano, u4to
moZenb fomnepTua obecneymBaeT HauaydlMe CTaTUCTUYECKME NOKasaTenu, Toraa Kak moaenb
4PL obnapaeT 6onee YeTKoN GUUKO-XMMUYECKOM MHTEPNPETUPYEMOCTbIO. YCTaHOB/IEHA CUIbHAsA
NoNoXKUTENbHAA Koppensauma mexay pH 1 coaep»kaHnem CaO (KoadpduumenT MupcoHa r=0,9649,
n =7, p < 0,001), yto No3BONAET OLEHNBATb coaepkaHne CaO no 3HaveHusam pH. YucneHHoe
obpauieHne mogenu 4PL B codeTaHUMM C MyAbTUMOAENbHbIM aHCambieBbiM Noaxoaom 6bino
MCNO/MIb30BaHO AN onpeaeneHuna OonTMManbHbiX 403 MM npu 3afaHHbIX 3HayYeHuax pH.
PekomeHayemble paboune ycnosua coctasmnmn 100:32 ana pH 6,5, 100:36 ans pH 6,8 1 100:38 ana
pH 7,0, npu 3Tom 30Ha cTabuamsaumm Habaoganace B AnanasorHe 100:37-100:40.

Kniouesble cno0ea: HeWTpanusaums, 3aBUCUMOCTb [03a—OTK/AMK, YeTbipéxnapameTpuyeckas
norucTuyeckas mogens (4PL), koppenauma pH—CaO, onTMmMmM3aLmMsa TEXHONOMMYECKOTO npoLiecca.
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Mathematical analysis of the linear increase in SiO. content during the activation
of Navbakhor alkaline bentonite with hydrochloric acid
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ABSTRACT

In this study, the acid activation process of the bentonite clay, which was conducted for
producing a bleaching sorbent for the oil and fat industry, was mathematically analyzed. Increase
in SiO, content under different concentrations of HCl was analyzed using the different
mathematical models. During acid activation, increasing the acid concentration from 5% to 20%
resulted in an increase in the SiO, content from 61.94% to 65.12%. During the activation process,
Received: December 11, 2025 a moderate increase in HCl concentration caused the improvement of the sorption properties of
Peer-reviewed: December 26, 2025 the clay by dissolving some components and restructuring the active sites. An excessive increase
Accepted: January 19, 2026 in the concentration of HCl leads to degradation of the mineral structure and partial breakdown
of the silica framework, which negatively influences sorption performance. Analysis of the
obtained results using the different mathematical approaches showed that an increase in SiO,
content during activation corresponds fully to a linear model. According to this, a linear model
was described by the equation y = 60.785 + 0.2088:X. Accuracy of the results obtained from the
linear equation was confirmed by a coefficient of determination, R? = 0.9845, indicating a high
accordance with the experimental data. This model mathematically predicts the increase in SiO,
content and proves that the activation process proceeds as a linear function. A mathematical
approach to the activation process enables one to calculate in advance the properties of sorption
of the clay, to reduce the consumption of acid and water, and to calculate the eventual demands
of other reagents.

Keywords: bentonite clay, activation, sorption properties, mathematical modeling, linear model.
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Introduction properties depend on the structure of the crystal

lattice of this mineral. The availability of ion-

Natural mineralized clays (including both raw  exchangeable components in bentonite clays

and activated forms) were characterized with high  provides possibilities to improve the sorption

sorption capacity, among which are bentonite, properties in the course of activation [1].

kaolin, palygorskite, opoka-type clays, and others. Depending on the mineralogical composition,

The structure of bentonite clays is based on the  structural characteristics, chemical properties, and

mineral montmorillonite, which represents the intended field of application, natural clays'
group of aluminosilicates. Their physicochemical activation methods are carried out under different
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conditions.

As a chemical modification process, acid
activation replaces exchangeable metal cations,
such as Na*, Ca?*, and Mg?*, with H* ions. After the
removal of the interlayer metal ions, a silica-rich
framework is formed. In addition, new kinds of
active sites within the clay structure will be
generated in this process [1].

The specific surface area varies depending on
the type of acid, its concentration, temperature,
duration of treatment, and the hydromodule. A
moderate acid concentration leads to an increase in

Due to acid activation, there is an increase in
the specific surface area of the clay, its pore size,
and pore volume [2].

The specific surface area depends on the kind
of acid, the acid concentration, temperature, time
of treatment, and the hydromodule. An increase in
specific surface area due to a moderate acid
concentration is accompanied by an increase in the
SiO, content. A further increase in acid
concentration reduces the ion-exchange capacity
and provokes the degradation of the crystal
structure of the mineral. As a result, the sorption
properties of the clay decrease [3].

Of the different parameters, specific surface
area and pH have been mainly considered in
activated bleaching clays used for refining
vegetable oils. The activation results in a manyfold
increase of the specific surface area of the clay
compared to its natural state, which increases its
sorption capacity [[4], [5]].

However, at acid concentrations beyond the
moderate values, deformation and blockage of
pores occur; this would further reduce sorption
performance. Controlling the type of acid and
conditions of activation can yield selective sorbents
suitable for different kinds of molecules, besides
making a structure with varying proportions of
micro, meso, and microporosity possible to obtain
([6], [71].

Adsorption processes occurring between the
sorbent and the sorbate generally proceed through
physical and chemical mechanisms. Maximum
sorption of dye compounds, oxidation products,
cations, anions, and other components present in
the sorbate is achieved when the pore size, pore
volume, and pH of the adsorbent are optimal. In
particular, harmful anionic substances can be
effectively removed from industrial wastewater
with polar sorbents [[8], [9], [10]].

Various compositions developed through
different approaches in adsorbent development
have been studied, which showed that the process

is kinetically described by the pseudo-second-order
model. This indicates that, aside from physical
adsorption, chemical bonding-i.e., chemisorption-
adds to the active role of the sorption process.
Thus, the mechanism of adsorption is not just a
physical interaction of the molecules with the
material but also involves chemical interactions.

The Langmuir and the Freundlich models are
two of the most frequent models used in the study
of the equilibrium state of adsorption processes.
According to the assumptions of the Langmuir
model, adsorption on the surface occurs as a
monolayer-that is, as a single layer of adsorbate
molecules. The Freundlich model characterizes
sorption on a heterogeneous solid that is composed
of sites with different energies and affinities [8].

As a result of acid treatment, the dissolution of
soluble components in the octahedral layer
increases or redistributes active sites surrounding
the Si-O bonds. In this way, it increases the
energetic activity of these sites and strengthens
their interactions with organic compounds,
pigments, peroxides, and other oxidation products.
In bleaching clays applied in the oil and fat industry,
activation with moderate acid concentrations is
effective. High acid concentrations destroy the
crystal structure of the mineral and subsequently
its sorption properties. Washing the suspension in
water after the process should be conducted at pH
= 4-5, because, under such conditions, ion-forming
substances present in oil bind effectively [4].

The pH of the sorbent, therefore, plays an
important role in the efficient removal of
contaminants in industrial wastewater. Its surface
charge is one of the most important parameters for
treating a variety of sorbates with differing pHs.
Control of the surface charge of the sorbent
properly orients the adsorption process and makes
it highly feasible to achieve maximum efficiency in
wastewater treatment applications [5].

Bentonite clays are considered to be abundant,
low-cost materials that can be easily activated. At
the same time, they offer the possibility to produce
environmentally safe sorbents. They find wide
application both as bleaching earths in the food
industry and as sorbents for the removal of
contaminants from industrial wastewater. Specific
application of bleaching earths depends on their
pore structure: mesopores effectively adsorb larger
molecules such as phospholipids, while micropores
are more suitable for the adsorption of smaller and
more polar molecules. In the process of vegetable
oils bleaching, the sorption properties and pH value
of the sorbent directly influence the final result of
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the process. The linear relationship between these
parameters facilitates optimization of practical
applications. Moreover, in the analysis of
adsorption processes, it is recommended to
evaluate the compatibility of kinetic and isotherm
models, verify relative errors and statistical criteria,
and assess the stability of the selected model [[4],
[11], [12], [13], [14], [15], [16]].

Activated clays, due to their high specific
surface area, tunable particle size distribution, and
adjustable pH values, can be used as selective
adsorbents that preferentially remove
contaminants from multicomponent mixtures. In
addition, in the study of physical and chemical
properties of adsorbents obtained by activation of
natural clays, adsorption isotherms and the kinetic
characteristics of the adsorption processes have
been described in detail [17].

In the detailed analysis of adsorbents, the study
of adsorption—desorption isotherms is of great
importance, as these curves characterize the
equilibrium established between the sorbent and
the sorbate. In this context, the Langmuir model is
considered a classical approach, assuming that all
active sites on the surface possess identical
energies. Accordingly, molecules occupy the
surface in a monolayer fashion. This model of
monolayer adsorption applies to homogeneous
surfaces with similar structural active sites and is
based on assumptions of a finite number of
adsorption sites. In contrast, the Freundlich model
assumes that sorbent surfaces are inherently
heterogeneous, possessing adsorption sites with
dissimilar energetic characteristics. The
arrangement of the molecules on such
heterogeneous surfaces, according to this model, is
not restricted to a monolayer; the adsorption may
be a polylayer, reflecting a more complex nature of
adsorption [18].

In  the adsorption of different organic
compounds using various modified bentonite clays,
kinetic and isotherm properties of the process have
been evaluated according to the pseudo-second-
order kinetic model. This model is considered one
of the most valuable mathematical models that
describes the basic mechanisms of the adsorption
rate. Usually, the use of a pseudo-second-order
model indicates that the adsorption rate proceeds
via a chemical mechanism, so that the active sites
on the surface of the adsorbent interact with
sorbate molecules through a direct covalent or
strong chemical bonding. Therefore, the pseudo-
second-order kinetic model can provide a

theoretical basis for the study of the extent and
rate at which the sorbate molecules are bound by
the adsorbent [19].

The chemical mechanisms of adsorption are

described by the pseudo—second-order kinetic
model (1).
t 1 t
P + — 1
. k23 qe (1)
here:
gt - amount of substance adsorbed at time t,
mg/g;

ge - amount of substance adsorbed at
equilibrium, mg/g;

ks - rate constant, g mg™" min~";

t - time, min.

According to the volumetric distribution of their
pores, bentonite clays can serve as selective
adsorbents, catalysts, or raw materials in the
production of pharmaceutical preparations [20].

In scientific studies on the purification of
wastewater from pharmaceutical manufacturing
facilities, the sorption efficiency of natural
bentonite clay and acid-activated samples has been
comparatively evaluated for the removal of harmful
antibiotics. The results indicate that the adsorption
of antibiotic compounds from wastewater follows
the pseudo-second-order kinetic model. Among the
isotherm analyses based on the Langmuir and the
Freundlich models, the Langmuir model yielded the
highest coefficient of determination (R?) [21].

Mathematical modeling of  production
processes enables the preliminary analysis of
technological systems and the optimization of
operational costs [[22], [23]]. A mathematical
approach to industrial operations allows
technological processes to be expressed in a digital
framework and facilitates the examination of the
relationship between theoretical predictions and
practical outcomes. Such an approach significantly
enhances production efficiency by reducing the
consumption of raw materials and energy
resources.

Although numerous studies have been devoted
to the acid activation of bentonite clays, the
majority of these works primarily focus on changes
in adsorption properties and increases in specific
surface area. In contrast, the quantitative
relationship between hydrochloric acid
concentration and the increase in silicon dioxide
(Si0;) content has not been systematically
investigated. In particular, for alkali-earth bentonite
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from the Navbahor deposit, the dependence of SiO,
content on hydrochloric acid concentration has not
yet been consistently described using a
deterministic mathematical approach.

The scientific novelty of the present study lies
in the fact that, for the first time, a statistically
reliable and clearly defined linear relationship
between hydrochloric acid concentration and the
increase in SiO, content during the acid activation
of Navbahor bentonite has been established. Unlike
previous studies that relied mainly on empirical
observations, this work proposes a simple yet
highly reliable  mathematical model that
qguantitatively = characterizes  the  structural
transformation of the silica framework during acid
treatment.

The mathematical modeling of the HCI
activation process of natural bentonite clay allows
for an examination of the effect that increasing SiO,
content has on the behavior of the specific surface
area, as well as to predict the surface area that can
be obtained. This makes it possible to maximize the
quality parameters of the resulting adsorbent,
control the process of activation digitally, and
optimize the consumption of reagents.

Based on the experimental data, an empirical
and deterministic mathematical model is developed
to describe the relationship between SiO, content
and hydrochloric acid concentration. An analysis of
the proposed model was then made using a linear
regression equation, as well as an evaluation of its
reliability based on statistical indicators (R2).

Materials and Methods

The material of the research is alkaline
(calcium) bentonite of the Navbahor deposit, which
is located in the Navoi region. The main
component, according to the chemical composition
of natural bentonite clay, is Si0,-61.54%. That very
fact testifies to the presence of a silica-based
structural framework of this mineral. A high
proportion of SiO, in its composition ensures
stability of the mineral layers, and it acts as a non-
degradable  structural carcass during acid
activation.

In addition, the bentonite clay contains 12.60%
aluminum oxide (Al;0s), 6.23% iron oxide (Fe,0s),
as well as other oxides, the respective amounts of
which are presented in Table 1. This chemical
composition was taken as the initial parameter for
modeling the kinetics of SiO, increase during the
activation of bentonite with hydrochloric acid.

Bentonite clay samples weighing 100 g each
were activated in HCl solutions of varying
concentrations (5, 10, 15, and 20%) at a
hydromodule of 1:2.5 and a temperature of 373 K
for 2 hours under continuous stirring in a water
bath. The activated suspension was washed with
distilled water until reaching pH 4, followed by
drying at 473 K, grinding, and sieving through a 56
pum mesh. The SiO, content in the clay was
determined using the colorimetric method [7].

Three parallel experiments were conducted
simultaneously, and their average values were used
for analysis. Based on the obtained experimental
results, the relationship between the increase in
hydrochloric acid concentration and the change in
Si0, content was examined. Accordingly, a
mathematical model was developed that describes
this process. The analytical results were processed
by mathematical-statistical methods, and the
reliability of the data was checked.

Accordingly, it has been determined that the
increase in SiO, content as a function of
hydrochloric acid concentration can be given by the
linear regression Equation (2), from which the
mathematical treatment clearly shows the level of
accuracy of the experimental results.

vyv=a+b-X (2)

here:

y - SiO, content, %

a - Value of ywhen X=0

b — Regression coefficient, %

X = hydrochloric acid concentration, %

In the model, hydrochloric acid concentration
was an independent variable, while SiO, content
was the dependent variable. The value of the
coefficient of determination (R?) was used to
determine the exactitude of the results from the
model. Mathematically, R? is given by expression 3.

R?=1->2 (3)

here:

R? - coefficient of determination

SST - deviation of experimental values from the
mean

SSE - difference between the model and
experimental values.
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Table 1 - Chemical composition of natural Navbahor alkali-earth bentonite

Content, %

Sampl
ampie Si02 ALOs | Fe:0s | TiO: Ca0 MgO | Na0 K20
:::/“ra' bentonitic ¢, <, 1260 623 0.56 0.75 3.98 0.82 211

A high value of the coefficient obtained, R?
means that the increase in the concentration of
hydrochloric acid translates into a rise in the rate of
disruption of the silicon-oxygen bonds within the
silica framework; that is, it reflects structural
changes corresponding to increasing the acid
concentration. For example, usually, when R? >
0.95, the model is considered highly accurate;
however, with R?* < 0.80, the model has failed to
effectively describe the process at hand. In this
context, the results of the correlation analysis also
support the findings above. The value of r = 0.992
further confirms the linear relationship between
acid concentration and SiO, content. That is to say,
it demonstrates the stability of the model and its
physical soundness 4.

(ui—0)-(yi—y

r=—— Y 4
J (=02 ()2 @)

here:

r - correlation coefficient

ui- independent variable

yi- dependent variable

0y - mean value of the variables

A larger value of the correlation implies that
the model is strongly accurate and that random
scattering in the experimental data is practically
absent. The closeness of the r value to 1 indicates
that with an increase in SiO;, content, this proceeds
in a well-defined and deterministic linear pattern.

MRE = = IIL, [%] .100 (5)

here:

yi - experimental value

yi - model value

n - number of experiments

(yi - vi) - relative error for each experiment

MRE gives the estimation of the average
deviation of the model results from the
experimental values. The standard deviation (SD)
and the root mean square error (RMS) are used to
further judge the reliability of the model results.

These kinds of analyses confirm the accuracy and
stability of the empirical model describing the
dependence of SiO, content in the clay on the acid
concentration.

The coefficient of determination obtained from
the modeling was R 2 = 0.9845, which reveals an
excellent fit of the model to the experimental data.
Origin 2021 Pro software was used to build the
graphical analyses shown in Figure 1 below. These
plots are a visual representation of the agreement
between the model predictions and the
experimental values.

Results and Discussions

The results of experiments carried out in this
research demonstrate the processes of structure
transformations during the hydrochloric acid
activation of Navbahor alkaline earth bentonites. In
contrast with previous observations made on
certain qualitative criteria, in this research, the
linear relationship between hydrochloric acid
concentration and content of SiO, has been
revealed.

Table 2 shows the variations in SiO, content in
samples activated with HCl solutions of different
concentrations (5%, 10%, 15%, and 20%) at
hydromodule 1:2.5.

Table 2 — SiO, content (%) for the clay samples activated
at different concentrations of hydrochloric acid

HCL concentration, % SiO2 content, %
5 61.95
10 62.79
15 63.72
20 65.12

Experimental results indicated that whereas the
specific surface area for the natural clay was 43.52
m?2/g, that of the sample activated with 15% HCI
had a specific surface area of 134.43 m?/g as
obtained by BET analysis. This value reduced to
95.34 m?/g at an HCl concentration of 20%. In other
words, with increasing acid concentration beyond
20%, the specific surface area of the clay
decreased. Such findings suggest that when the
acid concentration exceeds the optimum, both

—— 94 ——
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exchangeable ions are removed from the clay
structure, and structural degradation of the mineral
occurs.

As observed from the table, SiO, content in the
bentonite increases steadily with an increase in the
hydrochloric acid concentration. While the value of
SiO, content for the natural clay was 61.54%, this
reached up to 65.12%, increasing the acid
concentration to 20%.

The SiO; increase caused by acid activation can
be explained by the forced leaching of alkaline and
alkaline-earth metals, magnesium, aluminum, and
iron from the clay structure. In this procedure, the
removal of a large proportion of bonded hydroxyl
ions from the silicate lattice, together with the
release of Ca?*, Mg?*, Na*, K*, and other cations,
formed unsatisfied valences with a net increase in
surface area. This implies that structural
rearrangement occurred in the montmorillonite
crystal lattice during the process of acid activation.
Thus, more extensive voids were created, and
atoms or ions located in these areas were
transformed into an unsaturated state, increasing
their potential to bind other atoms or ions; in other
words, enhancing adsorption capacity.

Furthermore, sorption properties depend not
only on the specific surface area but also on the pH
of the medium. Thus, the increase in the specific
surface area of the clay during the activation
process can be predicted based on changes in SiO,
content and by mathematical modeling. This, in
turn, helps reduce the number of expensive
analyses such as BET measurements.

The model vyielded a coefficient of
determination R? = 0.9845, indicating a high degree
of accuracy and strong agreement with the
experimental data.

65,5
65,0

64,5

ES
s 640
=
Q -
< i
o 635 1
o
3
‘(,_) 63,0 - ! Equation y=a+b'x
- Plot
Weight No Waelghting
62,5 - Intercept 60,785 40,2534
Slope 0,2088 40,0185
Residual Sum of Square 0,08562
62,0 - Pearson's r 0,99224
| R-Square (COD) 0,98453
Ad). R-Square 0.9768
61,5 T T T T T 1 T T 1
4 6 8 10 12 14 16 18 20 22

HCL concentration, %

Figure 1 - Linear increase in SiO, content as a function of
hydrochloric acid concentration

Based on the results obtained during the
activation process, the dependence of SiO, content
on hydrochloric acid concentration was established
and graphically illustrated (Figure 1).

According to the graph, the linear increase in
SiO, content is confirmed by the model, and the
value R? = 0.9845 indicates an excellent agreement
between the model and the experimental data. This
relationship is expressed by the following equation:

SiO,=60.785 + 0.2088 -X

According to the above equation, each 1%

increase in hydrochloric acid concentration results
in a 0.2088% increase in SiO, content.
During the activation process, H* ions leach out the
exchangeable cations Ca%*, Mg?*, Na*, K*, AP¥*, and
Fe3* from the interlayer spaces of the bentonite
clay. At the same time, when the acid
concentration reaches 20% and above, it leads to
degradation of the mineral structure, as illustrated
in the figure (Figure 2).

As shown in the figure, the ion-exchange
process leads to the expansion of interlayer spaces
in the clay structure, resulting in an increase in
specific surface area and an improvement in
adsorption properties.

The experimental results and the model-
calculated values were compared.

HCI
EYYXZ Y X

Si‘Oz
0000000
00 0 O oo0°

Figure 2 - lon-exchange mechanism during
acid activation

The differences between these values, along

with evaluation parameters such as relative error

(RE), standard deviation (SD), and root mean
square error (RMSE), are presented in Table 3.
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Table 3 - Experimental and modeled values of SiO, content increase in the clay

Standard Root mean
H;I, (Expersiin?;ntal), SiO2 (z/nodel), DifftirenAce R::?(t)i:e d(eSVEi)E)\:CLZn sql;:lr\jSeEr)ror
4 % 6 (b=y-9) (RE), %
5 61.95 62.36 04t 0.65 0.289914 62.155
10 62.79 63.29 0-50 0.80 0.353553 63.04
15 63.72 64.23 -0.51 0.79 0360624 63.97
20 65.12 65.16 -0.04 0.06 0.028284 65.14

The table presents the absolute difference and
relative error between the experimental and
model-derived SiO, values for each trial. Relative
error values below 5% indicate a high degree of
accuracy of the model.

Conclusion

The results of the study indicate that the SiO,
content increases consistently with rising
hydrochloric acid concentration. This relationship is
given by the equation SiO, = 60.78 + 0.187-X, and
the coefficient R? = 0.9845 testifies to an excellent
fit of the model to the experimental data. The rate
of the SiO, increase in the silica framework rises
linearly with acid concentration, confirming that
the process proceeds according to a linear
mechanism.

The destructive change in the structure during
acid activation with HCl results in fragmentation of
montmorillonite particles. This way, the dispersity
of the clay increases. During the first stage of
activation, the exchangeable cations Ca%*, Mg%,
Na*, and K* are leached out and replaced by H* and
APB* ions acting as active sites afterward. In the
second stage, each particle was further divided into
thinner units-down to a single elementary layer-
while each fragment retains the internal structure
of the original crystal packet.

Based on the above findings, it can be
concluded that treating Navbahor alkaline-earth
bentonite with HCI solutions up to 15% increases

the adsorption properties of the clay, while
treatment at 20% or higher concentrations results
in degradation of the mineral crystal structure and
a reduction in specific surface area.

The importance of this approach is that, based
on the increase in SiO, content, one might predict
increases in the specific surface area of the clay
during activation and through mathematical
modeling. This reduces the number of analyses
involving such expensive analytical techniques as
BET measurements.

This mathematical model of the acid activation
process allows for a digital approach to enhance
the specific surface area of bentonite, optimizes the
concentration of hydrochloric acid, and minimizes
the consumption of water during the neutralization
of acidic effluents.

Conflicts of interest. On behalf of all authors, the
corresponding author states that there is no conflict of
interest.

CRediT author statement: N. Boyjanov:
Conceptualization, Methodology, Software, Data
curation, Writing draft preparation; U. Rakhimov and
Z. Ataullayev: Visualization, Investigation; M.
Boltayev: Supervision; M. Khamidova: Software,
Validation; Q. Serkayev: Reviewing and Editing.

Formatting of funding sources. This research
did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit
sectors.

Cite this article as: Boyjanov NI, Rakhimov UB, Ataullaev ZM, Boltayev MA, Serkayev QP, Khamidova MO. Mathematical
analysis of the linear increase in SIO; content during the activation of Navbakhor alkaline bentonite with hydrochloric acid.

Kompleksnoe Ispolzovanie Mineralnogo
https://doi.org/10.31643/2027/6445.33

Syra =

Complex

Use of Mineral Resources. 2027; 342(3):90-99.



https://doi.org/10.31643/2027/6445.33

2027; 342(3):90-99

ISSN-L 2616-6445, ISSN 2224-5243

Hasabaxop cinTtini 6eHTOHUTIH Ty3 KbIWKbINbIMeH 6enceHaeHAaipy KesiHae SiO,
MeJLepiHiH CbI3bIKTbIK apTyblH MaTeMaTUKa/bIK Tanaay
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TYWIHAEME

Byn 3epTreyae Mai-TOH, Mali eHepKacibiHe apHanfaH afapTKbi cOpbeHT any makcaTbiHAA
JKYprisinreH 6eHTOHMT casblH KbIWKbIAABIK aKTMBALMA MNpoueciHe MaTemMaTuKanblk Tangay
Kyprisingi  9pTypni  KoHueHTpaumagafbl HCl  acepiHge SiO, menwepiHiH, apTybl  TypAi
MaTeMaTUKanbIK MoAenbAep KONAAHYy apKblabl TandaHabl. KbIWKbIIAbIK  aKTUBTEHAIPY
6apbiCbiHAA  KbIWKbIN  KOHUEHTpaumAcbiHbiH,  5%-aaH  20%-fa  aeiiH  Kofapblnaybl  SiO;
KypambiHblH, 61,94%-p0aH 65,12%-fa peiiH ecyiHe anbin Kengi. AKTMBTeHAipy KesiHae HCI
KOHLLEHTPALMACBIHbIH, OpTalla AeHreiae apTybl Keilbip KOMNOHEHTTEPAIH, epyi KaHe benceHai
OpTanbIKTapAblH, KaiTa Kypbliybl ecebiHeH casabliH, copbumanbik KacueTTepiH xakcaptagbl. HCl
KOHLLEHTPALMACBIHbIH, LWaMaaH TbiC }KOFapblaaybl MMHEPanablK KYpblbIMHbIH 6y3bllyblHa KaHe
KPeMHEe3eM KaHKaCbIHbIH, illiHapa biablpayblHa anbin Kenedi, 6yn copbumanbik cunaTramanapra
Tepic acep eTesi. OPTyp/i MaTemaTUKaNbIK dAicTepai KONAAHY apKbl/ibl anblHFaH ManimeTTepai
Tanpay benceHgipy npoueci KesiHgeri SiO, KypamblHbIH, KOFapblaaybl Cbi3blKTbIK MOZAesbre
TONbIK CaMKec KeneTiHiH KepceTTi. OcblfaH COWKeC, CbI3bIKTbIK MOLEAb MblHA TeHAeyMeH
cunattanagbl: y = 60.785 + 0.2088:X. CbI3bIKTbIK TeHAEY apKblibl a/blHFAH HITUXKeNepAiH,
nanairi petepmuHauma Koadpduumenti R? = 0.9845 maHimeH pacTangbl, 6yn 3KCNepUMeHTTIK
MINIMETTEPMEH KOFapbl COMKECTIriH KepceTeai. ¥CbiHbINFaH mogenb SiO2 KypambiHbIH, apTybiH
MaTemaTuKanblK Typae 6omKaliabl KaHe aKTUBTEHZIpY Mpoueci Cbi3bIKTbIK GyHKUMA peTiHae
JKYPETiHIH aanenpeinai. AKTUBTEHAIPY MpoLeciH MaTeMaTUKanblK TACI/IMEH CUMMATTay CasfgblH
copbumMAnbIK KacueTTepiH anablH ana 6omKayFa, KbIWKbII MeH CyAblH LWbIFbIHbIH a3aliTyFa,
COHbIMEH KaTap 6acka peareHTTepre AereH KasKeTTiNiKTi ecenTeyre MymKiHAiK bepeai.

Tyiiin ce30ep: 6eHTOHUT Ca3bl, aTMBALMA, COPOLMANBIK KacMeTTep, MaTeMaTUKabIK MOLENbAEY,
CbI3bIKTbIK MOAEb.
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AHHOTAUMA
B paHHOM uccnepoBaHuMM 6bln NPoBeAEH MaTeMaTUYECKMIA aHanuM3 npouecca KUCIO0THOM

aKTUBaUMWN BEHTOHUTOBOM MNHbI, OCYLLECTBAAEMON A4 NoaydeHus otbenumsatowero copbeHTa
ONA MacC/NIOKMPOBOW MNPOMbIWNEHHOCTU. [loBbllweHMe cogepKaHua SiO, npu  PasnuHbIX
KoHUeHTpaumax HCl 6bino npoaHann3MpoBaHO C MCMO/Jb30BAHUMEM Pa3HbIX MaTEMaTUYECKUX
mozenen. B xoge KUCNOTHOW aKTMBALMWM YBE/IMYEHME KOHLEHTpauuu Kucaotbl ¢ 5% po 20%
npuBeNno K pocty cogepkaHua SiO, ¢ 61,94% po 65,12%. MNpu akTMBaUMM yMepeHHoe

Moctynuna: 11 dexabpsa 2025 nosblleHne KoHueHTpaumuu HCl yaydwaeT copbLmOHHbIE CBOMCTBA FMHbI 32 CYET pacTBOpPeHMs
PeueH3nposaHue: 26 dexabps 2025 OTAENbHBIX KOMMOHEHTOB W MEPEecTPOiKM aKTWMBHbIX LEHTPOB. YpesmepHoe ysenuueHue
MpuHata g neuatb: 19 aHeaps 2026 KOHUeHTpauun HC| Bbi3biBaeT gerpafaumio MUHEPasbHOM CTPYKTYPbI M YacTUYHOE paspylueHue

KPeMHe3EMHOro Kapkaca, 4To OTPUL,ATENbHO CKa3blBAETCA Ha COPOLMOHHBIX XapaKTepUCTUKaX.
AHanu3 NONYYEHHbIX AAHHbIX PA3IUYHBIMKM  MaTeMaTMYeCKUMM MeTof4aMMu MNOKasan, uTo
nosbllleHNe cogepkaHua SiO; B mpouecce akTMBALMKM MONHOCTbIO COOTBETCTBYET /IMHEWHOW
mozenn. CornacHo 3TOMy, /IMHEeNHas 3aBUCMMOCTb OMUCbIBaeTCs ypaBHeHuem: y = 60.785 +
0.2088:X. TO4YHOCTb pPe3y/NbTaTOB, MONYYEHHbIX MO JMHEMHOMY YpPaBHEHWIO, MOATBEPXKAEHA
KoaddpuumeHTom petepmuHaumm R? = 0.9845, 4TO yKa3biBAaeT Ha BbICOKYIO COraCOBaHHOCTb C
3KCNEePUMEHTaNbHbIMM AaHHbIMU. [laHHaA MoAe/lb MaTeMaTUYECKN NPesCcKa3biBaeT yBeNnyeHmne
copepaHua SiO, M [0Ka3bIBAET, YTO MPOLECC aKTUBALMM NPOTEKAET KaK AUHENHan yHKUMA.
MaTemaTtnyeckuii NoAxos K ONMCaHWIo NpoLiecca akTUBaLLMKM NO3BONAET 3apaHee PaccymTbiBaTb
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Abstract

The article presents the results of an experimental investigation into the effect of modifying
additives on the workability and setting times of a concrete mix used in the production of a two-
component wall block. The block structure consists of an external fagade layer and an internal
structural-thermal insulation layer, which requires precise control of the rheological and
technological parameters of the concrete mix during sequential casting. Lignin and soapstock,
Received: November 23, 2025 which are by-products of the wood-processing and fat-processing industries, were used as
Peer-reviewed: December 3, 2025
Accepted: January 20, 2026

modifying components. The experimental program included the determination of concrete mix
flowability and cement paste setting times at various additive dosages. The results showed that
the incorporation of lignin and soapstock increased the workability of the concrete mix compared
to the reference composition: the maximum increase in flowability reached up to 6.4% for lignin
and up to 9.5% for soapstock. Their combined application produced a pronounced synergistic
effect, resulting in an increase in workability of up to 16% in linear terms and up to 35% in terms
of spread area, as well as a reduction in data dispersion. The setting time tests revealed opposite
effects of the additives: lignin contributed to a reduction in both initial and final setting times,
whereas soapstock, due to its hydrophobic properties, led to their extension. The obtained results
can be used to optimize the technological regulations for manufacturing two-component wall
blocks and to improve the quality and stability of the final products.

Keywords: wall block, additive, workability, setting time, lignin, soapstock.
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Introduction

The relevance of wall enclosing structures and
products is beyond doubt, as the majority of existing
and ongoing construction projects are, in one way or
another, carried out using artificial stone.

Traditionally, heavy wall structures include brick
masonry and concrete walls made from high-density
concretes [[1], [2], [3], [4]]. In contrast, lightweight

wall systems are formed using aerated concrete and
foam concrete [5]. The key distinction between
these two groups of materials lies in their intended
purpose and structural role: heavy, high-strength
concrete is primarily used for load-bearing elements
such as columns, foundations, and walls (including
panel walls) of multi-storey buildings [6]. The
drawbacks of using heavy wall structures include low
economic efficiency due to high production costs,
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the complexity of the construction process (in the
case of brick walls), and the need for additional
insulation measures (for heavy concrete) [[7], [8],
El]

Lightweight concretes, on the other hand, are
primarily intended for external enclosures and
internal partitions [[10], [11], [12]]. Their porous
structure provides enhanced thermal and sound
insulation properties, while reduced density
decreases the load on the foundation, which is a
significant structural advantage. The disadvantages
of using lightweight wall structures include their
relatively low performance compared to heavy ones,
which is associated with lower load-bearing
capacity, higher hygroscopicity (in the case of
aerated concrete), low frost resistance, high
brittleness, and so on [[13], [14], [15], [16], [17],
(18], [19]].

The construction product proposed in this
project—a two-component multi-purpose wall
block—offers novelty both in the technological
solution of the wall structure and in its composition
and production technology. The novelty also
includes the development of a modifying additive
derived from industrial waste, whose use is aimed at
targeted improvements of the operational
characteristics of the wall block composite material
(water repellency, frost resistance, and strength).
The proposed product differs in composition from
existing analogues, and the proposed technological
solution is distinct from previously known
production technologies (analogues are presented
below).

This article presents research on the workability
of the concrete mixture used to manufacture the
wall block. Studying the workability of the mixture
provides essential information for the production
process of the wall block. This is particularly relevant
because the block consists of two parts: the external
facade part and the internal structural-thermal
insulation part (Figure 1).

Both parts of the block constitute a monolithic,
unified structure; however, they differ in their
technological composition as well as their functional
purpose. Therefore, the workability of the concrete
mixture, as well as the setting time, plays an
important role in the production process, since
manufacturing involves the sequential pouring into
molds—first the heavy facade part, followed by the
internal lightweight part of the block. The
workability (workability) of the concrete mixture is
also particularly important during the production of
the facade part, as decorative elements (e.g.,

imitating  brickwork or patterns) may be
incorporated into the mold.
Based on the above, the research objectives
were defined as follows:
1) To determine the effect of additives on the
workability of the concrete mix.
2) To determine the effect of additives on the
setting times of the concrete mix.
These indicators will be key for adjusting the
placement time of each block layer to ensure a high-

quality building product.
Experimental part

Figures 2 and 3 show the technological schemes
for the production of the external and internal parts
of the blocks. The production of the wall block
involves the use of the following components:
cement (C), sand (S), lignin (Lg), soapstock (Sp),
basalt waste (Bs), aluminum powder (Al), caustic
soda (N), and the remainder being water (W).

Lignin in concrete mixtures is used
predominantly in the form of lignosulfonates, which
are by-products of the sulfite pulping of wood. These
compounds act as industrial chemical additives, the
performance of which is determined by their
interactions with cement particles at the molecular
level. Due to their negative charge, lignosulfonate
molecules are adsorbed onto the surface of cement
grains, imparting a negative charge to the particles
themselves. Hydrated shells are formed on their
surfaces, which reduce the tendency of particles to
coagulate and form aggregates. This effect improves
cement dispersion and increases the workability of
the concrete mixture [[20], [21]].

Soapstock, which represents a complex of fatty
acids, exhibits activity in cement systems mainly due
to its surface-active and ion-exchange properties. Its
action is associated with a number of characteristic
chemical processes. Soapstock components with an
amphiphilic structure contain both hydrophilic
groups that interact with the aqueous phase and
hydrophobic hydrocarbon chains that orient toward
air voids or outward from the system. Such
molecular orientation contributes to a reduction in
surface tension, improves the wetting of cement
grains, and ensures the formation of a stable
dispersed system [[22], [23]].

To improve the durability of the facade layer
against environmental exposure, lignin (a by-
product of the wood industry) and soapstock (a
waste product of the fat-processing industry) are
incorporated into the mixture. The hydrophobicity
of soapstock, as well as its resistance to certain acids
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and alkalis, enhances the durability of the facade
layer exposed to the environment. Additional
hydrophobization is achieved through lignin, which
promotes polymerization within the facade layer
structure.

Because both lignin and soapstock affect mix
workability, quantitative evaluation was necessary
for developing a technological regulation for two-
component block production.

Tests were conducted on series with varying
contents of modifying components, compared to
reference samples (RS).

For the outer layer, the mass fraction of lignin
relative to cement was 0.015; 0.020; 0.025; 0.030;

0.035%. The soapstock fractions were identical—
0.015; 0.020; 0.025; 0.030; 0.035%.

For the inner layer, lignin contents were 0.02;
0.025; 0.03; 0.035; 0.04%, and the basalt filler
content varied from 0.5 to 0.9% of sand mass.

Table 1 presents the mix proportions, indicating
the masses of the components required to prepare
1 cubic meter of concrete. Sample preparation and
testing were carried out under laboratory conditions
at an air temperature of 21-23 °C and a relative
humidity of 60—65%.

The following laboratory methods were used:

1) Concrete mix workability — GOST 7473-2010
[24].
2) Setting times — GOST 310.3-76 [25].

Table 1 — Proportions of components for concrete preparation

Additives, % Cement (C) Lingin (Lg), Soapstock (Sp), Sand (S) Water (W)
RS: Reference
sample 950.000 0.000 0 950.0 427.5
Lg=0.015 949.858 0.143 0 950.0 427.5
Lg=0.020 949.810 0.190 0 950.0 427.5
Lg=0.025 949.763 0.238 0 950.0 427.5
Lg=0.030 949.715 0.285 0 950.0 427.5
Lg=0.035 949.668 0.333 0 950.0 427.5
Sp=0.015 950.000 0.045 950.0 427.5
Sp =0.020 949.810 0.190 950.0 427.5
Sp =0.025 949.763 0.238 950.0 427.5
Sp =0.030 949.715 0.285 950.0 427.5
Sp =0.035 949.668 0.333 950.0 427.5

Inclusion of additives:
Epoxy resin + KOH

p = 2400 kg/m?

Facade part
t=2-10cm

Conditional boundary
of separation

Inclusion of additives:
Basalt fiber NaOH + Al,05

p = 600 kg/m?

Thermal-insulating load-bearing
partt=20-40cm

Figure 1 - Structure of the wall block
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Lignin Soapstock Water, 135l
v
A K
Mixer 1 Mixer 2 ‘ Final Product
Cement Sand
Figure 2 - Production technology of the outdoor part of the unit
Lignin Water, 35!
Al+NaOH Water, 15l
Mixer 1
Mixer 3
Basalt Water, 90
Mixer 4 - Final Product
Mixer 2

Cement

Sand

Figure 3 - Production technology of the inner layer

Results and Discussion

1. Workability of Concrete Mix

Figure 4 shows the results of the workability of
the concrete mixture with varying composition.
Specifically, Figure 1 presents the flow results of the
mixture at different lignin (Lg) contents. Figure 5
shows the flow results of the mixture with varying
soapstock (Sg) content. Figure 6 presents the flow
results of the mixture at the maximum contents of
both Lg and Sg.

According to preliminary tests, the water—
cement ratio at which a flow spread of 150 cm was
achieved is 0.55. Therefore, all workability tests
were conducted at this water—-cement ratio. The
W/C ratio was intentionally kept constant (0.55) to
isolate the effect of additives on rheology. Although
plasticizers may allow water reduction in
conventional concrete technology, varying w/c
conditions would introduce additional uncertainty
and make it difficult to attribute rheological changes

solely to the additives being investigated. Therefore,
a fixed w/c ratio was selected to ensure accurate
interpretation and comparability of the results. As
can be seen from the curve in Figure 4, lignin (Lg) has
a pronounced effect on the workability of the
mixture: with each increase in Lg concentration, the
spread diameter increases. It is also noticeable that
the dynamics of the spread change are proportional
to the change in concentration.

However, upon the initial introduction of the
additive at a concentration of 0.015, a sharp increase
in spread is observed (indicating the maximum
intensity of the additive’s effect), whereas with
further increases, the effect decreases, although it
remains consistent. Overall, the increment in spread
diameter averages 1-2 cm, indicating the stability of
Lg’s influence on the workability parameter of the
concrete mixture.

Analysis of the coefficients of variation further
confirms the stability of this positive effect, as the
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data dispersion for samples with the additive sharply
decreased to 1.5-1.9%, whereas for the reference
sample this value was 3.2%. It cannot be concluded
that the stability of results increases with higher
additive content (despite the apparent decreasing
trend in the coefficient of variation with increasing
additive), since the fluctuations in variation values
are minor and fall within the statistical error, which
has a minimum threshold of 1.5%.

According to the curve in Figure 5, the positive
effect of the Sp component is also clearly observed.
However, the dynamics of change are not

consistent. The maximum effect occurs upon the
initial introduction of the component. With
subsequent additions, the rate of increase decreases
but remains noticeable relative to further
concentration increases. When the maximum
concentration is applied, the increase in spread
diameter compared to the previous value is only 1
cm, whereas the initial introduction produced an
increase of 4 cm. This indicates that the maximum
concentration of Sp = 0.035% approaches the peak
effect of the component on enhancing workability.
Despite the decreased intensity of the increase, the
influence of Sp remains stable.
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Moreover, although the intensity of workability
improvement decreases with higher concentrations,
the stability of the data points increases, as
indicated by the coefficients of variation. The
dynamics of the coefficients’ changes are evident:
they decrease proportionally to the increase in
concentration, and minor fluctuations (observed in
the range of 0.015-0.030%) fall within the statistical
error.

According to the curve in Figure 6, which shows
the change spread at the
concentrations of Lg and Sp, a presumptive
synergistic effect of the components is observed. If
the average spread diameter of the reference
sample is 151 cm, it reaches 161 cm at the maximum
concentration of Lg = 0.04 and 165 cm at the
maximum concentration of Sp = 0.035. Under the
combined action of Lg and Sp, the increase reaches
175 cm.

in maximum

In percentage terms, the increase in workability
is 15.9% when evaluated based on the increase in

diameter as a linear dimension (15.9% =100 x
(175-151)
151
increase in spread area, the gain reaches 34.5%

3.14x(175/,)" ~3.14x(151/,)*

> . The
3.14x(131/;)

coefficients of variation also indicate a synergistic

effect of the combined influence of the components.

), while considering the radial proportional

(34.5% =100 x

2. Setting Time of Concrete Mix

Figures 7 and 8 show the results of cement
setting time tests. In Figure 7A, the initial setting
time, setting duration, and final setting time are
presented, while Figure 7B illustrates the dynamics
of their changes depending on the Lg concentration.
Figures 8A and 8B show the same results for varying
concentrations of Sp.

==O-=-Beginning —O0— Ending
05:10
02:10 03:00 O— Duration
05:20 0
02:10
03:10 Q\\\
a—RC 02:10 05:20 Y 0,005
03:10 \ \
—_— —g=0015 == eeeecccccccccccccad \ 0,01
& 02:20 05:30 ‘\‘ \ X
- = 1g=0.020 ~_ _ _ _ _ 03:10 | o qo 0,015
05:40 ! 2
_ . : |
- = —1g=0.025 02:20 03:20 o b 0,02 &
- e e e e e e e - c
————— = : 05:50 b 5
Lg=0.030 02:20 03:30 6\ q o 0,0252
: N S
......... Lg=0.035 —_—— e —— : " S
0330 06:30 o Yo 0,03
Lg=0.040 : 04:00 | |
<:> % Q 0,035
5 b o 0,04
01:00 02:00 03:00 04:00 05:00 06:00 07:00 100 95 90 85 80 75 70
Setting time Decrease, %
A B

Figure 7 - Setting times at varying Lg content
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Figure 8 - Setting times at varying Sp content

According to the tests, for samples without
admixtures (RS — reference samples), the setting of
the paste began 150 minutes after mixing, while full
hardening occurred after 420 minutes, with a
duration of 240 minutes.

With the addition of Lg, a trend toward a
reduction in all setting times is observed, and the
higher the admixture concentration, the greater the
reduction: at the initial dosage, the initial setting
time decreases by 7%, the duration by 10%, and the
final setting time by 12%; at the maximum
concentration, the same parameters decrease
(relative to RS) by 13%, 21%, and 25%, respectively.
This trend is of minor significance for the outer layer,
as it only requires adjustments in the production
process. However, for the inner layer made of
lightweight concrete, this trend is more
advantageous, as the reduction in setting times
contributes to the formation of a more stable pore
structure. Therefore, a higher concentration of Lg
for the inner layer can be considered justified in
terms of reducing setting times, due to the higher
alkalinity of the mix compared to the outer layer.
Lignosulfonate-based lignin acts primarily as a
plasticizing agent, improving cement grain
dispersion and reducing the effective w/c ratio.
Therefore, lignin leads to a moderate reduction in
both initial and final setting times (18-34%), which
is consistent with hydration acceleration.

In contrast, the addition of Sp exhibits the
opposite pattern. This behavior is expected because
soapstock contains vegetable fats with water-

repellent properties, which slow the hardening
process: at the initial dosage, the initial setting time
increases by 13%, the duration by 5%, and the final
setting time remains unchanged; at the maximum
concentration, the same parameters increase
(relative to RS) by 33%, 18%, and 8%, respectively.

Soapstock contains fatty acids, glycerides, and
small amounts of alkaline residues. These
amphiphilic molecules adsorb onto cement grain
surfaces and form thin hydrophobic films which
reduce water penetration and slow ionic transport
to clinker phases, thereby delaying the dissolution of
alite and the nucleation and growth of early C—S—H.
The hydrophobic films and altered air-entrainment
behavior also change pore-formation and capillary
connectivity, which jointly modify hydration kinetics
and early age microstructure [[22], [26], [27], [28]].

The coefficients of variation in all tests (six
samples per series) did not exceed 5.0%; thus, the
observed trends in setting times can be considered
significant, as the percentage changes exceed the
statistical measurement error. Since the effects of
these components partially offset each other, and
the setting time primarily influences adjustments in
the production process rather than operational
performance, the resulting indicators for selecting
the optimal concentration should be the concrete’s
compressive strength (which is expected to increase
due to plasticizing and water-reducing effects) and
water absorption (which is expected to decrease due
to hydrophobization).
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Conclusions

1. A comprehensive set of laboratory tests was
conducted to evaluate the workability of concrete,
including workability and setting time tests. The
studies were carried out to facilitate the subsequent
adjustment of the technological process for
manufacturing the wall block, which is composed of
a two-component concrete mix. Tests were
performed on samples with varying contents of
lignin (Lg) and soapstock (Sp).

2. Workability tests confirmed the influence of
Lg and Sp on the workability of the concrete mixture.
Each component significantly affects the dynamics
of the spread diameter. The higher the
concentration of each component, the more
pronounced the change in workability. The
maximum increase in spread diameter with the
addition of Lg, relative to the reference sample, was
6.4%. For Sp, this increase was 9.5%. When both
components were added to the concrete mixture, a
synergistic effect was observed, with workability
increasing by 16% relative to the linear diameter,
and by 35% in terms of the radial area. The increase
in workability due to Lg is primarily attributed to its
plasticizing effect, whereas the increase observed
with Sp is due to the presence of vegetable fats in its
composition. It should also be noted that the
inclusion of these components stabilizes the results,
reducing deviations in individual measurements,
which positively affects the material quality.

3. Setting time tests produced contrasting
results. The addition of Lg to the mixture resulted in
a relatively linear decrease in all setting times,
whereas the addition of Sp caused an increase in all
setting times. The increase in setting times with Sp is
explained by the water-repellent effect of the
vegetable fats in its composition, while the
reduction in setting times with Lg is associated with
a decreased w/c ratio due to its plasticizing effect.
The trend of increased setting times has little
significance for the external part, as it only requires
adjustments in the production process. However, for

the internal part made of lightweight concrete, the
trend is more beneficial, as the reduction in setting
time contributes to the formation of a more stable
pore structure. In any case, the final adjustment of
setting times will be carried out after a control
assessment of the basic operational parameters of
the wall block (such as strength, frost resistance,
water absorption, etc.).

1. Vehicle types were divided into five
categories: Al — bicycles; A2 — motorcycles
(mopeds); A3 — passenger cars; A4 — light trucks and
buses with very low capacity; A5 — trucks and buses.
For each category, voltage ranges were calculated
depending on the type of vehicle, the standard load
capacity, and tire pressure.

2. For each category of motor vehicles,
calculations of normal stresses on the road surface
have been performed: for category Al, the stress
range is from 48.7 kN/m? (0.50 kg/cm?) to 229.8
kN/m? (2.34 kg/cm?); for A2, from 111.4 kN/m? (1.13
kg/cm?) to 346.2 kN/m? (3.53 kg/cm?); for A3, from
168.8 kN/m? (1.72 kg/cm?) to 316.2 kN/m? (3.22
kg/cm?); for A4 from 259.0 kN/m? (2.62 kg/cm?) to
546.6 kN/m? (5.57 kg/cm?); for A5 from 349.4 kN/m?
(3.56 kg/cm?) to 1216.7 kN/m? (12.41 kg/cm?).
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MoaudukaumanaHraH Kabbipfa 6210rbiH 3epTTey aacbiHAA 6eTOH KOCNACbIHbIH,

KO3FaNfbIWTbIFbIHA KOCNANapAbliH acepiH 6aranay

L2flyknanos P.E., “2ltocembunos [.C., ¥’ AntbiH6ekoBa A.[., 3Kaklauskas G., “2}Kymarynosa A.A.
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Makana kengi: 23 kapawa 2025
CapantamagaH eTTi: 3 weamokcaH 2025
Kabbinganabl: 20 kaHmap 2026

TYRIHAEME

Makanaga eki KOMNOHeHTTi Kabbipfa 60KTTapbIH 6HAIpYAe KONAAHbINATbIH 6ETOH KOCMaCbIHbIH,
KO3FaNFbIWTbIFbl MEH KATy YaKbITbiHA MOAUDUKALMANBIK KOCMANapAblH, 9CEPiH SKCMEPUMEHTTIK
3epTTey HITUXKeNepi YCbIHbINFaH. BAOK KypblnbiMbl CbIPTKbl KACOET KabaTblH KIHE KypbINbIMAbIK,
JKOHe Kby OKLaynafbllw KabaTblH KamTuAapl, 6yn 6ETOH KOCMacbliHblH, PEONOrMANBIK KaHe
TEXHONOTUANBIK MapameTpsiepiH TisbeKTi KanbinTay KesiHAe [2/1 peTTeyai Tanan eTegi.
MoanduKaumanblK KOMMOHEHTTEP PETiHAE afall KoHe Mall eHAey OHepKacibiHiH Kocankbl
eHiMaepi 60nbIN TabblNAATbIH IMTHWH K3HE COANCTOK MaZanaHbingpl. Taxipubenik 6argapnama
6ETOH KOCNACbIHbIH, aFbIHABIIbIFbIH XKaHE KOCNanapablH, dpTYpAi KOHLEHTPaUMANapbiHAa LEMEHT
KaMbIPbIHbIH, KaTy YaKbITbIH aHbIKTayAbl KamTbiapl. JIMTHUH MeH cabblH KOCMACbIH eHri3y 6akblnay
KYPambIMeH canblicTbipFaHAa 6eTOH KOCNacbiHbIH, KO3FaNFbILLTbIFbIHA OH 3Cep eTeTiHi aHbIKTanabl:
afblIn KeTyAiH MaKcumanabl ecyi IMrHWH eHrisinreHae 6,4%-fa geli, an cabblH KOCMACbIH HTi3reH
Ke3pe 9,5%-Fa geniH keTTi. Kocnanapabl 6ipre KongaHy alikbiH CUHEPreTUKanbiK acep 6epaj, 6y
KO3Fa/IfbILWTHIKTbIH, CbI3bIKTbIK TypFblaaH 16%-fa AeniH kaHe Tapany amarbiHaa 35%-fa aewi
apTybIMeH COHAAW-aK SKCNEPUMEHTTIK AepeKTepiH, WallbipaybliH a3aiTyAbl KamTamachi3 eTTi.
KaTy yaKpITbiH 3epTTey KOMNOHEHTTEPAIH, Ken 6afbITTbl 9CepiH KOpCeTTi: MMrHUH BacTankpl KaHe
COHfbl KaTy YaKblTblH a3ailTyfa KemeKTeceai, an coanctok rnapodobTbl KacueTTepre wue
6oNFaHAbIKTaH, ONapAblH, apTyblHa aKenedi. ANblHFAH HITUMKENep KOCMnanapAblH, OHTalAbl
Me/LWEPIH Heri3aeyre KaHe 0napApbl KAacuMeTTepiHiH, TYPaKTblablfbl MeH AaWblH BHIM CanacbiH
apTTbipaTbiH €Ki KOMMNOHEHTTI KabbipFa 6/10KTapbIH OHAIPYAIH, TEXHONOTUANBIK PernameHTTepiH
Ty3eTy YWiH nainganaHyfa MyMKiHAK bepegai.

TyiiiH ce30ep: kabblipFa 610rbl, KOCMA, KO3FANFbIWTbIK,, KaTalo YaKbITbl, IMIHWUH, COANCTOK.
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AHHOTAUMUA

B cTaTbe npeacTaBneHbl pesynbTaTbl  IKCMEPUMEHTANbHOTO  WUCCNEA0BAHWA  BAUAHUA
Mmoauduumpyowmx [06aBOK Ha MOABUMMKHOCTL W CPOKM CXBaTblBaHUA 6GETOHHOW cmecy,
NPUMEHAEMOI NPU NPOU3BOACTBE ABYXKOMMOHEHTHOTO CTEHOBOro 610Ka. KoHCTpyKuma 610Ka
BK/OYAET Hapy»KHblt dacafHbli CNOW M BHYTPEHHUI KOHCTPYKLMOHHO-TEMNNION30NALMOHHDBIN
CNoK, 4To TpebyeT TOYHOro PEeryaMpoBaHUA PEONOTUYECKUX U TEXHOIOMMYECKUX MapameTpos
6eTOHHOW CcMecu npu nocnepoBaTeslbHOM GOPMOBaHMU. B KavecTBe moauduumpyoLwmx
KOMMOHEHTOB  WCMO/Mb30BaHbl  AWMHUMH M COANCTOK  —  NOBOYHbIE  MPOAYKTHI

Moctynuna: 23 Hoabps 2025 AepeBoobpabaTbiBalowerr M KUPOBON MPOMbILAEHHOCTU. DKCMEePUMMEHTaNbHaA Mporpamma
PeueHsupoBaHue: 3 dekabpsa 2025

BK/ItOYaNa onpefeneHune nokasartenell pacTekaeMocTu 6ETOHHOWM CMecu U CPOKOB CXBaTblBaHUSA
MpuHAaTa B Nneyatb: 20 AH8apAa 2026

LEMEHTHOro TecTa MNpu pPas/iMyHbIX KOHUEHTpauuax Aob6aBoOK. YCTaHOBNEHO, 4YTO BBedeHUWe
JIMTHWHA U COANCTOKa OKa3blBAET NOOKMUTENbHOE BIMSIHWE HA NOABUXHOCTb BETOHHOW cMecH No
CPaBHEHWUIO C KOHTPO/IbHbIM COCTAaBOM: MaKCMMa/lbHblA MPUPOCT PacTEKAaeMOCTU COCTaBUA A0
6,4% npv BBEAEHUM NUTHUHA U A0 9,5% npw BBegeHWM coancToka. CoBMeCcTHOe NpUMeHeHue
[06aBOK  obecneunsno  BbIPAXKEHHbIM  CUHepreTuyeckuint  addekT, conpoBoXKAatoLMIcA
yBe/MYeHnem MNoABWMXKHOCTM g0 16% no nvHelHOMy noKasaTento u go 35% no naowagu
pacTeKaHus, a TaKXKe CHUXKeHMEeM pa3bpoca sKcnepMMeHTalbHbIX AaHHbIX. MccnefoBaHMe CPOKOB
CXBaTbIBaHMA MOKa3aNo Pa3HOHANPABNEHHOE BAUAHUE KOMMOHEHTOB: JIMTHUH cnocobcTeyeT
COKpPALLEeHWIO HaYasbHbIX M KOHEYHbIX CPOKOB CXBATblBaHWA, TOrAa KaK COancToK, obnagas
rmapodobHbIMK CBOWCTBAMU, NPUBOAMT K UX yBEAUYEHUIO. [ToNyYeHHble pesyibTaTbl NO3BONAOT
060CHOBaTb ONTUMAa/bHblE A03MPOBKM [006ABOK M MCMONb30BaTb WX AOJ/17 KOPPEKTUPOBKM
TEXHO/NIOTMYECKOTo  pernameHTa MNpPOU3BOACTBA  [ABYXKOMMOHEHTHbIX CTEHOBbIX 6/10KOB C
NOBbILLEHHOMN CTABUNBHOCTBIO CBOWCTB M KAa4ECTBOM rOTOBOW NPOAYKLMUMU.

Kniouesble cnoea: cteHoBoW 610K, A06aBKa, NOABWMKHOCTb, CPOKM CXBaTblBaHWA, JIMFHWUH,
COAancToK.
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ABSTRACT

Purifying rare earth elements (REEs) from ion-adsorbed clay (IAC) deposits demands complex
solvent extraction (SX) setups to achieve commercial-grade purity. This study presents the design
and validation of a four-train counter-current SX flowsheet for processing a pre-treated REE
chloride liquor sourced from Malaysia’s Jeli deposit. Using an iterative steady-state mass-balance
simulation in Microsoft Excel, the research determines the operational parameters needed to
achieve a 4N (99.99%) terminal purity target for each REE stream. The methodology involved
pinpointing critical A/B separation cuts and optimising the organic-to-aqueous (O/A) ratios across
the cascade. The results show that the flowsheet effectively fractionates the feedstock, starting
with a bulk LREE/HREE separation (Train 1) and culminating in the challenging separation of
praseodymium (Pr) and neodymium (Nd) (Train 4). The simulation identified Pr/Nd separation as
the primary technical bottleneck, requiring 62 equilibrium stages (NE) due to a low separation
factor (B) of 1.70. In contrast, simpler bulk splits needed as few as 16 stages. These findings
confirm the theoretical minimum stage requirements (Nmin) and provide a detailed stage-wise
concentration profile for each train. The study concludes that the Pr/Nd circuit dictates the overall
plant footprint and capital intensity. The developed flowsheet offers a solid technical blueprint for
commercialising Malaysian IAC resources, ensuring high-purity REE recovery through optimised
metallurgical design.

Keywords: REE separation, solvent extraction, P507, equilibrium curve, extraction stages.
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Introduction

Rare Earth Elements (REEs), including the 15
lanthanides, scandium, and yttrium, are vital to high-
tech sectors such as defense, renewable energy, and
electronics [1]. Ensuring a stable and sustainable
supply has become a global priority, prompting
intensive research into new primary ore sources and
innovative recovery methods for secondary
materials [[2], [3], [4], [5]]. Robust processing

techniques are essential in the global supply chain
for handling complex raw materials such as
hydrometallurgical recovery of rare earth elements
(REEs) from secondary sources, including
neodymium-iron-boron (NdFeB) permanent magnet
scrap [6]. Recovering from primary REE sources
remains essential, especially as the world shifts its
focus to unconventional resources [[7], [8], [9]]. The
ion-adsorbed clay (IAC), the raw material for this
study, is a complex feed material sourced from the
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Jeli deposit in Malaysia. It is an ionic resource
extracted by in situ leaching (ISL). This feedstock
poses significant challenges owing to its
heterogeneity and the complex mixture of light and
heavy rare-earth elements (LREEs and HREEs) [10].
Developing a specialised, sophisticated processing
method capable of efficiently recovering all valuable
REE from ISL liquors, particularly Pr and Nd, is crucial
to the successful exploitation of the Jeli resource.

The core technological challenge in the REE
industry is the separation of individual elements,
which share remarkably similar chemical properties
[11]. Historically, solvent extraction (SX) has been
the industry standard for commercial-scale,
continuous separation [12], with the Lynas
Advanced Materials Plant (LAMP) serving as a
contemporary benchmark [13]. However, even
within world-class facilities, separating the entire
REE series presents significant operational hurdles.
These challenges highlight gaps in current industrial
SX practice, particularly in the number of stages
required for the separation of adjacent elements at
high purity.

The stringent purity requirements of
downstream applications, such as optics and
photonics, further complicate process design. For
example, the separation of praseodymium (Pr) from
neodymium (Nd) is particularly demanding due to its
extremely low separation factor (b) [14]. Achieving a
99.99% (4N) purity target for these elements is
crucial for commercial viability, necessitating
complex systems with high stage counts [15].
Research has shown that even trace contaminants
can significantly reduce luminescence efficiency in
optical materials, as demonstrated by studies
comparing Nd, Ho, Er, and Sm oxides in glass
matrices [[16], [17], [18], [19], [20], [21], [22]].
Consequently, this application-driven standard
mandates that the entire flowsheet reliably produce
individual rare-earth oxides at 4N purity.

lon-exchange (IX) chromatography and
crystallisation are typically reserved for laboratory
applications or the final purification of high-purity
materials. Nevertheless, they are neither scalable
nor cost-effective for continuous, large-volume REE
separation. For example, even in specific
applications such as ion exchange of lanthanum
chloride with advanced resins, the process remains
inherently batch-oriented, presenting significant
scaling challenges compared with continuous SX
[23]. The key decision in high-volume REE
processing, therefore, lies between IX and SX, as
other methods, such as fractional crystallisation,
cannot separate the entire REE series [[24], [25],

[26]]. Figure 1 provides a comparative overview
illustrating the fundamental differences in
mechanism and operation between IX and SX.
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Figure 1 - Comparative Analysis and Process Principle of
lon Exchange (IX) versus Solvent Extraction (SX) for Rare
Earth Element Separation

SX is overwhelmingly preferred for primary
industrial separation due to its ability to handle
large, continuous throughput. It employs counter-
current flow through mixer-settlers or columns
relying on subtle differences in distribution
coefficients (S) between adjacent elements. The
choice of the organic extractant is the single most
critical chemical decision in an SX flowsheet. The
acidic extractant bis(2-ethylhexyl) phosphoric acid
(P507) was selected for the flowsheet based on its
established industrial use and capacity for
controllable selectivity via pH adjustments, which is
essential for LREE fractionation, particularly the
challenging Pr/Nd split [[27], [28]].

Complex mixed-extractant systems are effective
for the bulk separation of HREEs; their performance
is typically suboptimal for LREE fractionation. For
example, the combination of P507 with bis(2,4,4-
trimethylpentyl) phosphinic acid (Cyanex 272) [29]
or its equivalent, Cyanex 572 [[30], [31], [32]], is
known to enhance the extraction of HREEs from
chloride solutions. However, in such systems, the
resulting enhanced selectivity for HREEs conversely
leads to poorer separation performance among the
LREE group [33], which constitutes the majority of
the Jeli feedstock. Therefore, the use of P507 alone
is justified to provide the necessary selectivity
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control for the difficult LREE-focused splits required
to achieve the 4N purity target.

The highly efficient separation required by SX is
achieved physically through a series of
interconnected mixer-settler units operating in a
counter-current flow configuration, as shown in
Figure 2, where Figure 2(a) explains the working
principle of a single mixer settler and Figure 2(b)
illustrates the separation principle in a series circuit.

Loaded

M
i MM o n:' Extractant
" Mumwm
M
Agqucous
Raffinate
SETTLING
CHAMBER

Metal-
bearing ﬂ:‘- Water-immiscible
M M
q extractant solution
solution MIXING
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Figure 2 - Working principle of mixer settler

In the mixing chamber, a motor drives a mixing
and pumping turbine. This turbine draws two liquids
from adjacent settler stages, mixes them and
transfers the resulting emulsion to the
corresponding settler. Efficient mixing creates a
large interfacial area, maximising solute mass
transfer. The emulsion then overflows into the
settling chamber, where gravity separates the
liqguids. The heavier aqueous liquid settles at the
bottom, while the lighter organic liquid rises to the
top and overflows a fixed-height weir. This gravity-
driven discharge transports the liquid to the next
mixing chamber or downstream equipment.

Rare earth extraction (REEP) is typically a
sequential cascade process involving three main
stages: extraction, scrubbing, and stripping.
Industrial facilities such as LAMP employ a six-stage
process comprising  saponification, loading,

extraction, scrubbing, stripping, and washing. Figure
3 illustrates this cascade operating under counter-
current flow: the organic phase enters at one end,
and the aqueous feed enters at an internal stage,
moving in the opposite direction.
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Figure 3 - Schematic Diagram of a Six-Block Counter-
Current Solvent Extraction Cascade (Saponification,
Loading, Extraction, Scrubbing, Stripping, and Washing).

This inherent counter-current arrangement
maximises  mass-transfer  efficiency, thereby
enabling the use of a rigorous mass-balance model.
The main challenge in SX design is accurately
determining the optimal flow ratios (O/A) and the
minimum number of equilibrium stages (Nmin). These
parameters are crucial for converting the slight
chemical differences provided by P507 into
commercial purity.

This study addresses a technological gap by
presenting a rigorously designed and validated four-
train SX flowsheet for separating a complex mixture
of LREE and HREE from the Jeli resource. The
primary objective is to rigorously justify the
flowsheet’s design parameters, particularly the high
stage counts required for adjacent-element
separation. Using an iterative mass-balance model,
the paper systematically derives the overall-to-
actual flow ratios. It calculates the necessary
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equilibrium stages (Ng) to ensure the flowsheet can
produce individual rare-earth oxide products to the
stringent 4N purity standard.

Experimental part

Materials and Feedstock Preparation. The feed
material for the SX flowsheet design was a pre-
treated REE chloride solution from the Jeli deposit in
Malaysia. The original Jeli IAC resource was initially
processed via the ISL hydrometallurgical route to
produce a bulk REE liquor. To ensure high-purity
separation, the liquor underwent upstream
purification, including selective precipitation and
redissolution, to concentrate REEs and remove non-
metallic contaminants and gross impurities such as
silica and carbonates. The resulting clarified REE
chloride solution was the primary input for iterative
mass-balance modelling. The elemental composition
is detailed in Table 1, with concentrations expressed
in both parts per million (ppm) and as a mass
percentage of the total REE content.

Theoretical Framework of Solvent Extraction.
The SX process using P507 operates via an ion-
exchange mechanism. In the organic phase, P507
(usually represented as HL) predominantly exists as
a dimer (HL).. During extraction, the trivalent REE
ion (REE*) from the aqueous phase replaces the
protons (H*) in the extractant dimer, forming an
organometallic complex that then partitions into the
organic phase. The balanced chemical equation for
this extraction is given by Equation 1.

REEZ:) + 3(HL)sorg) @ REE(HLy)30rg) + 3HGg (1)

In practice, the extraction complex can be
solvated and the number of extractant molecules
per metal ion may vary. The distribution coefficient
(D) is strongly inversely related to aqueous pH (or H*
concentration) as shown in the equilibrium
relationship of Equation 2.

__ [REEJorg _ [(HL)213rg

b= [REElaq Kex [H*13, )

This relationship demonstrates that aqueous-
phase acidity and extractant concentration govern
the extent of extraction. These dynamics are
typically visualised through extraction isotherms,
which illustrate how pH adjustments are leveraged
to control extraction and stripping across the various
flowsheet trains [34].

Table 1 - Jeli mix REE chloride composition

Element Concentration Normalised
(ppm) Concentration (%)
REE
La 1245.431 38%
Ce 161.159 5%
Pr 211.278 6%
Nd 596.106 18%
Sm 88.268 3%
Eu 11.463 0%
Gd 115.513 4%
Tb 18.351 1%
Dy 94.645 3%
Ho 17.166 1%
Er 83.993 3%
Tm 12.583 0%
Yb 52.871 2%
Lu 5.359 0%
Y 578.472 18%
Sc 0.104 0%
Total 3292.762 100%
Non-REE
Al 0.950 -
Pb 0.381 -
Cu 0.259 -
Ga 0.227 -
Ca 0.141 -
Al 0.056 -
Pb 0.048 -
Na 0.047 -
Mo 0.040 -
Sr 0.017 -
Co 0.015 -
Ag 0.005 -
Mg 0.001 -
Total 2.187 -

The required N for a counter-current SX circuit
is fundamentally governed by B of the critical
adjacent pair and the stringency of the purity
requirement. B is defined as the ratio of D of the two
elements being separated (A and B), where B is the
most extracted element, and A is the least attracted
component. This is expressed in Equation 3.
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Dp

Bgja = s

(3)

The theoretical p values used were sourced from
the literature, primarily the work of Krishnamurthy
Gupta (1990) [35] for the P507-HCI REE extraction
system [36]. A high B facilitates an efficient
separation, whereas a low [ necessitates an
increased number of mixer-settler contacts to
achieve the same purity [37]. Nmin, is approximated
using the relationship derived from the Fenske
equation, as shown in Equation 4.

1 ( Purity Ratio )
Recovery Ratio (4)

Nimin = 10g (B)

In this context, the purity ratio is the ratio of the
key component B to the impurity A in the final product
stream. The recovery ratio is the ratio of B recovered
in the product stream to the amount of A lost to the
raffinate.

This requirement justifies the complex design
and detailed mass-balance analysis in the following
sections.

Flowsheet Design and Mass Balance
Methodology. The practical number of equilibrium
stages (Ng) and the required organic-to-aqueous
ratio (O/A; R) were determined using a process
simulation developed in Microsoft Excel. The
schematic representation of the counter-current
mixer-settler stage configuration used as the basis
for this mass-balance calculation is presented in
Figure 4.

Figure 4 - Input and output flow variables for a mixer-
settler stage configuration

This iterative approach is essential for accurately
modelling the complex requirements of ultra-high-
purity targets (4N), where conventional graphical
methods often lack the precision required to resolve
concentrations at the 0.01% threshold. The 4N
target purity necessitates a high stage count
throughout the flowsheet. To achieve this, the
impurity concentration in each product stream must

be rigorously reduced, thereby approaching near-
total theoretical recovery in the respective raffinate
and extractant streams. This design philosophy is
most critical for separating the Pr/Nd pair, the most
capital-intensive step in the process.

The initialisation of the solvent flow was based
on a fractional extraction approach. A base flow
parameter (W) was established as a function of B
and a fractional extraction parameter (K).

W = (5)

For the Jeli flowsheet, K was optimized at 0.75.
This value was selected to bias the extraction
intensity toward the organic phase, thereby shifting
the concentration crossover point toward the
extract terminal. This design strategy aims to
provide an expanded scrubbing section within the
calculated cascade, ensuring that the aqueous
raffinate meets 4N requirements by effectively
"washing" entrained impurities from the organic
phase. To account for the mass flux required to
satisfy terminal purity targets (P) and feed fractions
(f), the final Total Organic-to-Aqueous Ratio (R) was
calculated as equation 6.

R=W+G§% (6)

A key feature of this flowsheet design is the
requirement for 4N purity in intermediate product
fractions. While a lower intermediate target (e.g., 2N
or 3N) would reduce the stage requirements of the
preceding separation cascades, it would introduce
an "impurity carryover" effect. By enforcing a 4N
target at these intermediate steps, the flowsheet
acts as a metallurgical firewall, ensuring that
downstream circuits are not burdened with residual
light or heavy impurities from prior splits. This
isolation prevents a "snowball effect," in which
downstream-stage requirements would otherwise
increase significantly to accommodate cross-
contamination. This strategic approach ensures that
each separation battery operates only on its
intended adjacent pairs, maintaining the integrity of
the final high-purity oxides.

After defining the cut, the simulation iteratively
calculated concentration profiles across all stages
until terminal concentration requirements were
satisfied. At stage n, the total mass balance for
component A is given by Equation 5, where L and S
represent the aqueous and organic flow rates,
respectively.
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(L-Xn—l) + (S Yn+1) = (LXn) + (S Yn) (5)

By substituting D4 with Y, / X, and the flow ratio
A/O as represented with R equivalent to S/L, the
balance solved in the iterative form shown in
Equation 6.

Xn—l + R-DA-Xn+1 = (L + R'DA)'XTL (6)

This modelling relies on the assumption of ideal
equilibrium behaviour at each stage and constant
flow rates throughout the cascade. The simulation
explicitly examines the separation of adjacent
elements within each train, aiming for near-total
recovery driven by strict 4N terminal purity
requirements. Table 2 outlines the key inputs for the
iterative mass-balance model, including the derived
B and the resulting Nmin needed to achieve the 4N
purity target for each critical separation train.

Results and Discussion

The complex composition of the Jeli feedstock
necessitates a sequential, four-train SX flowsheet to
achieve the stringent 4N purity target for rare-earth
oxides. This flowsheet prioritises broader bulk splits
before addressing more chemically similar cuts,
exploiting differences in B values between adjacent
elements. The Pr/Nd separation primarily dictates
the overall flowsheet scale and capital intensity, as
its low B of 1.70 necessitates the highest number of
stages. After calculating Nmin, an iterative mass-
balance simulation was used to determine the
necessary operational parameters, specifically the
optimal O/A ratio and the N¢ required to achieve the
4N purity target for each split. Figure 5 presents the
block diagram for the four-train sequential SX
flowsheet, summarising the proposed processing
route. It details the mass distribution and specific
fractional cuts for the Jeli REE chloride feedstock,
progressing from the initial bulk LREE/HREE split to
the final high-purity products.

Table 2 — Summary of b, target purities, and Nmin for the Jeli REE separation aims

Component Fraction In Feed Target Purity K
Train Separation Cut B
A fa B PA PB
1 | LaCePrNd/Sm-Lu 8 LaCePrNd | Sm-Lu | 0.65 035 |99.99% | 99.99% | 97°
0.75
2 LaCe/PrNd 2.25 LaCe PrNd 0.64 0.36 99.99% 99.99%
3 | La/Ce 6 La Ce 0.88 012 | 99.99% | 99.99% | 97>
0.75
4 Pr/Nd 1.70 Nd Pr 0.25 0.75 99.99% 99.99%
Jeli mixed REE chloride
La Ce Pr Nd Sm-Lu Y
37.8% 4.9% 6.4% 18.1% 15.2% 17.6%
67.2% 15.2%
La Ce Pr | Nd
63.5% 36.5%
La Ce Pr Nd
88.5% 11.5% 26.2% 73.8%
| | | | ,,
La Ce Pr Nd Sm-Lu+Y

Figure 5 - Block diagram of the proposed four-train sequential solvent extraction flowsheet
for Jeli REE chloride feedstock
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Figure 6 illustrates the concentration profiles of
components A and B across the extraction stages.
Stage 1 (leftmost terminal) is the raffinate outlet,
highly enriched in the least-extracted element (A).
Stage 2 (rightmost terminal) is the extract outlet,
enriched in the most-extracted element (B). The
crossover point, where A and B concentrations
intersect, shifts with different separation factors.
Figure 6 (a) (LREE/HREE, B = 8.0) shows a sharp
crossover, indicating efficient separation with fewer
stages. Figure 6 (d) (Pr/Nd, B = 1.70) shows a
shallower gradient, indicating greater difficulty in
separation and requiring more stages to reduce
impurity levels to 0.01%. Figure 7 presents the
separation flowsheet matching the stage numbers
for each train.

The final operational deliverables, determined
by the iterative mass-balance model, are shown in
Table 3. The data confirm that the 4N purity target
for both the raffinate (PA) and extract (PB) streams
was achieved in all four separation trains. A
comparison between Nmn and Ng reveals a
consistent scaling factor of 1.8. Table 3 also
compares the total stage count required for each
train, highlighting the disparity in separation
difficulty. Notably, Train 4 (Pr/Nd) requires the most
intensive configuration, with an N of 62 stages to
overcome the pair's low separation factor. This is
nearly four times the stage count required for the
bulk LREE/HREE split (Train 1), highlighting the
significant impact of adjacent-element chemistry on
total plant footprint.

The findings confirm the industrial principle that
the Pr/Nd separation is the main bottleneck, limiting
the maximum CAPEX and OPEX of the entire LREE
purification facility. The 62-stage cascade requires a
large physical footprint and complex process control
for flow rates and pH stability. However, the
simulation shows that the optimised O/A ratios in
Table 3 can reliably achieve high recovery and purity
without significant material loss.

Conclusions

This study developed and validated a four-train
counter-current solvent extraction flowsheet for
processing a pre-treated REE chloride solution from
the Jeli IAC deposit. An iterative steady-state mass-
balance simulation determined operational
parameters for a stringent 4N purity target for five
product streams.
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Figure 6 — Extraction battery concentration profile
a) LREE/HREE (67:15, B=8), b) LaCe/PrNd (64:36, B=4.57),
c) La/Ce (88:12, B=6), and Pr/Nd (76:24, B=1.7)
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Jeli mixed REE chloride

!

Train 1
LREE/HREE
Ne=16
Train 2 |
\ 4
LaCe/PrNd
Ne=40
Train 3 y v Train 4
La/Ce Pr/Nd
Ne=16 Ne=62
La 4N Ce 4N Pr 4N Sm-Lu+Y 4N Nd 4N
99.994% 99.992% 99.991% 99.997% 99.991%
Figure 6 — LREE separation process flowsheet with P507-HCI
Table 3 — Input to equilibrium state calculation
Train Separ(:j:}:;\ Split Theoretical Actual Optln:z:d O/A Pu(:t\)/ A Pu(:t\)/ B
Minimum Equilibrium atio A 8
Stages (Nmin) Stages (Ne)

1 LaCePrNd/Sm-Lu 8.86 16 0.27 99.99% 99.99%
2 | LaCe/PrNd 22.72 40 1.20 99.99% 99.99%
3 La/Ce 10.28 16 0.35 99.99% 99.99%
4 | Pr/Nd 34.72 62 2.32 99.99% 99.99%

The Pr/Nd separation (Train 4) is the critical
design bottleneck due to its low separation factor (3
= 1.70), requiring 62 equilibrium stages, a nearly
four-fold increase compared to the 16 stages
required for initial LREE/HREE bulk split.

This high stage count affects the primary capital
expenditure (CAPEX) and operational complexity
(OPEX), requiring precise control over O/A ratios
and pH stability to prevent material loss. Simulation
results in Table 3 show that Ng alighs with Np,,
providing a foundation for future pilot-scale testing.
The successful separation of La, Ce, and the PrNd
group from the Jeli feedstock demonstrates the
technical feasibility of producing high-value
individual rare earth oxides from Malaysian ion-
adsorbed clay resources. This flowchart offers a
scalable plan for processing IAC ores, which helps

create a local and sustainable rare earth supply

chain.
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EpiTKilINeH 3KCTpaKumManay apKbi/ibl }KOFapbl Ta3aNblKTaFbl NPa3eoanum MmeH
HeoaMMAi anyablH TEXHOIOTUAJIbIK CXeMAaCbIH 33ip/iey }XaHe moaenbaey

1 Zulkifli N., ** Shoparwe N., ! Yusoff A.H., 2Abdullah A.Z., * Ahmad M. N.

1 Manatizus yHusepcumemi KeaaHmaH, [xenu, Manatizus
2 Manalizus feinsim yHusepcumemi, MeHare, Manalizus
3 Manalizus Xanvikapanelk Ucaam YHusepcumemi, KyaHmat, lMaxaHe, Manadizus

TYAIHAEME

Cupek kep anemeHTTepiH (CHK3I) moHAbIK agcopbumsanaHFaH casgapgad (MAX) Tasaptbin,
KOMMEPLMANbIK Ta3aNblKKa KO/ KETKI3y YIWiH KypAeni epiTkilw aKcTpakuuma (SX) xyienepi KaxeT.
Byn 3epTreyae Manaisunagasbl JyKenun KeHiliHeH anblHFaH angblH ana eHaenreH REE xnopuain
eHAeyre apHanfaH TepT Ti36eKTi Kapcbl TOK SX afblHABIK CyN6aCbIHbIH, AM3aiHbl MEH BaNMAALMACHI
ycbiHbInagpl. Microsoft Excel 6afmapnamacbiHAafbl UTEpaTMBTI TypaKTbl KylAaeri maccanbik,
6anaHcTbl MmoAenbAeyai KongaHa OTbIpbIN ¥Kypri3inreH 3epTTey apbip cUpeK KesneceTiH ep

Makana kengj: 28 Kapawa 2025 3NeMeHTTepi afblHAapbiHAa 4N Tasanblk MakcaTbiHa (99,99%) KeTy VYWiH KaXKeTTi XKymbiC
CapantamagaH eTTi: 30 kapawa 2025 napameTp/iepiH aHbIKTadbl. D4icTeme MaHpi3abl A/B 66y KeciHAinepiH A1 aHbIKTayApl KaHe
KabbingaHae:: 20 kaHmap 2026 KacKaATafbl OpraHMKanbik neH cy (O/A) KaTbiHacTapbiH OHTaiNaHAbIPYAbl KaMTblabl. HaTuxenep

cynba WKKi3aTTbl THiMAI Typae GpakumanainTbiHbiH KepceTeai, on LREE/HREE (1-wi xeni) kenemaik
6enyaeH 6actan, npaseogum (Pr) meH Heogumai (Nd) KeweHai 6enymeH askTanagbl (4-wi xeni).
Mogenbaey Pr/Nd 6eniHyiH Herisri TexHUKanbIK Kegepri peTiHae aHbiKTaabl, o1 1,70 TomeH 6eiHy
KoadduumeHTiHe (B) BaiinaHbicTbl 62 Tene-TeHAiK caTbicbiH (NE) KaxKeT eTTi. An Kapanalibim macca
6eniHynepi Tek 16 caTblHbl KaXKeT eTedi. byn HaTuenep TEOPUANBIK MUHWMANApl CaTblbl
Tanantapabl (Nmin) pacTaigbl »KaHe apbip MOWMbI3 YLWiH caTbibl KOHLEHTPALMUsAHbIH, erkei-
Terkenni NnpoduniH ycoiHaabl. 3epTrey HaTuKeciHae Pr/Nd KaTbiHacbl Xanmbl 3aybIT ayAaHblH
JKOHE OHbIH, KYpAeni KapiKbl CbIAbIMAbINbIFbIH aHbIKTaWAbl AereH KOpbITbIHAbI ¥Kacangbl.
OsipneHreH xattama ManalisuaHblH, |AC  pecypcTapblH  KOMMEPLUMANAHAbIPYAbIH,  CeHIMA)
TEXHUKANbIK KON KapTacbiH YCbIHAAbl, OHTAUNAHABIPbINFAH METAANYPIUANDIK Kobanay apKpiibl
»KOFapbl TasanbikTasbl CHKI anyapl KamTamachi3 eTesi.

TyiiiH ce3dep: CHKD GeniHyi, epiTkiwneH skcTpakumanay, P507, Tene-TeHAiK KMCbIFbl, IKCTPaKUMA
KeseHaepi.
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AHHOTAUMA
OuncTKa pesKosemesibHbIX a1emeHToB (REE) ana focTuxeHMA KOMMePUYECKOM YNCTOTbI U3 MOHHO-

aacopbupoBaHHbIX rKH (IAC) TpebyeT CNOXHbIX CUCTEM 3IKCTPaKuuM pacTBoputenamu (SX). B
[JAHHOM UCCNefoBaHWM NpeAcTaB/ieHbl NPOEKTUPOBaAHWE M BaNWMAALMA YeTbIPEXNOE3AHOro
NPOTUBOTOKOBOrO SX pacxofHOro aucta Ana nepepabotku npegpaputenbHo obpaboTaHHOro
xnopuaa REE, nonyyeHHOro us mectopoxaeHus Jeli B Manaisuu. B uccnegosaHum, nposeseHHOM
C UCNONb30BaHMEM UTEPATUBHOTO MOAENMPOBaHWA BanaHca Macchl B CTaLLMOHAPHOM PeEXUME B

MocTynuna: 28 Hoabps 2025 Microsoft Excel, onpeseneHbl paboune napameTpbl, HEO6XOANMbIE ANS LOCTUMKEHUA LIENEBOrO
PeueHsuposaHue: 30 Hoabps 2025 nokasatens uuctotbl 4N (99,99%) ANA KaK[oro MNOTOKa peaKo3eMe/bHbIX 3/1eMEHTOB.
MpuHata g neuatb: 20 AHeaps 2026 MeTogonorna BKAKOYANa TOYHOE OMNpefeNeHne KPUTUMYECKMX pas3pe3osB mexay A/B v

ONTMMM3ALMIO COOTHOLIEHWUS OpraHuyeckoro K sogHomy (O/A) no Bcemy Kackagy. Pesynbrtatbl
NOKa3bIBatOT, YTO cxeMa 3hPEeKTUBHO GPAKLMOHUPYET CbIPbE, HAYMHAA C MACCOBOTO pPasaeneHus
LREE/HREE (noesg 1) 1 3akaHuMBas CNOKHbIM pasgeneHvem npaseoguma (Pr) u Heoamma (Nd)
(Moe3g 4). Cumynauus onpepenuna pasgeneqve Pr/Nd Kak OCHOBHOE TEXHUYECKOE y3KOoe MecTo,
Tpebytowee 62 paBHoBecHbIX cTaamit (NE) n3-3a HM3Koro koadpoduumeHTta pasgenenus (B) 1,70. B
oT/IMune OT 3TOro, bonee NPocTbie MaccoBble CNAUTLI Tpebosanu Bcero 16 aTanos. 3Tv pesynbTaThl
NOATBEPKAAIOT TEOPETUUECKME MUHMMANbHbIE TpeboBaHUA K 3Tanam (Nmin) u npegocTasnatoT
noApobHbI NPodKUAb KOHLEHTPALLMK NO 3Tanam AN KaxAoro noesaa. MiccnegosaHue NpuLLNo K
BbIBOAY, 4TO KOHTYp Pr/Nd onpegenser obuiyio naowanb 3aBoja WM ero KanuTaioémKocTb.
PaspaboTaHHbIi NPOTOKON npeanaraeT HaAEXKHbIA TeXHWYECKU nAaH Kommepumanusauum
pecypcoB Mmanansuitickmx |AC, obecneuvBas BblCOKOuMCTOe u3BnedeHne P33 6narogaps
ONTUMMU3UPOBAHHOMY METANNYPrUYECKOMY NPOEKTUPOBAHMIO.

Knrouesbie cnosa: paspenenne P33, skcTpakuma pactsoputenem, P507, KpuBasa paBHoBecus,
3Tanbl IKCTPAKLUM.
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