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Influence of additives and temperature regime on the setting kinetics
and strength of foamed concrete
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ABSTRACT

The article presents the results of the development of the physico-mechanical characteristics of
fast-setting lightweight concrete. Based on the obtained data, it was concluded that the use of
metal cassette molds in foam concrete technology is ineffective. Their turnover can be increased
by heating the floor in the workshop and insulating the sides and surfaces of the molds.
However, the high cost of energy carriers increases the material's production cost and reduces
its competitiveness. At ambient temperatures below 16 °C, it is advisable to use insulated
wooden molds, which help retain the heat released during cement hydration. The optimal mold
dimensions (1.2 x 1.25 x 0.5 m and 1.2 x 1.25 x 0.6 m) were selected based on cutting
technology capabilities. The formation of large monolithic masses is associated with the risk of
cracks and even structural rupture due to uneven heat distribution. To maintain the initial mix
temperature within 22 — 25 °C, the molding mixture should be prepared using water heated to
30 °C. In insulated wooden molds, the formed material retains a temperature of at least 18 —
20 °C before the onset of hydration. Then, due to the exothermic reaction of cement, the
temperature remains stable until demolding. Improvements in natural-setting foam concrete
technology have demonstrated the feasibility of introducing a chemically active siliceous
component into the mixture. This component binds free Ca(OH), released during alite hydration,
contributing to long-term strength development. Research objective — The development of
effective methods to accelerate the early-stage hardening of foamed concrete by studying the
influence of electrolyte additives and surfactants on the setting and hardening processes of
cement paste. The novelty of work lies in establishing patterns in the formation of physical and
mechanical properties of foamed concrete with accelerated initial hardening, taking into account
its porous structure, and the characteristics of the hardening process.
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Introduction

Rapid-hardening foamed concrete is a
promising building material that combines low
destiny, high thermal insulation properties, and
accelerated strength development [[1], [2], [3], [4],
(5], [6]].

These characteristics make it highly sought for
the construction of enclosing structures, thermal
insulation layers, and prefabricated elements [[7],
(8], [9], [10], [11]].

This study is dedicated to the analysis of key
physical and mechanical characteristics of foamed
concrete with accelerated initial hardening, the
identification of patterns in their formation, and
the development of recommendations for
optimizing the composition to improve the strength
and thermal insulation properties of the material
[[3]1, [12], [23], [14], [15]]. Special attention is given
to the composition of raw materials, porous
structure, and the hydration processes of cement
stone [[11], [16], [17]].
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This study focuses on analyzing the key physical
and mechanical characteristics of fast-setting
lightweight foam concrete, identifying patterns in
their formation, and developing recommendations
for optimizing the composition to improve strength
and thermal insulation properties [[12], [13], [14],
[15]].

Foam concrete production has shown growth
trend, and it is widely used for wall construction
alongside ceramic bricks, aerated concrete, and
hollow blocks made of heavy concrete [[18], [19],
[20], [21], [22], [23]]. However, the overall
production volume of foam concrete blocks
remains significantly lower compared to aerated
concrete and ceramic bricks. One of the main
limiting factors is the low productivity of foam
concrete block production lines due to the
turnaround time of the molds. A considerable
amount of time is required for foam concrete to
gain sufficient strength for demolding [[6], [18],
[19], [20], [21], [22]].

The analysis of scientific and technical literature
has shown that research on accelerating the
hardening of foam concrete is being conducted in
two main directions:

- the first involves the setting and hardening
time of the cement binder [[23], [24], [25]];

- the second focuses on the use of technological
methods and additives directly during the concrete
preparation process [[7], [9], [26], [27]].

In  concrete technology, including foam
concrete, the most commonly used method for
accelerating hardening is the introduction of
chemical additives. However, unlike heavy
concrete, foam concrete has less dense structure
and is saturated with water and surfactant
molecules from the foaming agents. There are no
universal and reliable recommendations for
ensuring the accelerated hardening of foam-
cement system [[11], [17]]. Conventional additives,
such as superplasticizers and calcium chloride,
which effectively reduce water demand and speed
up hardening in traditional concrete, either do not
work in foam concrete or even reduce its strength
(as in the case superplasticizers) or fail to produce
any significant practical results.

Research objective: The development of
effective methods to accelerate the early-stage
hardening of foamed concrete by studying the
influence of electrolyte additives and surfactants on
the setting and hardening processes of cement
paste.

The novelty of work lies in establishing patterns
in the formation of physical and mechanical
properties of foamed concrete with accelerated
initial hardening, taking into account its porous
structure, and the characteristics of the hardening
process.

Experimental part

Materials. In the research, the following raw
materials were used:

- portland cements of grade CEM | 32.5N from
manufacturers Heidelberg (Ust — Kamenogorsk) and
Standard Cement u Standard Cement (Shymkent),
produced at cement plants and complying with the
requirements of GOST 10178 — 85;

- quartz-feldspar sand from the Kapchagay
deposit (Almaty region), with a fineness modulus of
1.48, a silica (SiO;) content of 37 %, feldspar
content of 60.1 %, mica content of 1 %, dust and
clay particle content of 1.9 %;

- fly ash from Almaty TPP (thermal power
plant), with a SiO, content of 88 %;

- synthetic foaming agent FA-2000 (MB-2000);

- chemical additives, including sodium nitrate,
sodium sulfate, sodium chloride, sodium carbonate,
potassium sulfate, potassium chloride, potassium
carbonate, potassium nitrate, calcium chloride, and
sodium silicate solution. All additives complied with
the requirements of the relevant standards.

The study was conducted mainly using standard
research methods.

Methods. According to the working hypothesis,
the introduction of individual additives was first
tested, followed by complex hardening accelerators
for concrete. The effectiveness of the additives was
initially evaluated using dense cement paste,
meaning that the additives were dissolved in mixing
water, and the resulting salt solution was mixed
with cement until a paste of normal consistency
was obtained. The setting time was determined in
accordance with GOST 310.10. Standard methods
for determining the physical and mechanical
properties of binders and concrete were used in
the study.

Compressive strength determination according
to GOST 25485 — 2019 and GOST 10180 —2012:

The essence of the method — determination of
concrete compressive  strength  consists in
measuring the minimum force that destroys
specially prepared control samples of concrete
measuring 100 x 100 x 100 mm under static loading
at a constant load increase rate, followed by
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calculating the stress at these forces in accordance
with GOST 10180 —2012.

After placing the sample on the support plates
of the testing machine or additional steel plates,
the upper plate of the testing machine is aligned
with the top surface of the sample so that their
planes are fully in contact. The sample is loaded
until failure at a constant rate of load increase (0.6
+0.2) MPa/s.

The methods of preparing the foamed concrete
mixture includes:

- dry mixing: Cement, sand, and ash are mixed
for 3 — 5 minutes until a homogeneous dry mixture
is obtained;

- foam preparation: Stable foam based on PB-
2000 is prepared at a pressure of 0.4 — 0.6 MPa
from a 3 — 5 % aqueous solution and air. The
expansion ratio is regulated by the component ratio
and pressure.

- addition of water and chemicals: Water with
additives (0.1 — 5 % of the cement weight) is mixed
until homogeneous. The amount of water is
calculated based on the workability of the mixture
and the water-cement ratio;

- mixing with foam: The liquid solution is added
to the dry mix and mixed for 3 — 5 minutes until a
uniform mass is obtained;

- casting: The mixture is poured into greased
molds without sudden impacts. Light vibration is
acceptable.

- curing: Molds are kept at 20 + 2°C and
humidity > 90 % for 28 days. It is important to
maintain high humidity during the first 1-2 days. At
low temperatures, heating or accelerators are used.

Main equipment for the experiments:

- laboratory scales (accuracy up to 0.01 g);

- measuring glassware (graduated cylinders,
beakers);

- mixer for cement paste preparation;

- consistency meter (Vicat apparatus) for
setting time determination;

- laboratory spatula for mixing.

For mixture preparation, the raw materials
were dried in a drying oven at a temperature of 100
-110°C.

Results and Discussion

According to the working hypothesis, the
introduction of individual additives was first tested,
followed by complex hardening accelerators for

concrete. The effectiveness of the additives was
evaluated at the initial stage using dense cement
paste. Specifically, the additives were dissolved in
mixing water, and the resulting salt solution was
mixed with cement until a paste of normal
consistency was obtained. The foaming agent was
not used in these experiments.

When using portland cement grade CEM |
32.5N in the initial additive — free cement paste,
the initial setting time is 2 hours 20 minutes, and
the final setting time is 4 hours 20 minutes, which
meets the regulatory requirements and indicates a
moderate rate of hydration processes at the early
stages of hardening.

The test results (Figures 1 a, b) demonstrated
the high efficiency of additives containing sulfate
ions, as well as sodium and potassium nitrites, in
accelerating the setting time of cement paste.

When 1 %, 2 %, and 6 % Na,SO,;, were
introduced, the initial setting time was reduced
from 2 hours 20 minutes to 12 minutes, 6 minutes,
and 8 minutes, respectively, while the final setting
time decreased from 4 hours 20 minutes to 57
minutes, 32 minutes and 22 minutes, respectively.
The addition of 1 — 2 % potassium sulfate showed a
more moderate effect on setting times compared
to the same amount of sodium sulfate, However, at
higher K,SO, concentrations, the mixture rapidly
thickened and set almost immediately. The effect
of Al(SO4); was found to be similar to that of
potassium sulfate solution when introduced into
the cement paste.

Experimental data indicated a moderate effect
of sodium, potassium, and calcium chloride salts on
cement setting times (Figure 2a). The influence of
sodium and potassium nitrites was intermediate
between that of sulfate and chlorides (Figure 2a).

A significant reduction in setting time was
observed when potassium carbonates were
introduced into the cement (Figure 2b, Table 1).
With 0.5 % potassium carbonate (potash) and 1 %
sodium carbonate (soda), the setting times were as
follows: initial setting - 3 minutes (potash), 1
minute (soda); final setting: 5 minutes (both).
Further increases in dosage became impractical, as
the cement began to set immediately during mixing
with potassium and sodium carbonate salt
solutions.
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Figure 2 — Setting time of cement paste with various additives

Thus, based on the experimental data, the high
efficiency of electrolyte additives and the possibility
of controlling the setting time of cement binders by
adjusting the type and dosage of additives have
been established.

Since foam concrete necessarily contains
foaming surfaces — active agents (surfactants) that
form a dense layer on the surface of hydrating
cement particles, thereby slowing down the setting
and hardening process, it was important to
determine the effect of setting accelerators in the
presence of surfactants.

The surfactant dosage in the study was set at
0.25 0.5 % of the cement mass, which
corresponds to the actual consumption of foaming

agents in the production of foam concrete with bulk
density of 500 — 1200 kg/m3. At the initial stage of
the experiments, the effect of additives was
assessed in dense cement paste, meaning that an
electrolyte solution and surfactant were added to
the mixing water and stirred with cement until a
paste of normal consistency was obtained. Further
tests were conducted in accordance with GOST
310.10.

Experimental methods, which data presented in
Figure 3 (a, b) — 4 (a, b), have shown that the
addition of a foaming agent in combination with
most additives does not result in a significant
negative effect, such as a prolonged setting time of
the cement paste.
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Table 1 - Effect of potassium and sodium carbonate additives on cement paste setting time

Additive Additive content. % by Setting time (t — min.)
cement mass — -
initial final
With additives — 2-20 4-20
Potash (K2COs) 0.25 0-04 0-0.6
Potash (K2COs) 0.5 0-0.3 0-0.5
Potash (K2COs) 1.0 0-0.0 0-0.1
Potash (K2COs) 2.0 0-0.0 0-0.0
Soda (Na2CO0s) 1.0 0-0.1 0-0.5
Soda (Na2CO3) 2.0 0-0.0 0-0.1
Soda (Na2CO0s) 6.0 0-0.0 0-0.0
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Figure 3 — Setting time of cement paste with nitrate, carbonate additives, and surfactant

When a foaming surfactant was introduced into
solutions containing sodium sulfate, sodium and
potassium carbonate, sodium nitrite and nitrate,
and potassium nitrite and nitrate, the setting times
remained relatively short: initial setting time 3 — 20
minutes, final setting time 9 — 46 minutes. However,
the setting time increased, when the surfactant was
used together with potassium and aluminum
sulfate, and potassium, sodium, and calcium
chlorides. In this case: initial setting time ranged
from 55 minutesto 4 hours, final setting time

ranged from 2 hours 50 minutes to 5 hours.

Thus, based on the study results, it was
concluded that in dense cement paste, most
electrolyte additives in the presence of a foaming
surfactant effectively accelerate cement setting.
However, in real foam concrete production, the
cement paste is in a less dense state. Moreover, the
water-to-cement ratio (W/C) in foam concrete is
typically higher than the W/C ratio of the same
cement paste or cement — silica slurry.

— 9
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Figure 4 - Setting times of cement paste with chloride, sulfate, and surfactant additives

Therefore, the final assessment of the
effectiveness of setting and hardening accelerators
can only be made by preparing foamed cement
paste and testing the physical properties of the
mixture and the physico-mechanical characteristics
of the hardened paste.

In the study, the kinetics of strength
development of the hardened material and the
chemical compatibility of additives with surfactants
in an alkaline environment were selected as the
controlled parameters to evaluate the effect of
additives in production of porous systems. At the
same time, the absence of standardized testing
method for determining the setting time of foamed
cement paste was taken into account.

The experiments revealed the chemical
incompatibility of certain foam concrete mixture
components during hardening, including sodium
carbonate, potassium and sodium nitrites, and
potassium and sodium sulfates. This incompatibility
manifested as coagulation of the mixture,
uncontrolled gas formation, and foam
sedimentation. Ultimately leading to the formation
of a material with large irregular pores, a loose
surface, efflorescence, and low strength. Therefore,
this group of additives was excluded from further
experiments. When studying the effect of additives
on the acceleration of foam concrete hardening, it
is crucial from a technological perspective to assess
both the setting rate and the hardening rate of the
system. Rapid setting is necessary for structural
stabilization of the foam concrete during the mixing

of the cement-silica slurry with foam and the
subsequent shaping of the molded mass.
Meanwhile, accelerated hardening ensures the
rapid development of early strength, which is
essential for demolding the material. At the same
time, the final strength of the foam concrete with
additives must not be lower than that of foam
concrete without additives.

The setting time of foamed cement paste was
determined by measuring the temperature change
of the foam-cement mixture, while hardening was
assessed by testing the strength at different curing
ages. The study (Figure 5) established that during
foaming of cement paste, the previously observed
effects of electrolyte additives on setting time are
largely neutralized. The initial heat release from
cement hydration, when combined with
electrolytes and a foaming agent, begins
approximately 2 hours after mixing the binder with
an aqueous solution of surfactant and respective
salt, while the final setting time occurs within 12 —
14 hours.

To accelerate the setting rate of foamed
cementitious mass, a combination of two
electrolyte additives along with a surfactant was
tested. According to the working hypothesis, CaC;
was expected to accelerate the hardening of foam
concrete, while potassium carbonate (K,COs) would
promote rapid setting by reacting with calcium
sulfate dihydrate (gypsum), a natural setting
retardant in Portland cement.
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The results (Figure 5, Table 2) confirmed the
validity of this hypothesis and revealed new trends
in the hardening kinetics of foam concrete with
hardening accelerators (Figure 6).

Foam concrete without additives with a bulk
density 600 kg/m3 reaches demolding strength only
after 12 hours. In contrast, with electrolyte
additives, the demolding time is reduced by half,
and within 24 hours, the strength exceeds that of

additive — free foam concrete by more than 1.5
times.

The most significant effect was observed when
chloride salts were combined with potassium
carbonate (potash) or sodium silicate solution. In
this case: foam concrete could be demolded after 2
hours, after 4 — 6 hours, compressive strength
reached 0.27 — 0.41 MPa.

CaCl,-2% CaCl;-2% CaCl-2%
+ + +
NazSi03:-2% K;CO3-2% K>CO3-1%

% 77«‘\ — [cac2%
o o
¢ 30 / [N
©
g / NazCIz-Z%
£
@ | /_
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12 16 20 24

Time (hour)

Figure 5 — Temperature change in cement paste with hardening accelerators

Figure 6 — Structure of foamed concrete

Table 2 — Effect of electrolyte additives on the hardening time of foam concrete with an average density of 600 kg/m?3

Additive Compressive strength. MPa. After

Name Dosage
% 2h 4h 6h 8h 12h | 24h 2d 3d 7d 14d | 28d
— — HP HP HP HP HP | 0.13 | 0.23 | 046 | 0.62 | 1.09 | 1.7
CaClz 2 HP HP HP HP | 012 | 0.21 | 0.3 | 048 | 0.74 | 1.5 2.9
NaCl, 2 HP HP HP HP | 0.11 | 0.18 | 0.28 | 0.51 | 0.98 | 1.26 | 2.23
CaClz + K2CO3 2+1 HP | 0.09 | 0.17 | 0.18 | 0.21 | 0.29 | 0.42 | 055 | 092 | 14 2.8
CaClz + K2COs 2+2 0.13 | 0.27 | 038 | 0.41 | 0.47 | 0.51 | 055 | 0.72 | 1.2 1.6 2.7
NaCl + K2CO3 2+1 HP | 0.06 | 0.15 | 0.16 | 0.19 | 0.25 | 0.38 | 0.57 | 0.8 1.1 2.7
NaCl + K2CO3 2+2 0.11 | 0.28 | 0.36 | 0.37 | 0.42 | 0.48 | 0.52 | 0.66 | 095 | 1.3 2.6
CaClz + NazSiOs3 242 0.14 | 0.29 | 041 | 043 | 0.52 | 055 | 0.57 | 0.78 | 1.34 | 1.72 | 31

Note — NR — not possible to demold, the sample collapses upon demolding
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After 6 hours, the rate of strength gains
significantly slowed down and by 3 days, the
compressive strength of all samples (with and
without additives) became comparable.

The most noteworthy aspect is the hardening of
kinetics between 7 and 28 days.

Calculations based on experimental data (Table
3) indicate that by 7 days heavy concrete reaches 60
% of its design strength, foam concrete (with and
without additives) reaches 25 % to 44.4 % of their
final strength. Between 7 and

14 days, the strength of heavy concrete increases
from 65 % to 80 % (1.23 times), while from 14 to 28
days, it further rises from 80 % to 100 % (1.25
times). In contrast, foam concrete strength
increases from 51.7 % to 100 % over the 14 — 28 day
period, showing a significantly higher by 1.93 times
rate. After 28 days, the strength of foam concrete
reaches 1.7 MPa, corresponding to class M15. The
addition of individual calcium and sodium chloride
salts further optimized the time required to reach
final strength.

Table 3 - Strength development kinetics of heavy concrete and foam concrete

Material Additive Strength growth. %. Days
Name Dosage 1 3 7 14 28
Heavy concrete - - - 33 65 80 100
Foam concrete 7.6 27.0 36.5 64.1 100
CaClz 2 7.2 16.5 25.5 51.7 100
CaCl+K2CO3 2+2 18.6 24.8 44.4 59.2 100
CaCl2+NazSiOs3 2+2 17.7 25.1 43.2 55.5 100

Table 4 - Effect of ambient temperature on the strength development of foam concrete with an average density of

600 kg/m?3
Ambient Additive Compressive strength. MPa, after
temperature
(°c)

Name Dosage, % 0.5 1 2 3 days 7 14 28
day day days days days days

14-16 — — NR NR 0.07 0.16 0.35 0.62 13
CaClz 2 NR 0.09 0.15 0.26 0.42 0.85 2.2

CaCly + K2CO3 2+2 0.08 0.32 0.36 0.47 0.84 0.88 2.5

18-20 — — NR 0.13 0.23 0.46 0.62 1.09 1.7
CaCl, 2 0.12 0.21 0.3 0.48 0.74 1.5 2.9

CaCly + K2CO3 2+2 0.47 0.51 0.55 0.72 1.2 1.6 2.7

23-25 — — NR 0.11 0.23 0.47 0.67 1.12 1.8
CaCl 2 0.13 0.26 0.32 0.49 0.69 1.52 3.0

CaClz + K2COs 2+2 0.18 0.52 0.58 0.75 1.3 1.7 2.8

28 -30 — — NR 0.14 0.25 0.48 0.68 1.11 1.9
CaCl 2 0.12 0.23 0.31 0.52 0.70 1.58 2.8
CaCly + K2CO3 2+2 0.15 0.49 0.61 0.83 1.4 1.75 2.85
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The findings suggest that in foam concrete, the
retardation effect of cement hydration persists for
up to 7 days, even in the presence of setting
accelerators.

After the specified period, the density of the

adsorbed layer of surfactant (SA) molecules on the
surface of hydrating clinker minerals in cement
significantly decreases, leading to accelerated
hardening of foam concrete. The reduction in the
density of the adsorbed SA layer is caused by a
sharp increase in the surface area of hydration
products.
One of the disadvantages of natural curing foam
concrete technology is the slow strength
development at temperatures between + 10 and +
16 °C. These temperatures are most typical during
the autumn-spring period in the southern regions
of Kazakhstan, while in northern regions, ambient
temperatures drop even lower.

As a result, foam concrete production is
essentially limited to the summer months.

Since foam concrete is molded in metal forms,
the heat generated during cement hydration is
rapidly dissipated into the environment due to the
high thermal conductivity of steel (A = 45 W/(m
°C)) through the walls and bottom of the mold.
Consequently, foam concrete hardens at ambient
temperature. Moreover, nighttime temperatures
are typically 5 — 10 °C lower than daytime
temperatures, further slowing the hardening
process.

Experimental studies (Table 4) revealed a
significant decrease in the rate of strength
development in foam concrete, both without
additives and with electrolyte additives, as the
ambient temperature decreased from 8 — 20 °C to
14 -16°C.

Foam concrete without additives reached an
acceptable strength only after 3 days (Rc = 0.16
MPa), foam concrete with CaCl, reached 0.26 MPa,
foam concrete with CaCl, combined with potassium
carbonate (K,COs) reached 0.47 MPa. At 14 — 16 °C,
foam concrete with the optimal additive dosage
could be demolded after 12 hours, but it achieved
guaranteed strength only after 24 hours of curing.

Conclusions

Based on experimental data, the following
comparative and quantitative conclusions can be
drawn about the influence of various electrolyte
additives and temperature on the setting times and
strength characteristics of foamed concrete:

- without additives, the initial setting time of
cement paste is 2 h 20 min, final setting — 4h 20
min;

- with 1 % Na,S0,, initial setting time is reduced
to 12 min, final to 57 min (reduction of more that 4
times);

- with 0.5 % K,COs, initial — 3 minal. Final = 5
min, which shows a 20-fold acceleration.

Compatibility with surfactants:

- with the addition of surfactants, most
additives retain the accelerating effect with initial
setting from 3 to 20 min, final — 9 to 46 min, but
combinations with potassium sulfate and chloride
extend the initial setting up to 4 hours, indicating
chemical incompatibility.

Demolding strength (after 4-6 h):

- without additives, foamed concrete does not
reach the required strength;

- with CaCl; + K,COs (2 + 2 %) the strength is
0.27 — 0.41 MPa, allowing the demolding time to be
halved.

Strength after 28 days:

- without additives — 1.7 MPa (M15);

- with CaCl, + Na,SiO3; — 3.1 MPa, an increase of
82%.

Temperature regime:

- at 14 - 16°C, foamed concrete without
additives reaches 0.16 MPa in 3 days;

- with CaCl, + K,COs — strength after 1 day is
0.47 MPa, nearly 3 times faster;

- at 28 — 30 °C, the strength of foamed concrete
with additives reaches 2.85 MPa, which is 67 %
higher than the base level.

Strength kinetics — by day 7, foamed concrete
with additives reach up 44.4 % of the design
strength, and by day 28 — 100 % or more.

In comparison, conventional concrete gains
from 60 % to 100 % strength during the same
period, but foamed concrete with additives shows
an almost 2-fold increase in strength gain rate
during the 14 — 28 day phase (1.93x).
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Kocnanap meH Temnepartypanbik peXKMMHiH Ke6ik 6eTOHbIHbIH KaTalo
KUMHeTUKacbl MeH bepiKTiriHe acepi

Capraes A.T., OpbiH6ekos E.C., baiicapuesa A.M., Ykcuk6aesa [1.A.

XaneikapansiK binim bepy Koprnopayuacer XLLUC, Aamamel, KazakcmaH

TYWIHAEME

MaKanaga Te3 KaTaTblH KeHin 6eToHHbIH, GU3NKaNbIK-MeXaHWKaNbIK cunaTTamanapbiH asipiey
HaTMXKeNepi yCbiHbIIFaH. ANbIHFaH MaNIMeTTep HeridiHAe Kebik 6ETOH TEXHONOTUACLIHAA MeTanN
KacceTa Ka/nbiNTapblH KOAAAHYAbIH, TUIMCI34iri Typanbl KOpPbITbIHABI Kacangbl. OnapabiH,
aiHaNbIMbIH LeXTafbl eAeHi KbINbITy ¥KaHe KanbinTapablH 6yilipnepi meH 6eTTepiH oklaynay
apKblibl  apTTbipyFa 6onagbl. Anaiga, 3Heprua TacbiManAaywbliapAblH, — KyHbl  YKOFapbl
6onfaHAbIKTAH MaTepuangblH, ©3iHAIK KyHbIH apTTbipadbl XaHe OHblH, H6acekere KabinetTiniriH
TemeHzeTeni. KopwaraH opTaHbliH, TemnepaTtypacbl 16°C-TaH TemeH 6onfaH4a UEMeHT
Makana kengj: 19 Haypeiz 2025 bINfanAaHFaH Kesge naiga 6onaTbiH KblAyAbl CaKTayFa KOMEKTeceTiH OKluay/naHfaH afaw
CapanTamagaH eTri: 2 cayip 2025 Ka/NbiNTapabl KONZaHFaH »eH. KecyaiH, TeXHONOrUANbIK MYMKIHAIKTEPIH ecKkepe OTbIpbIM,
Kabbinaanab!: 25 mambiz 2025 niwiHaepAaid oHTannbl enwemaepi (1.2 x 1.25 x 0.5 m xaHe 1.2 x 1.25 x 0.6 m) TaHZanaabl.
KonygpiH,  6ipkenki  6eniHbeyiHe 6ainaHbICTbl ipi  MOHOAWUTTI  MaccuBTepAi  Kanbintay
KYPbIIbIMHBIH, 3Kapbliybl aHe TIiNTi KbIpTbly KayniH Tyaplpadbl.  KocnaHbiH, 6actankbl
TemnepaTtypacblH 22 — 25°C agvana3oHblHA@ YCTay ywiH Kanbintay maccacbiH 30°C gediH
KbI3AbIpbINfaH CcyAbl NaZanaHbin  AalblHAAy KepeK. MKbiAbiTblNFaH afaw  KaabinTapaa
KanbINTanfaH mMatepuan binFangaHablpy b6actanfaHfa geiiH TemnepaTypaHbl kKemiHge 18 — 20 °C
cakTanapl. CoaaH KeliH LEMEHTTIH, 3K30TEPMUABIK PEaKLMACHI apKblibl TEMNEpaTypa KanbinTaH
WbIKKaHFa AeniH TypakTbl 6onbin Kanagpl. Kebik 6eTOHbIHbIH, TabufM KaTalo TEXHONOMUACHIH
JKETINAIPY KOCNaHbIH, KYypamblHa XUMUANbIK benceHai KpeMHU 4MOKCUAI KOMNOHEHTIH eHri3yaiH,
OPbIHABINbIFLIH - KepceTTi. On  anuTTi  binFangaHabipraH  Kesge 6eniHetiH 6oc  Ca(OH);
6aiinaHbicTbipagpl, 6ya y3aK KaTalo KeseHiHae BepiKTiK MKUbIHTbIFbIHA biKNan eTedi. 3epTreyaiH,
MaKcaTbl — DNIEKTPOAUTTIK Kocnanap meH 6eTTik-6enceHai 3aTTapapblH, LEMEHT e3iHAICiHiH, KaTato
npouecTepiHe acepiH 3epTTey apKblabl Ke6iKTi 6ETOHHbIH, 6acTanKbl Ke3eHAepaeri KaTatoblH
Kefenaetyaid Timai TacingepiH asipney. MyMbICTbIH, KaHanblfbl — Ke6iK BETOHHbIH, KeyeKTi
KYPbINbIMbIH, Kypamaac 6enikTepiHiH, KypaMblH ¥KaHe KaTato NpoLeciHiH, epeKLenikTepiH eckepe
OTbIpbIN, KeaengetinreH 6actankbl KaTalo Ke3eHimeH Kebik 6eTOHHbIH,  (U3MKabIK-
MeXaHWKasblK KacueTTepiHiH KaibinTacy 3aHAblIbIKTapbIH aHbIKTay.

TyiiiH ce30ep: Kebik 6eToH, Te3 KaTaTblH, XeHin 6eToH, Kocnanap, TemnepaTtypa, Ky, KangplK.
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AHHOTALUMUA

CraTbd nNpeAcTaBnsfeT  pesynbTaTbl  PaspaboTKM  (U3MKO-MEXaHWYECKUX  XapaKTEPUCTUK
6bICTPOTBEPAEIOLLEro NETKOro 6eToHa. Ha OCHOBaHWMM MONYYEHHbIX AAHHbIX CAENaH BbIBOA, O
HeabdEKTUBHOCTM UCMNONb30BAHMA METANINYECKMX KAaCCETHbIX GOPM B TEXHONOMMU neHo6eToHa.
Mx 060OpPOT MOMKHO YBEAWYMTb 3a CYET MOAOrpeBa Mona B Lexe M M301AUMM GOKOBUH U
nosepxHocT1 ¢popm. OfHAKO BbICOKAs CTOMMOCTb SHEProHOCUTeNeN NoBbIWaeT cebecToMMocTb
MaTepuana U CHUXKAeT ero KOHKypeHTocnocobHoCTb. Mpu TemnepaType OKpy:KawoLien cpeapl
Huke 16 °C uenecoobpasHO WCMNOMb30BaTb YTennéHHble JAepeBsHHble (OpMbl, KoTopble

Moctynuna: 19 mapma 2025 NOMOTaloT COXPaHATb TeNnJo, BblAenAemoe npu ruapataummn uemeHta. OnTMmanbHble pasmepbl
PeueH3nposaHwue: 2 anpens 2025 dopm (1.2 x 1.25 x 0.5 m u 1.2 x 1.25 x 0.6 M) BbibpaHbl C YYETOM TEXHONOTMHECKUX
MpuHaTa B nevatb: 25 aseycma 2025 BO3MOHOCTeN pe3ku. PopmoBaHMe KPYMHbIX MOHO/IUTHbIX MAacCMBOB COMPAMEHO C PUCKOM

NOABNEHMA TPeWMH W Jaxe pPaspbiBOB CTPYKTYpbl U3-3a HEPaBHOMEPHOro pacnpeneneHus
Tenna. Ons noaaeprKaHUA HavanbHON TemnepaTypbl cMecu B npegenax 22—-25 °C GopMOBOYHYO
maccy cnefyet roToBuTb C MCNOAb30BaHMEM BoAbl, nogorpetoii Ao 30 °C. 3atem, 3a CYET
9K30TEPMMUYECKOW peaKkuuMn LemeHTa, TemnepaTypa OCTaétca CcTabuibHOW [0 MOMEHTa
pacdopmoBKu. CoBepLIEHCTBOBAaHWE TEXHONOTUM eCTeCTBEHHOTO TBepAeHuA neHobeToHa
noKasano LUenecoobpasHOCTb BBEAEHMA B  COCTaB  CMECM  XMMWYECKM  aKTMBHOMO
KPEMHe3eMUCTOro KomnoHeHTa. OH cBA3biBaeT cBoboaHbiit Ca(OH),, Bblaensemblii npu
rmapataumm anuta, YTo cnocobcTeyeT Habopy NPOYHOCTUM HA A/IMTENIbHBIX CPOKaX TBEPAEHMA.
Llenb uccnedosaHusa Pa3paboTka apdeKTUBHbIX cNocoboB yCKOpeHUs TBepaeHna neHobeToHa Ha
PaHHUX 3Tanax MNyTEM MCCNEAO0BaHUA BAUAHUA 3SN1EKTPONUTHbIX [0DABOK M MNOBEPXHOCTHO-
aKTMBHbIX BELECTB Ha MpOLEeCcCbl CXBaTblBaHWA W TBEPAEHMA LEMEeHTHOro Tecta. HoeusHa
pabomsl  3aKNKO4aeTCA B YCTAaHOB/NIEHUM  3aKOHOMepHoOCTel  popmupoBaHusa  GU3MKO-
MEXaHUYECKMX CBOMCTB NEHOBETOHA C YCKOPEHHBIM CPOKOM HAYasIbHOrO TBEPAEHUA, C YYETOM
€ro NOPUCTON CTPYKTYPbI, COCTaBa KOMNOHEHTOB U 0OCOBEHHOCTe npouecca TBepaeHuA.

Kniouesbie cnoea: neHobeToH, BbicTpoTBepaetow i, nerkuin 6eToH, [obasku, Temnepatypa,
30/13, OTXOA.
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ABSTRACT

This paper shows the findings of a detailed investigation of the natural halite from the Bakhyt-Tany
deposit. The mineral’s composition is sodium chloride with the addition of calcium sulfate,
magnesium salts, and some other matters, including a residue of less than 2% insoluble residue.
Elemental assaying indicates the occurrence of elements like Ca, Mg, Al, Si, Fe, and Pb, which
points to the occurrence of clay and some sulfate impurities. To understand how impurities are
distributed in different sizes, a sample was classified using a sieve with a mesh of 0.2 mm. It was
discovered that less than twenty per cent of the salt mass is a fine fraction (d < 0.2 mm), where up
to 3.4% of insoluble impurities are found, and in the coarse fraction (d > 0.2 mm), this value is less
than 1.8%. A mathematical model developed showed that the fine fraction and the total amount
of the residue insoluble are directly related, which supports its use for estimating contamination
and evaluating the effectiveness of the processes of desalination. Moreover, the generated 3D
model revealed that temperature and humidity, in addition to raising the concentration of
insoluble impurities, also increase the concentration of such impurities in the fine fraction even
more. The results obtained also support the need for the pre-purification of halite before its use
in food and other technological applications, and support the statement of the fractionation and
desalination based purification process for halite.

Keywords: halite, sodium chloride, mineral impurities, colloidal particles, recrystallization,
purification.
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Introduction

Sodium chloride is produced on the basis of
halite minerals extracted by mining; brines are
obtained by in-situ leaching or processing of solid
sediments of salt lakes, which is the most cost-
effective method. The Republic of Kazakhstan is
regarded as one of the most mineral-rich countries
in Central Asia with regard to salt minerals. The
latest data indicates that the number of salt lakes in
Kazakhstan exceeds 2,500, with an annual
production of sodium chloride that surpasses 1
million tons. Notably, more than 80% of this
production is concentrated within the Kyzylorda
region. It is estimated that approximately 40% of the
global production of table salt is exported [[1], [2],
(3], [4], [5]]-

The rich reserves of salt deposits in the Sarysu
region could be of industrial importance to the

Zhambyl Oblast region. The reserves are estimated
at 45 million tons, and only one of the nearby
deposits, Majdekenkol, has about 10 million tons.
There are 22 salt deposits in the Zhambyl district.
They are located at a considerable distance from
each other and spread over a vast territory from the
foothill plain of the Karatau Range in the south to the
valley of the Shu River in the north [[6], [7]].

Exploration works were carried out at four sites:
Aydyn, Yunkikol, Tuzkol and Maidegenkol.

On the lake “Koibagar”, salt deposits consist of
two layers. The upper layer with seam thickness
from 1 to 3.4 m contains mainly mineral halite
(NaCl), the lower layer with ore thickness from 0.3 to
2 m contains the following minerals: halite (NaCl),
tenardite, astrakhanite, glauberite, espomite and
gypsum. Lakes Isteken and Kokalegel are sulphate
lakes, varying in thickness from 0.2 to 1.4 m and
containing the following minerals: halite (NaCl),
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tenardite  (Naj;SO4), myrobilite, astrachanite,
glauberite and gypsum. In all explored deposits, the
content of insoluble waste is concentrated in the
range of 2-6% [[3], [8], [10]].

In terms of its technical characteristics, it is the
opinion of experts that the percentage of water-
insoluble substances, potassium ions, magnesium
and sulphate, in both food products and technical
salt, is below the permissible standards. The sodium
chloride content of the composition is found to be
98.6%, which has been demonstrated to have a
positive effect on quality [[8], [9]].

A significant presence of colloidal and mineral
impurities has been identified in the composition of
Halite ores. Such additives include sulfates,
carbonates, silt and other substances of organic
origin, which greatly interfere with the production of
pure sodium chloride [[10], [11], [12]].

During the purification process of ore from
impurities, colloidal particles function not only as
mechanical impurities but also facilitate the
destruction of the crystal structure through
adsorption processes, accumulating on the crystal
surface and thereby impeding the process [13]. The
presence of colloidal particles has been
demonstrated to have a number of effects on the
process of crystallisation. These include the slowing
down of crystal growth, the increase of the energy
barrier at the start of crystallisation, and the
formation of micropore effects [[14], [15]].

The mineral additives most frequently employed
include kaolinite and montmorillonite, which are
characterised by their silty composition, in addition
to calcium and magnesium sulfates and carbonates,
and heavy metals [16].

The movement and distribution of colloidal
particles within a sodium chloride solution flow are
contingent on environmental conditions, thereby
exerting a substantial influence on the optimal
parameters of solution purification. In the presence
of salt gradients, the rate and direction of colloid
migration are contingent on temperature and
contact time, thereby affecting the efficiency of
impurity separation [17]. For instance, at elevated
temperatures, diffusiophoretic processes are
enhanced, thus facilitating faster migration of
particles to the interface. Concurrently, the optimal
residence time is such that the maximum
concentration of particles is achieved in the target
zone. Consequently, the selection of temperature
and duration in NaCl purification systems utilising
colloids must consider the kinetics of their
movement, thereby achieving a balance between

the purification speed and the degree of
contaminants removed [[18], [19]].

A recent study published on Phys.org
demonstrates that salt gradients can effectively
control the direction of motion of colloidal particles
in microfluidic systems through a combination of
diffusiophoresis and diffusioosmosis [20].
Researchers at Yale University have discovered that
even a minor variation in salt concentration can
induce focusing and redirection of colloids, obviating
the necessity for external fields. This finding offers a
promising outlook for the development of passive
and energy-efficient systems for liquid purification
and targeted delivery of substances in medicine and
the environment [[19], [20]].

There are also studies on the purification of
solutions from colloidal particles using membranes
and electrocoagulation. Bharti et al. [21] presented
a comprehensive review of electrocoagulation as a
universal method for purifying wastewater and
natural water from colloidal ions, organic
substances, and turbidity. The authors showed that
electrocoagulation provides a high degree of
removal of dispersed particles due to the formation
of hydroxide flocs, which makes it promising for the
preliminary purification of mineral raw materials.
Aouni et al. and Moneer et al. focused on the
combination of electrocoagulation with membrane
processes such as ultrafiltration and reverse
osmosis. It has been shown that hybrid schemes can
significantly reduce membrane fouling and ensure
effective removal of colloids, increasing the stability
of seawater desalination processes. The authors
showed that such hybrid systems provide improved
selectivity and efficiency in the removal of
impurities, including finely dispersed colloids, which
is particularly important in the preparation of
complex brines and wastewater for further
processing [[22], [23]].

While modern methods of sodium chloride
purification by evaporation, recrystallization,
filtration, and even sedimentation work wonders,
they all have one thing in common: dealing with

colloidal and mineral impurities remains a
challenge. As an example, evaporation can be
energy intensive, especially when heating to

overcome colloids stabilizing the solution.
Recrystallization poses a challenge when the
solution has a lot of clay particles. These clay
particles adsorb onto the crystals, disrupting the
shape, disturb, and purity of the crystals [[23],[24]].
The filtration method does not work well with
stable colloidal systems, especially if the particles in
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the colloidal solution are not likely to aggregate into
larger structures.

Time and, at the same time, very sensitive to
external influence such as pH, ionic strength, and, if
the solution has a lot of contaminants, they may not
be as effective [[20], [25]].

In this particular case, studying the behavior of
colloidal particles in saturated sodium chloride
solutions and developing effective colloidal particle
removal strategies are very relevant. One example is
the removal of colloidal impurities before
crystallization, a process known as desliming.
Desliming (deslammation) is a technological process
for removing finely dispersed particles (particles
typically < 10-20 um in size) from mineral raw
materials or ore pulp.

Improving the desliming process directly
translates into purification. This desliming process
improves the final purity while reducing energy
consumption and preventing excessive waste. The
purpose of the work is to evaluate the influence of
the fractional composition and external conditions
on the distribution of impurities in halite to optimize
the purification scheme.

Experimental part

For this article, a sample of natural halite was
used, which was taken from the Bakhyt-Tany
deposit. The initial material was first dried at room
temperature for 24 hours, after which it was
mechanically crushed to obtain fractions of different
particle size distribution. To determine the
distribution of impurities into fractions, the sample
was separated by dry sieving through a sieve with a
mesh diameter of 0.2 mm. Thus, two fractions were
separated: coarse (f>0.2 mm) and fine (d < 0.2 mm).
To accurately separate and sort the material by size,
a vertically oscillating laboratory sieve shaker
Analysette 3 PRO (FRITSCH) was used. Samples of
about 50 g were subjected to wet sieving for
approximately 45 minutes, with the vibration
amplitude set to 1-2 mm.

The analysis of raw materials and products was
conducted using a combination of spectral
microscopy, X-ray analysis, and differential thermal
studies. Elemental analysis (elemental composition)
was performed using X-ray fluorescence
spectroscopy on an INCA Energy 450 energy
dispersive microanalysis system mounted on a JSM
6610 LV scanning electron microscope, JEOL, Japan.
A scanning electron microscope JSM 6610 LV, JEOL,
Japan was used to study the microstructure of the

samples. Differential thermal analysis (DTA) was
carried out on a Q-1500D derivatograph at a heating
rate of 10 °C/min in an air atmosphere.

To determine the moisture content, the sample
was pre-weighed in analytical scales and dried at 100
°C in a desiccator. Drying time 6 hours, interval 30
minutes. Chemical analysis was performed
according to GOST R 51574-2000 [26].

The discussion of the results

The halite sample came from the Bakhyt Tany
deposit (Fig.1). The salt exhibits the typical cubic
crystal habit. However, it is distinguished by a
grayish-beige color with significant dark inclusions.
This is a raw natural substance with contaminants,
likely clay and organic matter. Some salt will crumble
into a fine powder when rubbed, suggesting the
presence of colloidal particles. These characteristics
explain the reasons for a preliminary treatment and
the refined steps that might be required in the
further treatment of the sample. The sample’s
chemical composition is shown in Table 1 (Fig.2)
below.

Figure 1 - The halite sample from the Bakhyt Tany deposit

According to the elemental analysis of the
mineral, it can be said that the salt composition is
dominated by sodium and chlorine; there are also
such elements as silicon, calcium, magnesium and
aluminium, which confirm the presence of clay
colloidal impurities. Such impurities are usually in a
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dispersed form and negatively affect the process of
crystallization, and so they are very poorly filtered.
This, in turn, harms the purification parameters

Figure 2 - Elemental composition of halite mineral
of the Bakyt-Tany deposit

Table 1 - Elemental composition of halite mineral of

Bakyt-Tany deposit, %

Element Mass %
0] 19.61
Na 25.40
Mg 2.36
Al 1.57

Si 4.97

S 0.54
Cl 39.46
K 0.64
Ca 2.21
Fe 1.12
Pb 2.11
Total 100.00

The results of thermal analysis of the natural salt
mineral of the Bakhyt-Tany deposit are shown in

Figure 3.
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Figure 3 - The following report presents the DTA results
of the natural sodium salt of the Bakhyt Tany deposit

The DTA of the salt sample from the natural
mineral of the Bakhyt-Tany deposit is characterised
by three endo effects and three exo effects. During

the preliminary heating stage, two non-intensive
endothermic effects have been identified at
temperatures of 330°C and 560°C. These effects are
attributed to the removal of moisture from the
crystal structure of sodium and calcium chloride
minerals. The intensive endothermic effect in the
region of 820-830°C is indicative of the melting of
sodium chloride. Endo effects in the region of 470°C
and 685°C are associated with the burnout of a small
amount of organic sulfur-containing magnesium
compounds.

The data obtained has revealed that the natural
sodium salt of the Bakhyt Tany deposit contains a
high concentration of sodium chloride, with only a
minor presence of impurities. It is reasonable to
hypothesise that the natural sodium salt obtained at
the Bakhyt Tany deposit has the potential to be
utilised as a raw material in the production of table
salt and soda ash. The calcium sulfate and other
silicate  compounds contained within insoluble
precipitates have the potential to be utilised in the
production of construction materials.

According to the results of the study, it was
found that the mass fraction of moisture in halite
samples ranges from 0.6% to 1.0%. These values are
typical for natural materials stored under standard
conditions and not subjected to additional drying.
Based on the results of the chemical analysis, the
approximate salt composition of the studied mineral
was calculated. The base is sodium chloride (NaCl),
the proportion of which reaches 88.4% of the total
mass. In addition, the sample contains impurities in
the form of calcium sulfate (CaSO4) — about 2.5%,
magnesium sulfate (MgSO,) — 0.18%, and
magnesium chloride (MgCl;) — 0.37%. The presence
of such impurities significantly affects the quality of
salt and its suitability for various types of processing.
In particular, the mineral contains up to 2% of the
mass fraction of an insoluble residue, which makes
it impossible to use it directly in the food industry
without a preliminary stage of desalination — the
removal of fine and colloidal impurities. Such a level
of contamination can not only worsen the
organoleptic properties of salt but also affect the
technological parameters of crystallisation and
filtration during processing. The analysis showed
that the insoluble residue has a complex nature and
consists of two main phases. The first is a clay mass,
represented by finely dispersed insoluble
components of natural origin. The second is clearly
distinguishable transparent crystals of calcium
sulfate, resistant to dissolution in water and prone
to precipitation. For a more detailed study of the
composition of the insoluble residue, an elemental
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analysis using X-ray fluorescence spectroscopy was
performed. Micrographs, as well as data on the
elemental composition of the insoluble residue
obtained during the study of halite from the Bakhyt-
Tany deposit, are shown in Tables 2 and 3, and also
shown in Figures 4 and 5.

Figure 4 - Elemental composition of crystalline phase of
insoluble precipitate of sodium salt mineral of
Bakhyt-Tany deposit

The main peaks correspond to Na and Cl, which
confirm the presence of halite (NaCl). Additional
peaks of S and Ca indicate the occurrence of CaSO,4
phases. Minor Si and O peaks are attributed to traces
of clay impurities. In Fig.5, besides the dominant Na
and Cl peaks, significant signals of Si, Al, Mg, K, and
Fe were observed, which are typical of clay minerals
such as kaolinite and montmorillonite. The presence
of Ca and Ti also supports the association with
mineral impurities of terrigenous origin.

Table 2 - Elemental composition of the crystalline phase
of the insoluble residue of the mineral of the Bakhyt-Tany

of caso, from halite not only improves the quality of
salt but also opens up opportunities for processing
and reuse of this byproduct in other industries.

The data obtained allowed not only to identify
the composition of impurities, but also to
understand their distribution inside the material. In
order to study the distribution of insoluble
impurities by size fractions, the salt sample was pre-
crushed and fractionated using a laboratory sieve
with a diameter of 0.2 mm. According to the results
of sieving, it was found that up to 20% of the total
mass of salt is a fine fraction with a particle size of
less than 0.2 mm. It contains up to 3.4% of the mass
fraction of the insoluble residue, the main part of
which is the clay component.

Figure 5 - Elemental composition of the clay phase of the
insoluble residue of the sodium salt mineral of
Bakhyt-Tany deposit

Table 3 - Elemental composition of the clay phase of the
insoluble residue of the mineral of the Bakhyt-Tany
deposit, %

deposit, %

Element Mass %
0] 41.34
Na 10.87

Si 0.28

S 18.49

cl 8.85

Ca 20.16
Total 100.00

Element Mass %
(0] 44.64
Na 4.86
Mg 7.79

Al 5.58
Si 19.36
S 0.53
cl 3.15

K 1.94
Ca 6.27
Ti 0.37
Fe 5.52
Total 100.00

The presence of calcium sulfate in halite is of
particular importance. On the one hand, caso, is an
undesirable impurity: in the production of soda, it
increases the formation of scale in evaporators and
reduces the efficiency of the process, and in edible
salt, it affects the purity requirements. On the other
hand, calcium sulfate is a valuable raw material.
Recent research [[27], [28]1] highlights its widespread
use in building materials, ceramics, soil-improving
agents, and asphalt composites. Thus, the removal

This confirms the tendency of fine impurities to
pass into small fractions during grinding and
enrichment. The remaining 80% of the mass is
accounted for by a large fraction (particles d > 0.2
mm), where the insoluble residue content is much
lower — about 1.8%. In this case, calcium sulfate
crystals predominate, forming in the salt structure in
the form of dense transparent inclusions. Thus, the
data obtained allow us to conclude that a
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comprehensive purification scheme for this halite is
necessary, including not only mechanical
fractionation and filtration, but also methods aimed
at the effective removal of clay and sulfate
impurities. Accounting for the distribution of salt by
fractions can be useful in designing the technological
process of salt processing for food or technical
purposes. However, it was found that simple dry
sieving is not sufficient to remove the mucous
fraction. This may be because colloidal particles are
bound to calcium sulphate crystals, forming dense
inclusions in the salt matrix. Therefore, the authors
conducted additional experiments on mucus
removal using a saturated NaCl solution [29]. The
results of the experiments showed that the optimal
ratio of solid to liquid substances is 1:3, which
ensures the most effective removal of clay and
colloidal impurities with minimal NaCl losses.

Figure 6 shows the model dependence of the
insoluble residue content in the fine salt fraction on
temperature and humidity. The graph clearly
demonstrates that with an increase in both
parameters, both temperature and humidity, an
increase in the amount of insoluble impurities is
observed.
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Figure 6 - Simulated 3D Dependence of Insoluble
Residue (%) on Temperature(°C) and Humidity (%)

This is because at higher temperatures,
degradation and desorption processes are activated,
contributing to the release of impurities fixed on
crystals, and increased humidity increases the
migration of clay and colloidal particles into solution,
where they are more difficult to remove. This trend
is especially relevant for the storage and processing
of natural halite containing up to 2-3% insoluble
impurities. The growth of these indicators in
conditions of high humidity and temperature
requires an adjustment of the cleaning process, for
example, an increase in the settling time, the dose of

coagulant, or the choice of another method of pre—
desalination. Thus, the obtained model makes it
possible to evaluate the behavior of impurities
under changing external conditions and can be used
in designing or optimizing the salt preparation
scheme for processing.

Conclusions

The results of the study showed that up to 20%
of salt mass goes to the fine fraction, and up to 80%
of salt mass remains on the sieve in the coarse
fraction. The fine fraction, d<0.2 mm, contains up to
3.4 wt.% of insoluble residue, and most of the clay
residue passes into this fraction. The coarse fraction,
d>0.2 mm, contains up to 1.8 wt. % of insoluble
residue, and the main mass of insoluble residue
consists of calcium sulfate crystals.

The compiled mathematical model confirmed a
direct correlation between the increase in the
fraction of fine fraction and the increase in the total
content of insoluble impurities. Based on the
fractional composition, it is possible to evaluate the
products, which allows optimising the desliming
technology.

On the other hand, a model of the effect of
temperature and humidity as external factors on the
behaviour of impurities was studied. It was
demonstrated on a 3D plot that as the mentioned
factors increase, the fraction of insoluble residue,
especially its fine fraction, increases towards the
insoluble residue. This needs to be taken into
account in long-term and short-term salt operations
to minimise impurities or improve performance.

It was also shown that simple dry sieving is
not sufficient for the removal of fine clay and
colloidal impurities, since colloidal particles are
often associated with calcium sulfate crystals.
Effective desliming was achieved only when
using a saturated NaCl solution, where the
optimal solid-to-liquid ratio was determined
experimentally as 1:3.

In general, the work showed that from this
deposit, it is necessary to pre-treat the finished
halite with the use of fractionation, desliming, and
further with the introduction of thermal or chemical
after-treatment.
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Hatpuit xnopuaiH any npoueciHiH, TEXHONOTUANBIK NapameTp/iepiHe raInTTiH,
MUHepanabl KocnanapbiHbIH dcepi

Ypaskenguesa [.A., Kagup6aesa A.A.

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

TYAIHAEME

Makanaga bakbiT-TaHbl KEH OPHbIHAH anblHFAaH TabUFWU TaNUTTI KelleHAi 3epTTey HaTUKenepi
KenTipinreH. Kypambl 60ibiHWa 6yn MMHepan — KanbLmii cynbdaTbl, MarHuii Ty3gapbl XaHe Keibip
6acka 3aTTap KOCbINFaH HATPUI XIOPUAIHEH, OHbIH, iWiHAe 2%-AaH a3 epiMenTiH KanablKTapaaH
Typagpl. INeMeHTTiK Tangay HatuxkeciHae Ca, Mg, Al, Si, Fe kaHe Pb cuAKTbl anemeHTTEpAiH,
60naTbiHbl aHbIKTanAbl, 6yn cas banwblk NeH Kelbip cynbdaTTbl KocnanapablH, 6ap ekeHiH

Makana kenpgj: 27 winde 2025 KepceTeai. ©Op TypAi enwemaeri KocnanapaplH, Kanai TapanatbiHbiH aHbIKTAy yWiH yari 0,2 mm
CapantamagaH eTTi: 20 mameiz 2025 YAWBIKTbI eneyill apKblibl dpakuuanapra 6eniHgi. 3epTrey HaTUXKeCiHAE Ty3 MaccacbiHblH, 20 %-
Kabblnganabl: 27 mameiz 2025 AaH a3bl d < 0,2 mm 6onaTbiH ycak GpaKkumMAHbl KypalTbiHbl aHbIKTanabl, an byn dpakumaga

epiMenTiH KanabikTbiH, menwepi 3,4 %-fa geniH xeteai. An ipi dpakumnaga (d > 0,2 mm) 6yn
KepceTKiw 1,8 %-AaH acnarabl. KypacTbipbliFaH MaTemaTuKasblK, MoAeNb YCaK OGpakuusAHbIH,
MeALWwepi MeH epiMenTiH KanabIKTbIH, }Kaamnbl MesLwepi apacbiHAa Tikenen H6ainaHbic 6ap eKkeHiH
KepceTTi. Byn mogenb Ty3ablH nacTaHy AeHreriH 6afanay »aHe Tasanay NpoueciHii, TUimainiriH
6omkay YWiH nakganaHbinybl MyMKiH. COHbIMEH KaTap, )acanfaH ylWw enwemai Mogenb
Temnepatypa MeH bIIFanAbINbIKTbIH, apTybl TeK epiMenTiH KocnanapAblH, KOHLEHTPaLMACHIH
JKOFapbINAThIN KaHa KoMMal, onapAplH, ycak GpaKkumafa *KUHaKTanyblH 43 KYLWeNTeTiHiH KepceTTi.
3epTTey HaTWMXKenepi ranuTTi TaFam eHJipiciHae *KaHe 6acKa Aa TeXHONOrMANbIK MaKcaTTapaa
KonaaHbac bypbiH anapliH ana Tasanay KaxeT 60NaTbiHbIH KOPCETTI KaHe Tasanay NpPOLECiHiH,
bpakumanay MeH Ty3cbi3gaHAapblpyFa HerisgenreH TMiMmaj KOHUEeNUMACbIH Konaanapl.

TyiiiH ce30ep: ranuT, Ta3anbifbl KOFapPbl HAaTPUIN X0PUAI, MUHEpPanabl Kocnanap, KOANOUATbLIK
6ewweKTep, KaiTa KpuUcTangaHy, TasapTy.
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Kadipbaeea Anmazyn AKkeneliKbi3ol

BanaHue MUHepanbHbIX NpUMecei raiTa Ha TeXHOI0rMYecKkue napameTpbl
npouecca Noay4yeHua XJopmuaa HaTpua

Ypaskenguesa [.A., Kagup6aesa A.A.

tOxcHO-KazaxcmaHckuli Uccnedosamensckuli YHusepcumem umeHu M. Ayesosa, LLieimkeHm, KazaxcmaH

AHHOTALUMUA

B AaHHOI cTaTbe NpeAacTaBieHbl pe3ynbTaTbl AeTaNbHOro UCCNefoBaHUA NPUPOAHONO raauTa c
Noctynuna: 27 urons 2025 MecTopoXKaeHMA BaxbiT-TaHbl. Mo cocTaBy MUHepan npeacTtaBaseT coboi xnopwua, HaTpusa c
PeueHsuposaHnue: 20 ageycma 2025 pobasneHvem cynbdata KanbLmMA, CONell MarHUA U HEKOTOPbIX APYrUX BEL,EecTs, B TOM yucie
MpuHATa B Nnevatb: 27 ageycma 2025 mMeHee 2% HepacTBOPMMOro OCTaTKa. JNeMEeHTHbI aHa/iu3 MOoKasblBaeT HajauuuMe TaKux
3/1eMeHTOB, Kak Ca, Mg, Al, Si, Fe 1 Pb, 4To yKa3biBaeT Ha Ha/iMumMe NpUMecel rMHbI U HEKOTOPbIX
cynbdatoB. YTobbl NOHATb, KaK pacnpefenstoTca NPUMEcH pPasHoro pasmepa, obpase, 6bin
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KnaccudumLMpoBaH C NOMOLLbIO cuTa € Aveiikol 0,2 mm. Bblno obHapyKeHo, YTo MeHee ABaaLaTH
NPOLLEHTOB MacCbl CONM COCTaBAfET MesiKan Gppakuumsa (d < 0,2 mm), B KOTopowi cogeputca o 3,4%
HepacTBOPUMBbIX NpUMeceit, a B KpynHoi dpakuum (d > 0,2 Mm) 3TO 3HaYeHUE COCTAaBAAET MeHee
1,8%. PaspaboTaHHasa maTemaTuyeckas MoAenb NoKasana, YTo mesnkogucnepcHana dpakuma u
obLiee KONNYECTBO HEPACTBOPMMOrO OCaZKa HAXo4ATCA B NPAMOM 3aBUCUMOCTM, YTO NO3BONAET
MCNo/Ib30BaTb ee A OLEHKM 3arpA3HeHna 1 3ddeKTMBHOCTM MpoLeccoB onpecHeHus. bonee
TOro, co3gaHHasa 3D-mogenb Nokasana, YTo TeMnepaTypa M BAAXKHOCTb HE TOAbKO MOBbILWAOT
KOHLLEHTPALMIO HEPACTBOPMMbIX NpPUMeEcei, HO U ewe 6onblue YBENMYMBAIOT KOHLEHTpaLMio
TaKMX npumecert B MesIkoW dpakumu. [lonyyeHHble pesy/nbTaTbl TaKXKe MNOATBEPNKAAIOT
HEeobX0AMMOCTb MpeaBapUTENbHOM OYUCTKM raauTa nepes, ero UCNo/ib3oBaHWMEM B MULLEBOM
NPOMbIWAEHHOCTU U APYrMX TEXHONOTMYECKMX MPUMEHEHMAX M MOATBEPMKAAIOT KOHLENUMIO
npoLecca OYUCTKU ranTa, OCHOBAHHOMO Ha GPaKLMOHNPOBAHWUM U OMPECHEHWN.

Knrouesbie cnoea: ranwr, xnopua, HatpuAa BbICOKOW YMCTOTbI, MWUHepa/sbHble MNpumecu,
KONNAonAHble YaCTuubl, NepekpncTtaninlauma, O4UCTKa.
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ABSTRACT

One of the major challenges in the modern construction materials industry is the development of
environmentally sustainable, energy-efficient, and economically viable materials. This study
investigates the production of composite cement compositions by partially replacing Portland
cement clinker with recycled ceramic brick waste (CBW). The primary objective is to reduce carbon
dioxide (CO,) emissions during cement manufacturing by utilising secondary raw materials with
pozzolanic and filler properties. The experimental program encompasses a comprehensive analysis
of the chemical, mineralogical, and structural characteristics of CBW, as well as its impact on the
hydration process and the mechanical properties of cement composites. The clinker was partially
replaced with CBW at 15% and 20% by mass in the binder component. Mechanical strength tests
(flexural and compressive) were conducted at 2, 7, and 28 days of curing. Additionally, phase
composition was analysed by X-ray diffraction (XRD), and microstructural development was
evaluated using scanning electron microscopy (SEM). The results show that replacing clinker with
CBW improves the microstructural compactness of the hardened matrix and ensures comparable
mechanical performance after 28 days. A Life Cycle Assessment (LCA) confirmed that this approach
can reduce CO, emissions by approximately 15-25% compared to conventional cement. The
scientific novelty lies in the combined pozzolanic and micro-filler role of CBW, enabling its use as
a supplementary cementitious material in low-carbon binder systems. The findings support the
development of sustainable technologies for the cement industry and promote the circular
economy through the utilisation of industrial waste.

Keywords: Clinker replacement, CO, emission reduction, ceramic brick waste, pozzolanic activity,
supplementary cementitious materials, microstructure.
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Introduction

increasing the use of recycled raw materials in
production processes have attracted significant

One of the most pressing challenges in the
modern construction materials industry is the
development of environmentally sustainable,
energy-efficient, and economically viable materials.
Global climate change, industrial waste
proliferation, dwindling natural resources, and the
imperative to reduce the carbon footprint
necessitate embedding sustainability principles
within the construction sector. In particular,
reducing carbon dioxide (CO,) emissions and

scientific and practical attention.

Extensive research has demonstrated that
partial replacement of cement with industrial by-
products—such as fly ash, ground granulated blast-
furnace slag, silica fume, metakaolin, and recycled
ceramic waste—can lead to substantial CO,
reduction and performance improvements. For
instance, incorporating fly ash in concrete has been
shown to improve long-term strength, manage
hydration heat, and enable lower water usage [[1],
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[2], [3]]. Moreover, life cycle assessment (LCA)
studies indicate that these SCMs can reduce CO;
emissions by 15-25%, consistent with findings from
recycled aggregate systems [4].

The cement industry is crucial in this regard, as
global cement production amounts to over 4 billion
tons per vyear, contributing around 8% of
anthropogenic CO, emissions [5]. Consequently,
there is a critical shift towards low-carbon cement
technologies such as Limestone Calcined Clay
Cement (LC3®) and metakaolin-blended cements,
which can reduce manufacturing emissions by up to
30% [[6], [7]].

Ceramic brick waste (CBW) from construction
and demolition emerges as a promising waste-
derived SCM. Due to its high firing temperature,
crystalline structure, and mechanical stability, CBW
contains reactive SiO; and Al,0s—key components
of pozzolanic behavior—enabling its use in hydraulic
cementitious systems and promoting the formation
of strength-bearing hydration products [[8], [9],
[10]]. This incorporation supports clinker
replacement, further reducing carbon footprints and
production costs.

Furthermore, CBW utilization addresses waste
management challenges: it reduces landfill burden,
mitigates groundwater contamination, and curtails
dust emissions, thus providing ecological and
regulatory benefits [[11], [12]]. By enabling local
recycling in urban areas, CBW-based cements can
foster a circular economy and sustainable
construction practices.

Research indicates that incorporating 10-30%
ceramic brick waste into cement can enhance
concrete's mechanical strength, chloride ion
resistance, and long-term durability. This approach
is also economically beneficial, potentially reducing
production costs by 8-12%. It contributes to giving
waste a second life, reducing the consumption of
natural resources, and making the production
process more environmentally sustainable [13].

Due to their firing at high temperatures, ceramic
wastes are chemically and physically stable and
belong to the class of inert materials. They contain
silicon dioxide (SiO;) and aluminum oxide (Al,Os),
which exhibit pozzolanic properties, enabling their
use as active mineral additives in cement
compositions [[14], [15]]. These oxides possess
hydraulic activity and, through secondary reactions
within the cement matrix, form binding phases such
as C-S—H gel, gypsum, and carbonates. As a result,
the demand for conventional clinker is reduced,
which significantly lowers both CO, emissions and
the production cost of cement.

Numerous studies have investigated the use of
industrial by-products such as fly ash, slag, silica
fume, and metakaolin as supplementary
cementitious materials (SCMs) to reduce clinker
consumption and CO, emissions. For instance,
Thomas demonstrated that fly ash enhances long-
term strength and reduces water demand [16].
Dhandapani et al. evaluated ceramic waste in
blended cements and reported improved
mechanical properties [17]. However, most of these
studies focused either on mechanical performance
or early hydration behavior, without integrating a
broader environmental analysis or detailed
microstructural investigation.

These oxides possess hydraulic activity and,
through secondary reactions within the cement
matrix, form binding phases such as C-S-H gel,
gypsum, and carbonates.

As a result, the demand for conventional clinker
is reduced, which significantly lowers both CO,
emissions and the production cost of cement.

From this standpoint, the main objective of the
present research is to develop cement compositions
with sustainable technical properties that are both
environmentally and economically efficient by
utilizing recycled ceramic brick waste. To achieve
this, the mineralogical and chemical composition,
phase condition, and structural characteristics of the
waste materials were thoroughly analyzed. Within
the framework of the study, ceramic waste was
added to cement compositions in proportions of 0%,
15%, and 20% by mass, and the effects on
parameters such as compressive strength, density,
and water absorption of the prepared samples were
evaluated.

The water-to-cement ratio was kept constant for
all mixtures, and the tests were conducted in
accordance with GOST 310.3-76, GOST 30744-
2001, and GOST 310.4-81 standards [18].

The analysis revealed that although the ceramic
waste did not exhibit reactivity at the early stage (2
days), at 28 days, it contributed to improved
structural density through the "filler effect".

In addition, the environmental efficiency of the
new compositions was assessed using the Life Cycle
Assessment (LCA) method.

Experimental results demonstrated that the use
of ceramic waste can reduce CO, emissions by 15—
25%. The scientific novelty of the research lies in the
in-depth study of the mineral-phase characteristics
and reactivity of ceramic waste in the cement matrix
for the first time, as well as the identification of their
participation in synthesis processes. This makes it
possible to utilize waste as a secondary raw material,
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reduce the need for landfilling, and minimize
environmental impact.

Importantly, this approach expands the
potential for localized waste recycling in densely
populated areas and facilitates the development of
sustainable  alternative  materials  for the
construction industry [[19, [20], [21], [22], [23]].

Unlike previous works, the present study
provides a comprehensive evaluation of both the
physico-mechanical performance and
microstructural development of cement composites
incorporating ceramic brick waste. In particular, this
work applies Life Cycle Assessment (LCA) alongside
XRD and SEM analyses to assess the environmental
and structural implications of using CBW as a partial
clinker replacement. Moreover, the ceramic waste
used in this study is obtained from high-temperature
fired demolition bricks, which differ in phase
composition and reactivity from untreated ceramic
powders evaluated in earlier studies.

The primary objective of this research is to
develop environmentally friendly and technically
effective cement compositions through the partial
replacement of Portland cement clinker with
recycled ceramic brick waste. The study aims to
assess the influence of ceramic waste on key
properties of cement composites, such as
compressive strength, water absorption, and
microstructure, while quantifying the potential
reduction in carbon dioxide emissions.

The novelty of this research lies in the detailed
investigation of the mineralogical and phase
characteristics of ceramic brick waste and its
reactivity in cement hydration processes. Unlike
previous studies, this research thoroughly evaluates
the role of ceramic waste as both a pozzolanic
additive and micro-filler, offering a new perspective
on the development of low-carbon cementitious
materials. Furthermore, the application of LCA
methodology provides comprehensive insights into
the environmental advantages of such alternative
materials in the context of circular economy
strategies.

In general, this study provides a solid scientific
foundation for the implementation of sustainable
technologies in the cement industry, giving new life
to waste materials and contributing to the reduction
of the carbon footprint.

Experimental part
The experimental program involved the

preparation, characterization, and mechanical
evaluation of cement-based composite specimens

modified with ceramic brick waste (CBW). Standard
prismatic samples with dimensions of 4 x 4 x 16 cm
were prepared using a cement-to-sand ratio of 1:3.
CBW was introduced as a partial replacement for
Portland cement at 0% (D-0), 15% (D-15), and 20%
(D-20) by weight. All mixes were prepared with a
constant water-to-cement (W/C) ratio of 2.25 to
maintain uniform consistency across compositions.

The ceramic brick waste was obtained from the
Yangiyo‘l Brick Factory and ground to a particle size
distribution with a median diameter (Dso) of
approximately 42 um, as determined by laser
diffraction analysis. Before mixing, CBW was oven-
dried at 105°C for 24 hours to ensure moisture
removal.

The setting time of the fresh mortar was
measured according to GOST 310.3—76 using a Vicat
apparatus. Mechanical properties—flexural and
compressive strengths—were determined at 2, 7,
and 28 days of curing following GOST 30744-2001
and GOST 310.4-81, respectively. The tests were
conducted using a CONTROLS MCC 8.5 universal
testing machine (ltaly) at a constant loading rate of
2.4 kN/s.

Mineralogical analysis of 28-day cured
specimens was performed using X-ray diffraction
(XRD) on a Bruker D8 Advance diffractometer
(Germany) with CuKa radiation (A = 1.5406 A),
operated at 40 kV and 40 mA. Scanning was carried
out over a 20 range of 5° to 60° with a step size of
0.02° and a counting time of 1 second per step. This
enabled identification of major crystalline phases,
including portlandite, ettringite, alite, belite, and
amorphous C—S—H gel.

Microstructural examination was conducted
using scanning electron microscopy (SEM) on a JEOL
JSM-IT300 microscope (Japan), operated at an
accelerating voltage of 20 kV. Fractured surfaces of
gold-coated specimens were analyzed to observe
hydration products, microcrack morphology, and
the distribution of CBW particles within the cement
matrix.

All tests were performed in triplicate, and mean
values are reported. Standard deviations remained
within £5% of the mean, ensuring data reliability.

Results and Discussion

Within the scope of this study, the chemical
composition of the primary materials used—namely
Portland cement clinker, natural gypsum, and
ceramic waste sourced from the Yangiyobod Brick
Factory—was determined under Ilaboratory
conditions. These properties were evaluated to
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Table 1 - Effect of CBW content on setting time and water-to-cement (w/c) ratio

Material Name Residue Chemical Composition (mass, %)
Sio, Al,0; Fe,0; Ca0 MgO SO; Residue X
Portland cement clinker | g 3¢ 2190 | 450 375 | 6426 | 1.44 - 379 | 100.0

Mineralogical Composition (%) and Modulus Characteristics

C55=58.25; C,5=18.83; C3A=5.56; C3A+C,4AF=16.96; C,AF=11.40; Ca0/Si0,=2.93;

KN-0.90; n-2,65; p-1/20

Gypsum 1957 | 152 | 013 014 | 3304 | 020 [ 4346 | 194 | 1000
CaS0,¢2H,0 =2.15x43.46 =93.44%
Ceramic Brick Waste
(Yangiyo'l Brick Factory) 0.80 57.54 | 13.06 | 6.26 | 1855 | 1.72 | 0.80 1.27 100.0
assess their influence on the design and into cement, these ceramic particles can react with

performance of the proposed composite cement
(Table 1).

The chemical composition of the Portland
cement clinker is as follows: SiO, — 21.90%, Al,O3 —
4.50%, Fe,03 — 3.75%, CaO — 64.26%, and MgO —
1.44%. The high CaO content in the clinker indicates
its strong hydraulic reactivity. Furthermore, the
significant presence of CiS (58.25%) and GC,S
(18.83%) mineralogical phases ensures both early
and long-term strength development of the cement.

Additionally, the C;AF phase is present at
11.40%, which affects both the color of the cement
and its thermal conductivity. The clinker’s modular
ratios (CaO/SiO, = 2.93; Lime Saturation Factor — LSF
= 0.90; Silica Modulus — SM = 1.20) confirm that it is
a stable and high-quality raw component suitable for
composite cement production.

The gypsum sample (CaS0,4:2H,0) was used as a
setting time regulator in the cement composition. Its
chemical composition included 43.46% SOs; and
33.04% CaO, while the content of pure gypsum
mineral (CaS04-2H,0) was determined to be 93.44%.
This composition facilitates its reaction with the CzA
phase in the clinker to form ettringite, which
effectively regulates the setting process of the
cement paste.

Ceramic waste materials obtained from the
Yangiyo‘l Brick Factory were also studied as part of
this research. Their chemical composition—57.54%
Si0,, 13.06% Al,0s, and 6.26% Fe,0sz—indicates
significant pozzolanic potential, qualifying them as
active mineral additives. Additionally, the presence
of 18.55% CaO0 suggests that the material may also
possess partial hydraulic reactivity. When blended

calcium hydroxide (Ca(OH),) to form secondary C-S—
H gel, contributing to enhanced density and strength
of the hardened cement matrix.

The results of these analyses confirm that
incorporating ceramic brick waste into cement
formulations can not only reduce clinker
consumption but also significantly lower CO;
emissions into the atmosphere. Furthermore,
utilizing locally available raw materials contributes
to both economic efficiency and environmental
sustainability in cement production.

The ceramic brick waste sample obtained from
the Yangiyo’l Brick Factory was also subjected to XRD
analysis to determine its phase composition and
crystalline structure. The results revealed the
presence of various crystalline phases, which are
crucial for  understanding the  material’s
physicochemical properties.  Specifically, the
detected diffraction peaks corresponded to silicate
and oxide phases, and their positions and intensities
confirmed a high degree of crystallinity. This
suggests that the ceramic waste possesses
significant reactivity potential and can be effectively
utilized as an active mineral additive in industrial
cement production.

Furthermore, the calculated crystallite sizes—
within the nanometer scale—indicate a high specific
surface area, which enhances the material's surface
reactivity. The identification of the phase
composition also plays an important role in
assessing the chemical stability and alternative use
potential of this ceramic waste in cement
formulations (Figure 1).
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Figure 1 - X-ray diffraction pattern of waste ceramic
brick fragments

The diffraction peak located at 26 = 26.63°
exhibited a relative intensity of 100%, identifying it
as the most dominant and active crystalline phase
within the sample. The relatively low FWHM value of
0.1814° suggests that this phase is well-crystallized
and possesses a high degree of crystallinity. Based
on its position and peak characteristics, this phase is
likely associated with reactive oxide compounds
such as TiO, (Anatase) or SiO, (quartz), both of which
are commonly present in ceramic and cementitious
systems.

In this section, the results of the experimental
studies are analyzed and scientifically interpreted.
The research focused on determining the effects of
incorporating various percentages (15% and 20%) of
ceramic brick waste (CBW) into cement-based
composite mixtures. Specifically, the influence on
setting time, water-to-cement (W/C) ratio, physical
and mechanical properties, as well as microstructure
and hydration products, was investigated.

Throughout the analysis, the obtained results
were evaluated in comparison with the control
sample (without CBW addition). Observed changes
in each parameter were compared with relevant
scientific sources, and the identified differences
were interpreted with scientifically grounded
explanations. In this way, the efficiency of CBW
additives in composite cement compositions was
comprehensively studied.

At this stage of the study, the impact of ceramic
brick waste (CBW) content on the setting time and
water-to-cement (W/C) ratio of cement-based
compositions was examined. For consistency in
hydration conditions, the W/C ratio was maintained
at 2.25 across all three compositions. CBW was
added at proportions of 0% (D-0, control), 15% (D-
15), and 20% (D-20) (Table 2). The results clearly
demonstrate how increasing the CBW content
affected both the initial and final setting times.

Table 2 - Effect of cbw content on setting time and water-

to-cement (w/c) ratio

Ne CBW w/C Initial Final
Content Setting Setting
(%) Time Time
(h:min) (h:min)
1 D-0 2.25 3:30 4:20
2 D-15 2.25 4:00 4:50
3 D-20 2.25 4:00 4:50

The analysis results indicate that although the
water-to-cement (W/C) ratio remained constant,
the addition of ceramic brick waste (CBW) in the D-
15 and D-20 samples led to a retardation in the
setting process compared to the control sample (D-
0). Specifically, the initial setting was delayed by
approximately 30 minutes, while the final setting
occurred 30-40 minutes later (Figure 2).

9:36

8:24
7:12
6:00
4:48

3:36

Time (hh:mm)

2:24

0:00

D-0 D-15 D-20

M Initial Setting Time M Final Setting Time

Figure 2 - Effect of kgch content on initial and final
setting times of cement paste

e This phenomenon can be explained by two
main factors: first, the inertness of ceramic waste
(i.e., its low reactivity), and second, its water
absorption capacity. As a result, the amount of free
water necessary for hydration decreases, which
slows down the dissolution of clinker phases. These
findings highlight the importance of considering the
hydration activity of ceramic brick waste (CBW) and
its impact on the water balance of mixtures when
used as an additive.

e In evaluating the mechanical strength of
cement-based composite mixtures, particularly their
flexural and compressive strength, these properties
are considered key performance indicators.
Therefore, in this study, mixtures containing ceramic
brick waste (CBW) were tested at 2, 7, and 28-day
intervals to assess these characteristics.
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e Prism-shaped specimens of standard
dimensions (4x4x16 cm) were prepared using a
cement-to-sand ratio of 1:3. CBW was added to the
mixtures at mass proportions of 0% (control — D-0),
15% (D-15), and 20% (D-20). For all compositions,
the water-to-cement (W/C) ratio was fixed at 2.25,
ensuring objective comparability of test results.

e The setting (binding) times of the mixtures
were evaluated in accordance with GOST 310.3-76.
According to the results, the control sample (D-0)
began setting after 3 hours and 30 minutes and
completed setting after 4 hours and 20 minutes. In
the CBW-modified compositions, the corresponding
values were 4 hours for D-15 and 4 hours and 50
minutes for D-20. This delay is primarily attributed
to the inert nature of CBW and its lack of reactivity
with water, leading to a deceleration of the
hydration process (Table 3). While this may help
stabilize the alkaline environment, it simultaneously
slows down the initial structure formation during
the early stages.

Table 3 - Effect of CBW addition on flexural and
compressive strength (MPa)

Ne C(';V)V 2(|I:)/aC\;s 7 Days (F/C) | 28 Days (F/C)
D-0 | 2.70/13.74 | 3.90/20.86 | 6.75/36.91
D-15 | 2.70/12.63 | 3.80/20.86 | 6.65/36.82
D-20 | 2.60/12.52 | 3.75/20.57 | 6.65/36.78

Note: F — Flexural strength,
C— Compressive strength (MPa)

Flexural and compressive strength tests were
conducted at 2, 7, and 28 days in accordance with
GOST 30744-2001 and GOST 310.4-81 (Figure 3).
The results clearly demonstrate the effect of
increasing CBW content on strength properties.
While the control composition (D-0) showed slightly
higher values at early stages, the CBW-modified
samples (D-15 and D-20) exhibited comparable long-
term strength characteristics.

20 25 30 35 40
B

Compressive strength indicators (MPa)
15

\

1 2 7 28
Setting time, days

Figure 3 - Effect of CBW additive on compressive
strength (MPa)

According to the analysis results:

e At 2 days, although flexural strength was
nearly the same across all compositions (2.6-2.7
MPa), compressive strength decreased by up to ~8%
in the presence of CBW. This suggests a reduction in
the volume of reactive binder phases, due to the
limited participation of CBW in early-stage hydration
reactions.

e At 7 days, compressive strength was nearly
identical across all mixtures (20.5-20.86 MPa),
indicating that the initial impact of CBW had been
neutralized and the main hydration of clinker phases
had been completed.

e At 28 days, all samples exhibited high final
strength values: D-0 —36.91 MPa, D-15 —36.82 MPa,
and D-20 — 36.78 MPa. These results demonstrate
that CBW addition does not negatively affect 28-day
strength. On the contrary, it contributes positively to
structural development by increasing interparticle
packing density within the cement matrix. This effect
is compensated by the complete formation of C-S-H
gel and suggests that CBW provides a strengthening
effect through the so-called filler effect, enhancing
the microstructure.

The compressive and flexural strength values
measured at 28 days, especially in the compositions
with 15% and 20% CBW, confirm that the target
strength is either maintained or even slightly
improved compared to the control sample. This
observation is further supported by microstructural
analysis. Specifically, X-ray diffraction (XRD) analysis
revealed the presence of major hydration products
in the 28-day cement stone — portlandite (Ca(OH),),
ettringite, and C-S-H gel (Figure 4). Notably, the
strong peaks around 18.0° and 34.0° 28 correspond
to portlandite, confirming its abundant formation.
The high intensity of portlandite indicates active
hydration of C3S and C,S phases, which substantiates
the strength gain observed by day 28.
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Figure 4 - X-ray Diffraction (XRD) analysis of 28-day
hydrated cement stone
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Figure 5 - SEM images of cement composites cured for 7 and 28 days

The presence of C-S-H gel, manifested as a
diffuse background in the 28°-34° 26 range,
confirms its active role as the primary reinforcing
component of the cement stone. This phase is the
most crucial mechanical binder, as it densifies the
microstructure and enhances both flexural and
compressive strength. Similarly, the detection of
ettringite around 9.1° and 15.8° indicates that early
hydration stages have been completed and that
initial structural stability has been established.

Notably, residual phases of alite (C3S) and belite
(C5S) were also identified in the XRD analysis,
suggesting that some clinker components had not
yet fully hydrated. This finding implies the potential
for further strength development over longer curing
periods (e.g., 56 days and beyond). Therefore, the
high mechanical strength observed at 28 days can be
attributed to an increased amount of C-S-H gel in the
microstructure, the development of ettringite and

portlandite phases, and improved structural
compactness.

In conclusion, mechanical testing and
microstructural analysis (XRD) provided

complementary and mutually reinforcing evidence
that effective hydration and  qualitative
microstructural formation had occurred in the CBW-
modified cement compositions. These processes, in
turn, contributed positively to the material’s
strength properties.

While XRD analysis identified the primary
crystalline phases — portlandite, ettringite, alite,
belite, and amorphous C-S-H gel — scanning
electron microscopy (SEM) provided clear insights
into their morphology, spatial distribution, and
structural density (Figure 5).

SEM images of 7-day hydrated samples revealed
the early formation of amorphous, fibrous C-S-H gel,
the appearance of plate-like portlandite crystals,

and the growth of ettringite within pore spaces.
Although hydration products were not yet fully
developed at this stage, the partial filling of
microcracks by C-S-H gel and its close spatial
with  portlandite promoted the
formation of initial mechanical bonds. Ettringite
appeared as needle-shaped clusters, contributing to
the early structural stability of the cement matrix.

The 28-day cured samples exhibited a
significantly  denser  and more
microstructure, with well-developed C-S-H gel
phases and minimal microcracking. At this stage, the
C-S-H gel nearly filled the microcracks, considerably
enhancing both compressive and flexural strength.
Portlandite crystals developed in the form of flat,
hexagonal plates, often embedded within the dense
C-S-H gel matrix. The connectivity between these
phases contributed to increased interfacial bonding
strength. Ettringite crystals were retained in porous
regions, forming rod-like clusters, indicating their
critical role during early hydration.

association

uniform

Furthermore, at both curing stages, the CBW
particles acted as inert fillers within the matrix. The
presence of C-S-H gel layers around these particles
improved density,
contributing to better water-to-cement (W/C)
distribution throughout the system. At 28 days in
particular, these layers appeared well-developed
and uniformly distributed.

Additionally, SEM images of both 7- and 28-day
samples revealed that certain clinker particles
remained partially unhydrated, which aligns with the
XRD data indicating the presence of residual C3S and
C,S phases. This finding suggests ongoing hydration
and the potential for further improvements in
mechanical properties over time.

overall microstructural
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Conclusions

This study comprehensively examined the
effects of partially replacing Portland cement clinker
with recycled ceramic brick waste (CBW) on the
structural, phase, and mechanical properties of
cement composites. Specimens cured for 28 days
were evaluated using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and
standardized mechanical tests. The findings
demonstrate the technical and environmental
feasibility of using CBW as a supplementary
cementitious material. The key conclusions are
summarized below:

Hydration behavior and phase evolution: XRD
analysis confirmed that active hydration reactions
progressed well in all cement mixtures, including
those with CBW. Key hydration products such as
portlandite (Ca(OH),), ettringite
(3Ca0-Al;05:3CaS0,4:32H,0), and calcium silicate
hydrate (C-S—H) gel were prominently identified.
Additionally, the presence of residual alite (CsS) and
belite (C,S) indicated that hydration was ongoing,
suggesting the potential for continued strength gain
beyond 28 days. This sustained reaction behavior is
beneficial for long-term durability and performance.

Microstructural development: SEM analysis
revealed that the internal matrix of the cement
composites was densely packed with fibrous,
amorphous, and layered C-S—H gel, particularly in
the samples containing CBW. Flat, hexagonal
portlandite crystals and needle-shaped ettringite
clusters were uniformly distributed throughout the
matrix. These hydration products played a key role
in forming a continuous, cohesive microstructure
with enhanced bonding and minimal microcracking.
Notably, CBW particles were observed to act as
nucleation sites for hydration products, thereby
facilitating secondary reactions and refining the
pore structure.

Mechanical performance: The flexural and
compressive strength results after 28 days
demonstrated that the addition of 15-20% CBW did
not negatively affect the mechanical integrity of the
composites. On the contrary, comparable or slightly
improved strength  values were observed,
particularly due to improved particle packing (filler
effect) and enhanced microstructural cohesion. This
indicates that CBW contributes not only as an inert
filler but also, to some extent, as a reactive
pozzolanic component over longer curing periods.

Water-to-cement (W/C) optimization and phase
stabilization: The inclusion of CBW improved the
water retention characteristics and helped stabilize
the hydration products. The denser and more
uniform distribution of C-S-H gel around CBW
particles also contributed to an optimized internal
water balance, ensuring better structural integrity
and reducing the risk of shrinkage-related defects.

Compliance with standards and sustainability
implications: All experimental procedures were
conducted in accordance with GOST 310.3-76, GOST
30744-2001, and GOST 310.4-81. The final
properties of the cement composites meet the
strength and quality criteria outlined in GOST
31108-2020, confirming the technical validity of the
proposed formulation. Furthermore, from an
environmental standpoint, the partial replacement
of clinker with CBW supports significant reductions
in CO, emissions—estimated at 15-25%—and aligns
with the principles of circular economy and
sustainable material development.

Scientific and practical significance: The study
introduces a robust and scalable approach to
incorporating high-temperature-fired ceramic waste
into cement-based systems. By combining
pozzolanic reactivity, filler effect, and
microstructural synergy, CBW proves to be a viable
alternative to conventional clinker. This opens new
pathways for low-carbon cement production,
reduced resource consumption, and sustainable
waste management in the construction industry.

In conclusion, the use of recycled ceramic brick
waste as a partial clinker substitute not only meets
technical performance requirements but also
provides considerable ecological and economic
benefits. The outcomes of this research offer a
strong scientific and practical foundation for the
broader adoption of CBW in eco-efficient cement
formulations.
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LiemeHT eHepKacibiHaeri KemipTeri menwepiH a3anTty ywiH Tabuen cuaumkar
YKbIHbICTaPbIH NaWAaNnaHy

! A6aynnaes M.Y., ! Xomuaos P.F., 2 dymanuésos X.M., 2 Aky6os 10.X.

1836eKkcmaH FolabiM aKA0eMUACIHbIH MKanrbl #aHe 6eliop2aHUKANbIK XUMUA UHCmumymel, TawkeHm
2Aby PalixaH bupyHU amelHOGFbI YpeeHY Memaekemmik yHugepcumemi, YpeeHy, ©36ekcmaH

TYWIHAEME

Kasipri KypblibiC maTepuangapbl eHAipiciHaeri Herisri macenenepgiH, 6ipi — 3sKonoruanbik
TYPFbIAAH  TYPaKTbl, SHEPIUAHbI YHEMAENTIH K9He SKOHOMMKANbIK KafblHaH  TUIMA]
maTtepuangapapl asipney 6onbin Tabblnadbl. byn 3eptrey MNMOPTAAHALEMEHT KAWMHKEPIHIH, 6ip
6eniriH KalTa eHAeNreH KepamuKanblK Kipniw kanabiktapbiMeH (KKK) anmactbipy apKpiabl
KOMMO3ULMANBIK LEeMeHT KypaManapblH acayfa bafbiTTanfaH. Herisri makcaT — eKiHWi peTTik
LUMKI3aTTbl KONAAHY apPKbINbl LEMEHT eHAIpiciHAEri KeMiPKbIWKbIA rasbl (CO,) WhiFapbiHABINAPbLIH

Makana kengj: 21 mayceim 2025 asaity. 3eptrey 6apbicbiHAa KKK-HbIH XMMUANBIK, MUHEPANAbIK KaHEe KYpblNbIMAbIK KaCUETTepI,
CapantamagaH eTTi: 28 winde 2025 COHAaW-aK OHbIH, rMapatauma npoueciHe aHe LEeMeHT KOMMO3UTTEPIHIH, MeXaHWKanbiK
KabbingaHnabl: 27 mameisz 2025 KacueTTepiHe acepi 3epTrengi. KnnHkepain, canmak 6oibiHwa 15% kaHe 20% 6eniri KKK-meH

anMacTbIpbingbl. 2, 7 KoHe 28 TIyNiKTe Winy »KaHe CbifbiMaay 6epikTiri aHbikTanabl. ®asanbik
Kypam XRD agicimeH, an MUKpoKypblibim SEM KemerimeH TangaHabl. HaTuxkenep kepceTkeHaen,
knnHkepdi KKK-meH anmacTbipy LeMeHT TacbliHbIH, TbIfbI3A4blFbIH apTTbipadbl KaHe 28 KyHHeH
KeWiH KoFapbl MexaHUKablK Kacuettepre e 6onaapl. OMipaik umknai 6aranay (LCA) Hatvkeci
6oibiHWa 6yn aaic CO, wbiFapbiHAbLIAPbLIH WamameH 15-25% a3aiTybl MyMKiH. 3epTTeyain,
FbIbIMU XKaHanbiFbl KKK-HbIH, NyuLonaHAbIK XaHe MUKpoKocna peTiHae 6ip mesringe apeket
eTeTiHairiHge. Byn HaTvxkenep LEMeHT eHepkacibiHae TypaKTbl TeXHOMOrMANapAbl AAaMbITyFa
YKOHEe OHAIPICTIK KanablKTapAbl TUIMA] KaviTa nanganaHyFa Xon awaapl.

Tyiiin ce30ep: KnuHkep anmactbipy, CO2 WbiFapblHAbINAPbIH a3aiTy, KEPaMUKabIK KanaplkTap,
nyuuonaHabiK — 6enceHAinik, KOCbIMWA LEMEeHTTey MmaTepuangapbl, MUKPOKYPbUIbIMAbIK
Xetingipy.
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AHHOTALMUA

OpHOM M3 OCHOBHbIX 33a4 COBPEMEHHON MHAYCTPUM CTPOWUTENIbHLIX MAaTepuanoB ABAAETCA
pa3paboTka 3KONOTMYECKMN YCTOWUMBBIX, IHEPro3pPeKTUBHbIX U IKOHOMUYECKM OBOCHOBAHHBbIX
coctaBoB. B HacToAWem uccnefoBaHMM  PacCMaTPMBAETCA  BO3MOMHOCTb  MOAyYeHUA
KOMMO3ULMOHHOMO LEeMeHTa NyTeM YacTUYHOM 3aMeHbl K/AWHKepa [lopThaHauemeHTa
nepepaboTaHHbIMKU OTXOAAMW Kepamuyeckoro kupnuua (OKK). OcHoBHas uenb — CHUXeHue
BbIBPOCOB yrnekucaoro rasa (CO,) 3a CHET UCMO/Ib30BaHMA BTOPUYHOTO CbIPbA C NMYLILONAHOBOW U
HaMONHWUTENIbHOIO  aKTUBHOCTbIO. B pamkax  3KCMepuMMeHTa  M3y4YeHbl  XMMWYeECKue,
MMHepanormyeckne n CTPYKTypHble caolictea OKK, a Tak:Ke ero BAnAHME Ha NPOLLEecchl rnapaTaLmm
1N MeXaHWYecKre CBOMCTBA LLeMeHTHbIX Komno3uTtoB. KnnHkep 6bin 3amewéH OKK Ha ypoBHe 15%
1 20% no macce. MexaHUYeCKME UCMBITAHUA Ha U3rMB 1 CKaTUe NPOBOAUAUCH Ha 2, 7 U 28 CYTKM.
®a30BbIi COCTaB ONpeaenanca MeTog0m peHTreHoBCKol andpakumm (XRD), a MUKPOCTPYKTYpa —
METOLOM CKaHMPYIOLLEH 31eKTPOHHOM MUKpocKonuu (SEM). Pe3ynbTaTbl MOKasanu, YTo 3amMeHa
KNAMHKepa Ha OKK cnocobcCTByeT ynIOTHEHUIO CTPYKTYpbl LLeMEHTHOrO KamHA U obecneuymsaet
COMOCTaBMMYH NPOYHOCTb Yepes 28 cyToK. COrNacHo oLeHKe u3HeHHoro umkna (LCA), Bbibpocsl
CO, MoOryT bbiTb CHUXKeHbl Ha 15-25% No cpaBHEHWIO C TPAAWULMOHHBIM LiemMeHTOM. HayyHas
HOBM3Ha 3akK/ovaeTca B KOMBMHWMpoBaHHOW ¢yHKuumM OKK Kak nyuuonaHosoi nobasku u
MWKpo3anonHuTena. [lonyyeHHble [JaHHble MOATBEPXKAAOT NEePCneKTUBHOCTb MNPUMEHeHUA
OTXOA,0B KEPAMUKM B KQ4YeCTBE BTOPUYHOTO CbipbA ANA PaspaboTKU HU3KOYrNEePOAHbIX BAXKYLLMX
KOMMO3MUTOB B PamMKax KOHLLeMLMM 3aMKHYTON SKOHOMMUKM.

Noctynuna: 21 utoHa 2025
PeueHsnpoBaHwue: 28 utona 2025
MpuHATa B nevatb: 27 agzycma 2025

Kniouesble cnoea: 3amelneHue KAWHKepa, CHUKeHue BbibpocoB CO,, OTXoAbl KEpamuKu,
NyuuoiaHoBas aKTUBHOCTb, [AONOJHUTENbHbIE BANXYLIME MaTEPUanbl, MUKPOCTPYKTYpPHOE
YNNOTHEHME.
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ABSTRACT
This research presents studies on the beneficiation and application of quartz-feldspar sands from

the “Khiva deposit” located in the Khorezm region of the Republic of Uzbekistan for the silicate
industry. The composition of raw material samples was analysed using modern X-ray diffraction
and IR spectroscopic methods. Based on the results, the quantitative mineralogical composition of
the samples was determined using the BGMN/Profex Rietveld software package. According to the
obtained data, the average chemical composition of the raw material (in wt.%) was determined as
follows: SiO, — 86.06; Al,03 — 2.64; Fe,0; —1.37; CaO — 1.37; MgO — 0.22; K,0 — 1.30; Na,O — 1.85;
TiO, — 0.04; SOs — 0.4, with a loss on ignition of 4.93. The beneficiation processes of the raw
material were studied. Based on the specific characteristics of the composition, it was found
appropriate in subsequent studies to apply combinations of beneficiation methods such as
washing, gravity separation, classification, attrition scrubbing, electromagnetic separation, and
flotation. As a result, it was determined that the SiO, content in the beneficiated concentrate
increased from 86.06% to 97.07%, while Al,O; decreased from 2.64% to 1.06%, and Fe,03 from
1.37% to 0.05%.
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spectroscopic analysis (IR).
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Introduction

development level of key economic sectors.
Therefore, the efficiency of the glass industry is

Despite the abundance of silica-based raw
material reserves important for the production of
silicate materials, only a limited number of deposits
are suitable for the production of glass and glass
products without the need for beneficiation [1]. The
quality of glass and ceramic products largely
depends on the chemical and mineralogical
properties of the raw materials used [[2], [3], [4]]. It
is well known that one of the main challenges in
processing silicate materials is the high energy
consumption during treatment.

Worldwide, the production of glass products is
considered a vital sector of the national economy.
The glass manufacturing industry is a major
consumer of raw materials, energy, and labor
resources, which in turn determines the

directly linked to the rational and economical use of
these resources [[5], [6], [7]].

The Lower Amu Darya region of the Republic of
Uzbekistan, including the Republic of Karakalpakstan
and the Khorezm region, is considered rich in
mineral raw materials. In particular, the Sultan
Uvays deposit, located in the southern part of the
Sultan Uvays mountain range and situated in the
Qorao‘zak, Beruniy, and Amudaryo districts, holds
2.6 million tons of feldspar reserves [8]. Additionally,
the Zinelbulak talc-magnesite deposit, with total
reserves of approximately 83.7 million tons, is
primarily composed of talc and talc-magnesite [[9],
[10], [11]], and serves as a major raw material base
for silicate materials. Furthermore, quartz-feldspar
sands from the “Yangiariq” and “Khiva” deposits,
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located in the Khorezm region, are also among these
important sources [[8], [12]].

Among the raw materials used in the production
of glass and glass products, natural high-silica rocks
are of particular significance. Due to their distinctive
physical-mechanical and technological properties,
quartz sand is regarded as the primary raw material
with wide industrial applications. The large-scale
production of materials derived from this raw
material has increased its demand across various
industries. The growing need for silica-based raw
materials and their products in the glass industry has
led to anincreasing demand for quartz concentrates,
which are essential for the production of quartz glass
([1], [2], 31, [4], [5], [6], [7], [8], [9], [10], [11]].

This article presents research on the
beneficiation of quartz-feldspar sands from the
"Khiva deposit" for their application in the silicate
industry. The Khiva quartz-feldspar sand deposit is
located near the surface, with depths ranging from
2.0-3.0 meters to as deep as 20.7 meters in some
areas, and sand mound heights reaching 10-25
meters. The useful mineral at the deposit belongs to
the group of aeolian sands from the Quaternary
period and is situated in the form of horizontal
layers. The sand grains are light yellow in color, finely
dispersed, and compositionally classified as quartz
sands. The balance reserves of the deposit are
estimated at over 1,197 thousand cubic meters, or
more than 2 million tons, under the A+B+C1 reserve
categories [[12], [13]].

Experimental part

The suitability of feldspar-quartz sands from the
Khiva deposit selected for the research was

determined through quantitative, granulometric,
chemical-mineralogical analyses, and beneficiation
potential assessments. The guantitative
characteristics of the raw materials were identified
based on  granulometric, chemical, and
mineralogical composition analyses [[14], [15], [16]].
During the sample preparation for sand testing, the
raw samples were first separated and placed on a
square-shaped plywood surface and thoroughly
mixed. An average sample was taken for
guantitative analysis. The determination of the
general granulometric composition of the selected
samples was conducted in accordance with GOST
22552.0 standards. For this purpose, sieves No. 01
and 08 compliant with GOST 6613, a laboratory
balance with an accuracy of 0.01 g according to
GOST 24104, a mechanical shaker, and a drying oven
equipped with a thermostat capable of maintaining
a temperature of 105-110 °C were used. Initially,
the samples were dried at 105-110 °C to constant
mass. Then, three separate 100 g samples were
prepared and subjected to sieving in a mechanical
shaker for 10 minutes. Throughout the research
process, the error margin of the obtained results was
maintained within 0.1%.

Results and Discussion

The samples were taken from the surface and at
depths of 3, 5, 7, and 10 meters in the area selected
for quarrying. According to the provided data,
samples 1-3 were collected from the surface layer,
samples 4-5 from a depth of 3 meters, samples 6-7
from a depth of 7 meters, and samples 8-9 from a
depth of 10 meters (Tab.1).

Table 1 - Chemical Composition of Feldspar-Quartz Sands from the Khiva Deposit

Sample Oxide composition. weight per cent % LOl.
wt.%
SiO2 Al20s3 Fe203 Ca0 MgO K20 Naz20 TiO2 SOs

1 85.98 4.69 1.08 2.04 0.33 1.57 1.07 0.04 0.09 3.11
2 85.98 4.68 1.05 2.04 0.32 1.57 1.10 0.05 0.08 3.13
3 85.97 4.67 1.06 2.05 0.32 1.58 1.09 0.04 0.09 3.12
4 86.01 4.68 1.13 1.99 0.33 1.48 1.03 0.06 0.08 3.21
5 86.12 4.60 1.13 1.96 0.34 1.47 1.01 0.06 0.08 3.23
6 86.22 4.59 1.13 1.95 0.33 1.49 1.01 0.08 0.08 3.12
7 86.29 4.56 1.11 1.95 0.34 1.50 1.01 0.08 0.08 3.08
8 86.63 4.41 0.98 2.09 0.28 1.46 1.07 0.05 0.12 291
9 86.63 4.41 0.98 2.09 0.28 1.46 1.07 0.05 0.12 291
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Table 2 - Granulometric Analysis of Initial Raw Sand Samples Collected from the Deposit

Fraction Content by Sample. wt.%

Grain Size Classification. mm

K-1 K-2 K-3
Larger than 0.8 mm 11 1.0 13
0.8 mmto 0.4 mm 0.7 0.5 0.7
0.4 mmto 0.1 mm 87.4 87.8 86.6
Smaller than 0.1 mm 10.8 10.7 11.4
Total 100 100 100

Table 3 - Average chemical composition of feldspar-bearing quartz sands of the Khiva deposit
Sample Oxide composition. weight percent % LOI. wt.%
SiO2 Al203 Fe203 Cao MgOo K20 Na:0 TiO2 SO3

K-1 85.98 4.68 1.06 2.04 0.32 1.57 1.01 0.04  0.09 3.11
K-2 86.16 4.61 1.12 1.96 0.34 1.49 0.91 0.07 0.08 3.16
K-3 86.63 4.41 0.98 2.09 0.28 1.46 1.07 0.05 0.12 2,91
Average 86.32 4.56 1.05 2.02 0.31 1.51 1.06 0.05 0.10 3.02

When analyzing the chemical composition of
these samples, it was found that samples 1-3 had
almost identical compositions and were therefore
combined and designated as the general sample K-
1. Samples 4-7, taken from a depth of 3—7 meters,
also had similar compositions and were designated
as K-2, while samples 89 were identical and
designated as K-3. The samples were dried to
constant mass, prepared in equal weights, and
sieved to determine the quantity of each fraction.
Based on the results of the analyses, the determined
granulometric analysis data are presented in Table 2
below.

100 pm

x 0.001 mmn./c/eV

a 5
Sneprun [kev]

Figure 1 - SEM Image and EDS Spectrum of Feldspar-
Quartz Sand from the Khiva Deposit

In all samples, the proportion of fractions
smaller than 0.1 mm ranged from 10-12%, while
fractions larger than +0.8 mm were present in
amounts of 1.0-1.3%. It was also found that
fractions with a particle size of 0.4-0.1 mm,
accounting for 86.6-87.8% of the total, were
predominantly coated with a light yellowish film on
their surface.

The average results of the chemical analysis of
the sands are presented in Table 3 below.

To verify the reliability of the chemical analysis
results, elemental analysis of sample K-3 was
conducted using a Bruker Quantax EDS (Energy-
Dispersive X-ray Spectroscopy) system integrated
into a SEM EVO MA 15 scanning electron
microscope. The analysis results are presented in
Figure 1. The obtained analytical results showed that
the composition of the sample mainly consists of Si
—36.07 wt.%, along with minor amounts of elements
characteristic of feldspar, such as K—2.07 wt.%, Al -
3.78 wt.%, and Na — 0.83 wt.%. Additionally, small
quantities of Ca —2.25 wt.% and C — 2.81 wt.% were
detected, indicating the presence of a minor amount
of calcite mineral in the composition. To further
determine the composition of these raw material
samples, modern physico-chemical methods were
applied, including X-ray diffraction (XRD) and
infrared (IR) spectroscopic analyses (see Figure 2)
[[17], [18], [19], [20], [21], [22], [23], [24]].

In the X-ray diffraction pattern, the strongest
and most intense peaks were observed at d-spacings
of 3.24 A, 3.34 A, and 4.25 A, which correspond to a-
quartz. Peaks at 3.03 A, 2.57 A, and 2.28 A were
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attributed to feldspar; the 3.57 A peak corresponds
to hydromica, while the 3.18 A peak is associated
with biotite. Additionally, weaker intensity peaks at
10.51 A, 7.10 A, and 6.47 A indicate the presence of
chlorites, and peaks at 3.85 A, 3.03 A, 2.89 A, and
2.28 A correspond to calcite. Iron-bearing minerals
such as hematite were mainly detected at 3.66 A,
2.28 A, and 1.45 A,

Infrared spectroscopic (IR) analysis was also
carried out on the same sample. According to the
results, the presence of the —OH functional group
was identified by stretching vibrations at 3368 cm™.
No deformation vibrations were observed in this
region, which indicates the absence of physically
adsorbed water and suggests that the raw material
is highly dehydrated.

The non-bridging Si-O bond was identified
through stretching vibrations at 876 cm™ and 1007
cm™, while bridging Si—O-Si bonds were confirmed
by deformation vibrations at 459 cm™, 777 cm™, and
694 cm™. Bridging Si—O-Al bonds were observed
through vibrations at 1434 cm™. Additionally,
absorption bands at 591 c¢cm™ and 526 cm™
correspond to sodium (Na) and potassium (K)
feldspars, respectively. These findings confirm the
presence of albite and microcline, as indicated in the
XRD analysis.

The IR spectroscopic analysis theoretically
supports and scientifically validates the results of
the X-ray diffraction analysis.

1000

&-quarts m-hematite
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Based on the preliminary studies conducted, it
was determined that enrichment of these quartz
sands is necessary for producing colorless and
transparent glass enamel frits from this raw
material. Therefore, in the subsequent stages of
research, beneficiation processes were carried out
on feldspar-bearing quartz sands from the Khiva
deposit. According to X-ray diffraction (XRD) and
infrared (IR) spectroscopic analyses, the Khiva quartz
sand contains small amounts of chlorite, muscovite,
microcline, limonite, hematite, and calcite. The
physico-chemical properties of the mineral phases
identified in the sample are summarized in Table 4.

The effects of gravity separation, classification,
and flotation processes on increasing the silica (SiO)
content of feldspar-bearing quartz sand samples
from the Khiva deposit were studied under
laboratory conditions (Table 5). The low efficiency of
these beneficiation processes is due to the presence
of 5-10 wt% brown, black, and light reddish iron-
bearing mineral impurities, as well as the high
content of iron oxides in the fine-dispersed clay
fractions (50-65 wt%) and their presence on the
surfaces of quartz grains (10-20%). In addition,
according to mineralogical and petrographic
characteristics, the samples contain, apart from iron
oxides, other coloring agents—namely, titanium,
chromium, cobalt, phosphorus, and manganese
oxides—in amounts of 0.03-0.05 wt%.

Figure 2 - X-ray Diffraction Pattern and IR Spectrum of the Feldspar-Quartz Sand Sample from the Khiva Deposit

Table 4 - Selected properties of accessory minerals in feldspar-bearing quartz sands of the Khiva deposit

Density. Hardness

Magnetic

Name of mineral g/em? (Mohs scale) Refractive index behavior Floatability
Muscovite 2.76-3.1 2.0-2.5 1.58-1.61 Non-magnetic Floatable
Calcite 2.6-2.8 3.0-3.5 1.60-1.66 Non-magnetic Not floatable
Chlorite 2.6-2.9 2.0-3.0 1.64-1.68 Non-magnetic Floatable
Hematite 49-5.3 5.5-6.5 3.15-3.20 magnetic Not floatable
Microcline 2.5-2.8 6.0-6.5 1.52-1.53 Non-magnetic Not floatable

—— 40 ——
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Table 5 - Changes in the content of major oxides during
the beneficiation processes of samples taken from the
Khiva deposit.

Main oxide content change. wt.%
SiO2 Al203 Fe203  others
86.32 4.56 1.05 8.33

processes

Initial sample

gravity 88.86 312 102  7.00
separation

classification 89.52 2.78 0.99 6.71
flotation 91.38 2.12 0.61 5.89

Based on the composition and the data provided
above, it was determined that beneficiation of the
sand samples using combinations of washing, gravity
separation, classification, attrition scrubbing,
separation in an electromagnetic field, and flotation
methods is appropriate [23].

The beneficiation processes were mainly carried
out using the following three methods:

Method 1 involved the following stages:
washing, gravity separation, classification, and
separation in an electromagnetic field. The sample
obtained from this method (D-1) showed that the
SiO, content increased by a factor of 1.04 compared
to the initial raw material (D-0), while the contents
of Al,03 and Fe,0; decreased by factors of 1.71 and
1.39, respectively. Method 2 differed from the first
method by replacing gravity separation with

flotation. The beneficiation stages followed this
sequence: washing, flotation, classification, and
electromagnetic separation. In the sample obtained
by this method (D-2), the SiO, content increased by
a factor of 1.05, while Al,0s and Fe,Os; contents
decreased by factors of 2.03 and 2.78, respectively.

Method 3, unlike the previous two, incorporated
additional processes such as attrition scrubbing
(mechanical rubbing). The stages were: washing,
gravity separation, attrition scrubbing, classification,
electromagnetic separation, and flotation. The
resulting sample (D-3) showed an SiO, content
increase by a factor of 1.13 compared to the initial
sample (D-0), reaching 97.24 wt.%, which meets the
requirements of GOST-22551-2019 for grade B-100-

2. In comparison to the second method, Al,O3

content decreased by a factor of 1.69 to 1.32 wt.%,
and Fe,03 content decreased by a factor of 3.70 to
0.10 wt.%.

The quantities of major oxides identified during
the analysis were evaluated based on the
established normative documents and are
presented in Table 6 below.

The photographic images of the samples
separated after different stages are presented in
Figure 3 below.

Table 6 - Chemical composition of quartz sands after beneficiation of samples taken from the Khiva deposit

Main oxide content change. wt.%

Sand grade according to

Beneficiation method and sample

GOST 22551-2019

SiO2 Al203 Fe20s others
Initial sample, D-0 86.32 4.56 1.05 8.33 Does not comply
First method, D-1 89.50 2.66 0.76 7.47 Does not comply
Second method, D-2 90.36 2.24 0.37 7.03 Does not comply
Third method, D-3 97.24 1.32 0.10 1.34 Complies with B-100-2

Figure 3 - Photographic images (magnified 100 times) of the initial and beneficiated samples of feldspar-containing
quartz sand from the Khiva deposit: a) sample beneficiated by the first method;
b) sample beneficiated by the second method; c) sample beneficiated by the third method.

—— 4] ——
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Figure 4 - X-ray diffractogram and IR spectrogram of the beneficiated feldspar-bearing quartz sand from
the Khiva deposit

In this research, X-ray diffraction (XRD) and
infrared (IR) spectroscopic analyses were conducted
on the samples after the beneficiation of the quartz
sands used as the object of study. The analysis
results showed that, compared to the unprocessed
samples (Figure 2), the intensity of the diffraction
peaks of the minerals had decreased, and the peaks
corresponding to iron-containing compounds such
as hematite had completely disappeared (Figure 4).

Based on the results of numerous studies and
the chemical-mineralogical composition of the Khiva
feldspar-bearing quartz sand, a  specific
beneficiation technology with optimal technological
parameters has been developed. According to the
proposed technology, considering the easy
washability of clayey materials in the composition, it
was found that the additional use of a hydrocyclone
unit is effective.

Conclusions

In this scientific study, the chemical,
mineralogical, and granulometric composition as
well as the beneficiation potential of feldspar-
bearing quartz sands from the Khiva deposit were
thoroughly investigated. Initial analyses revealed
that the raw material primarily contains quartz,
feldspar, calcite, chlorite, hematite, microcline, and
other minerals, along with iron-bearing and clay-like
impurities. These components limit the direct use of
the sand in the glass industry.

During the study, the beneficiation processes
were carried out using three main technological
methods. The third method — which included
washing, gravity separation, attrition scrubbing,

classification, separation in an electromagnetic field,
and flotation — was found to be the most effective.
As a result of this method, the SiO, content in the
beneficiated sample (D-3) increased to 97.24 wt.%,
meeting the requirements of GOST 22551-2019 for
the B-100-2 grade. Furthermore, the significant
reduction in Al,03; and Fe,03 contents confirmed the
improved suitability of the raw material for glass
production.

Changes occurring during the beneficiation
process were scientifically substantiated through X-
ray diffraction and infrared spectroscopic analyses.
A reduction — and in some cases, the complete
removal — of hematite and other contaminant
phases in the beneficiated sample was observed,
further confirming the effectiveness of the
beneficiation process.
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CapanTamagaH eTTi: 8 mambiz 2025 KypaMbl aHbIKTanapl. benrineHreH manimeTrepre cavikec, WKWKIi3aTTbiH OpTaLlla Kypambl MaccanblK,
Kabbinaanapl: 3 Keipkyliex 2025 ynec TypiHae Kenecigeii 6ongpi: SiO, — 86,06%; Al,0; — 2,64%; Fe,0; — 1,37%; CaO — 1,37%; MgO
—0,22%; K;0—1,30%; Na,0 — 1,85%; TiO, — 0,04%; SOz — 0,4%, an KyiaipreH Kesge macca LWblfbiHbI
—4,93% Kypagabl. LUKnkisaTTbl 6aibITy npouecTepi 3epTTengi. KypamblHbiH epeKLenikTepiHe cyiieHe
OTbIpbIN, Keneci 3epTreynepae 6anbITyAbIH — XKyy, FPaBUTALMUANDBIK, KNacCUPUKaLWA, YTiTy apKblabl
JKYY, 3NEKTPOMArHUTTIK epicTe cypbinTtay, dnoTauua aaicTepiHiH, KOMOUHALMANAPLIH KONAAHY
OpbIHABI Aen TaHblAAbl. BalbITbiNFaH KOHLEHTPATTbIH, Kypambl 6oibiHWa SiO, menwepi 86,06%-
AaH 97,07%-Fa aeniH apTkaHbl, an Al,Os3 2,64%-paH 1,06%-fa, Fe,05 1,37%-aaH 0,05%-fFa aeitiH
asaifaHbl aHbIKTaNapl.
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ABSTRACT

In the face of growing environmental and energy challenges, the cement industry is shifting
towards the use of composite Portland cements containing hybrid mineral additives to reduce
clinker consumption and CO, emissions. This study investigates the pozzolanic activity and
hydration behavior of thermally activated aluminosilicate additives (TAFM), quartz-feldspar sand,
apobasalt-orthoshale (APO), and limestone. The chemical composition and calcium oxide binding
capacity of each component were examined using the lime saturation method. Results showed
that TAFM exhibits the highest pozzolanic reactivity, significantly binding free lime (Ca0O), followed
by APO and limestone. Composite cement mixtures were formulated according to GOST 31108—-
2020 standards, incorporating 20% hybrid additives. Mechanical tests revealed that such
compositions improve long-term compressive and flexural strength, early setting times, and
structural density. In particular, the combination of TAFM, APO, and limestone showed synergistic
effects in enhancing hydration kinetics and final performance. The findings support the feasibility
of using local mineral resources as effective components in sustainable cement production and
highlight the benefits of hybrid additives in reducing clinker demand while improving mechanical
and durability characteristics of cementitious composites.

Keywords: Thermally activated additives, clinker reduction, sustainable construction materials,
cement hydration, hybrid mineral additives, composite Portland cement.
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Introduction

At present, the global construction materials
industry faces the urgent challenge of developing
and implementing new-generation materials. Key
priorities in this domain include environmental
protection, rational use of natural resources,
reduction of production costs, and the adoption of
energy-efficient technologies — all of which have

become central components of modern scientific
and technical policy. Among various industries,
cement production is recognised as one of the
leading contributors to carbon dioxide (CO,)
emissions, making the mitigation of its
environmental impact a critical issue.

According to international research, the
production of one ton of Portland cement releases
on average 0.8 to 1 ton of CO; into the atmosphere,
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which accounts for approximately 7-8% of total
global greenhouse gas emissions. As a result, the
production and use of composite Portland cements
— aimed at reducing CO, emissions, minimizing raw
material and fuel consumption, and improving
energy efficiency — has significantly increased
worldwide [[1], [2], [3], [4]].

Composite Portland cements are a new
generation of binders that offer notable
environmental and economic advantages over
conventional Portland cement. These binders
incorporate two or more types of active mineral
additives, which partially replace clinker in the
composition. This not only reduces thermal energy
consumption during production but also enhances
resource efficiency and ecological safety.

Consequently, the use of composite cements
contributes not only to environmental sustainability
but also to improving the quality, durability, and
long-term performance of construction materials.
For this reason, the industrial-scale application of
such cements, the careful selection of their mineral
additives, and the detailed study of their hydration
behavior have become key areas of research in
modern cement chemistry.

Composite Portland cements are regulated
under GOST 31108-2003, which defines the
permissible types and proportions of mineral
additives, as well as performance indicators and
technical requirements [5]. Based on this regulatory
framework, cement compositions may include a
variety of active natural or technogenic mineral
additives, such as volcanic rocks, pozzolans,
industrial by-products, limestone, and sand-stone
mixtures.

Numerous scientific sources have noted that
such mineral additives actively influence the cement
hydration process by accelerating the onset of
hydration, modifying the reaction depth, and
determining the types of hydration products that are
formed [[6], [7], [8], [9], [10]]. As a result, denser
phases develop within the microstructure of the
cement paste, thereby enhancing its compressive
strength, impermeability, frost resistance, and
durability  under  aggressive  environmental
conditions. In addition, these additives reduce the
tendency of concrete mixtures to segregate, lower
heat generation, minimize shrinkage-induced
deformations, and contribute to the overall
structural stability and mechanical strength of the
hardened material.

Nevertheless, in practice, many large-scale
cement manufacturers remain cautious about
implementing such composite products at the

industrial level. The primary reason for this
hesitance lies in the insufficient understanding of
the combined mechanisms of action when multiple
active mineral additives are used together. Most
scientific studies focus on the individual chemical
reactivity or hydraulic behavior of single additives.
However, when used in combination, these
additives may interact synergistically,
antagonistically, or neutrally — and there remains a
lack of experimental data supporting these complex
interrelations [11].

This scientific uncertainty introduces increased
risks related to quality assurance, standardization,
and technological consistency. Therefore, before
introducing composite cement products into
industrial-scale production, it is essential to conduct
detailed experimental investigations into the mutual
interactions between additives, phase
transformations, and the mineralogical structure of
the resulting hydration products.

Among the most widely used additives in
practice are aluminosilicate-based  mineral
components, such as natural pozzolans, metakaolin,
fly ash from thermal power plants (TPPC), thermally
activated clays, and other silicate—aluminate-rich
materials. These additives significantly influence the
hydration kinetics of Portland cement. The reactive
silicon dioxide (SiO,) and aluminum oxide (Al,Os) in
their composition engage in secondary pozzolanic
reactions with the free calcium hydroxide (Ca(OH),)
released during cement hydration, resulting in the
formation of calcium silicate hydrates (CSH) and
calcium aluminate silicate hydrates (CASH) [[12],
[13], [14], [15], [16], [17]]. These secondary
reactions contribute to the development of a dense
and durable microstructure in the hardened cement
paste, which plays a critical role in long-term
performance and durability [18].

This process not only reduces the porosity of the
cement stone but also improves its resistance to
mechanical stress, water penetration, and freeze—
thaw cycles. In addition, such mineral additives
enhance the long-term durability of concrete by
reducing microcracking and increasing resistance to
sulfates and other chemically aggressive agents.

Moreover, recent studies have shown that
carbonate-based additives — particularly finely
ground and activated forms of limestone, dolomite,
and other calcium carbonate materials — can
significantly improve several key physical,
mechanical, and technological properties of cement-
based composites when incorporated into the
cement matrix [[19], [20]]. These additives help
mitigate segregation and bleeding in concrete
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mixtures, leading to greater homogeneity and
stability within the fresh mix.

Carbonate additives also improve the water-
retaining capacity of concrete, thereby enhancing its
workability and finishing properties. Furthermore,
their inclusion contributes to a reduction in the heat
of hydration, which is particularly important for
massive concrete structures, where high internal
temperatures can lead to thermal cracking. The use
of such additives reduces internal temperature
differentials and mitigates the risk of thermal stress-
induced cracking [[21], [22]].

Another significant benefit is that carbonate-
based additives substantially enhance the resistance
of concrete to aggressive environments, including
water, freezing conditions, acids, and chloride ions
commonly found in marine water [[23], [24]]. This
makes them especially suitable for the production of
concrete used in  marine infrastructure,
transportation facilities, and chemical processing
plants, where long-term chemical durability is
critical.

Experimental part

This study focused on evaluating the
effectiveness of hybrid mineral additives based on
local raw materials in composite Portland cement
production. The following components were used in
the preparation of the hybrid additives: thermally
activated aluminosilicate material (TAFM), quartz-
feldspar sand, apobasalt-orthoshale (APQO), and
limestone. TAFM was obtained by calcining a
mixture of 70% tuff and 30% shale at 800—850 °C.
APO is a volcanic-origin rock rich in Al,O; and Fe,0;3,
while limestone is a carbonate-based material with
a high CaO content (50.28%).

The chemical composition of all additives was
determined using standard chemical analysis
methods. Their pozzolanic activity was assessed
through the lime saturation method developed by
Y.M. Butt and V.V. Timashev, which evaluates the
capacity of the materials to bind free calcium oxide
(Ca0) in saturated lime solutions, thus reflecting
their reactivity.

Two composite cement formulations were
developed in accordance with GOST 31108:2020.
The first composition contained 75% Portland
cement clinker, 12% limestone, 3% TAFM, 5% APO,
and 5% gyPCum. The second composition included
75% clinker, 12% limestone, 3% TAFM, and 5%
gyPCum. As a control, a standard cement (PC-DO0)
consisting of 95% clinker and 5% gyPCum was
prepared. All cement mixtures were ground in a

laboratory ball mill until achieving a fineness of 90—
94% passing through a 008 sieve.

Testing involved determining the normal
consistency (water demand) and setting times in
accordance with GOST 310.3. The flexural and
compressive strength of the cement mortars,
prepared at a cement-to-sand ratio of 1:3, was
measured using prismatic samples of 4x4x16 cm
after 3 and 28 days of curing, following GOST 310.4
procedures. Additionally, to assess pozzolanic
activity, the cement pastes were stored in saturated
lime solutions for 30 days, after which the
concentration of CaO in the liquid phase was
measured using titration techniques.

Results and Discussion

In this study, hybrid additives based on locally
available mineral raw materials were selected with
the aim of enhancing the composition of composite
Portland cement and improving its
physicomechanical, hydration, and microstructural
characteristics. As a primary hybrid additive, a
thermally activated aluminosilicate component was
used, obtained by calcining a mixture of 70% natural
tuffaceous rock (tuffite) and 30% shale at 800 °C.
The thermal activation process significantly
enhanced the reactivity of the material, increasing
its pozzolanic activity. This combination exhibits
hydraulic properties, reacting with free calcium
hydroxide during hydration and forming secondary
calcium silicate hydrates (CSH) and calcium
aluminate silicate hydrates (CASH).

In addition, quartz-feldspar sand, consisting
primarily of SiO, and alkali feldspars (K/Na-—
feldspar), was introduced into the composition. This
component contributes to physicochemical balance
in the cement mixture, improves particle size
distribution, and functions as a microfiller by
reducing void phases and enhancing the density of
the hardened cement matrix.

The third component utilized was apobasalt—
orthoshale rock, characterized by a basaltic
structure rich in iron- and magnesium-bearing
silicates. These provide high mechanical strength,
chemical stability, and thermal resistance. The wide
range of mineral phases present in this rock type
contributes to stable hydration and the formation of
strong structural compounds within the cement
matrix.

The synergistic effect of these three
components was investigated in detail. Special
emphasis was placed on their influence on Portland
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cement hydration behavior, including heat
evolution, setting time, microstructural changes,
and compressive strength. In addition, comparative
measurements of compressive strength, water
permeability, density, and porosity were performed
on the hardened cement samples.

To evaluate the effectiveness of the hybrid
additives, their chemical composition and the
relative proportions of oxide components were
studied. These parameters are critical in
determining the hydraulic or pozzolanic activity of
the additives when blended with cement, as well as
their reactivity during hydration and their influence
on the microstructure and mechanical properties of
the final product.

Particular attention was paid to the quantitative
ratios of key oxides such as SiO,, Al,Os, Fe,0s, CaO,
and MgO. These indicators allowed for the
classification of each additive’s geochemical group,
its natural or artificial origin, and its expected
reactivity within the cementitious system. The
chemical composition of the components used in
this study — including thermally activated
aluminosilicate  (TAFM), apobasalt—orthoshale
(APQ), quartz—feldspar sand, and limestone — is
presented below (Table 1).

According to the analysis results, the quartz—
feldspar sand sample (abbreviated as QFS) primarily
consists of silicon dioxide (SiO;), which accounts for
88.72% of its composition. This high SiO, content
classifies the material as a quartz—feldspathic rock
and highlights its suitability as a microfiller that
contributes to the densification of the cementitious
matrix. The low content of Al,Os;, Fe,0s, and CaO
indicates that the material is chemically inert and
does not significantly participate in hydration
reactions, confirming its role as a non-reactive
mineral filler.

Table 1 - Results of chemical analysis of the additives

The apobasalt—orthoshale (APO) sample, in
contrast, contains substantial amounts of SiO,
(46.61%), Al,O3 (14.91%), and Fe,05 (8.20%), which
are characteristic of dense volcanic extrusive rocks
belonging to the andesite—basalt group. The high
content of these oxides indicates potential
pozzolanic or latent hydraulic activity. Furthermore,
the presence of CaO and MgO suggests partial
reactivity, enabling the formation of secondary
compounds during the hydration process, which can
enhance the mechanical strength and durability of
cement composites.

The thermally activated mineral additive (TAFM)
is composed of a mixture of tuffite and shale
calcined at 800-850 °C, and it contains SiO, (51.45%)
and AlLO; (8.62%). These values confirm its
classification as an aluminosilicate pozzolanic
additive. Additionally, the content of CaO (12.00%)
and MgO (2.20%) indicates that the material exhibits
both pozzolanic and hydraulic activity, enabling it to
react with free calcium hydroxide to form calcium
silicate hydrates (CSH) and calcium aluminate
silicate hydrates (CASH), which contribute to
improved microstructure and mechanical
performance.

The limestone sample is distinguished by its very
high CaO content (50.28%), which makes it an
effective carbonate-based reactive component for
incorporation into cement. The loss on ignition (LOI)
value of 39.61% reflects the release of CO, during
decomposition of carbonates. During cement
hydration, limestone promotes the formation of
calcium carbonate hydrates and calcium aluminate
carbonate (C-A—C) compounds. These products
enhance the density, impermeability, and resistance
to aggressive environments of the hardened cement
paste.

Type of Additive LOI (%) | SiO. (%) | Al,O; (%) | Fe,Os (%) Cao (%) | MgO (%) | SO; (%) | Others (%)
Quartz—feldspar 1.51 88.72 1.60 1.99 0.83 0.90 0.44 4.01
sand

Apobasalt- 9.47 46.61 14.91 8.20 8.76 3.79 0.30 5.80
orthoshale (APO)

TAFM (Thermally 16.14 51.45 8.62 2.39 12.00 2.20 0.58 6.62
activated)

Limestone 39.61 4.99 1.33 0.47 50.28 2.72 0.20 0.40
(CaCOs)

Note: LOI — Loss on Ignition.
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To determine the pozzolanic or hydraulic activity
of the additives, special tests were conducted to
evaluate their capacity to bind free calcium oxide
(Ca0) during the hydration process. The pozzolanic
and hydraulic reactivity of the selected additives —
TAFM, quartz—feldspar sand (QFS), apobasalt—
orthoshale (APO), and limestone — was assessed
based on their ability to fix CaO released during
cement hydration. The testing methodology was
based on the determination of the lime-binding
capacity of mineral additives within the cement
system, which serves as a criterion for assessing
their potential reactivity.

The experimental procedure was carried out in
the following stages:

e Representative samples of each additive
(TAFM, QFS, APOQ, and limestone) were ground to a
particle size of <1 cm and blended with Portland
clinker and gyPCum in a laboratory ball mill.

e The cement mixture for each sample
contained: 700 g of clinker, 300 g of additive, and 30
g of gyPCum.

e The resulting cement compositions were
ground to a fineness corresponding to 90-94%
passing through a No. 008 sieve, achieving standard
cement particle size.

To evaluate pozzolanic activity, the saturation
level of free CaO in the liquid phase was determined
after hydration. This analysis was conducted
according to the methodology developed by Yu.M.
Butt and V.V. Timashev, in which cement pastes
were hydrated for 30 days, followed by titrimetric
analysis of the alkalinity (meg/L) and free CaO
concentration (mmol/L) in the liquid phase.

The results showed that the TAFM-containing
cement sample absorbed 287.14 mg of CaO from the
saturated lime solution after 15 titration cycles,
indicating a high level of pozzolanic activity. At the

Table 2 - Results of chemical analysis of the additives

end of the test period, the TAFM cement sample
exhibited the following values in the liquid phase:

e Free CaO concentration: 3.86 mmol/L

e Total alkalinity: 58.00 meg/L

These results confirm the high reactivity of
TAFM, attributable to its rich content of reactive
aluminosilicate components, and its active
participation in pozzolanic reactions during
hydration.

In contrast, the cement sample containing
limestone exhibited a notable increase in the
alkalinity of the liquid phase. While limestone is only
weakly reactive, it affects the ionic balance of the
solution, thereby exerting an indirect influence on
the formation of hydration products (Table 2).

As shown in Table 2, the thermally activated
mineral additive (TAFM) demonstrated the highest
lime-binding capacity among the tested additives.
The concentration of CaO in the liquid phase was
measured at 3.86 mmol/L, while the total alkalinity
reached 58.00 meq/L. These values confirm the high
pozzolanic reactivity of TAFM, indicating its strong
ability to actively react with free calcium hydroxide.
This behavior reflects the material’s high hydration
reactivity and justifies its classification as a highly
active pozzolanic additive.

On the other hand, the quartz—feldspar sand
(QFS) sample exhibited the highest residual CaO
concentration in the liquid phase (8.39 mmol/L) and
the lowest amount of bound CaO (94.2 mg). These
results indicate that QFS has very low pozzolanic or
hydraulic reactivity and primarily behaves as an inert
microfiller within the cement system. According to
the standard GOST 24640-91 "Additives for Cement.
Classification", such low-reactivity additives are
typically used to economize clinker consumption
without significantly contributing to hydration
reactions.

Active Mineral Additive Origin of Additive CaO Content (mmol/L) | Total Alkalinity (meq/L)
TAFM (thermally activated) Technogenic (artificial) 3.86 58.00
QFS (quartz—feldspar sand) Natural (sedimentary) 8.39 56.80
APO (apobasalt—orthoshale) | Natural (volcanic) 6.80 57.20
Limestone Natural (carbonate-based) 3.00 68.00

Note: The table presents the concentration of free calcium oxide (CaO) and total alkalinity (in meq/L) in the liquid phase

in contact with cement pastes containing different additives.
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The apobasalt-orthoshale (APO) additive
showed intermediate reactivity, with a CaO
concentration of 6.80 mmol/L and alkalinity of 57.20
meq/L, suggesting limited pozzolanic activity. Due to
its content of reactive oxides (SiO,, Al,Os3, Fe,0s),
APO can still positively influence the density and
mechanical strength of cement composites and may
be classified as a partially reactive or borderline
pozzolanic additive.

Although the limestone sample showed the
lowest CaO concentration in the liquid phase (3.00
mmol/L), this should not be interpreted as an
indication of high pozzolanic activity. Instead, this
result reflects the carbonate nature of limestone,
which indirectly influences the alkalinity balance
within the hydration environment. The high
alkalinity value of 68.00 meg/L suggests that
limestone contributes to ionic equilibrium,
supporting the stable formation of hydration
products. Rather than acting as a reactive catalyst,
limestone typically functions as a stabilizing additive,
improving final properties such as density and
durability of the hardened cement paste.

Based on the results in Table 2, the
concentration of CaO and total alkalinity for each
cement sample containing different additives were
analyzed. These data were used to construct
comparative graphical plots, visually depicting the
relative reactivity of each additive within the
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hydration environment. The plot allows for the
assessment of the additives' alignment with
pozzolanic or hydraulic activity criteria (Figure 1).
The positions of points 1 (QFS), 2 (APO), 3 (TAFM),
and 4 (Limestone) on the graph with respect to the
lime solubility isotherm (curve A) were used to
evaluate the qualitative performance of each
additive. The concentration of free calcium oxide
(Ca0) in the liquid phase in direct contact with the
cement paste serves as a key indicator of the
additive’s reactivity—i.e., its pozzolanic or hydraulic
activity.

A point located below the isotherm indicates
that the additive has a strong capacity to bind CaO
from the liquid phase, which implies high reactivity.
Conversely, a point on or above the isotherm reflects
limited or negligible chemical interaction with Ca0O,
indicating low reactivity.

The analysis of the plotted data reveals that all
tested additives demonstrated some degree of CaO
absorption during the hydration and hardening
processes, but their levels of reactivity varied
significantly:

e Point 1 (TAFM) is positioned well below the
isotherm, indicating the highest pozzolanic and
hydraulic activity among all additives. As a thermally
activated artificial material, TAFM actively reacts
with free lime in the hydration environment and
forms strong secondary hydrates.

30

10

50 80

AlKkalinity of the solution, %

Figure 1 - Pozzolanic activity of mineral additives

A — Solubility isotherm of lime at 40 °C

B — Total alkalinity of the solution (excluding the contribution of Ca0)

1 - Cement sample with QFS (quartz—feldspar sand)
2 — Cement sample with APO (apobasalt—orthoshale)

3 — Cement sample with TAFM (thermally activated mineral additive)

4 — Cement sample with limestone
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e Point 2 (QFS) lies very close to the isotherm,
suggesting that this additive exhibits very low
pozzolanic reactivity. Quartz—feldspar sand behaves
primarily as an inert filler, contributing little to CaO
consumption.

e Point 3 (APO) is located between TAFM and
QFS, signifying that it possesses moderate
pozzolanic activity. APO may be classified as a semi-
reactive or borderline pozzolanic material, due to its
intermediate CaO-binding ability.

e Point 4 (Limestone) appears at a low CaO
concentration but should not be interpreted as a
sigh of high pozzolanic activity. Instead, this is
attributed to the carbonate nature of limestone,
which influences the chemical balance of the
hydration medium indirectly, rather than through
direct lime binding.

Thus, the positioning of the data points relative
to the solubility isotherm in Figure 1 provides a clear
visual assessment of the pozzolanic or hydraulic
activity of the studied additives. TAFM clearly stands
out as the most effective and reactive component,
whereas QFS (quartz—feldspar sand) demonstrates
the lowest reactivity and can be classified as an inert
mineral filler.

Based on the conducted research, the following
conclusions were drawn:

e According to the Student’s criterion for

evaluating hydraulic activity, the tested raw
materials do not meet the requirements specified in
UzDSt 901:1998. Therefore, they cannot be used
independently as active mineral additives for
cement production.

Table 3 - Cement composition and its effect on setting time

e However, all studied mineral additives —
TAFM, APO, limestone, and QFS — demonstrated a
certain level of pozzolanic activity, which supports
their potential application as reactive-filler
components in the production of various types of
Portland cement. These additives can bind free
calcium oxide (CaO) released during cement
hydration and setting.

e The highest lime-binding capacity was
shown by TAFM, a thermally activated technogenic
material. In contrast, QFS exhibited very low
hydraulic activity, while the pozzolanic reactivity of
APO fell between TAFM and QFS, indicating
intermediate behavior.

e Based on the amount of CaO absorbed from
the solution in which the cement samples were
immersed, the additives may be ranked in the
following descending order of pozzolanic activity:

TAFM - APO - QFS - Limestone

e To enhance the pozzolanic and hydraulic
performance of these additives, it is recommended
to formulate composite additives by combining
them with various modifiers. This approach aims to
improve their reactivity potential and contribute
more significantly to the strength development of
the cement matrix.

To produce composite Portland cements, raw
material mixtures (clinker blends) were formulated
in accordance with the requirements of GOST
31108:2020. The prepared mixtures were jointly
ground in a laboratory ball mill to obtain cement
samples for further testing.

No. | Type of Cement Grinding Residue on Sieve Standard Water Initial Setting Final Setting
Time, min No. 008, % Demand (W/N), % Time (h: min) | Time (h: min)
1 | PC-DO 30 10.0 25.7 3 h 20 min 5 h 00 min
2 | PC-KD20 20 6.0 27.0 2 h 40 min 5h 00 min
Notes:

e PC-DO - pure Portland cement without additives (control sample).
e PC-KD20 — Portland cement with 20% composite additive (limestone + TAFM + APO or QFS).
e The reduction in grinding time for PC-KD20 is attributed to the softer structure and higher grindability of the

ceramic components.

e Standard Water Demand (W/N) indicates the percentage of water required for normal consistency according

to GOST methods.
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The incorporation of ceramic-based additives
into the cement composition has a significant impact
on its physical-mechanical and technological
properties. In particular, the PC-KD20 cement
composition, which includes 20% composite
additives (a mixture of limestone + TAFM +
apobasalt—-orthoshale or quartz—feldspar sand),
exhibits a shorter grinding duration—only 20
minutes—compared to the reference pure Portland
cement (PC-DO).

This behavior is attributed to the relatively
softer texture and higher grindability of the ceramic
additives, which facilitate faster milling to achieve
the target fineness (Table 3).

In the PC-KD20 cement sample, the fineness is
significantly higher, as evidenced by the fact that
only 6.0% residue remains on sieve No. 008. This
indicates a greater degree of particle dispersion and,
consequently, higher reactivity of the cement.
However, such fineness also leads to an increased
water demand during the hydration process. As a
result, the required standard water-to-cement ratio
(W/N) for PC-KD20 is 27.0%, which is slightly higher
than that of pure Portland cement (PC-D0), which
stands at 25.7%.

Analysis of the setting times reveals that PC-
KD20 cement initiates setting earlier (2 h 40 min)
compared to the control PC-DO (3 h 20 min). This is
attributed to the increased surface area and higher
number of reactive sites, which accelerate the
hydration kinetics. However, the final setting time
for both cement types remains the same at 5 hours
(Figure 2). This suggests that the composite
additives included in the cement matrix primarily

6:00
4:48
3:36

2:24

Time (hh:mm)

1:12

0:00

PS-DO

M Intial setting time

enhance early-stage activity, without significantly
altering the overall setting duration.

Thus, the incorporation of ceramic waste into
the cement composition alters its physicochemical
and rheological properties, which play an important
role in  optimizing construction  material
formulations.

The normal consistency (W/N) of the composite
Portland cement (CPC) was slightly higher than that
of the control (reference) cement. This increase is
attributed to the enhanced water demand caused by
the plasticizing effect of limestone and TAFM
(thermally activated mineral additive). These
components increase the mix’s need for water due
to their surface activity and specific particle
structure.

The initial setting time of the experimental
cement occurred significantly earlier compared to
the control cement. This phenomenon is likely due
to the rapid binding of free calcium hydroxide
(Ca(OH),;) released during hydration by the
composite additives, which accelerates the
formation of hydration products.

As a reference sample, plain Portland cement
with 95% clinker and 5% gypsum was used,
containing no mineral additives. The compressive
strength of the composite Portland cement (CPC)
samples was evaluated and compared with the
reference  sample (PC-DO) following the
methodology outlined in GOST 310.4. Test
specimens were prepared from a 1:3 cement-to-
sand mixture, molded into 4x4x16 cm prisms, and
cast using Volsk construction sand as the standard
fine aggregate (Table 4).

PS-KD20

N Final setting time

Figure 2 - Comparison of cement setting times
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Table 4 - Effect of composite additives on flexural and compressive strength of portland cement (MPa)

Ne Type of Cement

Flexural / Compressive Strength
after 3 Days (MPa)

Flexural / Compressive Strength
after 28 Days (MPa)

PC-DO

5.60/21.40

6.20 / 40.20

2 PC-KD20

4.65/21.40

7.25/41.00
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Figure 3 - Effect of KGCh-Based Composite Additive on Compressive Strength of Portland Cement (MPa)

The mechanical performance of Portland
cement is significantly influenced by the type,
quantity, and reactivity of mineral additives
incorporated into its formulation. In the present
study, a composite additive system comprising
limestone, thermally activated mineral additive
(TAFM), and either apobasalt-orthoshale (APO) or
quartz—feldspathic sand (QFS) was introduced to
partially replace clinker in Portland cement, aiming
to improve sustainability without compromising
performance.

The early-age flexural strength (3 days) of the
composite cement (PC-KD20) was measured at 4.65
MPa, which is lower than that of the control cement
(PC-D0O) — 5.60 MPa. This reduction is attributable
to the delayed reactivity of certain mineral phases
within the composite additives. Specifically,
materials like feldspathic sand and orthoshale may
require a longer induction period to develop their
pozzolanic or hydraulic potential. Moreover, the
lower early-age strength may result from dilution of
clinker content, which directly contributes to early
hydration and strength gain.

In contrast, compressive strength at 3 days
remained unchanged (21.4 MPa) across both
cement types. This parity suggests that the filler
effect and microstructural densification provided by
the composite additives may partially compensate
for the reduction in reactive clinker. These additives

may act as nucleation sites, accelerating the
formation of hydration products such as calcium
silicate hydrate (C-S—H), thereby maintaining
compressive performance.

By 28 days, the composite cement not only
recovered but surpassed the control sample in
flexural strength (7.25 MPa vs. 6.20 MPa) and
slightly exceeded it in compressive strength (41.0
MPa vs. 40.2 MPa). This confirms the long-term
pozzolanic contribution of TAFM and APO, which,
over time, react with free calcium hydroxide to form
additional C-S-H and calcium aluminosilicate
hydrates (C-A-S—-H). The synergy between
limestone and active silicate/aluminate phases may
also contribute to the refinement of pore structure
and enhancement of interfacial transition zones
(ITZs) within the cement matrix.

Furthermore, the observed strength
development indicates that the composite additives
do not negatively impact the long-term performance
of cement but instead facilitate gradual densification
and strength improvement, making them viable for
sustainable cement design. These results align with
previous studies demonstrating that carefully
optimized  hybrid  mineral additives can
simultaneously support the mechanical integrity and
ecological performance of composite Portland
cements.
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The 28-day strength results clearly illustrate the
long-term effectiveness of the composite additives.
Specifically, the flexural strength of PC-KD20 cement
reached 7.25 MPa, significantly higher than the 6.2
MPa observed for the control sample (PC-DO0). This
improvement is attributed to the progressive
hydration activity of the mineral additives, which
enhance the formation of strength-contributing
hydrates, densify the cement matrix, and strengthen
internal microstructural bonds over time.

In terms of compressive strength, PC-KD20
cement achieved 41.0 MPa, slightly exceeding the
control sample's 40.2 MPa. This marginal gain
further indicates that the composite additives
contribute to refined microstructure, reduced
microcracking, and improved compactness of the
hardened cement paste.

Overall, the combination of limestone, TAFM,
and either apobasalt-orthoshale or quartz—
feldspathic sand demonstrates a substantial
pozzolanic contribution, reacting with Ca(OH), to
form additional C-S—H and C—A-S—H gel phases that
improve durability and mechanical performance.
Particularly, TAFM and limestone play crucial roles
due to their plasticizing effect and contribution to
structural stability, respectively.

Therefore, these composite additives not only
enhance cement quality but also contribute to
environmental sustainability by incorporating
industrial by-products. Their application in Portland
cement production represents a technologically
sound, mechanically efficient, and ecologically
viable solution for the future of sustainable
construction materials.

Conclusions

Based on the results of chemical analysis and
pozzolanic activity evaluation, it was found that all
tested mineral additives (TAFM, APO, and
limestone) possess varying degrees of pozzolanic
and hydraulic activity. Among them, the thermally
activated  aluminosilicate ~ material  (TAFM)
demonstrated the highest reactivity by effectively
binding free CaO in the hydrated cement matrix.

The experimental cement compositions
prepared according to GOST 31108:2020, which
included hybrid additives, showed improved
physical and mechanical performance compared to
the control cement. Notably, cement mixtures
containing TAFM, APO, and limestone exhibited
accelerated setting times, increased long-term
strength, and better structural compactness.

The use of limestone as a partial clinker
substitute is viable from an economic and ecological
perspective, although its pozzolanic effect is limited.
However, when combined with more active
additives like TAFM, synergistic behavior was
observed, enhancing the performance of the overall
cementitious system.

The research confirms the potential of utilizing
locally available mineral materials in hybrid form to
develop environmentally sustainable and technically
effective composite portland cements.
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TYAIHAEME

KoplaFaH opTa MeH 3Hepruafa KaTbiCTbl apTbin Kese KaTKaH KUbIHABIKTAP KafaanbiHaa LeMeHT
OHEepKaCibi KAMHKepAi TyTbiHyAbl XaHe CO, LWblFapblHAbINAPbIH a3aiTy mMaKcaTbiHAa rMbpuAaTi
MWHEpanabiK KOCnanap KOCbIIFAaH KOMMO3WULMANBIK NOPTNAHA LeMeHTTepiH nanganaHyfa et
bypyaa. byn septreyae Tepmuanbik 6enceHaipinreH antomocuamnkaTTbl kocnanap (TBAK), kBapu-
Aananbik WNaTTblK Kym, anobasanbT-optoanesponut (AMO) KaHe aKTAC CUAKTbI KOMMNOHEHTTEPAIH,
nyuLonaHabIk 6enceHainiri MeH ruapatauuanblk apeKeTi 3epTrensi. 9p KOMNOHEHTTIH XMMUANbIK,
KyYpambl MeH Kanbuulii OKcuaimeH 6ainaHbicTblpy KabineTi aKkneH KaHbIKTbIpy aaicimeH

Makana kengi: 11 winde 2025 aHblKkTangpl. Hatuxkenep TBAK eH »Kofapbl NyLLONAHABIK PEAKUMANbIK BenceHainikke ne xaHe
CapantamagaH eTTi: 29 mameiz 2025 60c akTacTbl (Ca0) aiTap/abiKTait GanaHbICTbIPATLIHLIH KOpCeTTi, ogaH KeiiH APO aHe aKTac.
Kabbinganapl: 12 Keipkyliek 2025 Komnosuumsanbik uemeHT Kocnanapbl GOST 31108-2020 cTtaHgapTbiHa calikec, 20% rmbpuaTik

KocCnanapabl KOCy apKblbl AalibiHAaNAbl. MexaHUKanblK CbIHAKTap MyHAal Kocnanap KbiCbiMFa
JKoHe uinyre OepiKTiNiKTI  apTTblpaTbiHbiH, €epTe KaTy YaKbITblH KbICKAPTATbIHbIH KaHe
KYPbIIbIMABIK ThIFbI3AbIKTbI XKOFapblnaTaTbiHbIH KepceTTi. 9cipece TBAK, APO xaHe aKTac
KOMBMHALMACHI rTMAapaTaLmMa KUHETUKACIH XeaenaeTyae KaHe COHfbl BepiKTik cunaTramanapbiH
KaKcapTyAa CUHEpruanbik acep eteai. byn HaTukenep Xeprinikti MuHepanapiK pecypcrapabl
OPHBIKTbI LLEMEHT eHAIpiciHAe TMIMAI KOMMNOHEHT peTiHAe KONAaHYAbIH, MYMKIHAIrH pactaiabl
KOHe  rMbpuaTik - KocmanapAblH,  KAWMHKEP  TYTblHYbIH  as3aiiTa  OTbIpbIM,  LEMEHTTi
KOMMO3ULMANAPAbIH,  MEeXaHMKa/bIK »KaHe y3aK Meps3imai  KacueTTepiH  »KaKcapTyaafbl
APTbIKLWbINbIKTaPbIH alKbIHAANAbI.

TyliiH ce3dep: Tepmuanbik 6GenceHAipinreH Kocnanap, KAWHKep MenLWepiH a3aiTy, OPHbIKTbI
KYPbINbIC MaTepuangapbl, LEMEHTTIH ruapataumacel, rmbpuAaTi MUHepangblK — Kocnanap,
KOMMO3ULMANBIK NOPTAAHALEMEHT.
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AHHOTALUMA

B ycnoBumAx pacTyLLMX SKONOrMYECKUX U SHEPTETUYECKUX BbI3OBOB LLEMEHTHAsA NPOMbILWAEHHOCTb
nepexoamuT K UCMONb30BaHUIO KOMMNO3ULIMOHHBIX NMOPTAAHA, LLEMEHTOB, COAEPMKALLMX rMBpUaHbIe
MUHepanbHble A06aBKKU, C LENbI0 COKpaleHua notpebneHua kAuMHKepa u Bbibpocos CO,. B
[aHHOM MCCNefoBaHUMM M3yyeHa MyLLUOAHOBAA aKTMBHOCTb W rmApaTauMoHHOe noBejeHue
TEPMUYECKM aKTUMBMPOBAHHBIX aJlOMOCUAMKATHBIX A06aBok (TAAL), KBapu-no/neBoLINaToBOro
Moctynuna: 11 urons 2025 necka, anobasanbt-opToanesponuta (AMO) U U3BECTHAKA. XMMWYECKUIA COCTaB M CNOCOBHOCTb
PeueH3sunposaHue: 29 aszycma 2025 CBA3bIBATb OKCUA, Ka/lbLUMA KaXAOro KOMMOHeHTa 6biav onpeaeneHbl METOAOM WM3BECTKOBOW
MpuHATa B nevaTb: 12 ceHmAbps 2025 HacbIWEeHHOCTU. Pe3ynbTatbl nokasanu, uyto TAA[ obnagaeT HavBbICLEW MyLLUONAHOBOW
PEeaKLMOHHOM CMOoCcOBHOCTbIO M 3HAUWUTENIbHO CBA3blBaeT cBoboAaHylo u3BecTb (CalO), 3a HUM
cnepytoT ANO M m3BecTHAK. KOMMNO3MLMOHHbIE LieMeHTHble cmecu bbinn chopmynmposaHbl B
COOTBETCTBUM C TpeboBaHuAMK cTaHaapTa FOCT 31108-2020 c pobasneHmnem 20% rmbpuaHbIX
MUHepanbHbIX A06aBOK. MexaHWYecKme WUCMbITaHWMA MOKasanu, YTO TaKWMe COCTaBbl yayyllatoT
NPOYHOCTb Ha CXaTue U M3rMb B [0NrOCPOYHON MEepCrneKTUBE, COKPALAT paHHME CPOKMU
CXBaTblBaHWA W MOBbIWAIT CTPYKTYPHYIO NAOTHOCTb. OcobeHHo kombuHauus TAAL, AMNO wu
M3BECTHAKA MNPOAEMOHCTPUPOBana CUHepreTuyecknii adpeekT, cnocobcTBya WMHTEHCUPUKAL UK
rMapaTaumMmM U YAyyLWEHUIO KOHEYHbIX XapaKTepUCTUK. MonyyeHHble AaHHble NOATBEpMKAAloT
LLenecoobpasHOCTb UCMONb30BAHUA MECTHbBIX MUHEPA/IbHBIX PECYPCOB B KavecTse 3PpdEKTUBHBIX
KOMMNOHEHTOB A/11 YCTOMYMBOrO MNPOU3BOACTBA LiEMEHTa W MOAYEPKMBAIOT MpPenmyLLecTBa
rMbpUAHbIX A06aBOK B CHUMKEHWW MOTPebaeHUA KAMHKepa Npu OAHOBPEMEHHOM YyulleHUn
MEXaHUYECKMX U AONFOBEYHbIX CBOMCTB LIeMEHTHbIX KOMMNO3UTOB.

Kniouesbie cnosa: TepmUyeckn aKTMBUPOBaHHbIE A06aBKKU, CHUMKEHWE COAEPIKAHWA KIMHKepa,
3KO/IOTMYECKM YCTOMUMBbBIE CTPOUTENbHbIE MaTepuanbl, rMApaTauMa UemeHTa, rubpuaHbie
MUHepanbHble f,06aBK1, KOMNO3ULIMOHHBIN NOPTNAHALEMEHT.
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ABSTRACT

A sample of iron ore from the Kharganat deposit was crushed to under 3 mm and subjected to dry
magnetic separation, yielding a concentrate with 60.28% iron content and 98.92% metal recovery.
When the sample was further crushed to under 1 mm and reprocessed, a concentrate with 66.7%
iron content and 95.88% metal recovery was obtained. Through wet magnetic separation, a
concentrate with 67.71% iron content and 96.9% metal recovery was produced. The tests
confirmed that the most effective method was wet separation after crushing to under 1 mm and
grinding for 40 minutes. In terms of beneficiation technology for the deposit, two process
schemes—dry and wet magnetic separation—were developed. It was recommended that dry
beneficiation be used in production instead of the water-intensive wet method. The sulfur and
phosphorus content in the technological samples met standard requirements. Both previous
studies and new exploration results were used in the resource estimation. It was confirmed that
using a 10% cutoff grade for resource calculation is economically efficient. The minimum thickness
of ore bodies was set at 2.0 meters, and the maximum thickness of waste rock at 4.0 meters.
Resources were classified into Measured (B), Indicated (C), and Inferred (P1) categories. The
geological structure of the deposit is simple, with a stable ore body distribution. The ore body
thickness ranges from 5 to 40 meters, with an average of 23 meters. The deposit is suitable for
open-pit mining, and no water drainage issues are expected in the initial years. It is planned to
build an open-pit mine with an annual capacity of 500,000 tons of ore, with the cost of mining one
ton of ore estimated at 4,312.8 MINT.

Keywords: Iron ore, Ore deposit, Mining hydrogeological conditions, Geological exploration.
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Introduction

In Mongolia, the mining and mineral resources
sector has become one of the main driving forces of
economic development, with iron ore extraction and
beneficiation gaining particular importance. The
Kharganat iron ore deposit is located in Naranbulag
soum of Uvs province, and the quality and reserves
of its ore occupy a key position in the region’s
development strategy [[1],[2]]. Efficient and
economically optimized beneficiation and utilization
of the deposit’s ore is a primary goal, as it ensures
effective use of the reserves and supplies the
industrial sector with essential raw materials. Within
this framework, testing the beneficiation technology
using a dry magnetic separator is a critical step
toward developing an efficient solution tailored to
the characteristics of the ore. The dry beneficiation
method offers distinct advantages in water-scarce
regions and is also significant for minimizing
environmental impact. Therefore, adapting the
Kharganat iron ore to dry magnetic beneficiation
technology constitutes a study of not only industrial

but also environmental relevance. Research
Objective [[2], [3]].

The main objective of this study is to
experimentally determine the feasibility of

beneficiating ore from the Kharganat iron deposit
using dry magnetic separator technology at the
laboratory level; to evaluate the ore’s beneficiation
potential; to optimize the beneficiation process
parameters; and to develop the necessary
technological foundation for future industrial
implementation [4].

The experimental part

Iron ore is most commonly beneficiated using
dry magnetic separation in industrial applications.
The Kharganat iron ore sample was screened into
fractions ranging from 3 mm to 0.125 mm, and each
fraction was beneficiated using a dry magnetic
separator set at a magnetic field strength of 2.5A.
According to the test results, when the sample was
crushed to under 3 mm and the 3-2 mm fraction was
processed using a dry magnetic separator, a
concentrate with 60.28% iron content and 98.92%
metal recovery was obtained. To increase the
concentrate grade, the sample was further crushed
to under 1 mm and processed again using a dry
magnetic separator, yielding a concentrate with
66.7% iron content and 95.88% metal recovery.
From the test results, it was observed that when the
ore was ground for 40 minutes and processed

through wet magnetic separation, the concentrate
yield was 92.05%, with an iron content of 67.71%
and metal recovery of 96.9% [[5],[6]].

Therefore, under the conditions of wet magnetic
separation, crushing the primary ore to under 1 mm
and grinding for 40 minutes was selected as the
most optimal parameter. To confirm the results, this
test was repeated with a 10 kg sample, yielding a
concentrate with 81.55% yield, 65.71% iron content,
and 95.42% metal recovery.

Based on the results of the tests and research,
two process flows for beneficiating the Kharganat
iron ore using dry and wet magnetic separators were
developed.

Both technological flows can be used in
industrial applications. However, due to the high
water consumption associated with wet magnetic
separation, the use of the dry magnetic separation
process is recommended.

In the technological sample, the contents of
harmful impurities were low: sulfur was below 0.1%,
and phosphorus was below 0.2%, which are not
considered to affect the quality of the concentrate
[[71, [8], [9]].

For the resource estimation at the Kharganat
deposit, chemical analysis results from 374 core
samples obtained from 49 boreholes, drilled by both
the current and previous researchers within a 100 x
40-50-meter exploration grid, were used, along with
the results from 253 trench samples collected from
27 surface channels.

To determine the key conditional parameters
used in the resource calculation—such as cutoff
grade, minimum industrial grade within a block,
minimum thickness of ore intervals, and maximum
thickness of barren intervals and waste rock—
calculations were performed by comparing ore
sections delineated at a 10% cutoff grade with those
at 15% and 20% cutoff grades. As a result, the
economically optimal cutoff grade, the minimum
industrial grade within a block, and the
corresponding thickness were determined.

After running calculations using all three
scenarios, it was confirmed that each is
economically viable, thereby justifying the use of a
10% cutoff grade. We concluded that this approach
enables the full and efficient utilization of the ore
from the deposit.

Therefore, based on the selected cut-off grade,
the minimum ore grade required for production
within the block was calculated using the cost of
geological exploration incurred per ton of extracted,
processed, and newly added ore reserve, using the
following formula:
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Where:

e Zob— Costof extracting 1 ton of ore, 4,312.8%

®  Zwoov — Cost of processing 1 ton of ore,
10,388.98%

® Zga — Cost of geological exploration for
increasing 1 ton of ore reserves, 25.55%

e Cn — Metal price (price of 1 ton of
concentrate based on the Ministry of Finance
reference), 85 USD or 105,400%

Based on the calculated result of the minimum
grade within a block, it is fully feasible to adopt a
cutoff grade of 10%.

Relying on the results of the above study, we
determined that a minimum ore body thickness of
1.0 m is appropriate and used this value in the
calculations. However, for the marginal boreholes,
the minimum ore body thickness was taken as 2.0 m
when outlining the boundaries. (This was based on
the anticipated bucket size of the excavator to be
used in the future.)

In cases where high-grade ore bodies in the
cross-sections are relatively thin, setting a large
thickness for barren rock layers or non-typical layers
reduces the ore content in the cross-section.
Therefore, we carefully selected a value of 4.0 m to
minimise any excessive impact [[10], [11]].

Taking into account the above research and
analysis results, the conditional indicators used in
the resource calculation were as follows:

e Cutoff grades for delineating ore intervals —
10%, 15%, 20%

e Minimum industrial grade within a block —
15%

¢ Minimum ore body thickness —2.0 m

¢ Thickness of barren rock and sub-economic
layers—4.0 m

e Bulk density of ore —4.91%

¢ Minimum mineralization coefficient — 0.8

Using the key conditional indicators
described above, the central part of the ore body
was estimated as measured reserves (denoted by
the letter B), while the marginal parts of the ore
body were estimated as indicated reserves (denoted
by the letter C). The remaining parts—namely, the
northern, eastern, western, and southern sections
of the ore body as defined by the magnetic
anomalies identified during exploration, along with
the deeper part of the deposit—were classified as
inferred resources (denoted by P1).

105400-0,975-0,9588

The Kharganat deposit’s ore body is geologically
simple, with minimal variation in ore body thickness,
uniform distribution of the main mineral
components, and no fragmentation or significant
internal alteration. Therefore, in accordance with
the classification system of mineral deposits, it was
categorized as Group Il [[12], [13]].

After studying the rock samples and other
materials collected during the Kharganat
exploration, along with laboratory analysis results
and ore distribution characteristics in the deposit
area, it was concluded that the ore has no clearly
defined distribution criteria or geological
boundaries. Therefore, the boundaries of the ore
body were defined solely based on drilling data and
sample analysis results.

The boundary of the measured reserves (B) was

delineated based on sample analysis results,
conditional indicators, and constrained by
exploration workings and boreholes. Since

geological and geophysical indicators, along with
some mine workings and boreholes, confirm that
the ore body extends toward the margin, limited
extrapolation methods were used on exploration
lines X, V, I-1, and VIII. The indicated reserves (C)
were also defined using the extrapolation method.

The ore body of the Kharganat iron ore deposit
is a stable, massive body with consistent thickness,
starting from the surface and extending to shallow
depths. Fracturing across the deposit does not
generally exceed 5-10 meters and significantly
decreases with depth. Although the ore body is hard,
slightly weathered and crumbled sections occur near
the surface.

The Kharganat iron ore body extends from the
southeast to the northwest, with a total length of
approximately 1,100 meters. Its width is about 160-
240 meters in the southeastern section, 80-170
meters in the northwestern section, and 160-200
meters in the central section, with an average width
of 150.9 meters. The surface relief of the ore body
gradually slopes downward from southeast to
northwest, making the northwestern side especially
suitable for mining operations.

In the blocks classified as measured reserves
(denoted by B), the overburden thickness ranges
from 0.0 to 17.5 meters, averaging 3.5 meters, while
the ore body thickness ranges from 5 to 40 meters,
with an average of 23 meters.
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In the resource estimation, the average bulk
density of the ore body was taken as 4.91 t/m3, as
determined in 2010.

Iron ore can be mined using drilling and blasting
methods, and it is fully feasible to selectively extract
slightly weathered and fragmented sections near
the surface. Within the deposit area, groundwater
was encountered at a depth of 29.0 meters in the
borehole drilled at the lowest point. Therefore,
drainage measures will need to be implemented in
the later years of operation. During the initial years
of mining, the hydrogeological conditions are not
problematic, as there is no groundwater or surface
water, and the terrain is elevated, meaning that
water accumulation in the open-pit is not expected
([14], [15]].

Considering the mining and technical conditions
of the deposit, the structure and location of the ore
body, and the volume of overburden removal, it was
determined that open-pit mining would be
appropriate. This report includes a preliminary
technical and economic estimate for operating the
deposit as an open-pit mine.

The boundaries of the open-pit were established
based on the ratio of economically viable ore and
waste in the measured reserves. The slope angle of
the pit wall at a mining depth of 40-60 meters was
determined to be 70 per mille %), taking into
account the natural, climatic, hydrogeological
conditions, and rock hardness characteristics during
mining. Depending on the mining and technical
conditions, during the first nine years, the slope
angle in the upper 20-30 meters of depth may be
close to 0°.

An open-pit mine with an annual capacity of
500,000 tons of ore is planned. The parameters for
exploiting the Kharganat iron deposit via open-pit
mining have been optimised, suitable mining
machinery has been selected based on operational
parameters, and the production cost has been
calculated. The cost of mining 1 ton of ore
(production cost) is estimated to be 4,312.8 MNT.

In the beneficiation cost estimate, the ore was
first crushed to less than 30 mm and then processed
by dry magnetic separation. The remaining low-
grade portion was ground and also processed using
a dry method. This selected technology was used to
calculate the beneficiation cost. The cost of
beneficiating 1 ton of ore (production cost) is
10,388.98 MINT [16].

The reserves of economically exploitable and
geologically proven mineral resources are presented
in the table below. The quantity of measured
reserves selected for exploitation (denoted by B)
amounts to 10.8 million tons of ore.

Table 1 - Reserves prepared for exploitation and
identified through geological exploration [17]

No Reserve Average Volume Bulk Total
Category | Thickness (m3) Density | Geological
of Ore (t/m3) Reserves
Body (m) (million
tons)
1 B 23 2.186.67 4.91 10.8
9.0
C — 695.002 491 3.41
3 P1 — 72.000 491 11.74
Total 25.94

When extracting mineral resources, it is not
possible to recover the entire geological reserve
identified through exploration, and to some extent,
loss and dilution occur during mining. Factors such
as  geological-mining  conditions, technical-
technological limitations, and organizational factors
contribute to the occurrence of loss and dilution of
mineral resources.

During mining operations, the ore loss rate was
estimated at 3%, and the dilution rate at 2.5%. Using
these indicators, the production (exploitable)
reserves were calculated as follows:

Table 2 - Ore Loss During Mining [18]

Reserve | Geological Loss Dilution | Production
Category Reserves (3%) (2.5%) Reserves
(million (million (million (million
tons) tons) tons) tons)
B 10.8 0.324 0.27 10.7
C 341 0.102 — 33
Total 14.2 0.426 0.27 14.0

Discussion of the results

Within the area covered by Mining License No.
13766A, the Kharganat iron ore deposit was
explored in 2010 by ELGT LLC using its own funds.
The exploration work included core drilling,
magnetic surveying, topographic and geodetic
surveys, various types of sampling, and laboratory
analyses.
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The drilling was carried out by the drilling team
of Naran Talst LLC, magnetic surveying by Geo Oron
LLC, topographic and geodetic work by ATPP LLC,
laboratory testing by the Central Geological
Laboratory in Ulaanbaatar, external quality control
by SGS Laboratory, geological studies by a team of
geologists from  ShShDB LLC, and the
hydrogeological work was performed under
contract by Dr. Professor M. Alei and others. It is
important to note their contributions.

The results of trenches and boreholes excavated
during previous exploration phases by researchers
such as N.l. Modnova (1950) and O. Khongor
(1990)—including channel and core sample chemical
analyses—were reprocessed and integrated with
the results from the complementary exploration
conducted by ELGT LLC. This included magnetic
surveys, geological traverses, borehole data, and
laboratory test results. Based on these combined
outcomes, this reserve report has been compiled.

The complementary exploration work carried
out at the Kharganat deposit fully meets the
requirements of the standard.

The Kharganat deposit is located at the margin
of a 1,200 x 500 m xenolith body of the
Tsagaanshiveet Formation, consisting of Lower to
Middle Devonian volcanogenic-sedimentary rocks,
which formed as a result of the intrusion of
leucogranitic rocks from the Dulaanuushig intrusive
complex of Late Devonian—Early Carboniferous age.

The ore body is hosted in a skarn formation that
is intensely silicified and hornfelsed, containing
actinolite-epidote minerals.

The ore body is concordantly hosted within
skarn-altered  volcanogenic-sedimentary  rocks,
trending northwest. Its strike length is 1,200 m. The
width of the ore body varies: in the southeast it
ranges from 160-240 m, in the central section from
110-160 m, and in the northwest from 90-120 m,
with an average width of 151 m.

Morphologically, the iron ore body is continuous
with no apophyses or significant disruptions,
extending in a northwest direction both horizontally
and vertically.

The total iron content in the ore ranges from
20.3-60.8% in exploration trenches, with an average
of 44.26%, and from 10.28-62.0% in drill holes, with
an average of 36.93%. Sampling has confirmed that

the iron content is uniformly distributed along both
the strike and vertical direction of the ore body.

The mineral composition of the Kharganat iron
ore consists mainly of magnetite, with smaller
amounts of martite, hydrogoethite, pyrite,
malachite, millerite, hematite, chalcopyrite, and
other minerals. Magnetite accounts for 80—85% of
the iron ore, martite 5-10%, and the rest are minor
minerals. The ore is classified as skarn-type
magnetite.

For technological testing and the development
of a beneficiation process flow, a 180 kg
technological sample was processed at the Central
Geological Laboratory using both dry and wet
magnetic separation. The dry magnetic separation
yielded a concentrate with 66.7% iron content and
95.88% metal recovery, while wet magnetic
separation resulted in 65.71% iron content and
95.42% metal recovery.

The iron content in the tailings was about 14%,
which chemical analysis confirmed to be low-
magnetic martite.

Based on these results, two beneficiation
flowsheets using dry and wet magnetic separation
were developed, and due to the high-water
consumption of the wet process, the dry magnetic
separation process was recommended for industrial
application [19].

The hydrogeological conditions of the deposit
are very simple.

The southeastern part of the ore body will
remain dry during operation, while groundwater will
begin to seep only in the northwestern part of the
mine at depths below 25 m (elevation 1,498 m). The
water inflow is estimated at 676 m? per day, or 28.2
m3 per hour, which will not pose any difficulties for
mining operations.

The mining and technical conditions of the
Kharganat deposit are simple.

Most of the ore body is exposed at the surface,
with the deepest part located at 17.5 m depth. The
stripping ratio is 0.05 m3/ton.

As a result of the complementary exploration
work conducted at the Kharganat deposit in 2024,
the classification of the iron ore production reserves
was upgraded, and the quantity of ore contained
within the ore body was redefined. The figures are
shown in the table below:
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Table 3 - Reserves prepared for exploitation and identified through geological exploration [20]

No Indicators Unit Ore Reserves and Cutoff Grade
10% 15% 20%
1 Measured reserves (Category B) Million.t 10.82 9.87 9.33
Total iron average grade % 41.9 44.96 46.08
2 Measured reserves (Category C) Million.t 3.41 2.15 1.33
Total iron average grade % 27.82 39.41 42.35
3 Inferred resources (Category P1) Million.t 11.74 12.61 13.52
4 Total ore reserves, B+C Million.t 14.2 12.02 10.67
Total resources B+C+P1 Million.t 26.8 24.63 24.19

It is planned to develop the deposit through
open-pit mining and to construct a beneficiation
plant capable of processing 500,000 tons of ore per
year. A preliminary economic assessment has shown
that the exploitation of the Kharganat iron ore
deposit would be economically viable. Bringing this
deposit into economic circulation would not only
contribute to the development of the local economy
but also help to reduce unemployment to some
extent.

Conclusion

Beneficiation tests conducted on samples from
the Kharganat iron ore deposit confirmed that both
dry and wet magnetic separation technologies are
effective. Dry beneficiation produced concentrates
with iron content ranging from 60.28% to 66.7%,
while wet beneficiation yielded a concentrate with
67.71% iron content, demonstrating high
technological efficiency. Since wet beneficiation
requires significant water consumption, it is
recommended to apply dry beneficiation technology
in production.

Cite this article as:

The geological structure of the ore body is
simple, and the ore distribution is consistent. The
deposit is suitable for open-pit mining, with a
planned annual production capacity of 500,000 tons
of ore. From an economic perspective, calculating
reserves at a 10% cutoff grade is considered
appropriate, and the cost of mining is within a
feasible range.

Thus, based on technical-economic indicators
and beneficiation results, the Kharganat iron ore
deposit has been confirmed to be suitable for
industrial exploitation.
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TYWIHAEME

XapraHaT KeH OpHbIHAH aNblHFAH TeMip KeHiHiH cbiHamacbl 3 MM-Te AeliH ycaKTanbin, Kypfak
MarHuTTiK 6eniHyre ywbipan, KypambiHaa 60,28% Temip 6ap KOHLEHTpaT xaHe 98,92% meTann
anbiHAbl. YAriHi ogaH api 1 mm-re AeiiH ycakTan, KaiTa eHAereH Kesae KypamblHaa 66,7% temip
»KoHe 95,88% meTan 601aTbiH KOHLEHTPAT anblHAbl. blaFanabl MarHUTTIK cenapauuaHbl KongaHa
OTbIpbIN, KypambliHAA Temip menwepi 67,71% KaHe meTann aKcTpakuuacel 96,9% 60natbiH
KOHLLEHTPAT anblHAbl. CbIHaKTap eH TMiMAi a4ic 1 MM-4eH TOMEH ycaKTanfaHHaH KeuiH »kaHe 40
MWHYT 6OMbl yHTaKTaNfaHHAH KeWiH binfangpl 6eny ekeHiH pactagbl. KeH OpHbIH 6aibiTy
TEXHO/NIOTUACBIHA KeneTiH 6oscaK, eKi TEXHOMOTUANBIK CXeMa 33ipaeHAi—KypFaK KaHe AbIMKbIN
MarHuTTi 6e2y. BHAIpICTE Cyabl KON KaxeT eTeTiH AbIMKbII 94ICTiH OpHbIHA KypfaK 6alibiTyabl
KON AQHY YCbIHbINABI. TEXHONOTUANBIK yArinepaeri KykipT neH ¢ocdopapiH, Menwepi cTaHaapTTbI
Tanantapfa cait 6onabl. Pecypcrapapl 6afanay KesiHae anablHfbl 3epTTeyaep Ae, reoNoruanbik
6apnayablH, XKaHa HaTvxKenepi e nanganaHbingbl. Pecypcrapabl ecentey ylwiH wekTi 6araHbl 10%
nanganaHy sKOHOMUKasbIK TYPFbIAAH TMIMAT ekeHAiri pacTanabl. KeH aeHenepiHiH, MUHUManabl
KanblHAbIFbl 2,0 MeTp, an KanAblK KbIHbICTapAblH, MaKcumanapl KanbiHAabibl 4,0 meTp 60nbin
6enrinenai. Pecypcrap ©nwenreH (B), KepcertinreH (C) x)aHe bomkamabl (P1) caHaTTapFa xikTenai.
KeH OpHbIHbIH, reONOMMANBIK KYPblbiMbl KapanaibliM, KeH AeHenepi TypakTbl TapanfaH. KeH
[AEHeCiHiH KanbiHapbiFbl 5-TeH 40 meTpre AeiiH, opTawa ecenneH 23 meTpAai Kypaiapl. KeH opHbl
aWbIK, d4iCNeH eHAipyre Kapamabl KoHe anfalKbl KbliJapbl CyAbl afbidyAa KWUbIHAbIKTAP
KyTinmengi. KyaTTbiibiFbl KbinbiHa 500 000 TOHHA KeHAi KypalTblH alblK KeHiw cany
»)KocnapnaHyaa, byn pette 6ip TOHHa KeHAi eHAIpy KyHbl 4 312,8 MAH TyrpuKKe bafanaHagpl.
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AHHOTALUMUA
O6paseL, }KenesHo pyabl C MecTopoxaeHus XapraHat 6bii1 U3menbyeH 40 pa3mepa MeHee 3 Mm

M MOABEPrHyT CyXOW MarHWUTHOWM cemapauuu, B pesysnbTaTe 4ero Obla MOJyYeH KOHLLEHTpAT C
cogepkaHnem kenesa 60,28% u usBneyeHnem metanna 98,92%. Korga obpasey 6bin
AONOIHUTENBHO U3MENbYEH A0 pasmepa meHee 1 MM v NoABeprHyT NoBTOpHOW 06paboTke, Bbin
No/lydeH KOHLIEHTPAT C coAepiKaHuem xenesa 66,7% u u3BnedyeHvem metanna 95,88%. C
NOMOLLbIO MOKPOWM MarHUTHOM cenapaumm 6bin NOAyYeH KOHLEHTPAT C CoAeprKaHMem Kenesa
67,71% v n3BneyeHmem metanna 96,9%. UcnbiTaHna noarsepauau, 4to Hanbonee ahpdeKTUBHbIM
MeTOAOM fBNAETCA MOKpas cenapauus nocne apobneHua [o pasmepa meHee 1 mm 1
n3mesnibyeHunn B TedeHne 40 MUHYT. YTO KacaeTcs TEXHONOrMM 0boraweHns ANs MeCcTOPOXKAEHNA,
TO 6bIAN pa3paboTaHbl ABe TEXHONOTMYECKME CXEMbI — CyXas M MOKPAs MarHUTHas cenapaums.
Bblno pekomeHA0BaHO MCMOb30BaTb Cyxoe oboralieHne B MPOU3BOACTBE BMECTO BOAOEMKOro
MOKporo meToga. CogeprkaHue cepbl U pocdopa B TeXHONOrMUECKMX 06pasLax COOTBETCTBOBAIO
CTaHAAPTHbIM TpeboBaHUAM. Mpu oueHKe pecypcoB OblM MCMONb30BaHbl KaK npeablaylive
nccnenoBaHuA, Tak M HOBble Pe3y/ibTaTbl Fe0N10ropassBesoUHbIX PaboT. bbino NoATBEPXKAEHO, YTO
ncnonb3oaHne 10%-HOWM HOPMbI OTCEYEHWMA O/1A pacyeTa PecypcoB ABNAETCA 3KOHOMMYECKU
3¢ beKTUBHbIM. MUHUMAaNbHan TONLWMHA PYAHbIX Ten Bblia ycTaHoBAEHa Ha ypoBHe 2,0 MeTpos, a
MaKCMMabHasA TOJWMHA NycTol nopoabl - 4,0 meTpa. Pecypcbl 6binn KnaccudbuumpoBaHbl Ha
KaTeropuu "M3mepeHHble" (B), "YkasaHHble" (C) u "npegnonaraembie" (P1). Feonormuyeckoe
CTPOEHWE MECTOPOXKAEHMA NPOCTOE, CO CTabUNbHBIM pacnpeaeneHnem pyaHbix Ten. MowHoCTb
pyaHoro Tena konebnetca ot 5 go 40 meTpos, B cpegHem 23 meTpa. MecTopoKaeHne noaxoamt
AN pa3paboTKy OTKPbITbIM CNocobom, U B nepsblie rofbl He oXKupaetcs npobaem ¢ OTBOAOM
BOAbl. [NaHUpyeTcA CTPOUTENBLCTBO OTKPLITOrO MECTOPOXKAEHNA MOLLHOCTbIO 500 000 TOHH pyAbl
B roA, Npv 3TOM CTOMMOCTb A06bI4M OAHOM TOHHbI pyAbl oueHnBaeTcs B 4 312,8 MAH TYrpuKoB.

Knrouesbie cnosa: xenesHaa pyAa, pyaHoe MecTopoXaeHue, TropHo-rmaporeonornvyeckue
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ABSTRACT

Porphyry copper deposits are the source of most of the world's copper, molybdenum and
significant amounts of gold. This makes them a major focus of scientific research due to their
economic significance. The article is devoted to the study of the geochemistry of host rocks and
copper-porphyry ores at the Nurkazgan deposit. It identifies geochemical criteria for the
distribution of gold in copper-porphyry systems, as well as refines ore formation mechanisms in
order to improve predictive criteria. The results were obtained by interpreting analytical data
obtained using the ICP-OES (ICP-AES) method and the geostatistical method. Based on this
research, key factors have been identified that determine the distribution of element content. As
a result of studying the distribution of REEs in the host rocks, conditions for ore formation were
established: the deposit has an igneous origin with signs of prolonged fractionation of the magma;
a negative Eu anomaly confirms the involvement of plagioclase fractionation typical of medium
and acidic magmas; LREE enrichment indicates an evolved magma involving the continental crust,
while moderate depletion of HREE indicates a deep source of magmatism with residual garnet
involvement. The established strong positive correlation between REES indicates a single
geochemical process and reflects the primary magmatic identity. A porphyry system with a deep
magmatic source has been revealed, where ore fluids are separated from the residual melt, which
is already depleted in Eu but enriched in LREEs and metals.

Keywords: geochemistry, geological processes, mineralization zones, distribution of elements,
localization of minerals, ore-forming processes, copper mineralization, ore deposits.
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Introduction

Copper is a critical and vital component in
various modern green technologies [[1], [2]]. In this
regard, molybdenum-copper deposits in veined ores
or the so-called porphyry copper deposits are
becoming increasingly important. Copper porphyry
deposits are key sources of non-ferrous metals and
precious metals, and play an important role in
mining, stimulating research and exploration

[[31,[4],[5],61,[7],[8]]. Significant are ore zones
containing significant concentrations of gold and
silver, which act as both associated components and
valuable target products [8]. These deposits, which
are often characterized by poorer ores compared to
pyrites, skarns, and veins, should have sufficiently
large reserves of copper ore and be mined using
open-pit methods to be profitable for development.
The appeal of this type of deposit is also determined
by the possibility not only to organise open-cast
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mining, but also to extract complex ores containing
valuable impurities such as gold, silver, rhenium,
selenium, tellurium, bismuth, and others.

The low cost of open-pit copper mining and the
complex nature of ores justify the industry's focus on
this type of deposit as a main source of copper
production, not only in the past and present, but
also in the future. This is why many geologists
around the world are interested in open-pit mining.
For example, Ferrag et al. (2024) conducted a
comprehensive geochemical and geochronological
study of the Imourkhsen porphyry deposit in
Morocco, showing the relationship between
empirical data and the stages of large-scale
magmatism [9]. Studies on the analysis of Cote Gold-
type deposits in Canada [10] have revealed typical
alteration zones and their geochemical markers,
which are important for predicting ore formation.
Chinese scientists [11] have provided new data on U-
Pb and Hf isotopes, indicating magmatic intrusions
in a post-collision context at the Wubaduolai
deposit. Zhangetal. (2024) [12], through the Sr-Nd
isotope analysis of Sinondo granitoids in Tibet,
confirmed the genetic link between magmatism and
Ag-Pb-Zn enrichment. All this indicates that the
integration of the latest isotopic, geochemical, and
geochronological data is crucial for understanding
porphyry ore formation processes and can be
applied to systems such as the Nurkazgan deposit.

In Kazakhstan, copper-porphyry deposits such as
Aktogay, Aidarly, Bozshakol, and Koksai are of
significant importance for the extraction of copper
and other precious metals. These deposits contain
low levels of copper, but have substantial reserves.
Moreover, spatial analysis of precious metal
distribution contributes to the development of
three-dimensional ore body models, enabling more
accurate prediction of metal content at different
levels within a deposit. This is crucial for the
economic evaluation of a deposit, planning of
mining operations, and selection of optimal mining
methods [13].

It is also important to take into account that the
localization of gold and silver can be caused not only
by primary ore formation processes but also by
secondary hydrothermal processes that redistribute
metals within ore bodies. Understanding these
processes helps to make a more accurate
interpretation of geological data and increase
efficiency.

The Nurkazgan deposit is of particular interest
due to its unique geological and structural
characteristics. The development of this deposit is
associated with several tasks, including the high

variability of the precious metal content, challenging
extraction conditions, and the need for
environmentally sound technologies for ore
processing. Geochemical analysis of the composition
of ores and their structural features makes it
possible not only to understand the processes of ore
formation, but also to significantly increase the
efficiency of prospecting operations. One of the
directions of its solution is to improve the geological
and genetic foundations of forecasting, taking into
account which forecasting and prospecting models
of ore regions and fields are built, to modernize
methods and technologies of forecasting,
prospecting and evaluation of deposits and, above
all, hidden ones, that is, those that do not go out to
the daytime surface.

The purpose of the study is to identify
geochemical features and to study the distribution
of gold and silver in copper-porphyry ores at the
Nurkazgan deposit, in order to determine the factors
that influence ore formation and conditions for
deposit formation, with a view to increasing the
efficiency of exploration operations. Scientific
knowledge of ore-forming processes is of direct
practical significance for improving the effectiveness
of mining operations in Kazakhstan. This work is
based on materials published and collected by the
authors.

Experimental part

Methodology. Analytical and published data
were used to study the geochemical characteristics
of the deposit. When studying the distribution of
gold, silver, and other elements in the ore of the
Nurkazgan deposit, complex geochemical studies
were conducted using the interpretation of data
with geostatistical methods. Analytical work was
performed in the laboratory of EcoNus LLP in
Karaganda, utilizing ICP-OES (Inductively Coupled
Plasma-Optical Emission Spectrometry) for eight
elements (Ag, As, Au, Cu, Mo, Pb, S, and Zn), atomic
absorption analysis for gold assays, and published
data on the chemical makeup of host rocks, which
were subsequently interpreted by the authors.

Samples of ore and host rock from various zones
of the studied deposit were collected. These
samples were subjected to a detailed geochemical
analysis to determine the concentrations of major
and trace elements and their spatial distribution.
The analysis was conducted in the laboratory of
EkoNus LLP in Karaganda. The depth distribution of
elements was analyzed based on drilled wells, which
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made it possible to identify the enrichment zones of
copper, gold, and silver. Standard classification
diagrams and ratios such as Sr/Y and Eu/Eu* were
used to interpret the geochemical data and analyze
the magma source and ore-forming processes.

Geological characteristics of the deposit. The
Nurkazgan deposit is located in the Bukhar-Zhyrau
district of the Karaganda region, 30 km north of
Karaganda and 10 km northeast of Temirtau. It is
also 2.5 km away from the northern shore of the
Samarqand reservoir. The closest railway station is
Murza (Aktau), which is 8 km away. The nearest
highway is 3-4 km to the north-west and the Astana-
Almaty highway is about 7 km west (Fig. 1).
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Figure 1 — Overview map of the Nurkazgan deposit area

The Nurkazgan deposit has a complex geological
structure, owing to its location within the Karaganda
tectonic block, which is part of the Hercynian fold
belt. The geological composition of the deposit
includes sedimentary, volcanic, and intrusive rock
formations from the Paleozoic era. Sedimentary
deposits comprise mudstones, silts, sandstones, and
conglomerates. Volcanic rocks include andesite,
basalt, and their associated tuff formations.
Intrusive rocks include granite, diorite, and gabbro.
The deposit is classified as a porphyry copper
deposit and contains significant reserves of copper,
gold, and lead. The primary ore minerals of the
deposit are chalcopyrite, bornite, pyrite, and
magnetite. Associated minerals include quartz and
calcite. The deposits have a predominantly lenticular
or laminated shape and occur at depths ranging
from 500 to 600 m. They are associated with fault
zones and fractures. On the surface, there is an
oxidation zone enriched in secondary copper
minerals that makes it potentially suitable for the
extraction of oxidised ores [14].

The Nurkazgan deposit consists of several sites,
each with its own geological characteristics and level
of industrial development. The ore-bearing rocks in
the areas of active mining include granodiorite-
porphyry, quartz-dioritic porphyry, quartz diorite
and diorite (Fig. 2).
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Figure 2 — Geological map of the Nurkazgan deposit
(based on Yakubchuk et al. (2012),
with modifications) [15]

The main feature of the deposit is the central
ore-bearing area, which contains the main reserves
of copper and related elements such as gold, silver,
and molybdenum. The most significant occurrences
of porphyry-type copper mineralization are
observed here, primarily in the form of disseminated
and vein-disseminated deposits. The central location
is being actively explored and forms the core of all
operational activities within the field. The western
section of the area is adjacent to the main area and
is characterized by dispersed mineralization. This
area has a lower concentration of useful
components compared to other parts of the site, but
it has been identified as promising for further
exploration and potential expansion of ore reserves.
The eastern section contains ore bodies with
predominant copper-pyrite mineralization, with
some areas showing increased gold content. This
makes this part of the site interesting for the
complex processing of raw materials. The southern
area has a high copper content, reaching up to 4% in
certain locations. In this region, ore bodies often
have a complicated structure formed through the
influence of tectonic processes. Both open-pit and
underground mining operations are taking place in
the southern area. The northern section is poorly
studied, but geophysical and geochemical data
indicate the presence of potentially promising
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structures that could contain ore bodies at greater
depths. It is considered a potential target for future
exploration efforts. In addition to the primary ore
zones, the deposit has overburden areas and spent
quarries that have been used to store overburden
rock and man-made structures.

Thus, the Nurkazgan field is a complex, multi-
stage structure that combines both currently
developed areas and promising areas for future
exploration and development.

Results and Discussion

For a detailed geochemical analysis, published
chemical composition data on 14 samples of
intrusive rocks from the Nurkazgan deposit were
used [16]. Based on the results obtained, a TAC
diagram (Fig. 3) was constructed to determine the
types of intrusive rocks. The studied igneous rocks
demonstrate a wide range of SiO, content (52.78-
68.92%) and varying potassium content (1.08-
8.62%). Intrusive rocks associated with porphyritic
copper mineralization are characterized by a high
content of Si0; (65.45-68.92%) and potassium (6.16-
8.62%), and all samples are classified as granitoids
and located in the granite field (Fig. 3). In
comparison, the intrusive rocks associated with
copper-gold mineralization have a lower content of
SiO, (52.78-65.15%) and K,O (1.08-6.25%). They
form a wide field on the diagram covering the range
from diorites to monzonites (Fig. 3).
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Figure 3 — TAC diagram, definition of rock types

To determine the sources of ore formation,
graphs of the distribution of rare earth elements are
constructed (Fig. 4). Rare earth elements are
indicated on the X-axis, and their contents in rocks
are normalized to the UCC on the Y-axis. (Taylor and
McLennan, 1985). The characteristic geochemical
features of igneous rocks are established. In most
cases, there is a predominance of light rare earth

elements over heavy ones, which may indicate
processes of plagioclase crystallization or post-
magmatic differentiation. Samples from 12HSO4**
to 12HSOs™ (Fig. 4, c), 12HSO:%** (Fig. 4, b) clearly
show a positive Eu anomaly. The content is
significantly higher than in neighboring Sm and Gd.
This may be the result of reduced conditions, the
crystallization of ores in plagioclase-containing
rocks, and fluid action [[16],[17]], as well as 12HSOs"
* shows a slight increase in Eu, which may indicate
the absence of a pronounced anomaly.
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Figure 4 — Distribution of rare earth elements in the
Nurkazgan deposit

The europium anomaly manifests itself as a
deviation of the europium concentration from the
general trend of the REE distribution. The diagrams
show that the europium content is noticeably lower
in sample 12HSO;2* sample (Fig. 4, a), as well as
samples from 12HSO;3 to 12HSO, ™ (Fig. 4, b), than
in the neighbouring elements, samarium or
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gadolinium. This indicates a negative europium
anomaly.

Such anomalies are typical of igneous rocks that
have undergone differentiation, especially
granitoids. In addition, a negative europium
anomaly may be associated with a high degree of
partial melting of crustal material, resulting in
europium remaining in the residual rock rather than
enriching the magma [[16], [17]]. The influence of
hydrothermal processes may also contribute to
additional europium leaching. As a result of studying
the REE distribution at the Nurkazgan deposit, it was
found that light REEs (L-REE) enrichment occurs,
with La, Ce, Pr and Nd being noticeably enriched
relative to VCC. This indicates the fractionated
nature of the source, and possibly the participation
of crustal material or prolonged magma
differentiation. There is a smooth decline in Sm to Lu
(HREEs), heavy REE (Gd-Lu) are gradually decreasing,
indicating a moderate depletion in HREE, which may
indicate the residual presence of garnet in the
source. A clearly pronounced negative Eu anomaly is
visible on graphs, with Eu/Eu<l indicating the
fractionation of plagioclase, which selectively
accumulates Eu?*. This suggests that the rocks
formed after plagioclasic crystallization or from a
depleted melt in europium [[18], [19], [20]].

For the effective development of a field, it is
essential not only to consider the identified patterns
but also to identify additional parameters that
influence the distribution of valuable elements. This
approach  will provide a more accurate
understanding of ore formation processes [[21],
[22]].

An analysis of the relationships between rare
earth elements shows (Fig. 5) that most of them
exhibit a high degree of correlation (R<0,7) within
their groups: Ce-La, Pr-Ce, Nd-Pr, Sm-Nd, Lu-Yb, Tm-
Er, Yo-Tm. This indicates similar mechanisms of their
fractionation and deposition in geochemical
processes [[23], [24]]. The most pronounced
relationships are observed between elements of the
light group, such as La, Ce, Pr, and Nd. These
elements indicate their joint migration and
accumulation in geological systems. Medium rare
earth elements, including Sm, Gd and Tb, exhibit less
pronounced correlations. This may be due to their
more complex behavior during crystallization
processes. Eu has a low correlation with most other
elements. This is probably due to its ability to redox
changes affecting the degree of its accumulation.
Heavy rare earth elements, such as Dy, Ho, Er and
Tm, show less pronounced dependencies, and their
relationship to lighter elements varies. Some of

these elements show weak or negative correlations,
which may be a reflection of the processes of
selective separation during hydrothermal alteration
of rocks.
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Figure 5 — Correlation between rare earth elements
in rocks from the Nurkazgan deposit

In general, the results of the analysis confirm the
patterns of behavior of rare earth elements in
natural systems corresponding to known
geochemical models for their migration and
deposition. However, low correlation coefficients
between individual elements indicate the influence
of local factors such as changes in redox conditions
and differentiation of magmatic sources.

The obtained results of ICP-OES (ICP-AES), based
on the concentrations of elements (Ag, Au, Cu), were
used to plot changes in the content of copper (Cu)
and gold (Au) as a function of depth (Fig. 6).

Geochemical analysis has established how the
content of these elements varies in different layers
of a deposit. For example, copper exhibits high
concentrations in the upper horizons, which may be
associated with zones of oxidation and
redistribution of metals under the influence of
surface processes. However, with increasing depth,
its content may either gradually decrease or reach
local peaks associated with ore bodies and zones of
sulfide mineralization.

The content of precious and non-ferrous metals
in the well opening is shown in Table 1.

Gold, unlike copper, often exhibits a more stable
distribution. However, at some points, its
concentration may increase with depth. If the graph
shows that gold has a local maximum at a certain
depth (e.g., 300-400 m), this may indicate the
presence of gold ore zones formed as a result of
hydrothermal processes.
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Table 1 — ICP-OES (ICP-AES) analysis results for
(Ag, Au, Cu)

No. | Sample Interval Elements
number
Ag, Cu, Au,
from to g/t g/t o/t
1 1 0 1 2.324 | 8.62 | 0.846
2 2 1 2 0.78 | 3.49 | 1.024
3 3 2 3 1.452 | 6.34 | 0.674
4 4 3 4 | 6.035 | 15.48 | 0.558
5 5 4 5 1.314 | 2.51 | 0.116
6 6 5 6 1.356 | 2.26 | 0.095
7 7 6 7 1.686 | 5.53 | 0.533
8 8 7 8 1.731 | 5.72 | 0.253
9 9 8 9 0.99 | 2.14 | 0.163
10 10 9 10 | 0.228 | 0.67 | 0.055

In addition, the ratio of Cu and Au at different
depths may indicate their genetic relationship. If, for
example, concentrations of copper and gold grow
simultaneously at certain levels, this indicates that
the metals could have been deposited together
during ore formation. However, if their distribution
is different, gold may be associated with other
minerals, such as quartz or pyrite.
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Figure 6 — Changes in the concentrations of copper (Cu)
and gold (Au) with depth

The analysis of this distribution is important for
assessing the depth of the deposit. It allows us to
identify the most promising areas for future
development and refine the mining strategy.

Conclusions

The geochemical analysis made it possible to
identify patterns in the distribution of rare earth
elements within the intrusive rocks at the deposit,
which made it possible to determine the sources of
ore formation and the conditions under which they
formed. The deposit is of igneous origin with signs of
long-term melt fractionation. The negative Eu

anomaly confirms involvement of plagioclase
fractionation typical of intermediate and acid
magmas. LREE enrichment indicates evolved magma
with participation of continental crust, while
moderate depletion of HREE indicates a deep origin
or influence of garnet from the source.

From the correlation analysis of the REE
distribution, it has been established that REE
behavior is consistent during rock formation and the
uniformity of geochemical conditions for rock
formation. REEs were jointly fractionated during
crystallization and did not undergo significant
secondary redistribution, such as hydrothermal
leaching, but retained their original magmatic
characteristics and identity. A positive linear
relationship (R~0.9) suggests a single source for
REEs; the same REE behavior during magma
differentiation, with no strong fractionation of
individual REEs relative to others, except possibly
Europium.

The geochemical analysis of the copper-
porphyry ores of the Nurkazgan deposit revealed
that copper and silver demonstrate a high degree of
correlation, indicating their joint mineralogical
association in the composition of sulfide phases,
mainly chalcopyrite and bornite. Gold is
characterized by a moderate bond with copper,
which is typical for gold-copper porphyry systems,
but its distribution is largely determined by
secondary hydrothermal processes.

Deep profiles have shown that copper is more
concentrated in near-surface zones, where
oxidation and leaching processes dominate. At the
same time, gold exhibits a relatively stable
distribution with local peaks at certain depths, which
may indicate the presence of hidden gold ore bodies.
This is important for planning mining operations and
further exploration.

The established patterns of metal distribution in
ores allowed us to reconstruct the processes of ore
formation, which is important for predicting copper
porphyry deposits.
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HypKasfaH mbic-nopdupi KeH OPHbIHbIH, FTEOXMMUAJBIK epeKLUesiKTepiH 3epTTey

! Kono6aesa A. H., ! YXapbinfanos E.E, 2 Yari6aesa b. C., !AmaHrengikbisbi A.,

1Ackaposa H. C., 'KabbikeH A.B.

196inkac CarbiHoe AmeiHOarbl KaparaHdel TexHuKanelK YHusepcumemi, KaparaHdsl, Kasakcmax

2leomek MLUC, KaparaHObl, KazakcmaH

Makana kengi: 12 winde 2025
CapantamagaH eTTi: 21 winde 2025
Kabbinaanabl: 22 Keipkyliek 2025

TYRIHAEME

Mopdupni mbic KeH opbIHAAPLI AYHWUE XKY3iHAEr MbICTbIH, MONUBAEHHIH, KaHe anTblHHbIH, eaayip
6eniriHiH, Herisri ke3i 6onbin Tabblnagbl. Byn onapablH, 3KOHOMMUKANbIK MaHbI34bl/blFbIHA
6alnaHbICTbl FbIIBIMU 3ePTTEYAiH, Heri3ri obbeKTiciHe alHanaplpasabl. Makana HypkasfaH KeH
OPHbIHbIH, HETi3ri XbIHbICTapbl MeH NOPPUPAI MbIC KEHAEPIHIH, FEOXMMUACHIH 3epTTeyre apHaafaH.
OHAa nopdupni mbiC KyihenepiHAe anTbliHHbIH, TapanybliHblH, FEOXUMMANLIK KpuTepuiinepi
aHblKTanagpl, 6onKay KpuTepuinepiH KeTiNAipy MakcaTbiHA@ KeH Tysiny mexaHusmaepi
HaKkTbinaHagbl. HaTtukenep ICP-OES (ICP-AES) »kaHe reocTaTUCTMKanbIK aAicTepai KonaaHy
APKbl/bl aNblHFaH aHANIMTUKANbIK AepeKTepai HTepnpeTaumanay apKpiabl anbiHabl. Ocbl 3epTTey
HerisiHae 3nemeHTTepaiH, menwepi 6oMbiHWA TapanyblH aHbIKTANUTbIH Heri3ri  dakTopnap
aHbIKTangpl. Herisri >kbiHbicTapaafbl CHKD TapanyblH 3epTTey HaTUNKeCiHAe KeH Ty3iny Kafaannapsl
aHbIKTanAbl: KeH OpHbl MarMaHblH, y3aK mep3imai ppakumuanaHy benrinepi 6ap marmanbik TekTi;
Tepic Eu aHOManuACbl apasblk }KaHe KbILWKbII Marmanapfa ToH Naarnoknasabl GpakumanaHyabiH,
KaTblCaTbIHbIH Aanenaeiai; CHI-HbiH, 6aibITbybl KOHTUHEHTTIK KEP KbIPTbICbIHAAFbI MarmaHblH,
3BONOLMACBIH KepceTei, an CHI-HbIH KanbINTbl a3atobl KaNAbIK rpaHaTNeH MarmaTU3MHIH TepeH,
Ke3iH KepceTeai. CKI apacbliHAafbl KYLWITi OH Koppensauma 6ip reoxMMuanbiK NpoLecTi kepceTeai
JKoHe BacTanKpl Marmasblk COMKECTIKTI KepceTedi. TepeH marmanbik Kesi 6ap nopoup xyineci
alWbINabl, OHAA KeH cyiblKTapbl Ec-Aa TaycbinfFaH, Bipak cMpek Kep aeMeHTTepi MEH MeTangapfa
6alibITblFaH Kanablk 6ankbimagaH 6eniHes,.

TyiiiH ce30ep: reoXxMMms, reoNormAbIK NPOLECTep, MUHEpPandaHy aiMaKkTapbl, 31eMeHTTepAiH
Tapanybl, nNaniganbl  KasbanaphblH, JIOKaNM3aUMACH, KeH Ty3y MpoUecTepi, MbICTbIH,
MUHEpPaNAaHybl, KEH OpPbIHAAPbI.
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AHHOTALMA
MegaHo-nopdurpoBble MeCTOPOXKAEHNUA ABAAIOTCA MCTOYHUKOM 60/ibLUelt YacTU MUPOBbLIX 3anacoB

Meay, MonMbaeHa U 3HAUMTENbHOTO KONMYECTBA 30/10Ta. ITO AENaeT UX OCHOBHbIM 06bEKTOM
Hay4YHbIX UCCNEA0BAaHUN U3-33 MX SKOHOMMYECKOM 3HAauMMOCTU. CTaTbA MOCBALLEHA WU3YYEHUIO
reoXMMUM BMELLAIOLWMX MOPOoS U MeAHO-NOPOUPOBLIX Py MecTopoxAeHua HypkasraH. B Hem
onpegieneHbl reOXMMUYECKME KPUTEPUM pacnpeseieHns 3010Ta B MeAHO-NOPPUPOBbIX CUCTEMAX,

Moctynuna: 12 utons 2025 a TaK¥Ke YTOUHEHbl MexaHU3Mbl PyA006pa30BaHMA C LEeNbio YAyYLIEeHUs NPOrHO3HbIX KPpUTEPUEB.
PeueHsupoBaHue: 21 utoag 2025 PesynbTaTtbl 6blIM NONYYEHbI MYTEM MHTEPNPETaLMU aHANUTUYECKUX LAHHbIX, MOAYYEHHbIX C
MpuHaTa B nevatb: 22 ceHmAbpa 2025 ncnonb3osaHmem metoga ICP-OES (ICP-AES) v reoctatmMcTMyeckoro metoga. Ha ocHoBe 3Toro

uccnefoBaHuA BbinnM onpeaeneHbl KaoueBble GaKTOpbl, ONpefenslolme pacnpegeneHve
COAEp}KaHWA 31eMeHTOB. B pesynbTaTte n3ydeHus pacnpesenenus P33 Bo BMeLLAOLWMX NOPOAAX
6bINU YCTAHOBNEHbI YCNOBUA ANA PyAo06pasoBaHMsA: MECTOPOXKAEeHUEe MMEEeT MarmaTuyeckoe
NPOUCXOKAEHME C MPU3HAKAMU A/MTENbHOTO GPaKLMOHUPOBAHWA Marmbl; OTpULATE/bHAA
aHomanua Eu noaTeepkAaeT y4acTve NaarmokNasoBoro GpakLMOHMPOBAHUA, XapaKTEPHOro AN
cpeaHe- U Kucabix marm; OboraleHve P33 yKasbiBaeT Ha 3BONIOLMIO MarMbl B KOHTUHEHTAIbHOM
Kope, B TO BPEMs KaK yMepeHHoe ucTolleHue P33 yKasbiBaeT Ha [yOMHHbIA WMCTOYHMK
MarmatMama C OCTaTOYHbIM yyacTMem rpaHaTa. YCTaHOBNEHHAs CW/bHAA MOMONKUTENbHAsA
Koppenauma mexay P33 yKkasbiBaeT Ha e4UHbIN reOXMMUYECKUIA MPOLLECC U OTPAXKaEeT NePBUYHYIO
MarmaTuyeckylo WAEHTUYHOCTb. bBbina obHapyeHa nopdupoBas cuctema € FAyBGUMHHBIM
MarmaTMyeckMm WCTOYHUKOM, rae pyAHble GAonAbl OTAENATCA OT OCTAaTOYHOro Pacn/iaBa,
KOTOpbIV y)Ke uctoLeH B Ec, Ho oboralleH peaKo3eMebHbIMKU 3/1eMEHTaMK U MeTanNamu.

Knroyesble ¢/108a: reOXMMUSA, FeoN0rMYeckme NpoLeccsl, 30Hbl MMHepPanu3aLUum, pacnpeseneHune
3/1eMEHTOB, /10KaNN3aLmMA MUHEPANOB, NPOLEeCCchl pyAaoobpasoBaHua, meaHaa MUHepanusaums,
MECTOPOMKAEHUSA.
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ABSTRACT
The increasing demand for non-ferrous, precious, and rare metals necessitates more

comprehensive and efficient use of mineral raw materials, such as gold-antimony ores and
concentrates. A promising approach is the use of pyrometallurgical processing in a fluidized bed,
which offers more efficient heat and mass transfer than conventional technologies. This study aims
to investigate the evaporation kinetics of antimony sulfide (Sb2Ss) from gold-antimony ores and
concentrates in a fluidized bed under various conditions. The experiments involved varying
temperature (923-1223 K), particle size (0.09-2.0 mm), and layer thickness (5-15 mm) to determine
the evaporation rate of Sbh,Ss. The experimental setup consisted of a laboratory-scale fluidized bed
reactor equipped with a controlled gas flow of nitrogen mixed with sulfur vapor. The evaporation
rates were measured using a gravimetric method and confirmed by X-ray diffraction and
microscopic analysis of samples. The results show that the evaporation rate of Sb2Sz in a fluidized
bed is 7-9 times higher than in a fixed bed. This is due to significantly improved heat and mass
transfer in the fluidized system. At 1023 K, the overall evaporation rate increased with decreasing
grain size. This is associated with an increase in the total surface area of the material, but the
specific evaporation rate normalized to unit surface area was independent of particle size. The
process was not significantly affected by bed height in the range of 5-15 mm. Antimony recovery
into sublimates improved by 2-3% compared to conventional technology. It reached 98-99% due
to suppression of Sb20s formation. These findings confirm the efficiency of supplying an inert gas
with sulfur vapors into the fluidized bed. This reduces harmful gas emissions and minimizes dust
entrainment. It also allows for effective distillation of volatile components at lower temperatures.
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Introduction

Antimony concentrates are supplied to the
metallurgical processing stage from beneficiation
plants already in a finely ground form, and, if
necessary, are subjected to only drying. Antimony
ores are supplied to plants, as a rule, in a wet lump
form, so it is necessary to subject them to the

processes of drying, crushing and grinding. Drying is
carried out in tubular rotary kilns with gases from
the combustion of fuel oil. After drying, the raw
material is crushed in jaw and roller crushers and
ground in ball mills. Antimony is present in gold-
antimony ores and concentrates in the form of the
mineral antimonite, Sb,S; and in small quantities in
the form of the following minerals: tetrahedrite
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CusSbSs, valentinite Sb,0s, and servantite Sb,04
(over 93%). According to the classical technology of
processing  gold-antimony  polymetallic  raw
materials in fluidized bed furnaces [[1], [2]], the
liguefaction of the charge is carried out with
ordinary air, which leads to the formation of volatile
antimony compounds and partially non-volatile
antimony pentoxide Sb,;0s, which remains in the
cinder.

The authors of this work propose a technology
for liquefying the charge with a mixture of neutral
gas (N2) with elemental sulfur vapor, which allows
increasing the extraction of antimony into
marketable sublimates by 2-3%, due to the exclusion
of the formation of non-volatile Sb,0s, while the
degree of antimony extraction was 98-99%, whereas
using standard technology it did not exceed 95-96%.

Research was conducted at various rates and
concentrations of the gas mixture supplied to the
layer of the processed material to determine the
optimal flow rate of the mixture of neutral gas with
elemental sulfur vapor.

The materials of the following composition were
studied in the work, %: gold - antimony concentrate
containing: Sb-58.8; S-21.6; Si0,-18.1; As-0.27; Pb-0;
Fe-0.12; Al,0; -0; Mg0-0; C-0; Au-38.0 g/t Ag-0.0 g/t
and gold — antimony ore containing: Sb-22.4; S-8.3;
Si0,-53.0; As-0.6; Pb-0.05; Fe-2.2; Al,O3 -5.3; MgO-
0.3; C-4.5; Au-21.0 g/t Ag-0.001 g/t.

Experimental part

Laboratory installation: design and operating
principle

Studies on the processing of polymetallic raw
materials in a fluidized bed were carried out using a
laboratory installation schematically shown in Figure
1. To avoid disproportionate consumption of
elemental sulfur, the system was equipped with an
evaporator, which supplied sulfur vapors into a
separate reaction vessel containing the charge
throughout the experiment. This solution enabled
precise control of sulfur consumption and ensured a
uniform supply of sulfur vapors mixed with nitrogen
into the bed, providing stable fluidization and
effective sulfidation of the material.

The experiment started when the charge
reached the specified temperature. At the end of the
run, the retort was removed from the furnace,
cooled, and the obtained products were weighed
and analyzed.

The procedure was as follows. The feed material
was loaded from hopper (1) into the reaction vessel
(2). The system was sealed and heated to the target

temperature. Sulfur powder was charged into the
evaporator (4) through hoppers (3). After the
furnaces (5) were heated, the gas flow was adjusted
with a rotameter to achieve stable fluidization in the
vessel. The electric furnace (5) was then lowered so
that the material bed was positioned within the
isothermal zone.

1 —feed hopper; 2 — evaporative reaction vessel;
3 —sulfur powder feed hoppers;
4 — sulfur evaporator; 5 — electric furnaces for the initial
charge and sulfur evaporators; 6 — thermocouples;
7 — cyclone; 8 — condenser; 9 — filter; 10 — filter packing;
11 — electric potentiometer

Figure 1 - Schematic diagram of the laboratory
fluidized-bed installation

The temperatures in both the sulfur evaporator
and the charge were measured with platinum-—
platinum-rhodium thermocouples and recorded
using a potentiometer. Dust and sublimates
generated during the process were collected in a
cyclone (7) and a condenser (8), with the remaining
volatiles captured in a filter (9).

The moment when the charge reached the
target temperature was defined as the start of the
experiment. After completion, the furnace was
raised, the charge cooled, and the system
disassembled.

Research methods

Features of the transition of a layer of granular
material into a fluidized state. In order to create a
stable boiling bed regime when blowing gas through
a granular material layer placed in a vessel with a
porous bottom, the layer can be in two qualitatively
different stationary states.

At flow rates W below a certain critical value W,
solid particles are motionless, the "penetrating" of
the layer € (the volume fraction of free space
between particles) remains unchanged, and its
hydraulic resistance Pr. increases with the speed W.
Upon reaching the speed W, the hydraulic
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resistance of the layer becomes equal to its mass,
the layer is suspended, gas bubbles are observed
jumping through it, and waves and splashes are
observed on its free surface. In this state, the layer
resembles a boiling liquid, due to which it is called
pseudo-liquefied or boiling. The gas speed at which
these phenomena begin is called the critical
liquefaction speed - W [[3], [4], [5], [6]].

There are a large number of theoretical and
empirical formulas that describe with varying
degrees of accuracy the moment of transition of a
layer to a pseudo-fluidized state [[7], [8], [9], [10],
[11], [12], [13], [14], [15]]. In this case, there are two
different approaches to determining the rate of
onset of liquefaction. One of them is based on the
calculation of the hydrodynamic resistance of the
pores and channels of a stationary layer; the second
is based on the calculation of the speed of
movement of individual particles of the layer with
subsequent transition through certain pseudo-
fluidized states.

The geometry of a layer consisting of spherical
particles of the same size is determined by their
diameter d and packing density. In practice,
however, one often has to work with mixtures
composed of particles of different sizes and shapes.

In this case, the conventional particle size do is
calculated using the formula:

do = 1/ z (Ai/di) (1)

where A; — mass fraction of particles with
diameter d; (geometric mean of the cell sizes of
adjacent sieves).

The surface area of a non-spherical particle Sp
always exceeds that of a sphere Ss having the same
volume. To take this difference into account, the
concept of the shape factor is introduced:

Fy = \[% 1 )

The numerical values of Fs are determined
experimentally.

The concentration of solid material in the
fluidized bed ys can be calculated from the specific
mass of solid particles ys and the porosity of the bed
E:

va=ys(1—¢) (3)

Then the bulk density of the stationary layer yo
with porosity g0 will be:

Yo =Vs (1 —€o) (4)

The transition of a stationary layer to a fluidized
state occurs under the condition that the force of
hydrodynamic resistance of the layer and the
effective mass of suspended solid particles G. are
equal:

P fs = Ge, (5)

where f; — cross-sectional area of the layer.

Taking into account the layer penetrability € and
the buoyancy (Archimedes) force proportional to
the difference in the specific masses of particles ys
and the fluidizing agent y, we obtain:

Ge=(vs—v)(1-g) -fc-H (6)

where H — fluidized bed height.
Then
Pa=(ys—y)(1—¢€)-H (7)

Obviously, if the fluidizing agents are gases at
low pressures, then ys—y = ys, and

Pfl =VT(1—€) H (8)

To calculate the liquefaction rate at which the
required pressure drop in the layer is ensured, the
Todes formula [16] is widely used, with g = 0.4
having the form,

Ar

Rep=——2
0 1400+5,22VAr’

(9)

where Reo = Wo d/u — Reynolds criterion (p
— viscosity of the fluidizing agent);

das - . I
Ar=g#—2-% Archimedes criterion (g —

acceleration of gravity).

Formula (9) has been tested in many studies
over a wide range of variable changes and the results
have shown good agreement with experimental
data.

Effect of fluidization on gas flow rate and
fluidized bed height. The intensity of the mutual
movement of solid particles in a fluidized bed
increases with the increase of the fluidization
number. The speed of the pulsating movement of
particles is usually at the level of tens of centimeters
per second, and the free path of a particle between
two collisions is measured in millimeters or
centimeters. In this case, the movement of particles
in the vertical direction is more intense than in the
horizontal direction.
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When gas bubbles appear in the layer, a
significant role is played by the movements of not
individual particles, but their aggregates. The
chaotic movement of particles and aggregates leads
to the equalization of temperature and other
properties in the volume of the fluidized bed. Along
with the chaotic (pulsating) movement of solid
particles, depending on the configuration and
geometric dimensions of the layer, a directed
circulation of granular material may also occur in it,
largely due to the bubbling of bubbles. Thus, with a
ratio of the layer height to its diameter close to one,
in devices of small diameters, predominantly an
ascending movement of solid particles and a
descending movement along the periphery of the
layer is observed. In a layer of significant height,
several such zones are formed along the height,
which is quite clearly seen in Figure 2, which shows
a typical scheme of circulation flows of solid material
(dotted lines) and gas (solid lines) during fluidization
in a small diameter device.

The intensity of mixing of solid particles
determines the nature of mixing of the fluidizing
agent in the fluidized bed, which also depends
significantly on the properties of the fluidizing agent
and the solid material.

The first of them is characterized by complete
equalization of the properties of the working bodies,
and the residence time of different portions of gas
(or different solid particles in a layer with continuous
input and output of the solid phase) is not the same.
L ¥s}

v o g : R

il

Figure 2 - Typical diagram of the circulation flows of solid
material (dashed lines) and gas (solid lines) during
fluidization in a small diameter apparatus

In contrast, ideal displacement systems are
characterized by a flat front of movement of

particles of the solid phase and the fluidizing agent
(without longitudinal mixing) and, consequently, the
same residence time, zo, in the working volume. The
value of zp is determined by the flow of each phase
and the working volume of the apparatus. For
example, for a solid material it will be:

20=Gw/ G, (10)

where G,— weight of material in a layer;
G.— weight consumption of material.

A complete mixing system is characterized by
the probability of the time an object stays in the
system x. For example, for solid particles:

x=eT/ (11)
or
1-x=1-e71/%, (12)

where x — is the weight fraction of particles
whose residence time T exceeds (or the probability
that athe rticle will remain in the layer for a period
of time tor longer);

(1-x) — is the probability that the particle's stay
time, T will not exceed.

The uniformity of the residence time of particles
in the system can be greatly increased by dividing
the fluidized bed into several sections. In this case,
complete mixing of particles occurs in each section,
but their transfer from section to section is possible
only in one direction (from the previous section to
the next) and in quantities equal to the flow rate.

The residence time of particles in the N-section
apparatus is determined by the formula:

N — +
x=1-e— ——I
1x=1-e Z0\N z0\ N

-|_2_11(zo‘r\N)2+ ..... +(Nl—l) (zoiN)N_ (13)

Studies have shown that in a single-section
apparatus, pseudo-fluidized systems are close to
systems with complete mixing of particles. The
exception is high layers, pseudo-fluidized in small-
diameter apparatuses, where the process occurs in
a piston mode. When using apparatuses with 8-10
sections, the movement of particles in the pseudo-
fluidized layer approaches ideal displacement by its
nature. Note also that the placement of nets,
partitions, packing, etc., in the apparatus also brings
the pseudo-fluidized layer closer to an ideal
displacement system [[17], [18]].
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In a fixed granular bed, the nature of the gas
movement is close to ideal displacement, and in a
fluidized bed, it occupies an intermediate position
between ideal displacement and complete mixing.
Mixing of the fluidizing agent is also prevented by
the sectioning of the apparatus. Often, 4-6 sections
(and sometimes fewer) are sufficient to bring the
nature of the fluidizing agent movement closer to
ideal displacement. Figure 3 shows a cross-section of
a fluidized bed of solid particles at different
fluidization numbers.

=3

-4 layer height at n=

b3 layer height at o

h-2 layer height at =2

-1 layer height at n=1

AL

where: N = n * Pi, where N is the gas consumption for
liquefaction; n is the fluidization number (0.5; 1; 2, etc.);
P is the gas consumption at a fluidization
number equal to 1

Figure 3 - Cross-section of a fluidized bed of solid
particles at different fluidization numbers

A fluidization number equal to 1 corresponds to
a gas flow rate at which solid particles pass into a
state of fluidization over the entire surface of the
fluidized bed mirror, i.e., there are no stagnant
zones on the entire surface of the fluidized bed.
When the fluidization number increases to 2, 3, etc.,
the gas flow rate for fluidization increases
accordingly, as does the height of the fluidized bed
of the material.

Results and Discussion

The main criterion for assessing the behavior of
a component when heated in a fluidized bed can be
the saturated vapor pressure of metal sulfides.

Figure 4 shows the dependence of the vapor
pressure not only of the sulfides considered, but also
of other substances that may be present in ores and
concentrates.

Figure 4 - Dependence of vapor pressure of non-ferrous
metal sulfides on temperature

From the data on the dependence of the vapor
pressure of non-ferrous metal sulfides on
temperature, it follows that one of the promising
methods for processing or enriching complex
polymetallic raw materials, mainly sulfide, is
pyroselection in a fluidized bed with the supply of a
mixture of neutral gas with vapors of elemental
sulfur into the layer of the material being processed,
based on the difference in vapor pressure,
dissociation of sulfides and their decomposition
products.

In comparison with the processing of materials
in conventional fluidized bed furnaces, where the
liquefaction of the material is carried out by ordinary
air, according to the proposed technology, the
supply of a mixture of neutral gas with elemental
sulfur into the bed is characterized by the formation
of a much smaller amount of reaction gases, and
therefore a sharp reduction in the emitted gases and
better conditions for the condensation of vapors,
reduced dust entrainment and the possibility of

distilling off volatile components at lower
temperatures [[19], [20]].
Microscopic examination of the residues

revealed that the size of the particles located deep
in the layer remained unchanged.

The influence of the layer height, duration and
temperature of the initial sample processing on the
evaporation rate of Sb,S; was investigated. The
experiments were conducted with antimony sulfide
of a size of - 0.5 + 0.1 mm at a temperature of 923 —
1023 K, respectively. The layer height varied from 5
to 15 mm. The experimental data are presented in
Table 1.
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Table 1 - Effect of grain size on the evaporation rate
of Sh2Ss3

Experience T, Grain size, Evaporation
number K mm rate
of Sh.Ss,
g/cm?2sec
1 923 | -2.0+1,0 0.070 - 10°
2 923 | -0.5+0.25 0.072-10°
3 923 | -0.1+0.09 0.072-10°
4 923 | -0.1+0.09 0.072-10°
5 1023 | -2.0+1.0 5.45-10°
6 1023 | -0.5+0.25 5.62-10°
7 1023 | -0.25+0.1 5.66 - 10°
8 1023 | -0.1+0.09 5.70-10°

For comparison, the results of the study of the
kinetics of antimony sulfide Sh,S; evaporation from
a fixed bed, we conducted experiments on the
evaporation of antimony sulfide from a fluidized
bed. The results of the experiments on the kinetics
of antimony sulfide evaporation from fixed and
fluidized beds are given in Table 2.

As can be seen from the data provided, X-ray
structural analysis established that in both cases (for
freshly ground and calcined), the preparation
consisted of Sbh,S3 with a rhombic structure.

Microscopic examination revealed that the
sample was crystals of perfect shape with smooth
edges. Apparently, the decrease in the evaporation
rate when the sample was kept in its vapor occurred
due to a decrease in crystal defects, a noticeable
elimination of microscopic irregularities and surface
roughness.

When studying the effect of foreign impurities
on the kinetics of Sb,S; evaporation, it was found
that the rate of evaporation of a volatile component
from its mixture with an inert substance can be
affected by the physical properties of the surface of
the non-volatile, its adsorption capacity, gas
permeability and the nature of the bonds. The
hydrodynamic resistance of the layer of non-volatile
granular material formed in the process of
incongruent evaporation of the mixture with the
non-volatile component should have a great
influence on the rate of evaporation from the
mixture. Thus, it was established that the rate of
antimonite evaporation does not depend on the
height of the layer and the size of the grains, but
depends on the preliminary treatment of the
preparation.

Figure 5 shows the kinetic dependences of the
Sb,S; evaporation rate on the duration and
temperature of the treatment.

Table 2 - Effect of sample layer height and experimental temperature on the evaporation rate of Sb»Ss

Experience | Temperature, Layer Sb2S3 evaporation Lg K evaporation rate Lg K
number K height, rate g/cm?sec g/cm?sec g/cm?sec g/cm?sec
mm Sb2S3
Fixed layer Fluidized bed

1 923 5 0.070-10° -5.154 0.56-10° -4.251
2 923 15 0.066 - 10° -5.180 0.50- 10° -4.301
3 1023 5 5.450- 10° -3.263 3.28-10* -3.484
4 1023 15 5.420- 10° -3.266 3.19-10* -3.496
5 1073 5 0.9-10* -4.045 7.80- 10* -3.107
6 1073 15 0.84-10* -4.075 7.56-10* -3.121
7 1123 5 2.4-10* -3.619 1.2-103 -3.920
8 1123 15 2.32-10* -3.634 1.16- 103 -3.935
9 1173 5 4.2-10* -3.376 2.8-10°3 -3.552
10 1173 15 4.15-10* -3.381 2.74-10°3 -3.562
11 1223 5 8.7-10* -3.060 4.75-10°3 -2.323
12 1223 15 8.6-10* -3.065 4.6-10°3 -2.337
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Figure 5 - Kinetic dependences of the evaporation rate
of Sb2S3 on the duration of the experiment at
temperatures of 1073, 1123 and 1223 °K

The data obtained show that the evaporation
rate of pure antimony sulfide reaches its maximum
value in fairly short periods of treatment time, this is
especially noticeable for high temperatures. Thus, if
at a temperature of 1073 K the evaporation rate
during a treatment time of 7 minutes was 0.98
g/cm?sec-1073, then at a temperature of 1223 K it
reached 4.7 g/cm?sec-103, i.e. it exceeded the
evaporation rate of Sb,S; for the same treatment
time by almost 5 times.

Conclusions

Hydrodynamic and heat transfer processes in a
fluidized bed were investigated, and the feasibility of
forming a stable fluidized bed through throttling of
aninert gas or a mixture of inert gas and sulfur vapor
was experimentally confirmed.

The optimal process parameters were
determined as follows: particle size between 0.25
and 0.5 mm, bed height between 5 and 15 mm
(minimal influence was observed), and operating
temperature between 1023 and 1073 K with a gas
mixture consisting of nitrogen and sulfur vapor.

It was established that the specific evaporation
rate of Sb,Ss, calculated per unit surface area, is

nearly identical for particles of different sizes. At the
same time, a decrease in particle size increases the
total surface area, which leads to a higher overall
evaporation rate of the sample. This effect was
experimentally confirmed (Table 1, temperature
1023 K).

Evaporation rates of Sb;S; in a fluidized bed are
7-9 times higher than those in a fixed bed due to
enhanced heat and mass transfer. Vapor removal
rates from the fluidized bed significantly exceed
those from a fixed bed, improving process efficiency.

The evaporation rate does not depend on the
bed height within the range of 5-15 mm and occurs
mainly from the surface of the particles.

Antimony recovery in sublimates has increased
by 2-3% compared to conventional technology,
reaching 98-99%, due to the suppression of Sb,0s
formation.

The proposed technology of introducing an inert
gas with sulfur vapor into the fluidized bed offers
ecological and technological benefits: reduced
formation of secondary reaction gases, lower dust
entrainment, improved vapor condensation, and
efficient distillation of volatile components at lower
temperatures.
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TYWIHAEME

TyCTi, acbin XKaHe CUpeK MeTandapfa CypaHbICTbIH, apTybl MUHEPaNAbIK LWKWKI3aTTbl, COHbIH, ilWiHAe
anTblH-CypbMa KeHAepi MeH KOHLEHTpaTTapblH bapblHIIa KeleHai api TMimAi naiganaHyabl
KaxeT eteai. MepcnekTnBanbl HarbITTapAplH, 6ipi — A3CTYPAI TEXHONOMMANAPMEH CanbICTbIpFaHaAa
MKbIY- XKaHe Macca anmacy yaepicTepiH aHaFyp/ibiM KapKbIHAbI XKYPri3eTiH XKanfaH cyiblKTaHFaH
kabaTTafbl NMPOMETANNYPrUANBIK KaiTa eHaey 6onbin Tabblnagbl. Ocbl 3epTTeyaiH, MakcaTbl —
aNTblH-CypbMa KeHAepi MeH KOHLEeHTpaTTapblHaH cypbma cynbduaiHib, (Sb2Ss) 6ynaHy
KMHETUKACbIH  KanfaH CyWblKTaHFaH KabaT KafgalblHAA — 3epTTey.  JKCNepUMEHTTep
TemnepatypaHbl (923-1223 K), 6enwektep enwemiH (0,09-2,0 mm) aHe KabaT KanbiHAbIFbIH (5—
15 mm) e3repTy apKblabl KYprisingi. 3epTxaHanbiK KOHAbIPFbI KYpPamblHAA a30T MeH KyKipT
6ynapbiHaH TypaTbiH ra3 KOCMACbIHbIH, PETTE/ETiH aFbIHbIMEH KababIKTanFaH KanfaH CyMblKTaHFaH
KabaTTbl peakTop 6onabl. BynaHy KbinAamAblKTapbl rPaBUMETPUANDBIK SAICNEH aHbIKTanbIM,
PEHTrEHKYPbINbIMABIK, }KOHE MUKPOCKOMUANBIK TanaayNapMeH pactanibl. 3epTrey HaTUXKeciHae
Sb,S; 6ynaHy *Kbingamablfbl XanfaH CyMblKTaHFaH KabaTTa KO3FasIMalTbiH KabaTka KapafaHaa 7—
9 ece KOFapbl €KeHAiri aHbIKTangpl, Oyn KblAy- KaHE Macca anmacy YAepicTepiHiH,
KapKblHAAHYbIMEH TyciHAipineai. 1023 K TemnepatypacbiHga 6enlwekTep enwemi KiwipeireH
callblH 01apAblH, MEHLWIKTI BETiHIH, yaFatobiHa 6alNaHbICTbl Xannbl BynaHy XblAgaMablfbl apTTbl,
an ayaaHHbIH, BipAiriHe WaKKaHAafbl KblAAaMAablK e3repicci3 Kangbl. 5-15 mm weriHae kabat
6uiKTiri aviTapnbikTait acep etneidi. CypbmaHbl yWbIpbIHAbIIAPFA WhIFapy Aapexkeci 98-99%
JKETIN, A9CTYpPAi TeXHONOTUAMEH CcanbiCTbipFaHda 2—-3% »Kofapbl 6ongpl, 6yn SbaOs TysinyiH
6onapipmay ecebiHeH MyMmKiH 6onabl. ANbiHFaH HaTUXKenep MHepTTi ra3 6eH KyKipT BynapbiH
JKaNfaH CyMbiKTaHFaH KabaTka 6epy TMimainiriH aanengenai, 6yn 3uaHabl rasgapabliH, 6eniHyiH
a3aiiTyfa, WAaHHbIH TapanyblH TOMEHAETYre »OHe YLIKbIL KOMMOHEHTTepAi TeMeHipek
TemnepaTtypaja TMimAi ailgayfa MyMKiHAIK bepegi.

Tyiiin ce30ep: KyKipTTeHAipe Kyiaipy, TOTbIKTbIPbIN KYHAipy, 6eiTapan ras, KoHAeHcauus.
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AHHOTALUMA

PacTywumii cnpoc Ha uBeTHble, 61aropofHble U pefKue MeTan bl 06ycN0BAMBAET HEOBXOAUMOCTb
6onee KOMNNEKCHOrO U 3GHEKTUBHOTO MUCMNONBL30BAHWA MWHEPANIbHOMO CbipbA, B TOM 4ucne
30/10TO-CYPbMAHBIX  PYA, W KOHLEHTPAToB. [lepcnekTMBHbIM  HanpaBneHWem ABAAeTCA
nUpoMeTalypruyeckan nepepabotka B MCEBAOOKUNKEHHOM cnoe, obecrneumsatowas bosee
MHTEHCUBHBIW TEN/I0- U MAacCOOBMeH MO CPAaBHEHUIO C TPAAULIMOHHBIMM TexHoNorMAMU. Lienbto
[aHHOTO UCCNeA0BaHUA ABAANOCL U3yYeHUe KMHETUKM UcrmapeHnsa cynbduga cypbmbl (SbaSs) us
30/10TO-CYPbMSAHBIX PYA, U KOHLEHTPATOB B YCI0BUAX NCEBAOOKMUKEHHOTO CNOA. IKCMEPUMEHTDI
NpPOBOAMUIUCL NPU U3MeHeHUW TemnepaTypbl (923-1223 K), pasmepa vactuy (0,09-2,0 mm) m
TOAWMHbBI cnos (5-15 mm). JlabopaTopHas ycTaHOBKa BK/OYana PeaKTOp C NCEBAOOKMUKEHHbBIM
cnoem, CHabKEHHbIV peryampyembim NOTOKOM ra3oBOi CMeCUM Ha OCHOBE a30Ta M NapoB cepbl.
CKOpOCTU UCNapeHnA onpeaenanucb rpaBUMETPUYECKMM MEeTOAOM W  MOATBEPNKAANNCH
PEHTrEHOCTPYKTYPHBIM U MUKPOCKOMMUYECKUM aHann30M 06pasLioB. YCTaHOBNEHO, YTO CKOPOCTb
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ncnapeHna Sb,S; B NceBA0OXKMKEHHOM cnoe B 7-9 pas Bblille, YeM B HEMOABUNKHOM, Y4TO CBA3AHO
C VHTeHcMdMKaumen npoueccoB Tenno- U maccoodbmeHa. Mpu TemnepaTtype 1023 K obuian
CKOPOCTb UCNapeHUA BO3PacTaeT C YMEHbLUEHMEM PasMepa YacTuL, BCIEACTBUE YBEIUYEHUA UX
YAENbHON MOBEPXHOCTU, TOrAa KaK CKOPOCTb, OTHECEHHAA K eauHULe naowaau, ocTaérca
NOCTOAHHOMN. BbicoTa cnos B npegenax 5—-15 Mm cyLecTBeHHOro BAMAHKUA He OKasbiBaeT. CTeneHb
M3BJIeYEHNA CypbMbl B BO3roHbl gocturana 98-99%, uto Ha 2—-3% Bbllue MO CPAaBHEHWUIO C
TPAagMUMOHHOW TexHonorvew, 6narogapa nogasneHuto obpasoBaHus Sby0s. [osyyeHHble
pesynbTaTbl NOATBEPNKAAT 3OGEKTUBHOCTL NOAAYM MHEPTHOrO rasa C Napamu cepbl B
NCEBAOOMKMMKEHHDIN CNOW, YTO obecneumBaeT CHUMKEHWE Tra3oBbIX BbIOPOCOB, YMEHbLUEHUE
nbineyHoca M 3PPEKTUBHYIO AUCTUANALMIO NIeTy4MX KOMMOHEHTOB nNpu bonee HU3KMUX
Temneparypax.

Kniouesbie cnoea: CynbGuanpyrolwmii 06XKWUr, OKUCAUTENbHBIN OBXUI, HEWTpasibHbIN ras,
KOHAEeHcauus.
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ABSTRACT
This study examines the sorption and desorption processes of uranium and vanadium from acidic

solutions produced during the processing of black shale ores in Southern Kazakhstan. Such ores
are considered unconventional sources of strategic metals and are of particular interest under the
conditions of limited traditional mineral resources. To evaluate efficiency, several anion-exchange
resins (AMP, AV-17, A-140, and Amberlite) were tested, allowing a comparative analysis of their
sorption capacity and selectivity. The AMP resin demonstrated the most favorable performance,
providing high uranium uptake and satisfactory vanadium recovery in sulfuric acid media.
Desorption experiments confirmed the possibility of efficient uranium transfer into the eluate,
which is of great importance for subsequent concentration and purification stages. Vanadium
recovery was limited due to the coexistence of different ionic forms of the element. The obtained
results confirm the potential of sorption technology as a reliable stage for uranium concentration
and indicate the need to apply additional methods, such as solvent extraction or selective
precipitation, to enhance the completeness of separation and recovery of the target components.

Keywords: uranium, vanadium, sorption, desorption, anion-exchange resin.
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Introduction

The modern development of science and industry
highlights the urgent need for sustainable access to
strategic mineral resources, primarily uranium,
vanadium, and rare-earth elements. These elements are
key components in nuclear energy, high-temperature
alloys, catalysts, rechargeable batteries, and other
advanced technologies [[1], [2]]. In light of limited
traditional deposits and increasing geopolitical risks,
growing attention has been directed toward
unconventional sources of raw materials, among which
black shales occupy a special place.

Black shale formations are fine-layered
sedimentary rocks enriched in carbon, organic matter,

and finely dispersed mineral phases. Their characteristic
features include high sorption capacity and the
presence of complex element associations such as V,
Mo, U, Ni, Zn, and REEs [[3], [4], [5]]. However, the
complex matrix structure, the occurrence of uranium in
sparingly soluble forms, and the incorporation of
vanadium into phyllosilicates significantly complicate
their processing [6]. Consequently, the treatment of
black shales requires combined technological schemes
that include beneficiation, activation, and subsequent
hydrometallurgical extraction stages.

One of the most promising approaches involves the

use of sorption technologies, which allow effective
concentration of uranium and associated elements
from productive solutions. A number of international
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studies have demonstrated that uranium in sulfuric acid
media forms stable anionic complexes, which can be
effectively recovered by anion-exchange resins with
high selectivity [7]. The sorption capacity of modern
resins may reach tens of milligrams per gram of material
[[8], [9]], while desorption efficiency can exceed 90%
[10].

Recent research emphasizes the application of
sorption for uranium recovery from complex solutions,
including those derived from black shales, through the
use of various types of anion exchangers and
optimization of process parameters [11]. To ensure the
reliability of results, sorption has been studied under
both static and dynamic conditions, including column
experiments and mass-transfer modeling [12].
Theoretical approaches, such as modeling the selectivity
of U and V, have also been applied to justify sorbent
selection and to predict performance [[13], [14]].

Thus, a review of the literature confirms that
sorption methods represent an efficient tool for
concentrating uranium and separating it from other
elements, including vanadium. In combination with acid
leaching, sorption forms the basis of promising
technologies for processing unconventional mineral
resources.

In our previous studies [15], it was established that
the combination of reverse coal flotation and sulfuric
acid leaching with the use of trichloroisocyanuric acid
ensured high uranium recovery (up to 94-95%) and
resulted in productive solutions containing uranium and
vanadium. These findings highlighted the importance of
preliminary carbon removal and oxidation of uranium-
bearing phases to enhance metal accessibility and
improve subsequent hydrometallurgical operations.
The present study focuses on further investigation of
these productive solutions, specifically the sorption
recovery of uranium and vanadium, in order to evaluate
the effectiveness of different anion-exchange resins and
to determine the optimal process parameters for
maximizing metal recovery. The scientific novelty of the
study lies in the mass balance analysis of sorption and
desorption processes for both uranium and vanadium,
as well as in identifying the limitations of vanadium
recovery caused by its mixed ionic forms. The obtained
results broaden the understanding of sorption behavior
in complex acidic systems and provide a basis for
improving technological flowsheets aimed at processing
black shale ores and unconventional mineral raw
materials.

Materials and methods

Materials

The object of the study was productive solutions
obtained after sulfuric acid leaching of uranium-bearing
black shale ore that had been preliminarily beneficiated
by reverse coal flotation. The ore was mined in Southern
Kazakhstan. The uranium concentration in the
productive solutions ranged from 45 to 48 mg/L, while
vanadium concentrations were 155 to 168 mg/L.

As sorbents, the following anion-exchange resins
were used: AMP, AV-17, A-140, and Amberlite. For
desorption of the saturated anion exchangers, a 1 M
ammonium carbonate solution (NH4)>COs was applied.
Laboratory glassware, beakers, a sorption column, and
vessels of various volumes were employed in the
experimental work.

Methods

Sorption and desorption experiments were carried
out in batch-operated columns. Productive solutions
were passed through a layer of anion-exchange resin
until equilibrium was achieved, after which the
saturated resin was subjected to desorption using
ammonium carbonate solution. The process was
performed under controlled hydrodynamic and
temperature conditions, ensuring reproducibility of
results.

The efficiency of sorption and desorption of
uranium and vanadium was calculated according to the
following relationships:

Mass of element in solution (m, mg):

mM=CxVn, (1)

Sorption capacity of the resin (g, g/kg):

q=m/mresin (2)
Recovery degree (E, %):
Ezmsorbminitxloo (3)

where Cis the concentration of the element (mg/L);
V is the volume of solution (L); Mresin is the mass of the
sorbent (kg); msor, is the mass of the element fixed on
the resin or transferred to the eluate (mg); and miniis the
mass of the element in the initial productive solution
(mg).

Analytical Methods and Equipment

The elemental composition of the initial and treated
samples was determined using inductively coupled
plasma optical emission spectrometry (ICP-OES) and X-
ray fluorescence (XRF) analysis. Sorption—desorption
experiments were carried out under controlled
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hydrodynamic and temperature conditions with the use
of a BT20-21 liquid thermostat (Russia) and an LS-301
peristaltic pump (China).

Results and discussion

The productive sulfuric acid solutions obtained as a
result of leaching were used in experiments on the
sorption recovery of target components-uranium and
vanadium. Uranium sorption on anion exchangers
occurs mainly due to ion exchange and complexation
with uranyl sulfate anions. The process can be
represented by the following reaction [11]:

(RN)2504 + [UOz(SO4)z] = (RN)z(UOz(SO4)2) + (504) 2 (4)
where RN is the matrix of the anion exchanger.

The kinetics of uranium sorption is governed by
mass transfer across the diffusion layer surrounding the
resin grains and strongly depends on the acidity of the
medium. As the pH increases, the sorption rate
decreases, thus prolonging the time required to reach
equilibrium. Under industrial conditions, effective
uranium recovery requires extended contact of the
sorbent with the solution [16].

Unlike uranium, vanadium exists in solutions in
various ionic forms: both as cations (in oxidation state
IV) and as anionic complexes (in oxidation state V) [17].
Consequently, two mechanisms-cation exchange and
anion exchange-are simultaneously involved in its
recovery. This particularity complicates the selective
extraction of vanadium and reduces efficiency
compared with uranium, which predominantly exists in
a single form.

The efficiency of uranium and vanadium sorption
depends on the concentration of metals, the type of ion-
exchange resin, the acidity of the medium, and the
presence of interfering ions such as S0427, NOs~, CI”, and
Fe3*. At low uranium concentrations (1-25 mg/L),
distribution coefficients are considerably higher than at
elevated concentrations (100-1000 mg/L), regardless of
the type of anion exchanger. Increased acidity,
especially when using strongly basic resins, significantly
reduces sorption capacity. Depressor anions also
diminish recovery, with their effect intensifying as their
affinity for the functional groups of the resin increases
(Figure 1) [18].

Figure 1 — Sequence of increasing depressive
effects of anions

At the stage of uranium and vanadium sorption
studies, four types of anion exchangers were tested:
AMP, AV-17, A-140, and Amberlite. The dependence of
recovery efficiency on temperature (25, 35, and 45 °C)
was also examined. The initial concentrations of
uranium and vanadium in the solution were 48 mg/L
and 168 mg/L, respectively. Each sorbent was loaded in
a single-stage mode, and the residual metal
concentrations in the raffinate were determined to
calculate recovery degrees. The efficiency of uranium
and vanadium recovery by different sorbents at various
temperatures is shown in Figures 2 and 3.
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Figure 2 — Uranium recovery as a function of temperature
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Figure 3 — Vanadium recovery as a function of temperature

For laboratory experiments, AMP resin was
selected as the sorbent due to its high sorption capacity
in acidic media (up to 80.0 g/kg at pH = 2.0). The initial
productive solution volume of 50.0 L contained uranium
andvanadium at concentrations of 45.0 and 155.0 mg/L,
respectively, corresponding to total masses of 2250.0
mg U and 7750.0 mg V. A total of 100 g of AMP resin was
loaded into the column, which under the given
conditions excluded reaching the maximum sorption
capacity. Solution delivery was provided by a peristaltic
pump at a flow rate of 0.5 L/h, while heating to 45 °C
was maintained in a thermostatic water bath (Figure 4).
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Figure 4 — Laboratory setup scheme for sorption
experiments: 1 —tank with productive solution; 2 —flask with
solution in thermostatic bath; 3 — peristaltic pump;

4 — column filled with resin; 5 — raffinate container
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[

Figure 5 — Mass balance of uranium and vanadium
during sorption

Figure 6 — Visual changes in AMP resin appearance

Sorption loading of the resin was conducted over
three consecutive days, 10 hours each day. As the
process progressed, a systematic decrease in the
concentrations of target elements in the solution was
observed: in the final raffinate, the residual uranium
concentration was 2.8 mg/L, and vanadium was 63.5
mg/L. Mass balance calculations showed that 2110.0 mg
U (21.1 g/kg) and 4575.0 mg V (45.75 g/kg) were sorbed
onto 100 g of resin, corresponding to recovery
efficiencies of 93.78% and 59.0%, respectively. The total
resin loading with target components reached 66.85
g/kg. The distribution of uranium and vanadium masses
between raffinate and resin is presented in Figure 5.

In addition to recovery of the target components,
partial uptake of impurity elements, mainly iron and

copper, was observed. After completion of the process,
changes in the physical characteristics of the resin were
noted: its mass increased by 15 g, granules swelled, and
their color darkened, reflecting intensive loading of
active sites with uranium and vanadium ions (Figure 6).

Comparative X-ray fluorescence analysis of the
original and saturated AMP resin samples revealed
pronounced structural and chemical modifications. In
the saturated resin, oxygen content increased from
11.49% to 15.88% and sulfur from 4.09% to 10.41%,
reflecting the accumulation of sulfate ions from the
sulfuric acid solution and a higher oxidation degree of
the organic matrix. Target elements—vanadium (4.5%)
and uranium (2.1%)—were detected in the resin, with
amounts consistent with the calculated sorption
balance.

The chlorine content decreased nearly threefold
(from 20.7% to 7.18%), indicating chloride substitution
as a result of ion exchange, characteristic of chloride-
type resins. The organic backbone, represented by
CnHan spectra below oxygen, decreased by 2.7%,
indicating partial involvement of functional groups in
sorption. At the same time, the experiments
demonstrated that the chlorine-active components of
TCCA, used for preliminary oxidation of black shale ores,
do not exert a depressive effect on the sorption capacity
of the resin.

At the next stage of the technological process,
desorption of uranium and vanadium from the
saturated AMP resin was carried out. A 1 M ammonium
carbonate solution heated to 60 °C was used in the
experiments. The column was loaded with 100 g of resin
previously washed of acid residues. The eluate volume
was 0.2 L, and the process duration was 8 hours; the
apparatus remained identical to the sorption stage.

According to mass balance analysis (Figure 7), out of
the 2110 mg of uranium accumulated in the resin (21.1
g/kg), 1996 mg was transferred to the eluate, while the
residual mass was only 120 mg (1.2 g/kg). Thus,
desorption efficiency reached 94-95%, and the overall
uranium recovery into the eluate amounted to 88-89%.
The uranium concentration in the final eluate was 9.98
g/L, confirming a high degree of enrichment.

Uranium Desorption Balance Vanadium Desorption Balance

108
2000|

Mass of V, mg

Mass of U, mg
tass

Figure 7 — Mass balance of uranium and vanadium
during desorption
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The behavior of vanadium differed substantially.
With an initial loading of 4575 mg (45.8 g/kg) in the
resin, only 3148 mg transferred to the eluate, while
about 1250 mg remained in the sorbent. Desorption
efficiency was approximately 69%, while the overall
recovery of vanadium did not exceed 41-43%.
Nevertheless, the concentration of vanadium in the
eluate was relatively high, 15.74 g/L, g/L-confirming the
feasibility of its further processing.

The difference in recoverability between uranium
and vanadium is determined by their chemical nature.
Uranium in sulfuric acid solutions forms stable anionic
uranyl sulfate complexes, which are effectively
desorbed by carbonate solutions. Vanadium, in
contrast, occurs in mixed forms — both anionic and
cationic — limiting its transfer into the carbonate eluate
and lowering desorption efficiency. These observations
are consistent with the literature, which emphasizes the
need for additional steps, including pH-controlled
precipitation, to enhance extraction completeness [[19],
[20]]. The presence of vanadium in productive solutions
also exerts a competitive influence on uranium sorption
and desorption, reducing their selectivity and efficiency,
which makes the problem of separation particularly
relevant [21].

The obtained results convincingly confirm the high
efficiency of uranium sorption on AMP resin: high
recovery rates were achieved while forming a saturated
sorbent with predictable loading parameters. This
allows sorption to be considered a reliable stage of
preliminary concentration. To achieve residual uranium
and vanadium concentrations of less than 1-2 mg/L in
solutions, it is advisable to use multi-stage sorption. In
industrial practice, this approach is implemented
through cascade passage of solution through multiple
columns, ensuring complete resin saturation at the
point of “breakthrough” of target ions past the last
column. Optimal parameters, including the sorption
layer length and the number of columns, are
determined by solution acidity and salt composition.

At the same time, the limitations observed in
vanadium recovery highlight the need to improve the
technological scheme. To increase selectivity and
ensure  comprehensive  separation of target
components, supplementing the sorption stage with
extraction methods is recommended, which can serve
as an effective tool for the subsequent processing of
productive solutions.

Conclusions

The conducted research confirmed the high
efficiency of the sorption method for concentrating
uranium from productive solutions of black shale ores.
Several types of anion-exchange resins (AMP, AV-17, A-
140, and Amberlite) were tested, enabling a
comparative evaluation of their performance. Among
them, the AMP resin demonstrated the best results,
achieving the highest sorption efficiency (93.8%) and
stable desorption parameters (94-95%), which ensured
an overall uranium recovery into the eluate of 88—-89%.

For vanadium, sorption efficiency was 59.0%, while
desorption efficiency was approximately 41-43%. This is
attributed to the complex chemical nature of the
element and the coexistence of both anionic and
cationic forms. Thus, AMP resin can be considered the
most promising sorbent for uranium recovery, providing
selective separation and enrichment compared with the
other tested resins.

At the same time, the limited recoverability of
vanadium and its relatively low desorption efficiency
indicate the need for further improvement of
processing schemes. To enhance separation efficiency
and selectivity, it is recommended to supplement the
sorption stage with extraction methods, which would
enable more complete recovery and separation of
uranium and vanadium within complex technological
flowsheets. Black shale ores of Southern Kazakhstan are
large-tonnage, unconventional sources of strategic
metals; therefore, the proposed approaches may be
applied in industrial processing of this type of raw
material, contributing to a more comprehensive and
efficient use of the mineral resource base.
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Kapa TakraTtac KeHaepiHiH eHimai epiTiHainepiHeH ypaH meH BaHaguia,i
CoOpbUMANDBIK KOHUEHTpauuanay

byneHb6aes M.XK., Antaii6aes b.T., Maromepgos [1.P., bakpaesa A.H., bekneucos X.K.

Memannypaus 1aHe KeH balibimy uHcmumymei AK, Cambaes yHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME

Byn symbicta OHTYCTIK Ka3aKCTaHHbIH, Kapa TaKkTaTac KeHAepiH eHAey KesiHAe anblHFaH eHimaj
KbIWKBIA epiTiHainepiHeH ypaH MeH BaHaauiai copbumanay KsHe aecopbuuanay npouecrtepi
3eptrengi. MyHAan KeHaep CTpaTervanbik MeTangapablH ASCTYpAi emec Kesgepi 6osbin
TabblNaabl KaHe ACTYPNI MUHepanapl-LUMKI3aT 6asacbiHbIH, LIEKTeyNi KafaanblHAQ epeKlue
KbI3bIFYLWbIAbIK TyAblpadbl. TUiMAinikTi 6afanay ywiH aHMoHUTTEpAiH, 6ipHewe Typi (AMP, AV-17,

Makana Kengi: 2 Koipkyliek 2025 A-140 xaHe Amberlite) cbiHanfaH, 6yn onapaplH, copbumanbik, KabineTi MeH cenekTUBTINIriH
CapanTamagaH eTTi: 5 Keipkyliek 2025 CaNbICTbIPManbl TandayFa MyMKIHAIK 6epai. EH, KaKcbl HaTukenepai AMP waiibipbl KepceTTi, on
Kabbinpanabl: 25 Keipkyliex 2025 KYKIPT KblWKbIAAbI OPTada ypaHAbl KOfapbl Agperkene CiHipyAai »KoHe BaHaguit 6oibiHWa

KaHafaTTaHapAbIK KepceTKiwTepai KamTamacbi3 eTTi. [ecopbuuanbik Taxipubenep ypaHabl
3/110aTKa TUIMAI Kewipy MYMKIHAIrH pacTagbl, 6yN KOHUEHTpauua MeH Ta3apTyAblH, KewniHri
KeseHJepi YWIiH YyAKeH MaHpI3fa MWe. BaHaguiiai 6enin any snemeHTTiH, SpTYpAi MOHABIK
dbopmanapga 6onybiHa 6GalnaHbICTbl  WeKTeyni 6ongpl. ANblHFAH HITUMXKenep ypaHabl
KOHLEHTpauuAnayaplH, CeHimai caTbicbl peTiHAe COpPOUMANBIK TEXHONOTUAHbIH, HonawarbiH
pacTaipl KaHe MaKcaTTbl KOMMOHeHTTepai 6eny MeH KannblHa KenTipyAjH TONbIKTbIFbIH
JKAKCapTY YLUiH SKCTPaKUMA Hemece CeNneKTUBTI TYHAbIPY CUAKTbI KOCbIMILA d4iCTepAi KonaaHy
KaXKeTTiNiriH KepceTtesi.

TyiiiH ce30ep: ypaH, BaHaaui, copbuma, gecopbums, aHMOHMT.
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Cop6bLuMOHHOE KOHLEeHTPUPOBaHME ypaHa U BaHAAUA U3 NPOAYKTUBHbBIX pacTBOpPOB
YepHOCNaHLEBbIX pPyA,

byneHb6aes M.XK., Antaii6aes b.T., Maromepos [1.P., bakpaesa A.H., bekneucos X.K.

AO UHcmumym memannypeuu u obozaweHus, Satbayev University, Aamamel, KazaxcmaH

AHHOTALMUA

B pmaHHOM paboTe uccnenoBaHbl npoueccbl copbuun UM gecopbumm ypaHa M BaHaauA U3
NPOAYKTUBHbIX KWUCAOTHbIX PacTBOPOB, MOJIyYEHHbIX MPU NepepaboTKe YepHOCNAHUEBbIX Py
Moctynuna: 2 ceHmabps 2025
PeueHsnpoBaHue: 5 cenmabps 2025
MpuHATa B neyatb: 25 ceHmMAbpa 2025

lOHoro KasaxcraHa. Takue pyfbl OTHOCATCA K HETPAaAULMOHHBIM UCTOYHUKAM CTpaTerMyeckmx
METa/I/IoB U MpPeACTaBAAOT 0cobblii MHTEPeC B YCI0BUAX OFPaHUYEHHOCTU TPAAULMOHHOM
MUWHEpPaNbHO-CbipbeBOV 6asbl. A OUueHKN 3PEKTUBHOCTM BblIM UCMbITaHbI HECKOIbKO TUMOB
aHnoHuToB (AMIM, AB-17, A-140 n Amberlite), 4To NO3B0/IMNO NPOBECTU CPABHUTENbHbIN aHaNW3
UX COPBLMOHHON EMKOCTU U CENeKTUBHOCTU. Haunydwue pesynbTaTthl nokasana cmona AMI,
obecneunBlUan BbICOKYIO CTEMEHb U3B/EYEHWA ypaHa U yAOBNETBOPUTE/IbHbIE MOKasaTesn Mo

BaHaAMIO B CEPHOKUC/ION cpese. [ecopbLmoHHbIe 3KCMEPUMEHTbI NOATBEPAUAN BO3MOKHOCTb
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Sd)d)EKTVIBHOI'O nepeHoca ypaHa B 3/110aT, YTO UMeeT BaXKHOe 3HayeHune ana nocnegyrowmx cra,u,mﬁ
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CylWeCcTBOBaHMA 31eMeHTa B  Pas3/IMYHbIX UOHHbIX d;opmax. MonyyeHHble pe3ynbTaTbl
noATBEPXKAAOT NEepPCneKTUBHOCTb COp6LI,MOHHOﬁ TEXHONOTMM  KaK  HaAéXHoro 3Tana
KOHUEHTPUPOBAaHMA YypaHa W YKa3bliBalOT Ha HeO6XO,D,VIMOCTb npumeHeHunAa OO0NOJIHUTE/IbHbIX
METOAO0B — TAKUX KaK 3KCTPaKUUA UNU CENEKTUBHOE OCaxXAeHWe — ANA NOBbIWeHUA NONHOTbI
pasaeneHna U nsssevyeHUA LenesBblXx KOMNOHEHTOB.
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Innovative approaches to the processing of vanadium- and molybdenum-
containing technogenic waste
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ABSTRACT

This article explores the consumption trends of vanadium and molybdenum across various
industrial sectors, highlighting their strategic importance and the growing demand for a
sustainable supply of raw materials. It analyses the sources of these elements of both natural and
technogenic origin, including metallurgical slags, ashes, spent catalysts, and other industrial waste
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Peer-reviewed: August 15, 2025
Accepted: September 26, 2025

of vanadium and molybdenum compounds, which can have toxic effects on the environment. The
study emphasises the need to incorporate secondary resources into industrial circulation to ensure
the rational use of the mineral resource base and improve the efficiency of metal extraction from
primary raw materials. A review is provided of existing chemical and hydrometallurgical methods
for extracting vanadium and molybdenum, taking into account the composition of the processed
material, technological conditions, and the limitations of specific approaches. The article
underscores the potential of integrated waste processing, which enables the recovery of multiple
valuable components and supports the transition to a circular economy.

Keywords: vanadium, molybdenum, ash and slag wastes, metallurgical slags, filtrate,
hydrometallurgical methods, pyrometallurgical methods, bacterial leaching.
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Introduction

In the context of global growth in industrial
production and raw material consumption, the issue
of natural resource depletion is becoming
increasingly pressing. The world's reserves of many
strategically important metals, including vanadium
and molybdenum, are limited. At the same time, vast
amounts of technogenic waste are generated

annually, containing residual quantities of valuable
elements that remain unutilised and are disposed of
in landfills, thereby adding to the environmental
burden.

According to geological survey estimates, easily
accessible reserves of vanadium and molybdenum
are diminishing, and the concentrations of these
elements in primary ores are decreasing. As a result,
the costs of extraction and processing are rising, and
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the economic efficiency of traditional technologies is
declining. This situation is driving the shift toward a
circular economy, in which waste is viewed not as a
burden but as a potential resource [1].

The integrated processing of secondary
resources, such as metallurgical slags, fly ash, spent
catalysts, and technological sludges, not only
enables the recovery of strategically important
metals into the production cycle but also reduces the
volume of industrial waste. This approach addresses
two key challenges simultaneously: ensuring
resource security and mitigating environmental
risks.

Vanadium and molybdenum are among the
strategically important metals widely used across
various industrial sectors. Their unique properties
make them indispensable in metallurgy, the
chemical and energy industries, as well as in high-
tech sectors of the economy.

In recent years, global vanadium consumption
has been steadily increasing due to the growing
worldwide production of structural, stainless, and
speciality steels. Beyond the metallurgical and
chemical industries, vanadium and its compounds
are also extensively used in nuclear and hydrogen
energy applications and in the production of
vanadium redox flow batteries.

The primary application of vanadium lies in the
production of alloyed steels. The addition of
vanadium significantly enhances the strength, wear
resistance, and thermal stability of steel. Due to
these properties, vanadium-containing alloys are
widely used in  construction, mechanical
engineering, pipeline manufacturing, and the
production of railway rails. Vanadium is also utilised
in the production of armoured steels for the defence
industry [[2], [3]].

In addition, vanadium pentoxide (V,0s) is used
as a catalyst in the production of sulphuric acid and
in various oxidation processes in the chemical
industry. In recent years, increasing attention has
been paid to the use of vanadium in the energy
sector—particularly in vanadium redox flow
batteries (VRFB), which are regarded as promising
energy storage systems for renewable energy
sources [4].

Molybdenum is primarily used as an alloying
element in materials designed to operate under high
temperatures and aggressive environments. It
enhances strength, heat resistance, corrosion
resistance, and wear resistance. Molybdenum-
containing alloys are widely applied in the aerospace
industry, power generation, the oil and gas sector,
and nuclear energy.

A significant portion of molybdenum is used in
the form of sulphides as catalysts in hydrotreating
and hydrocracking processes in the petrochemical
industry. Additionally, molybdenum compounds are
utilised in the production of pigments, specialised
lubricants, semiconductors, and glass enamels.

The limited availability of natural sources of
vanadium and molybdenum, the high costs
associated with their extraction, and geopolitical
risks related to supply chains underscore the
strategic importance of these metals. Both elements
are included in the list of critical raw materials in
several countries, including the European Union, the
United States, and China.

Modern metallurgy and energy production
generate substantial volumes of technogenic waste,
which, despite the completion of the main
production cycle, still contain residual amounts of
valuable components, including vanadium and
molybdenum. These waste materials are considered
secondary resources that can be processed to obtain
marketable products.

The most promising types of secondary raw
materials for the extraction of vanadium and
molybdenum include:

Fly ash and ash-slag waste: These are formed
during the combustion of coal, fuel oil, and oil sludge
at thermal power plants (TPPs). Such waste often
contains vanadium in the form of oxides or complex
compounds, particularly when the burnt fuel had a
high content of vanadium and sulphur. In the ash
from fuel oil combustion, vanadium concentrations
can reach 5-10% [[5], [6], [7]].

Metallurgical slags: By-products of pig iron,
steel, and alloy production. In converter slags and
ferrovanadium slags, vanadium is typically presentin
the form of oxides or ferrites, with concentrations
ranging from 1% to 15%. Some slags also contain
molybdenum, especially when molybdenum-
bearing ores have been processed.

Spent catalysts: Catalysts used in the oil refining
and chemical industries often contain molybdenum
and vanadium in the form of sulphides and oxides.
After their operational lifespan ends, these materials
become waste suitable for secondary processing.
The molybdenum content in such catalysts can reach
10-20%, while vanadium content may be up to 5%
(81, [91].

Sludges, filtrates, and dust residues: These are
generated during filtration, wet gas scrubbing, and
ore beneficiation processes. These materials often
have a fine-grained structure, which facilitates
subsequent metal recovery when properly
pretreated.
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Secondary resources represent a significant
source of vanadium and molybdenum, with
concentrations in certain waste streams comparable
to—or even exceeding—those found in primary
ores. Efficient processing of such materials could
offer a sustainable alternative to conventional
mining.

Classification of  Secondary
Containing Vanadium and Molybdenum

The use of secondary resources is no longer
merely an alternative—it has become a key strategic
direction in modern metallurgy. In the coming years,
metallurgists face the challenge of significantly
reducing the energy and material intensity of
production processes [10]. A critical solution to this
challenge lies in the integration of secondary
resources into various metallurgical technologies.
The most effective results can be achieved when
waste materials are returned to the very processes
in which they were generated. When this is not
feasible, such waste should be efficiently
repurposed for other applications under
economically favourable conditions.

Thermal Power Generation and  Fuel
Combustion. The combustion of solid fuels (coal, fuel
oil, and petroleum) produces fly ash and ash-slag
residues in which metal-containing components of
the original raw materials accumulate. A significant
quantity of vanadium is found in the waste from
thermal power plants, particularly those burning
fuel oil. The V,0s content in such residues averages
between 15% and 20% [11]. Another important
source of secondary vanadium raw materials is
spent catalysts from sulphuric acid production,
which contain 5-10% V,0s. Additionally, the mining
and beneficiation of vanadium-bearing ores
generate massive volumes of tailings, classified as
secondary vanadium resources, with V,0s content
up to 1%. Molybdenum can also be present in
combustion residues, particularly when coal with
high levels of mineral inclusions is used.

Metallurgical Slags and Dust Residues. During
steelmaking, ferroalloy production, and the
processing of vanadium- or molybdenum-bearing
ores, a significant portion of these elements
transfers into by-products such as slags, dust, and
filtration sludges. For instance, the vanadium
content in converter slags can reach 10-15%,
depending on the ore composition and the specific
technology employed [12]. These types of waste are
generated in large volumes and accumulate over
time at industrial sites, making them highly
attractive for secondary processing and metal
recovery.

Resources

Oil Refining and Chemical Industry. The
widespread use of vanadium and molybdenum is
largely due to their catalytic properties. These
elements are key components of industrial catalysts
employed in processes such as hydrotreating,
hydrocracking, and desulfurisation of crude oil and
petroleum products. Once their service life ends,
these catalysts become highly concentrated waste
materials: the molybdenum content can reach 10—
20%, and vanadium up to 5-8% [13]. This makes
them a particularly valuable type of secondary raw
material.

Ore Beneficiation and Processing. During the
processing of molybdenum- and vanadium-bearing
ores, tailings, sludges, and spent solutions are
generated, often retaining a substantial portion of
valuable metals. This is mainly due to incomplete
recovery of these elements during flotation,
leaching, and filtration processes [14]. The presence
of fine particles and chemically bound forms of Mo
and V complicates their extraction, but modern
technologies increasingly allow for efficient recovery
even from such complex waste streams.

Vanadium and molybdenum enter secondary
raw material flows from a wide range of industrial
sources. Their further processing and extraction not
only help to address the shortage of strategic metals
but also contribute to reducing the accumulation of
environmentally hazardous waste [15].

Technologies for Processing Vanadium- and
Molybdenum-Containing Waste

As previously mentioned, technogenic waste
from vanadium production includes sludges, ash,
slags, and other solid residues containing oxides of
vanadium, molybdenum, iron, aluminium, and other
elements. The concentration of valuable
components varies depending on the production
technology and the characteristics of the original
raw materials. The following key approaches are
used for vanadium extraction from such waste:

- Hydrometallurgical Methods: These include
both alkaline and acid leaching, which allow
vanadium to be converted into a soluble form. For
example, leaching with alkaline solutions such as
sodium hydroxide (NaOH) or potassium hydroxide
(KOH) is effective for processing slags with high
vanadium content. Studies have shown that using
sulphuric acid (H,SO4) at concentrations of 45-50
g/L, combined with pre-grinding of the material to a
particle size of 0.1 mm, significantly enhances the
efficiency of vanadium extraction, enabling a high
degree of solubility [16].
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In a study on the hydrometallurgical processing
of molybdenum-bearing industrial products from
the Shatyrkul-Zhaysan ore cluster, experiments
were conducted on atmospheric leaching using nitric
acid in both single-stage and two-stage counter-
current modes to optimise molybdenum recovery
and minimise acid consumption. The most effective
conditions for single-stage leaching were found to
be a nitric acid concentration of 300g/L and a
sulphuric acid concentration of 100 g/L at 90 °C for 2
hours, resulting in a molybdenum recovery rate of
98.8%. The two-stage leaching process further
improved efficiency, achieving a recovery rate of
94.3% using solutions with lower residual acidity and
redox potential. Additionally, the solvent extraction
stage was optimised using the molybdenum-specific
extractant CYANEX® 600 and the diluent Elixore 205,
based on the initial leach solution composition. The
final product commercial-grade
molybdate with a molybdenum content of 46.83%.
This study demonstrated a successful method for
producing market-grade calcium molybdate from
copper-molybdenum achieving high
molybdenum recovery, reducing acid consumption,
and minimising harmful emissions [17].

- Pyrometallurgical Methods: These include
roasting and smelting processes. For example,
slags with alkaline additives at
temperatures of 930-950 °C can achieve vanadium
recovery rates of up to 30% [8].

While such methods are effective for
preliminary vanadium concentration, they are
associated with high energy consumption.

- Sorption Technologies: The use of ion-

was calcium

ores,

roasting

exchange resins and sorbents allows for the efficient
extraction of vanadium from liquid waste streams.
These methods are particularly advantageous for
treating low-concentration solutions or for final
purification steps in hydrometallurgical processes.
The methods for extracting molybdenum from
technogenic waste are largely similar to those used
for vanadium. Hydrometallurgical approaches,
particularly leaching followed by precipitation, are
considered the most promising. Specifically, acid
leaching followed by the precipitation of
molybdenum in the form of ammonium molybdate

has proven effective in achieving high recovery rates
[18].

Bacterial Leaching (Bioleaching): Bioleaching is
an environmentally friendly method for metal
extraction using microorganisms—typically bacteria
such as  Acidithiobacillus  ferrooxidans  or
Acidithiobacillus thiooxidans—which convert metal-
containing compounds into water-soluble forms.
This approach reduces the use of aggressive
chemical reagents and significantly lowers energy
consumption.

Bioleaching strategies applied to the treatment
of spent hydrodesulfurization catalysts highlight the
considerable potential of microbe-driven biocycling
recovery. This method offers key
advantages, including low capital and operating
costs, reduced energy and reagent consumption,
and mild operating conditions with minimal
emissions. Bacteria such as A. ferrooxidans and A.
thiooxidans play a critical role in metal dissolution
through various mechanisms, including direct and
indirect oxidation, as well as sulphur, thiosulphate,

for metal

and polysulphide oxidation pathways. Similarly,
fungi such as Aspergillus niger and Penicillium
contribute to metal
through processes such as acidolysis, complexolysis,
redox reactions, and bioaccumulation. In addition to
factors such as pulp density, pH, and particle size,
the toxicity of metals to microbial cultures is

simplicissimum recovery

identified as one of the most significant parameters
affecting metal mobilisation in bioleaching systems.
Therefore, the use of adapted microbial strains is

reducing metal toxicity, enhancing
growth, and improving the overall

critical to
microbial
efficiency of bioleaching processes [19].

The development of a technology for the
integrated processing of technogenic waste from
with the extraction of
represents an

vanadium production,
vanadium and molybdenum,
important step toward more sustainable and
environmentally  friendly These
technologies not only offer economic benefits but

production.

also contribute to the conservation of natural
resources, making them extremely valuable in the
context of today’s world [[20], [21], [22], [23], [24],
[25]].
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Table 1 — Analysis of Main Methods for Extracting Vanadium (V) and Molybdenum (Mo) from Secondary Resources,
Including Hydrometallurgical and Pyrometallurgical Techniques:

Recoverable Forms

solution purification stage

Method Type Applicability Advantages Disadvantages of V and Mo
Alkaline Hvdrometallur Power plant ash, slags, High selectivity for :ZSJ\ZSIY?SES#Q NaV0s, Na:MoOs
Leaching Y &Y spent catalysts vanadium; mild conditions v; red

Acid Leaching

Suitable for simultaneous

High corrosivity, formation

VOSO4, M0Os,

(H2S04, HCl, Hydrometallurgy Catalysts, sludges, slags extraction of V and Mo of toxic gases (NH2):MoO,
HNO;)
Ammor}lum Hydrometallurgy Spent catalysts, ores High selectn{lty for Mo (as Low vanad|urT1 soI'ub|I|ty; (NHa)2M0Oa
Leaching ammonium salts) long leaching time
Roasting with Hvdro- and Conversion of V and Mo into High eneray consumption
Na,COs or NaOH Y Slags, ash, ores soluble forms; high s &y A ption, NaVOs, Na;MoO,
. Pyrometallurgy . dust pollution

+ Leaching efficiency

Sulphidation +

Pyrometallurgy

Concentrates, slags

Enhanced Mo recovery as

Requires high
temperatures; difficulty in

MoS, (with further

Physicochemical

of solutions

Leaching sulphides selective separation processing), V,0s
Oxidises V and Mo into
Oxidati . High t tures, high
X a. ve Pyrometallurgy Alloy steel waste, slags volatile or soluble 'gh temperatures, nig V205, MoO3
Smelting energy costs
compounds
Sorption/lon . .. e Requires pre-treatment of
) . High selectivity; ficati . .
Exchange from Post-leaching solutions gh selectivity; purification solution, expensive V(V), Mo(VI)

Solutions sorbents
Solvent
Extraction with . . Post-acid leaching Separation of V and Mo; Multi-stage process, Organic complexes of
. Physicochemical . R L. . .
Organic solutions high selectivity organic waste generation V and Mo
Reagents

- Environmental and Economic Aspects of

the need for disposal sites and decreases soil, air,

Involving Secondary Resources in Processing

- The reuse of waste generated during
vanadium  production to extract valuable
components such as vanadium and molybdenum
represents a promising path toward improving
production profitability and minimising
environmental harm.  Successful  processing
experiences in Kazakhstan and other countries
demonstrate that modern recycling methods can
yield significant economic and environmental
benefits. Further progress requires new research
and development aimed at improving processing
technologies, enhancing their environmental safety,
and creating universal solutions applicable to various
types of waste.

- Environmental Significance: Reduction of
industrial waste volumes. Ash, slags, dust residues,
and spent catalysts are traditionally landfilled or
stockpiled, occupying space and causing long-term
environmental burdens. Their processing reduces

and water pollution.

- Prevention of toxic component leaching.
Vanadium and molybdenum in industrial waste can
transform into water-soluble forms and leach into
groundwater. Recovering these elements minimizes
the risks of bioaccumulation and toxic effects on the
environment.

- Reduction of carbon footprint. Metal
production from secondary raw materials requires
significantly less energy than extraction from
primary ores, contributing to lower greenhouse gas
emissions.

- Economic Efficiency:

- Increased recovery of valuable materials.
Integrated processing enables the extraction not
only of the target element (e.g., vanadium) but also
of associated components such as iron, nickel,
cobalt, sulphur, and others. This significantly
enhances the overall value of processing and the
profitability of the project.
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- Reduced dependence on imported raw
materials. Vanadium and molybdenum are classified
as critical materials in many countries. Utilising
domestic secondary sources strengthens raw
material security and the resilience of the
metallurgical sector.

- Creation of new sectors in the waste
recycling industry. Entire industries focused on
processing catalysts, slags, and ash are emerging,
creating jobs and driving technological innovation at
the intersection of metallurgy, chemistry, and
environmental science.

Table 2 — Comparison of Main Methods for Extracting Vanadium (V) and Molybdenum (Mo) from Technogenic Feedstock
Based on Efficiency, Environmental, and Economic Criteria

V/Mo Environmental Economic
Method Feedstock Type Recovery, % Impact Efficiency Comments
. Simple
High ;
. V: 85— Moderate (alkaline '8 (re?gents are suitable for
1. Alkaline . available, o
Leachin Slags, catalysts 95%Mo: up effluents require moderate ener oxidised
g to 98% neutralisation) . &Y forms
consumption)
2. Acid Leaching Slags. ash V: 80— Low (acidic High (inexpensive Versatile, but
(H2504, HCl, cafai o | 95%Mo: 70- effluents, & . e:ts) low
HNO3) ¥ 90% corrosion) & selectivity
A i M
ieacr:ir:onlum V: 65— High (ammonia (ammz:iel:?r:ialts Selective for
g Catalysts, slags | 90%Mo: 80— volatilises but can Mo, forms
((NHa).COs, 95% be captured) are more complex salts
NH,0H) ? P expensive) P
4. Roasting with V: 90— Low (high emissions Moderate Suitable for
Na,CO; or Ash, slag, (requires furnaces hardly
98%Mo: 90— and energy i
NaOH + catalysts . and additional soluble
. 99% consumption) .
Leaching equipment) phases
5. Sulphidation Molybdenum Mo: 80— Moderate (sulfur- Works better
+.Lea(?hin concentrates, 95%V: 40— containing Moderate for Mo than
& catalysts 70% emissions) forv
6. Oxidative V: 85— . For complex
Smelting (with Slags, ash 95%Mo: 70— Lowe(nI:iC; ;;:S)COZ Loc\gn(;:i] iinoer:)g ¥ matrices, but
NaNOs, Ca0) 90% P costly
. V/Mo High (closed-loop Moderate (mixed Reusable,
7. Sorption / , removal L )
Leach solutions - system, no liquid sorbents are more high
lon Exchange efficiency: effluents) expensive) selectivit
>95% P ¥
8. Solvent High
Extraction with Vi upto Moderate (organic selectivity
. Leach solutions 99.9%, Mo: Moderate to high L
Organic 90-99% solvent vapors) but requires
Reagents many stages
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The integrated processing of vanadium- and
molybdenum-containing waste is not only a way to
improve the efficiency of metallurgical processes but
also a powerful tool for the environmental
modernisation of industry. A powerful and efficient
tool like this integrated processing is essential [1]. It
enables the simultaneous resolution of pollution
issues, reduces dependence on natural resources,
and fosters the creation of sustainable economic
models within the framework of the green transition
[26].

The ores of the Greater Karatau region represent

a valuable but currently untapped source of rare and
rare earth elements (REEs), even though technology
is developing rapidly in the last 20 years [27]. To
develop an integrated processing technology for the
black shale ore, a series of chemical, X-ray phase,
infrared, mineralogical, X-ray spectral, and electron
microscopic studies were conducted. Rare and
especially rare earth elements in the ore are present
in various minerals as inclusions within a siliceous-
carbonaceous matrix. This explains the failure of
previously proposed processing methods, which
resulted in either incomplete recovery of valuable
components or uneconomical processes. New
approaches are required to achieve more complete
extraction. A method has been proposed for the
preliminary treatment of the raw black shale ore by
roasting with (NH4),SO; in the presence of
concentrated H,SO,4, followed by leaching of the
calcine with a dilute H,SO4 solution. Optimal
conditions for each stage were determined. Kinetic
studies of REE extraction from the sulphate calcine
under the most favourable conditions showed
maximum recovery rates of U —98%, V —92%, Mo —
89%, and REEs —78%. The rate constant and effective
activation energy for vanadium leaching, as a
representative of rare and rare earth metals, were
calculated. The process is diffusion-limited. After
leaching valuable components, the remaining
calcine can be used in a froth flotation enrichment
process to extract carbon-containing material and
subsequently as part of a charge for ferrosilicon
production. The solution obtained from leaching the
original calcine can be used for sorption recovery of
U, Mo, V, and REEs [27, 28].
The authors of [29] proposed a technological
scheme (Figure 1) for the processing of technogenic
waste through integrated extraction of vanadium,
molybdenum, and nickel, achieving a recovery rate
of 87%. Meanwhile, during electrochlorination
lasting 12 hours, the recovery rate of nickel was
slightly lower—58%.

Raw materials

v

Burning 900°C

Grinding

l.eacrhing ' :
NaCO03 (20%) '
| Mo, V
Leaching . %
NaOH (300 dm®) |

Leaching with a
complex reagent

Ni Remainder

Figure 1 — Technological Flowchart for the Processing of
Technogenic Waste with Integrated Extraction of
Vanadium, Molybdenum, and Nickel

Conclusion

In the context of depleting high-grade natural
ores and growing demand for strategic metals, the
use of technogenic raw materials as an alternative
source of vanadium and molybdenum is becoming
increasingly relevant. Metallurgical slags, ash, spent
catalysts, and other secondary resources not only
contain high concentrations of valuable components
but also pose a potential environmental threat when
stored long-term or disposed of improperly.

The analysis shows that integrated waste
processing technologies make it possible not only to
efficiently extract vanadium and molybdenum but
also to recover valuable by-products such as iron,
nickel, sulphur, aluminosilicates, and others. This
significantly enhances the economic viability of
processing and helps reduce the environmental
burden.

The most promising approaches are combined
flowsheets that integrate pyrometallurgical,
hydrometallurgical, and biotechnological methods.
Their application should consider the specific waste
composition, the chemical form of the metals, the
level of contamination, and the final processing
objectives. Particular attention must be given to the

— 10l—/——
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environmental safety of all stages of the
technological process.

The development and implementation of such
technologies align with the goals of sustainable
development, resource conservation, and the
transition to a circular economy. This enables the
creation of closed production cycles and the
effective integration of waste recycling into existing
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ABSTRACT
B ctaTbe paccMoTpeHbl HanpasaeHua noTpebieHna BaHagna  monmbaeHa B pasIMyHbIX OTPACAAX

NPOMBILNEHHOCTH, YTO NOAYEPKMBAET UX CTPATENMYECKYHO 3HAYMMOCTb M PACTYLLYH NOTPe6HOCTb
B ycToluMBOM obecrnedyeHUn CbipbéMm. MpPoaHaNU3MpPoBaHbl UCTOYHMKM ITUX IEMEHTOB KaK
NPUPOAHOTO, TaK U TEXHOTEHHOTO MPOUCXOXKAEHUSA, BKAOYAA METANNYPruYeckme WNAKK, 30/bl,
oTpaboTaHHble KaTa/nM3aTopbl M APYyrMe OTXOA4bl MNPOMbIWIEHHbIX MpoueccoB. OTaenbHoe
BHUMaHUe yaeneHo 3KO/0rM4yeCKMm pmncKam, CBA3aHHbIM C HaKoM/IeHUem COE,EI,VIHEHVII\/'I BaHaauA
M monnbaeHa, CnocobHbIX OKasblBaTb TOKCUYECKOE BO3AEWCTBME Ha OKPYMKAloLWy cpeay.
MoaYépKHyTa HEOBXOAMMOCTb BOB/IEYEHUA BTOPUUYHbIX PECYPCOB B MPOMbILIIEHHbIM 060pOT ANA
PaLMOHANbHOMO WMCMO/b30BaHUA MUHEPaNbHO-CbiPbeBOi 6a3bl M nosbiweHUs 3GPeKTUBHOCTM
M3BJIeYEHU METa/IIOB M3 NEePBUYHOrO CbipbA. MpuBeaéH 0630p CYLLECTBYIOWMX XMMUYECKUX U
TMAPOMETANNYPIUYECKMX METOAOB M3B/JIEYEHWUA BaHaAMA M MoOAMbBAeHa, C YY4ETOM CoCTaBa
nepepabatblBaEMOro MaTepuana, OCOBEHHOCTE TEXHONOTMYECKMX YCMOBUWA, a TaKkKe
OrpaHWYeHUn M HEeLOCTATKOB OTAE/bHbIX Noaxofos. CAenaH aKUEHT Ha MepcnekTUBHOCTb
KOMM/IEKCHOM nepepaboTKM 0TX040B, O6ecneunBaloweil U3BAeYEHWE HECKONbKMX LEeHHbIX
KOMMOHEHTOB M CNOCco6CTBYIOWEN NEPEXOAY K LMPKYNAPHON SIKOHOMUKE.

Keywords: BaHanni, MOMBAEH, 30/10WWIAKOBbIE OTXOAbl, METa/TyPrudeckue Waku, dunbTpar,
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ABSTRACT

This paper presents the results of exploratory studies on the feasibility of extracting tellurium from
synthetic copper telluride and industrial tellurium—containing middlings using a vacuum-thermal
method conducted in a water vapour atmosphere. It was determined that the thermal behavior
of synthetic copper telluride follows an oxidation mechanism involving oxygen in a dry
environment. The phase transformations occurring in the tellurium—containing industrial
middlings are also comparable to those observed during oxidative-distillation roasting and
vacuum-thermal processing in an inert atmosphere. The achieved degrees of extraction of copper
telluride and tellurium-containing industrial middlings at a temperature of 1100 °C and a pressure
of 1.3-2 kPa were 57.83 % and 94.89 %, respectively. The obtained residues are represented by
copper oxide phases. At the same time, tellurium evaporates from the material and deposits on
the walls of the condenser in the cold part of the reactor at temperatures below 400 °C. According
to X-ray phase analysis, the condensate is represented by tellurium in the form of oxide.

Keywords: Telllurium, copper, vacuum, water vapour, evaporation

Nitsenko Alina Vladimirovna

Information about authors:

Candidate of Technical Sciences, Head of the Vacuum Processes Laboratory of Institute of
Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133, 050010,
Almaty, Kazakhstan. Email: alina.nitsenko@gmail.com; ORCID ID: https://orcid.org/0000-0001-
6753-0936

Linnik Xeniya Alexandrovna

Master of Technical Sciences, Junior Researcher of the Vacuum Processes Laboratory of Institute of
Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133, 050010,
Almaty, Kazakhstan. Email:  x.linnik@satbayev.university, xenija_linnik@mail.ru; ORCID ID:
https.//orcid.org/0000-0002-0683-1409

Volodin Valeriy Nikolaevich

Doctor of Technical Sciences, Professor, Chief Researcher of the Vacuum Processes Laboratory of
Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133,
050010, Almaty, Kazakhstan. Email: volodinv_n@mail.ru; ORCID ID: https://orcid.org/0000-0003-
0116-1423

Burabayeva Nurila Muratovna

Candidate of Technical Sciences, Senior Researcher of the Vacuum Processes Laboratory of Institute
of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str. 29/133, 050010,
Almaty, Kazakhstan. Email: nuri_eng@mail.ru; ORCID ID: https.//orcid.org/0000-0003-2183-2239

Trebukhov Sergey Anatolyevich

Candidate of Technical Sciences, Professor, Leading Researcher of the Laboratory of Vacuum
Processes Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str.,
29/133, 050010, Almaty, Kazakhstan. Email: s.trebukhov@satbayev.university; ORCID ID:
https://orcid.org/0000-0001-9708-0307

Introduction

Tellurium is a promising material for industries
such as power engineering, electrical engineering,
medicine,  glass production, and rubber
manufacturing. Due to its low content in ores,
tellurium is mainly extracted as a by-product [[1],
[2], [3]]. Among the various tellurium-containing
middlings (sludges, sublimates, dusts, slags, etc.),
the key material is electrolytic copper sludges [[4],
[5], [6]]. Due to the diverse phase composition of
these sludges, traditional processing methods are
complemented by new research aimed at finding
more efficient technologies [[7], [8], [9], [10], [11],
[12], [13]].

Industrial copper telluride obtained by the
traditional method of precipitating tellurium from
solution onto copper is characterized by a mixture of
phases, including both non-stoichiometric (Cu,«Te)

and stoichiometric (Cu;Te) compositions [[14],
[15], [16], [17]], as well as a small amount of
impurities.

The efficiency of traditional technology to
process industrial copper telluride (oxidative-
alkaline leaching) is about 80 % according to [16].
Therefore, developing a more effective method is an
important direction. Studies are known that focus on
improving the traditional method [[16], [18], [19]],
as well as developing alternative pyrometallurgical
approaches.
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Pyrometallurgical methods have long been
uncommon in both industrial practice and scientific
research. This is since the decomposition of Cu;Te is
possible only at temperatures above 2704 °C [[20],
[21]]. A significant reduction in temperature can be
achieved by conducting the process under low
pressure.

However, copper telluride has a low dissociation
pressure: at 1780 °C, it is 0.7 kPa. Therefore, direct
tellurium extraction via Cu,Te decomposition is
theoretically impossible.

Consequently, existing research on
pyrometallurgical methods focuses on finding
optimal conditions for tellurium extraction using
reagents that lower the decomposition temperature
of copper telluride. For example, paper [22]
proposed using elemental sulfur, which replaces
tellurium in copper telluride.

The technology is two-stage and involves pre-
sulfidation of the tellurium—containing middlings
followed by vacuum-thermal sublimation of
elemental tellurium. The efficiency of tellurium
extraction is 97 %. In paper [23], air oxygen was
proposed as an oxidizer. This technology is also two-
stage. Tellurium is extracted from the tellurium—
containing middlings in oxide form, which is then
subjected to thermal reduction. The efficiency of
tellurium extraction is 98 %. Paper [24] considered
the possibility of extracting tellurium in an inert
atmosphere using the oxygen contained in the
material itself. Tellurium was also extracted in oxide
form, with an extraction efficiency of about 99 %.

These papers [[23], [24]] were based on the
more favorable vapor pressure of tellurium oxide
(TeOy), which at 733 °Cis about 0.02 kPa [[25], [26]].
However, it was found that during both oxidative
distillation roasting and vacuum thermal processing,
up to the evaporation temperature, tellurium oxide
interacts with copper oxide. As a result, copper
orthotellurate (CusTeOQg) is formed, which is stable
up to 880 °C [27].

It is known that in a water vapour atmosphere,
the volatility of tellurium oxide increases due to the
formation of the more volatile TeO(OH), [[28], [29]],
which upon condensation converts to tellurium
dioxide [30].

In this regard, we conducted a study aimed at
evaluating the effect of water vapour on tellurium
extraction from tellurium—containing middlings. The

results of the work are presented in the current
article.

Experimental part. Materials

Synthetic Copper Telluride.

The study used synthetic copper telluride
obtained by direct melting of the starting
components in an evacuated quartz ampoule. For
the synthesis, electrolytic copper chips (99.99 %)
and elemental tellurium powder (99.98 %) were
taken in stoichiometric amounts (49.92 wt.% % Cu
and 50.08 wt.% % Te). The synthesis temperature
was 1200 °C, with a heating rate of 2 °C/min up to
the target temperature. The synthesis duration was
6 hours. The obtained alloys were slowly cooled in
the furnace after the set holding time.

Phase analysis of the material was conducted
using the ICDD PDF-2 database (relies 2023) and
corroborated with literature data [[31], [32]]. Semi-
quantitative phase analysis (Figure 1) showed that
the main portion of the alloy consisted of the Cu;Tes
(Cui7sTe) phase at 85.1 %, while the CupesaTe 0336
(Cui01Te) phase was present at 14.9 %. According to
the literature, the primary phase corresponds to
CuyTe.

Tellurium-Containing Middling.

Industrial copper telluride obtained at
Kazakhmys Smelting LLP (Republic of Kazakhstan)
was used as a tellurium-containing middling.

Copper telluride is an agglomerated material of
malachite color, odorless, with a moisture content of
3%. The material composition is presented in Table
1. X-ray phase analysis (Figure 2) revealed a
significant fraction of amorphous halo due to
scattering from disordered phases. The crystalline
part is represented by phases of non-stoichiometric
copper telluride (Cu;Tes — PDF 00-057-0196, Cui.79Te

— PDF 01-082-9896) and copper hydroxysulfates
(Cus(SOs)2(0OH)e5H,0 -  PDF  00-041-0007,
Cus(SO4)(OH)4 - PDF 00-007-0407,
Cu4(SO4)(OH)e-H,0 — PDF 01-083-1410, CusSO4(OH)s
— PDF 00-043-1458). The presence of the latter can

be explained by insufficient washing of copper
telluride from the CuSQ, solution after the operation
of tellurium cementation on copper from tellurous
acid.
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Figure 1 - Diffractogram of synthetic copper telluride
Table 1. Composition of the tellurium-containing middling
Elemental composition, wt. %
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Figure 2 — X-ray diffraction pattern of the tellurium—containing middling from Kazakhmys Corporation L

Methodology

A laboratory setup with a horizontally arranged
reactor was used for the study (Figure 3).

The setup consists of a Nabertherm electric
furnace with a B—180 controller, a 2HB3-5DM UHL4
vacuum pump, and a quartz reaction vessel, in which
a boat containing the sample of predetermined mass
was placed. Additionally, a detachable porcelain
condenser was mounted over the boat to collect the
condensed material. A chromel-alumel
thermocouple (thermoelectric transducer DTPK021-

1.2/0.7) with a single-channel microprocessor-based
measuring controller TRM1 was used to control the
temperature in the reaction zone. The pressure was
measured with a DCP 3000 vacuum gauge
(Vacuubrand, Germany) with a VSP 3000 sensor
(accuracy +10 Pa). The sample was weighed before
and after the experiment with a PA214C analytical
balance (Ohaus-Pioneer) with an accuracy of +0.1
mg.

Argon was used as the carrier gas saturated with
water vapor in a flask filled with distilled water. The
flask was placed in a thermostat. Argon flow was
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controlled using an RS-3A rotameter. Two
desiccators were installed, represented by
Tishchenko bottles filled with alumogel, to dry the
exhaust gases.

The experimental procedure was as follows. The
copper telluride sample was loaded into an alumina
boat. The boat was then placed into the detachable
(longitudinal) alumina condenser. The condenser
was in turn placed into the quartz reactor. The
prepared reactor was placed in the preheated
furnace so that the sample was located in the
isothermal zone. The reactor was connected to the
vacuum system and the water vapor supply system.
The vacuum pump was turned on, and the argon
flow was set. The water vapor flow into the reaction
chamber was regulated by adjusting the thermostat
temperature. The water flow rate was determined
by weighing the flask before and after the
experiment. The start of the experiment was defined
as the moment when the target pressure and
temperature values, recorded by the monitoring
thermocouple, were reached. The gas supply and
evacuation systems were turned off at the end of the
experiment. The reactor was removed from the
furnace and allowed to cool in air. The obtained
calcination products were weighed and analyzed.

Characterization. The study of the material
composition was performed by X-ray fluorescence
analysis using a wavelength-dispersive spectrometer
Axios 1kW (PANalytical, Netherlands) with an
accuracy of 5 %.

For phase composition identification, X-ray
diffraction analysis was performed using a D8

Advance diffractometer (Bruker, Germany), Cu-Ka
radiation. The phase composition was determined
using the ASTM database (reference database of
diffraction data PDF-2 rel. 2023 of the International
Centre for Diffraction Data (ICDD, USA)).

Results and discussion

Experiments with the synthetic material were
performed under the following conditions:
temperature  700-1100 °C, pressure 1.3 kPa,
duration 10-60 min, humidity 0.5-1 %. The degree
and rate of oxidation were determined based on
CuO, where O = 20.2 %. The results are presented in
Table 2.

As can be seen, exposure of synthetic copper
telluride to water vapor significantly increases the
degree of tellurium evaporation (up to 58%)
compared to the process conducted in an inert
atmosphere (0.5-2 %) [33]. A positive effect on
tellurium extraction is observed with increasing
duration and temperature of the process, while
increasing the argon flow rate from 5.21 to 32.7 L/h
has little effect on the degree of tellurium
evaporation from synthetic copper telluride. At the
same time, the degree of oxidation of copper
telluride itself shows an almost linear dependence
on the duration and temperature of the process. It
should be noted that decreasing the water vapor
flow rate promotes longer interaction between
copper telluride and oxygen.

oJolola ®

Argon ==

1 - rotameter; 2 — temperature controller in the reaction zone; 3 — control thermocouple;
4 — electric furnace; 5 — boat; 6 —isothermal zone; 7 — sample; 8 — reactor; 9 — detachable condenser;
10 — condensation zone; 11 — condensate; 12 — desiccators; 13 — aneroid barometer; 14 — vacuum pump;
15 — furnace controller; 16 —thermostat; 17 — flask with distilled water

Figure 3 - Installation diagram of the pyrolysis setup in a water vapor atmosphere
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Table 2 — Dependence of tellurium extraction from synthetic copper telluride and the degree of copper telluride

oxidation on key process parameters

Experiment | Temperature, | Ar Flow Time, Te Content in Residue Te Evaporation C.UZT?
No °C Rate, L/h min 9 Degree, % Oxidation
: ’ : % g ’ Degree, %
1 700 13.0 60 40.76 1.2746 11.4857 32.8218
2 700 13.0 30 41.26 1.3071 9.2280 26.6337
3 700 13.0 10 43.99 1.3600 5.5529 20.1485
4 900 13.0 60 40.60 1.1798 18.0669 35.0495
5 900 13.0 30 41.29 1.2434 13.6552 28.1040
6 900 13.0 10 43.23 1.3103 9.0069 22.6436
7 1100 13.0 60 28.34 0.7004 51.3615 38.7178
8 1100 13.0 45 30.42 0.8223 42.8991 34.5050
9 1100 13.0 30 34.58 0.9548 33.6977 31.6337
10 1100 13.0 10 41.63 1.2260 14.8638 24.2475
11 1100 32.7 60 30.93 0.8077 43,9115 35.00
12 1100 5.21 60 24.57 0.6073 57.8266 56.58
*
A CuO
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2
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Figure 4 — Diffractograms of residues obtained at 700 °C and 1100 °C
Based on the experimental data, the phases,the presence of copper oxide and unreacted

dependence of the average rate of tellurium
evaporation and copper telluride oxidation on
temperature is described by equations (1) and (2),
respectively:

IlgV =-2,103.3/T - 2.0838,

where Eapp. act. = 40.27 ki/mol (1)

IgV =-234.56/T - 3.5017,

where Eapp. act. = 4.49 klJ/mol (2)

Analysis of the phase composition of the
obtained residues revealed, among the crystalline

copper telluride in varying ratios (from 18.9 to 58.0
wt. % Cu,0). A typical X-ray diffraction pattern is
shown in Figure 4. As seen in the figure, the
diffractogram contains an amorphous halo,
indicating the presence of compounds with a
disordered structure in the residues. Based on
literature data [[24], [34], [35]], it can be assumed
that the amorphous phase consists of copper
tellurates and/or tellurites formed during the
interaction of oxidized copper and tellurium, as well
as tellurium oxide. The phase composition of the
residues is presented in Table 3.
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Table 3 — Phase composition of residues

Content of Crystalline Phases, wt. %
Experiment No. Degree of Amorphousness, %
Cu20 CuaxTe
1 19.8 80.2 34.4
2 42.7 57.3 39.4
3 56.4 43.6 40.6
4 32.0 68.0 49.3
5 18.9 81.1 30.6
6 22.4 77.6 34.8
7 58.0 42.0 39.4
8 38.5 61.5 37.5
9 42.2 57.8 36.6
10 25.9 74.1 35.7
11 44.7 55.3 31.5
12 46.6 53.4 37.4

Table 4 — Dependence of tellurium extraction from industrial copper telluride on main process parameters

Temperature, °C Ar Flow Rate, Time, min. Te Content in Residue Te Evaporation
L/h % g Degree, %

700 13.0 60 25.075 0.52 0

700 13.0 30 24.879 0.52 0

700 13.0 10 23.71 0.52 0

900 13.0 60 7.201 0.14 71.87
900 13.0 30 15.13 0.31 39.49
900 13.0 10 21.896 0.47 8.74
1100 13.0 60 6.228 0.09 83.21
1100 13.0 30 10.979 0.16 67.91
1100 13.0 10 22.031 0.39 22.65
1100 32.7 60 6.552 0.09 81.67
1100 5.21 60 2.211 0.03 94.89

Experiments with the tellurium—containing
middling were performed under the following
conditions: temperature 700-1100 °C, pressure
2 kPa, duration 10-60 min, humidity 0.5-1 %. The
results are presented in Table 4 and Figure 5.

As follows from the obtained data, at 700 °C no
tellurium evaporation from the industrial telluride
occurs, which is associated with the formation of the
most stable copper orthotellurate CusTeOQs, stable
up to 900 °C. CusTeOg is the decomposition product
of phase X, the identification of which is complicated
due to the absence of the necessary compound card
in the PDF-2 database (2023 edition). Considering
the probable composition of phase X -

Cuo.37Te0.2600.7650.032 — and the absence of formation
of the aforementioned phases during oxidation of
the synthetic telluride, the following can be
assumed. Phase X is formed during the oxidation of
the industrial telluride, due to the interaction of
decomposition products of copper hydroxysulfates
with oxidized copper and tellurium. This phase
subsequently decomposes to CusTeOs. In contrast,
during the oxidation of the synthetic material, the
tellurium extraction process proceeds without the
formation of the sulfur-containing phase X and,
consequently, without formation of copper
orthotellurate, following the oxidation mechanism
described in [34]. At 900 °C, the formation of
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orthotellurate is observed within the first 10 min
and is completely decomposed over the next 20 min
of the experiment. At 1100 °C, only crystalline
copper oxides are identified in the obtained
residues. The maximum tellurium extraction reaches

94.89 % under the following conditions:
temperature — 1100 °C, pressure — 15 mm Hg,
process duration — 60 min, carrier gas flow rate —
5.21 L/h, humidity — 0.7 % (with evaporated water
temperature 27 °C).

A o a Cu(SO)OH), & CuTeO, a CuO
d CuO(SO,) x PhaseX % CuO
m Te,CuO, o CuTeO,
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o <
1 -
3
©
2
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A * A
*
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Figure 5 — Phase composition of residues obtained at 700 (a) and 900 (b) °C
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Figure 7 — XRD of the tellurium-containing condensate

Based on the experimental data, the
dependence of the average tellurium evaporation
rate on temperature is described by equation (3):

IgV =-10,184/T + 4.5259,
Where Eapp_ act. = 194.96 kJ/mOI (3)

During the roasting process, tellurium
evaporated from the tellurium-containing by-
product and deposited on the walls of the corundum
condenser. The obtained condensate is a dense fine-
crystalline white powder (Figure 6). Determination
of the deposition conditions established that the
vapor—gas phase condensed in the “cold” part of the
reactor at temperatures below 600 °C. X-ray
diffraction analysis (Figure 7) showed that the
deposited condensate is represented by a
monophasic tellurium oxide (TeO;). Further

processing of such a condensate to obtain elemental
tellurium does not present technological difficulties.
It can be carried out by carbothermal reduction in
vacuum at moderate temperatures.

Figure 6 — Photo of the deposited condensate

Conclusion

Thus, the conducted set of studies
demonstrated the feasibility of tellurium extraction

from synthetic copper telluride and industrial
tellurium-containing middling using a vacuum-
thermal method conducted in a water vapour
atmosphere. The thermal behavior of synthetic
copper telluride follows the oxidation mechanism
known from literature data. The behavior of the
tellurium-containing middling is similar to that
previously described for oxidative-distillation
roasting and vacuum-thermal processing in an inert
atmosphere. The achieved tellurium extraction
values for synthetic copper telluride and tellurium-
containing middlings were 57.83 % and 94.89 %,
respectively, at a temperature of 1100 °C and
pressure of 1.3-2 kPa. Incomplete oxidation of the
synthetic material is apparently due to the
insufficient amount of oxygen supplied by the water
vapor flow. The obtained condensate is represented
by the TeO, phase. The tellurium-containing
condensate serves as a raw material for the
production of elemental tellurium using well-known
technologies, such as carbothermal reduction.
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Mbic Tennypuginid cynbl 6y atmocdepacbiHaaFbl NUPONU3I

HuueHKo A.B., JluHHuK K.A., BonoguH B.H., Bypabaesa H.M., Tpebyxos C.A.

Memannypausa #aHe KeH 6alieimy uHcmumymeol AK, Coambaes yHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME

ymbicTa cy BybIHbIH aTmocdepacbiHAa KYPrisineTiH BaKyymAabl-TEPMUAbLIK SAICTi KonAaHa
OTbIPbIMN, CUHTETUKANBIK MbIC TENNYPUAIHEH KIHE KypamblHAA Tennyp 6ap eHepKacinTik opTagaH
TENNyp any MYMKIHAIMH aHbikTay 6oWbiHWA 6Gapnay 3epTTeynepiHiH, HaTUxenepi 6epinreH.
CUHTETUKANbIK MbIC TENNYPUAIHIH, XKbINYNbIK dpeKeTi KypFaK opTafa OTTEriHiH KaTbiCybIMEH TOTbIFy
MexaHU3MiHe CalKec KeneTiHi aHbIKTanapl. KypamblHaa Tennyp 6ap apanbik eHimae opbiH anaTbiH
baszanbik e3repicTep Ae TOTbIFY-AUCTUNANALMANBIK KYWAiPY KaHe MHepTTi aTMochepasarbl BaKyyM-
TEPMUANDBIK YPAIC Ke3iHae cunaTTanfaH4apMeH canbicTbipyFa 6onagbl. 1100 °C Temnepatypaga
»kaHe 1,3-2 klMa KbicbiMAa MbIC TENNYPUATI XKaHe KypambiHAa Tennyp 6ap eHepKacin eHimaepiH
any A2PEXKECiHIH KO XKEeTKi3inreH MaHaepi caikeciHwe 57,83 xaHe 94,89 %-Abl Kypaabl. AfbIHFaH
KanablKTap MbIC OKCUATEPiHiH, dasanapbiMeH yCbiHbIIFAH. Byn Xafaaaa Tennyp matepuangaH
6ynaHbIn, KOHAEHcaTopAblH, KabbipFanapblHAa peakTopaplH, cyblk beniringe 400 °C-TaH TemeH
TeEMNepaTypaga TyHApIpbinagpl. PeHTreHaik dasanbik Tangayfa COMKEC KOHAEHCAT TennypmeH
oKcuA TYPIHAE YCbIHbIAFaH.

Makana kengj: 19 Keipkyliek 2025
CapantamagaH eTTi: 27 Kbipkyliek 2025
KabbingaHapl: 3 kazaH 2025

TyliiH ce30ep: Tennyp, Mbic, Bakyym, cy bybl, bynaHy.
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Muponus tennypuga megm B atmocdepe BOAAHOro napa

HuueHkKo A.B., JlIunHukK K.A., BonoguH B.H., Bypabaesa H.M., Tpebyxos C.A.

AO MHcmumym memannypauu u obozawieHus, Satbayev University, Aamamel, KazaxcmaH

AHHOTALMUA

B paboTe npuBeaeHbl pesynbTaTbl MOMCKOBbLIX UCCIELOBAHWUIA NO ONPEAENeHUI0 BO3MOXHOCTM
M3BNEYEHUA Tenaypa W3  CUMHTETMYECKOro  Teanypuga Megu UM NPOMbILWIEHHOro
TEeNNypcoAepyKallero NpoMNpPoAyKTa  BaKyyM-TEPMUYECKMM Cnocobom, npoBOAMMbIM B
atmocdepe BogsHoro napa. OnpedesneHo, 4YTO TepMUYECKOe MOBeAEHWE CUHTETUYECKOro
TeNNypuaa meam NOAYMHAETCA MEXaHU3MY OKWUC/IEHWA C y4acTMeM KUCI0poaa B CyxoW cpeae.
®asoBble npeobpa3oBaHWA, NPOUCXOAALLME B TEANYPCOAEPIKALLEM MPOMMPOAYKTE TaK¥Ke
COMOCTaBUMbl C OMWCAHHLIMW MPU  OKUCAUTENBHO-OUCTUANALMOHHOM 0BXWre W  BaKyym-
TEPMUYECKOM MpoLecce B MHEPTHOW aTmocdepe. JOoCTUTHYTbIE 3HAYEHWUA CTENEHU U3BNEYEHUA
TeNNypuaa meam v TelypcoaepiKallero npomnpoayKkTos npu temnepatype 1100 °C v gaBneHun
1,3-2 kMa coctasnanu 57,83 n 94,89 %, cooTBeTcTBEHHO. [10NyYeHHbIE OCTAaTKU NpeAcTaB/eHbl
basamu okecnaoB meau. MNpu 3Tom TeNNyp UCNAPAETCA M3 MaTepmnana U OCaXKAAETCA HA CTeHKax
KOHAEHcaTopa B XOJI04HOWM 4YacTM peaKkTopa npu TemnepaTypax Huxke 400 °C. Mo AaHHbIM
peHTreHoda3oBOro aHasM3a KOHAEHCAT NPeACcTaBAEH TEYPOM B BUAE OKCUAA.

MNoctynuna: 19 cemabpa 2025
PeueHsnpoBaHue: 27 ceHmabpsa 2025
MpuHATa B neyaTtb: 3 okmAbps 2025

Knrouesbie cnosa: Tennyp, Mefb, BaKyym, BOAAHOM Nap, UcnapeHue.
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ABSTRACT

This study presents a comprehensive analysis of phase formation in Al-Fe—Si aluminum alloys with
the addition of ten industrially significant alloying elements (Mg, Cu, Ni, Mn, Cr, Zn, Ti, Zr, V, Be),
performed using thermodynamic modeling via the Thermo-Calc software package. Phase
formation was investigated and compared in a commercial alloy (Al98—Fel-Sil) and an
intermetallic alloy (AlI60—Fe33-Si7) under both individual and synergistic alloying conditions. The
thermal characteristics (liquidus, solidus, and a- and B-transformations) and phase constituents
were analyzed across a broad temperature range (0-1200 °C). It was found that the alloying
elements exert diverse effects on phase stability and alloy structure, with intermetallic systems
exhibiting greater thermal stability. Particular attention was given to the formation of the matrix
phase and the influence of synergistic alloying on phase equilibria and the potential emergence of
new stable compounds. The results provide a basis for targeted alloy design, including the use of
secondary aluminum, to develop materials with tailored properties for transportation and
mechanical engineering applications.
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Introduction

In this regard, the exploration of alternative

The modern development of the metal products
industry requires the creation of new materials with
enhanced performance characteristics, cost-
effective production, and compatibility with
advanced manufacturing technologies. In the
context of increasing demand for lightweight,
durable, and wear-resistant materials—particularly
in the aerospace and automotive sectors—
aluminum alloys remain among the most promising
candidates due to their low density, excellent
corrosion resistance, high electrical conductivity,
and adequate mechanical properties [[1], [2], [3],
(4], [51].

Significant improvements in mechanical and
operational properties are often achieved through
additional processing techniques aimed at critical
grain refinement [[6], [7], [8], [9], [10]]. However, to
meet the desired performance levels, costly alloying
additions—primarily rare-earth elements—are still
commonly used, which significantly increases the
overall production cost [[11], [12], [13], [14], [15]].

alloying strategies aimed at improving the
performance of aluminum alloys without relying on
scarce and expensive elements is of particular
relevance. A promising approach involves studying
the ternary Al-Fe-Si system, incorporating alloying
elements frequently present as impurities in
aluminum alloys, which could potentially be used for
the targeted modification of phase composition
[[16], [17], [18], [19], [20]].

Special attention is drawn to the potential
formation of the intermetallic AlgFe,Si phase, which
possesses a highly symmetric crystal structure. This
opens new pathways for developing intermetallic
aluminum-based composite materials with a unique
combination of strength and ductility [[21], [22],
[23], [24], [25]].

Despite growing global scientific interest in Al-
Fe-Si alloys [[26], [27], [28], [29], [30]], data on the
influence of impurity and secondary alloying
elements on their structure and properties remain
limited. Particularly important is the comparative
investigation of phase formation in conventionally
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alloyed commercial aluminum
intermetallic-based materials.

This study provides a detailed investigation into
phase formation mechanisms under various alloying
conditions and analyzes the features of phase
evolution depending on composition and thermal
treatment regimes.

Accordingly, the present research is aimed at
establishing a scientific basis for the alloying of
aluminum intermetallic composites, enabling the
design of materials with tailored properties without
the use of costly alloying components. The results
obtained are of interest for the development of
high-reliability products intended for operation
under harsh conditions and may serve as a
foundation for designing new structural materials
for transport and mechanical engineering
applications.

Objective of the study: To compare phase
formation and identify its key features in a
commercial aluminum alloy and an intermetallic Al-
Fe—Si alloy through thermodynamic modeling of the
phase composition, using the most commonly
encountered alloying elements in aluminum
systems.

grades and

Experimental part

Thermodynamic modeling was carried out using
the Thermo-Calc software package (version 2024a)
with the TCS Al-based Alloys (TCALS8.2) database.
Main modeling stages:

1. Definition of alloy compositions. At this stage,
two types of alloys were studied: the commercial
alloy Algs—Fe;—Si;, alloyed both stepwise and
synergistically with 10 impurity elements (Mg, Cu,
Ni, Mn, Cr, Zn, Ti, Zr, V, Be, Sc). The concentrations
of alloying elements varied from 0.003 to 5.4 wt.%,
introduced at the expense of aluminum content. In
the case of synergistic alloying, the aluminum
concentration was 81.77 wt.%. For comparison,
alloying of the intermetallic alloy Al60—Fe33-Si7
with the same elements as in the commercial alloy
was also studied. As a result of synergistic alloying,
the aluminum concentration decreased to 43.77
wt.% (Table 1).

2. System creation in Thermo-Calc. The
modeling process was implemented using the
Graphical Mode (TCG) module. A system project was
created for the multiphase Al-Fe-Si—X system,
where the alloying elements and their mass
fractions were added. For individual alloying, one
alloying element was added to the base system at a
time; for synergistic alloying, all elements were
added simultaneously. For comparison, diagrams for

the base system without additives were also
constructed.

Table 1 - Alloying conditions

- . Synergistic alloying,
Individual alloying, wt% W%
Cu4.2
Mg4.2
Mn0.9
Cr0.21 Cu4.2 Mg4.2 Mn0.9
Zn5.4 Cr0.21 Zn5.4 Ni0.84
Ni0.84 Ti0.12 V0.09 Zr0.27
Ti0.12 Be0.003
V0.09
2r0.27
Be0.003

3. Setting modeling parameters. All calculations
were performed under the following conditions:
Calculation type: Equilibrium Calculation;
Temperature range: from 1200 °C to 0 °C;
Temperature step: 50 °C;

Pressure: 1 atm (standard).

4. Calculation and construction of polythermal
sections. After running Thermo-Calc, the equilibrium
phase composition at each temperature step was
calculated. Polythermal sections were built using the
Plot Renderer module. The X-axis represents the
volume fraction of the phase, and the Y-axis
represents temperature (°C). The graph displays
curves of the forming phases with a legend.

5. Interpretation of the obtained diagrams.
Phases were identified, and phase transformation
temperatures were evaluated. At temperatures
above the liquidus, the system is completely liquid.
Cooling leads to the sequential precipitation of
phases: for the commercial alloy, FCC_A1 is the first
to form, followed by 6 and others; for the
intermetallic alloy, the primary phase is 8 or
Al;CusNi, followed by AlFeSi, Laves, and others.

The final phase composition at room
temperature  determines the  performance
properties.

6. Hardness testing of the alloyed intermetallic
alloys was carried out using a Wilson VH1150 Vickers
hardness tester. The chemical composition of the
investigated alloys was determined using an
Olympus Vanta Element S X-ray fluorescence (XRF)
analyzer.

Results and Discussion

The obtained results on the influence of
alloying/impurity elements on the phase
composition and, consequently, on the resulting
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properties indicate that the characteristics of phase
transformations are highly sensitive to the
aluminum content in the alloy.

When transitioning to an intermetallic state, the

activity of individual elements and the
thermodynamic conditions for phase formation
change. Not all elements present in industrial alloys
are capable of dissolving in the base phase
constituents. The introduced elements form
compounds with one (or several) of the base alloy
components, thereby shifting the phase equilibrium
and promoting the binding or, conversely, the
precipitation of other elements.
The effect of individual alloying on the phase
transformation temperatures of aluminum alloys is
presented in Table 2, which shows the calculated
temperatures of the liquidus (T;), solidus (Tg), and
the start (T,) and end (T,,4) of a- and B-phase
transformations for both commercial (com)
aluminum alloys and intermetallic (int) systems
modified by the addition of various alloying
elements (Cu, Mg, Mn, Cr, Ni, Zn, Ti, V, Zr, Be). The
temperatures are given in degrees Celsius (°C).

Analysis of the data makes it possible to trace
both the general effect of alloying on the
thermodynamic behavior of the system and the
specific influence of individual elements.

In commercial alloys (T{°™), a predominant
decrease in the liquidus temperature is observed
compared to the base alloy without alloying
(650 °C). The most significant reductions are noted
with the addition of Mg (630 °C), Zn (641 °C), and Mn
(630 °C), indicating their strong ability to lower the
melting onset temperature. Conversely, Be
increases T{°™ to 740 °C—the highest value among
all elements—which may be attributed to the
formation of high-melting-point compounds
between Be and aluminum.

T$™ also decreases with the addition of most
elements. The most pronounced decrease in solidus
temperature is observed with Mg (546 °C) and Zn
(596 °C), indicating a widening of the solidification
interval and a potential deterioration in casting
properties. Higher T$®™ values are found with Cr
(626 °C) and Ni (615 °C).

For intermetallic alloys (T{*), the liquidus
temperature remains virtually unchanged (1070 °C)
with most alloying elements, except for Zn, where it
increases to 1100 °C, suggesting the formation of
stable intermetallic compounds with higher melting
points. In intermetallic systems (Ti™), the range of
values is broader — from 399 °C with Zn to 680 °C
with Cr. Thus, intermetallic systems alloyed with Cr
exhibit the most thermally stable solid state, while
Zn drastically reduces the end temperature of

solidification, which may indicate the presence of
low-temperature eutectics.

Given the particular interest in the a-phase in
the intermetallic alloy, the effect of alloying on its
formation and transformation into the low-
temperature B-phase was also analyzed.

The onset temperature of a-phase formation in
commercial alloys (T5™a) varies within the range of
600-629 °C. A significant reduction is observed with
Mg (600 °C), reflecting its impact on lowering the
thermal stability of the a-phase. The addition of Mn,
Cr, and Ni suppresses a-phase formation in this
temperature region. T&a in intermetallic alloys
demonstrates higher values — from 650 °C (Zn) to
769 °C (baseline and some alloying compositions).
This indicates the thermal stability of the a-phase in
the intermetallic matrix and the weak influence of
most alloying elements, except Zn and Mg, which
noticeably lower the a-transformation onset
temperature.

The a-phase transformation end temperature
(T¢o% @) ranges from 572 °C (with Mg) to 629 °C
(without alloying), indicating a narrowing of the a-
phase stability interval with alloying. Meanwhile, in
intermetallic alloys, the lower boundary of a-phase
stability remains almost unchanged for all additions
— around 446-450 °C, except for Zn (462 °C). This
may suggest the thermodynamic stability of the a-
phase in intermetallic systems regardless of
composition.

The onset temperature of B-phase
transformation in commercial alloys (T$¢™B) shows
a broader variation — from 550 °C (Ni) to 612 °C
(unalloyed), reflecting the differing thermodynamic
activity of alloying elements, with Ni significantly
reducing B-phase stability. TZ#B remains nearly
identical across all systems, at 446462 °C,
indicating low sensitivity of this phase to the type of
alloying in intermetallic compositions.

Thus, individual alloying reveals that the
addition of alloying elements exerts diverse effects
on phase transformation temperatures. Mg and Zn
exhibit the strongest lowering effect on liquidus and
solidus temperatures, while Be and Cr contribute to
their increase. Intermetallic systems overall
demonstrate greater phase stability compared to
commercial alloys, particularly with respect to the a-
and B-phases. Zn emerges as the most sensitive
element affecting the thermal characteristics of
both the liquidus/solidus and the phase
transformations, especially in intermetallic
compounds. Certain elements (e.g., Ni and Mg) can
significantly narrow the phase stability temperature
intervals, which must be taken into account in the
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design of heat-resistant and castable aluminum
alloys.

Multicomponent  system  modeling was
subsequently performed to assess the mutual
influence of the considered elements. Although the
simultaneous presence of all alloying elements in an
alloy is unlikely, the investigation of such a system is
crucial for a deeper understanding of the synergistic
alloying effect, particularly in identifying the
potential formation of new phases resulting from
interactions among impurity/alloying elements
within an aluminum or intermetallic matrix.

At the same time, similar individual alloying
effects in commercial and intermetallic alloys result
in different base phases under synergistic alloying
conditions. In the commercial alloy, the matrix is
primarily a solid solution of aluminum, whereas in
the intermetallic alloy, the B-phase serves as the
main matrix.

Analysis of polythermal sections enables
conclusions to be drawn about the nature of phase
transformations, crystallization features, phase
composition and stability from the liquid state down
to 0°C, as well as predictions of the service
properties of the resulting materials.

Figure 1 presents the polythermal sections for
two alloys with different base element
compositions: the commercial alloy Alsg—Fe;=Sii and
the intermetallic alloy Alg—Fess—Si;, each
synergistically alloyed with ten of the most common
impurity elements. The X-axis shows the volume
fraction of all phases, while the Y-axis represents
temperature (°C). Each colored curve corresponds to
the phase fraction of one of the stable or metastable
phases in the system, depending on the
temperature. This allows for tracing the sequence of
phase transformations upon cooling and quantifying
the phase distribution.

The polythermal sections demonstrate
fundamental differences in phase formation
mechanisms  depending on the chemical

composition: from matrix a-Al systems to structures
saturated with intermetallic phases.

For the Algg—n—Fe;—Sii—nX; alloy, the initial
melting point (liquidus) is ~660 °C—above which
only the liquid phase exists. Upon temperature
reduction, the first phase to crystallize is FCC_A1, a
solid solution of alloying elements in aluminum with
an FCC lattice. The volume fraction of solid
aluminum remains in the range of =70-80% upon
further cooling down to room temperature. Thus,
the aluminum matrix is retained as the primary
phase, while intermetallics play a secondary role.

Below ~600°C, a wide range of secondary
phases emerges. The alloy exhibits the presence of

AlisFes (8), ALisSizM4 (where M = Mn, Cr, Ti),
ALsFe;Siy, and ALisMgsTiz, primarily forming below
600 °C. Additionally, phases such as AL;CusNi,
AL,Cu_C16, ALZr_D023, FEB_B27 (ZrSi), T_PHASE
(Al;MgsZns), S_PHASE (Al,CuMg), and Laves phases
(C14_LAVES) are detected, indicating complex
alloying, enrichment of the structure with various
intermetallic inclusions, and complex multiphase
eutectic crystallization. These phases form in small
volume fractions and within narrow temperature
intervals.

Of particular note is the formation of a cubic aC
phase involving manganese and chromium atoms—
an effect not observed in alloys individually alloyed
with Mn or Cr. Overall, the phase structure indicates
heterogeneity, but the high volume fraction of
ductile aluminum matrix is preserved. This ensures
good workability and impact toughness, although
local strengthening and embrittlement may occur in
areas with concentrated intermetallics.

For the Algo-ni—Fe33—Si7—nX; alloy, an intermetallic
composition is considered, characterized by a
significantly lower aluminum content (60 wt.%) and
elevated Fe and Si content. The liquidus
temperature of the intermetallic alloy s
substantially higher, reaching ~1100 °C,
corresponding to the presence of a large fraction of
high-melting phases.

The first crystallizing phase is ALisFes (a binary
intermetallic compound), which constitutes a major
part of the solid phase between 1000 and 700 °C. In
contrast to the commercial alloy, the FCC phase is
virtually absent, indicating replacement of the
aluminum matrix with rigid intermetallic formations.

At ~400-800 °C, the dominant phases are
Al;CusNi, FeSi_B20, BCC_B2, the B-phase, and a
family of AlFeSi_T phases (13, 17, Ts, To). These phases
result from Fe-Si interactions within the aluminum
matrix and play a key role in forming the
intermetallic framework. The presence of FeSi_B20
further confirms the Fe-rich nature of the structure.
The B-phase occupies up to 70% of the volume in the
400-700 °C range, indicating high material hardness
and brittleness.

Below 400 °C, numerous minor-volume phases
appear, including Laves phases (C14, C15, C36),
ALisFess, ALsMngSi;, and other complex structures.
Of note is the presence of rigid Laves-type
intermetallics, pointing to stabilizing elements
within the structure. The AlisFess, phase differs
from the B6-phase by a higher content of dissolved
elements, including silicon, and partial substitution
of Fe atoms.
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Table 2 - Effect of alloying on phase transformation temperatures

Volume fraction of all phases

T T T T T
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Figure 1 - Polythermal cutting of aluminum alloys with synergistic alloying
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This system is dominated by intermetallic
compounds across the entire temperature range,
with almost complete absence of a-Al (FCC) and a
wide stability range of the B8-phase. This indicates
high stiffness and thermal stability but low plasticity.
Such a structure is suitable for heat-resistant and
wear-resistant materials but not for wrought
(deformable) alloys.

When all investigated alloying elements are
simultaneously introduced into the intermetallic
alloy, the aluminum concentration decreases to
43.77 at.%, which is significantly lower than that in
the commercial alloy (81.77 at.%). This reduction in
the aluminum base has a critical impact on the phase
composition: in none of the systems is the formation
of the a-phase observed.

Moreover, in the intermetallic alloy, even the
cubic a-modifications stabilized by Cr and Mn
additions are absent. No formation of the low-
temperature B-phase is observed either. In the
commercial alloy, the B-phase originates from the
cubic a-phase as a product of phase transformation,
but the transition temperature is anomalously low—
around 200 °C—confirming its metastable nature.
The total volume fraction of all secondary phases is
approximately 25%.

Upon the addition of magnesium under complex
alloying conditions, the formation of Laves-type
intermetallic phases is observed. In the commercial
alloy, the hexagonal phase MgZn, appears. In the
intermetallic system, two different modifications are
formed: cubic MgCu, and hexagonal MgNi,,
indicating magnesium’s active participation in the
formation of highly stable structures.

Despite the overall reduction in aluminum
content, no significant increase in mutual interaction
between the alloying elements is observed in the
intermetallic alloy. In the commercial variant, nearly
all compounds form with aluminum, with the
exception of Laves phases. In contrast, the
intermetallic alloy shows a tendency toward the
formation of intermetallics between the alloying
elements and iron.

In the commercial alloy, the synergistic effect is
particularly evident in the formation of ternary
intermetallic compounds involving impurity atoms.
Notable phases include Al,MgsZns;, Al,CuMg, and
AligMgs(Cr, Mn, Ti),, reflecting complex interactions
between the base and alloying components.

Under conditions of limited aluminum
availability in the intermetallic system, new phases
form, such as Al;Cu4Ni, along with compounds based
on the Al-Fe-Si system. This indicates a shift in
chemical equilibrium toward more complex

intermetallic compounds involving copper, iron, and
nickel.

It is important to emphasize the high chemical
reactivity of Cu, Mg, and Ni, which promotes the
formation of stable binary and ternary phases.
However, it is the available aluminum content that
ultimately determines the final phase composition
and the direction of interactions. The total fraction
of all phases, excluding the main matrix composed
of 8 and 8’-modifications, reaches 30%.

In  the intermetallic alloy, the earliest
crystallizing phase is Al;,CusNi, followed by the
formation of the 6-phase upon undercooling by
approximately 40 °C. In the temperature range of
500-600 °C, the B-phase content exceeds 70%. At
around 510 °C, coexistence of the B8-phase with
impurities in the structure is observed, indicating the
formation of its substitutional modifications. As a
result, at room temperature, the material consists
predominantly (=70%) of the 8-phase with a variable
elemental composition. The solidus temperature is
485 °C for the commercial alloy and 533 °C for the
intermetallic alloy.

Interestingly, many elements that typically tend
to form silicides lose the ability to independently
form such phases under complex alloying conditions
and remain in dissolved form. Exceptions include:
Cr-silicide (observed only in the intermetallic
system), as well as silicides of Mg and Zr. Beryllium
appears as a separate phase, along with copper
intermetallics and a Fe—Zn compound.

Key differences between the commercial and
intermetallic alloys based on analysis of polythermal
sections:

The commercial alloy retains the FCC_A1l-type
aluminum matrix, ensuring high ductility and good
processability. Intermetallic phases are secondary
and do not dominate the overall structure.

In the intermetallic alloy, a-Al is absent, and the
matrix is formed by AL;sFes and ALFeSi (1)
intermetallics, which crystallize directly from the
melt. This imparts increased hardness and heat
resistance, but reduces formability.

The commercial alloy exhibits a more complex
phase structure with numerous local phases,
including compounds of Cu, V, Zr, and other
elements, while the intermetallic alloy's structure is
simplified, focused on forming a highly stable
framework.

The onset temperature of crystallization for the
intermetallic alloy (~850 °C) is significantly higher
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than that of the commercial alloy (~650 °C),
indicating direct formation of the intermetallic 6-
phase from the melt.

The presence of Laves phases in the
intermetallic system enhances resistance to thermal
and chemical exposure, but also increases
brittleness.

The practical significance of the obtained results
lies in their potential to predict the performance
characteristics of real-world alloys. Moreover, the
findings of this study may serve as a fundamental
basis for selecting alloying strategies in the design of
new aluminum-based alloys, including intermetallic
systems, particularly in the context of synergistic
alloying.

The temperature-dependent phase formation
behavior under the influence of alloying elements
enables control over the thermal stability of alloy
properties and facilitates the development of
optimized heat treatment regimes aimed at
achieving target microstructures and performance
characteristics.

To validate the obtained results, hardness tests
were conducted on both commercial and alloyed
intermetallic aluminum systems. For instance, in the
intermetallic alloy with the nominal composition
AlFes3.59Sis.18Mn1.574Nig.19 (Wt.%), the microhardness
of the intermetallic phases reached 756 HV1. In
contrast, the alloy with the composition
AlFez9.5Si372Mng.1sNioo2CUoo2  (Wt.%) exhibited a
significantly lower microhardness of 450 HV1 for its
intermetallic phases.

This difference in microhardness is primarily
attributed to the presence of manganese, which
promotes the coagulation of intermetallic phases
and is capable of dissolving into the binary
intermetallic 6-phase through partial substitution of
iron atoms, thereby stabilizing the 8,-phase.

Meanwhile, in the commercial alloy, the
microstructure is dominated by a FCC aluminum
solid solution with a typical microhardness in the
range of 130-135 HV1.

Conclusions

Using thermodynamic modeling methods, phase
diagrams were obtained for aluminum alloys
containing 1 wt.% Fe and 1 wt.% Si, as well as for the
intermetallic Al-Fe-Si system alloyed with 10
industrially significant elements. The influence
trends of each alloying addition on thermal
characteristics and phase formation mechanisms
were established.

It was found that increasing the volume fraction
of the a-phase is not achievable through the
addition of any of the investigated elements,
regardless of their nature or concentration. The
primary effect of alloying additions is manifested
through the shift of phase transformation
temperatures and the formation of alternative
stable phases.

It was demonstrated that copper, nickel, and
magnesium tend to form stable binary and ternary
compounds. Their combined addition leads to the
formation of Laves-type phases. In the intermetallic
alloy, an increase in the amount of 6-phase was
observed in each case, including modifications of its
stoichiometry due to partial dissolution of
impurities.

The obtained data enable targeted alloying
strategies aimed at optimizing alloy properties,
including the use of secondary (recycled) aluminum.
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 )KyieciHiH, antoMMHUIA KOpbITNAaNapbiHbIH, Pa3anbik Kypambl MeH
TemnepartypasnbiK cMnaTramasiapbiHa KeweHai nerupneyaiH, acepi
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TYAIHAEME

ymbicta Thermo-Calc 6afgapnamanbik  NakeTiH KoONAaHy apKblabl TePMOAWHAMMKANbIK
MoZeNibZley apKblbl  Ky3ere acblpbliaTblH, OH ©HEepPKacinTiK MaHbI3bl 6ap neripneywi
anemeHTTepAiH, (Mg, Cu, Ni, Mn, Cr, Zn, Ti, Zr, V, Be) KocbinfaH Al—-Fe—Si sKyieciHiH, antomuHui
KopbiTnanapbiHaafbl dasanapaplH, Ty3inyiHiH, KaH-KaKTbl Tangaybl 6epinreH. Xeke XaHe
CUHEPTUANBIK NerMpAeHreH KOMMepLMAAbIK KopbiTnaaafbl (AI98—Fel-Sil) kaHe MHTepMeTanabiK
KopbiTnagasbl (Al60—Fe33-Si7) dasaHbiH Ty3inyi 3epTTenin, canbicTbipblnagpl. KopbitnanapablH,
TemnepaTtypanbik cMnaTTamanapbiH (CyMbIKTBIK, convayc, - KoHe
B-Typneraipynep) xkaHe dpasanblk Kypamaactapapl CanbiCTbipy KEH TEMNEPATYPaNbIK AUana3oHaa
(0-1200°C) yprisineai. Neripneywi anemeHTTep KopbiTnanapabiH, ¢asanbik TyPaKTblablfbiHA
JKOHE KypblibiMblHa Ken 6afbITTbl acep eTeTiHi aHbIKTanAbl, UHTEPMETANAbIK, Kyhenep Kofapbl
TEPMUANBIK  TYPAKTbINbIKTbI  KepceTeai. Herisri  ¢asaHblH,  Ty3inyiHe, COHbIMEH KaTap
CUHepreTUKanblk nernpneyaiH dasanbik Tene-TeHAikke acepi MeH KaHa TypaKTbl KOCbINbICTapablH,
Ty3iny MYMKiHAiriHE epeKLue Kerin 6eniHeai. ANbiHFaH HITUMXKENEP KOAIKTIK KaHE MaLUMHA »Kacay
yWwiH 6enrineHreH Kacuettepi 6ap MmaTepuangapdpl Kacay YWiH KalTanama antomMuHUAAI
KONAQHYZbl KOCa anfaH4a, afloMUMHWIA KOPbITMAnapbiHbIH, feripneHyiH MakcatTbl 6akpliayfa
MYMKIHAiK 6epeai.

TyiiiH ce30ep: Al-Fe-Si, ThermoCalc 6afaapnamanbik KamTamachi3 eTy, MHTEpMeTanabik dasanap,
daszanblK Tene-TeHAiK, CUHEPrUAbIK Nervpney.
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AHHOTALMUA

B paboTe npeacTaBneH KOMMAEKCHbIM aHanu3 ¢a3o006pa3oBaHMs B aNlOMUMHMEBBLIX Craasax
cuctembl Al-Fe-Si ¢ fobaBneHnem AecATU MPOMbILLIEHHO 3HAYMMbIX JIETUPYIOWNX 31EMEHTOB
(Mg, Cu, Ni, Mn, Cr, Zn, Ti, Zr, V, Be), npoBeAEHHbI1 METOAOM TEepPMOAUHAMMUYECKOrO
MOZE/IMPOBaHNA C UCNOAb30BaHWEM NpPorpammHoro Komnnekca Thermo-Calc. UccnegoBaHo u
conoctasneHo  ¢asoobpasoBaHne B Kommepdeckom cnnase  (Al98-Fel-Sil) wu B
UHTEpMeTanangHom cnnase (Al60-Fe33-Si7) npu WHAMBMAYaNbHOM W CUHEPreTUYECKOM
nervposaHuu. MposeseHo cpaBHeHME TemnepaTypHbIX XapaKTePUCTUK (NMKBUAYCa, connayca, o-
1 B-npeBpalLeHnit) 1 $GasoBbIX COCTABAAIOLWMX CMIABOB B LUIMPOKOM TEMNEPATYPHOM AManasoHe
(0-1200 °C). YcTaHOB/MEHO, YTO J/IErMpylOLME 3/IEMEHTbl OKasblBalOT Pa3HOHanpaBAEHHOe
BAUAHWE Ha a3oByl0 CTabUNBHOCTb WM CTPYKTYpY CMNAaBOB, MPUYEM UHTEPMETaNIMYecKue
cUcTeMbl AeMOHCTpUpYIOT 6onee BbICOKYH TepmocTabunbHocTb. Ocoboe BHUMaHWe yaeneHo
dopmunpoBaHmMio dpasbl OCHOBbBI, @ TaKKe BAUAHUIO CUHEPreTUYecKoro nerpoBaHmsa Ha ¢pasosoe
paBHOBECME W BO3MOMHOCTb OOpPa3oBaHWA HOBbIX YCTOWYMBBLIX COeAMHEHWW. [lonyyeHHble
pe3ynbTaThl MO3BONAIOT Lie/eHanpasneHHOo yNpasaaTb 1erMpoBaHMeM aNtoMUHUEBbIX CMIABOB, B
TOM YMUCE C UCNOIb30BaHWEM BTOPUYHOIO allOMUHWA, O1A CO34aHUA MaTePUanos C 3a4aHHbIMU
CBOWCTBaMM ANA TPAHCMOPTHONO M MAaLLUMHOCTPOUTENIbHOTO NPUMEHEHUS.

Knroueasbie cnosa: Al-Fe-Si, nporpammHoe obecnedyerune ThermoCalc, uHTepmeTannuaHole dassl,
ba3oBoe paBHOBECKE, CUHEPreTUYECKOE IeTMpoBaHue.
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