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Investigation of zinc leaching from clinker with pretreatment of raw materials by
ultrahigh frequency radiation (microwave)

Berkinbaeva A.N., Surkova T.Yu., ‘Dosymbayeva Z.D., Umirbekova
N.S., Kebekbaeva A.A., Kyussubayeva N.A.

Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Almaty, Kazakhstan

*Corresponding author email: z.dosymbaeva@satbayev.university

Abstract

The processing of zinc-containing man-made raw materials is an important task from the point of
view of rational use of natural resources and reducing the environmental burden. In recent years,
there has been a growing interest in efficient methods of processing such materials, since zinc is
an important metal for industry. The leaching of zinc from raw materials with a solution of sulfuric

Received: March 5, 2025 acid is a key step in the hydrometallurgical production of zinc. Optimizing this process is crucial to

Peer-reviewed: March 18, 2025
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increase the efficiency of its extraction, reduce costs, and minimize negative environmental
impacts. We have investigated the process of leaching zinc from man-made raw materials with a
solution of sulfuric acid, with pretreatment of raw materials with microwave radiation. Optimal
leaching parameters have been determined. Clinker, a residual product of zinc ore calcination, was
used as the starting material. The zinc content in clinker is 1.25%. It is shown that high zinc recovery
is achieved after preliminary exposure to microwave radiation at a temperature of 600 °C. The
effect of solvent concentration, the ratio of solid and liquid phases, and temperature on the degree
of zinc extraction has been studied.

Keywords: leaching, zinc, clinker, ultrahigh frequency radiation.
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Introduction

Zinc, being one of the most common metal
elements in the world, is widely used in industries
such as automotive, construction, shipbuilding, and
aerospace. It is used in the form of electroplating,
zinc alloys, zinc oxide, and other forms to protect
steel surfaces from corrosion [1]. Key mining and
processing facilities for zinc-containing resources are
located in China, Peru, Australia, India, the United
States, Mexico, and Bolivia. These seven countries

together produce more than 76% of zinc in
concentrates [2]. The main components of zinc ores
are zinc sulfide, zinc oxide, or a combination of the
two. Currently, 70% of the world's zinc production
comes from primary zinc ores, while the remaining
30% comes from secondary zinc sources [[3], [4]].
Pyro- and hydrometallurgical methods are used
for processing zinc-containing technogenic materials
[5]. Pyrometallurgical processes are based on the
reduction of zinc with carbon-containing materials
at high temperatures. The most common
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pyrometallurgical method is rolling (reduction and
ignition firing). As a result of rolling, zinc lotions and
clinker are obtained. Zinc sublimations are directed
to sulfuric acid leaching [6]. To date, 4.5 — 5.7 million
tons of zinc industry waste have accumulated in
Kazakhstan [7].

Traditionally, acids such as [[8], [9]], sulfuric acid
and hydrochloric acid are used for zinc leaching,
which can be environmentally hazardous. Modern
research focuses on the use of less toxic and more
stable reagents and methods, which contributes to
improving the environmental safety of the process
[[10], [11], [212]]. In recent years, the use of bacteria
such as *Thiobacillus ferrooxidans* to leach zinc
from man-made waste, such as ash or slag, has been
actively investigated. It is an environmentally
friendly alternative to chemical methods, which
shows high results at low temperatures and
pressures. Despite its advantages over traditional
enrichment methods, bio-leaching technology has a
significant disadvantage, which is the high duration
of the technological process due to the weak kinetics
of redox reactions [13]. Modern methods, such as
the use of ultrasound and microwave radiation, are
becoming increasingly popular to improve material
recycling processes [14]. These methods affect the
structure of the material, which can help improve
leaching performance. In [15], ultrasonic technology
using the ammonia-ammonium-chloride-water
system was used to leach zinc from industrial waste.
Some studies combine microwave treatment and
ultrasound leaching with a microbiological process,
where microwave and ultrasound treatment
activates bacteria that promote additional
dissolution of metals, including zinc [16]. This can
become an important area for processing ores and
waste.

One of the promising methods for increasing
extraction efficiency is the pretreatment of raw
materials by microwave firing, which makes it
possible to intensify subsequent leaching processes.
This review examines the mechanisms of the
influence of microwave processing on the structure
of raw materials, changes in its phase composition,
and an increase in the degree of extraction of
germanium from zinc oxide (ZnO) dust [17]. For the
processing of lead oxides, their preliminary
purification from chlorides and fluorides is
necessary. For this purpose, technologies for
washing welz oxides with aqueous and aqueous-
alkaline solutions were used. Pyrometallurgical
calcination is an alternative method of halogen
removal. Microwave heating is a promising method
of heat treatment of welz oxides, having a number

of advantages, such as the transfer of
electromagnetic energy instead of heat, high
heating rate, selective heating of materials and the
volumetric nature of heating [[18], [19]].

Clinker, as an intermediate product of ore
processing, can contain various metals, including
zinc, which is an important element for various
industries. For efficient processing and extraction of
zinc, it is necessary to increase the efficiency of
leaching, which is usually carried out using acids.
However, the use of traditional leaching methods
may be limited by low productivity, as well as high
energy consumption of the process.
Hydrometallurgical processes remain the main ones
for processing zinc-containing raw materials, as they
allow obtaining high-purity metals with minimal
energy costs. The leaching of zinc from raw materials
with a solution of sulfuric acid is a key step in the
hydrometallurgical production of zinc. Optimizing
this process is crucial to increase the efficiency of its
extraction, reduce costs, and minimize negative
environmental impacts. In recent years, more and
more attention has been paid to the use of non-
traditional methods of intensifying leaching
processes, such as microwave heating and ultrasonic
treatment.

Optimizing this process is crucial to increase the
efficiency of its extraction, reduce costs, and
minimize negative environmental impacts. In recent
years, more and more attention has been paid to the
use of non-traditional methods of intensifying
leaching processes, such as microwave heating and
ultrasonic treatment.

In recent years, more and more attention has
been paid to the use of non-traditional methods to
intensify leaching processes, such as microwave
heating. Therefore, the purpose of this study is to
optimize the process of zinc leaching from man-
made raw materials (clinker) with pretreatment by
microwave radiation, by determining the effect of
parameters on the efficiency of zinc extraction,
which will increase efficiency and reduce the
environmental burden during the processing of zinc-
containing materials.

Methodology and Materials

Technogenic zinc-containing raw materials,
clinker, were used as the starting material. The
chemical composition of the sample is represented
by the main elements: Fe (25.39%), Zn (1.25%) and
Cu (0.81%), as well as gold (1.53 g/t) and silver (71.81
g/t), calcium (3.81%), silicon (4.58%), copper

— 6



Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

(1.04%), zinc than and other
substances.

The effect of microwave radiation on clinker
occurred in a high-temperature microwave reactor
"Energy K-50" (915 MHz, 25 kW). Figure 1 shows a
single installation of the Energiya K family. The
complex is designed to process the initial product by
dielectric heating it in ultrahigh frequency
electromagnetic fields in the mode of continuous
movement of the material in a rotating dielectric
retort (tube) installed in the waveguides of the

drying chamber of the Complex.

(more 1.2%)

Figure 1 - A single installation of the
«Energy K» family

Test experiments were conducted on leaching of
the initial technogenic zinc-containing raw materials
in order to determine the optimal conditions. An
installation was used for leaching, including a
reactor with a PE 8399 mechanical stirrer from
Ekros.

The kinetics of the leaching process was studied
by placing a solution of 0.1 dm3 sulfuric acid or alkali
in conical flasks with a volume of 0.25 dm3 (acid
concentration ranged from 60-140 g/dm3, sodium
hydroxide from 25-150 g/dm3) and ore in the ratio
S:L=1:5. The leaching was carried out with intensive
stirring; the duration of the process was 6 hours, the
mixing speed was 300 rpm, and the temperature
ranged from 22-80 °C.

The leaching conditions are chosen to ensure an
optimal balance between extraction efficiency,
reaction rate, mass transfer, and process economy.

Methods of analysis

Modern analytical methods were used in the
work. The phase composition of the samples was

determined using a D8 Advance X-ray
diffractometer (BRUKER), Cu-Ka radiation. The
elemental analysis was performed using an X-ray
fluorescence  spectrometer with an  Axios
wavelength of 1 kW  (PANalytical). The
microstructure of the surface was monitored using a
JXA-8230 electron probe microanalyzer from JEOL
(Jeol, Tokyo, Japan). The quantitative zinc content in
the solutions after leaching was determined using an
Optima 8000DV inductively coupled plasma atomic
emission spectrometer.

Results and discussion

In the course of the research, the following
experimental scheme was used: crushing clinker to
90 % of the class size -0.071+0 mm, microwave
processing and leaching (Fig.2) [20].

clinker
crushing, grinding
microwave roasting

_phase transformation

aftered clinker

H2S04 agitation
leaching process

filtration process

leaching residue leaching solution

Figure 2 — Block diagram of the experiment

According to the above scheme, the crushed and
crushed clinker has passed the stage of microwave
firing. The parameters of the effect of microwave
radiation on clinker are shown in Table 1.

Table 1 — Parameters of experiments on a microwave
installation

Naming of  |Experience|Experience|Experience|Experience
indicators No. 1 No. 2 No. 3 No. 4
Microwave 25 25 25 25
power, kW
Frequency of 915 915 915 915
waves, MHz
Duration of 5-7 5-7 5-7 5-7
experience, min
Temperature, °C 250 460 600 700
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When studying the microwave effect on clinker,
the following parameters were taken: radiation
power — 25 kW, frequency — 915 MHz, treatment
duration — 5-7 minutes. These parameters
remained unchanged in all experiments, while the
heating temperature varied (from 250 to 700 °C),
which made it possible to evaluate the influence of
the temperature factor, all other things being equal.
The frequency of 915 MHz is the industry standard
for microwave processing, providing deep
penetration of microwave energy into the processed
material. The duration of 5-7 minutes was chosen
experimentally as sufficient to achieve a stable
thermal effect at a given power. Increasing the time
does not give a significant increase in temperature
or effect, but increases energy consumption.
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Zn 237 1.06 116 98005 0.0225208 K

Total 100.00 100.00

Figure 3 - Microstructure and energy dispersion
analysis of clinker after exposure to
microwave radiation at 700 °C

The temperature range covers both the initial
stages of dehydration and structural
transformations (250-460 °C) and high-temperature

effects, including phase transformations and
activation of chemically inert compounds (600-700
°C).

As can be seen from the table, the microwave
heating temperature range ranges from 250 — 700
°C. According to the results of energy dispersion
analysis of clinker after exposure to microwave
radiation, it was found that when the microwave
heating temperature reaches 460 °C, cracks form in
the sphalerite grain as a result of thermally induced
mechanical stresses. When the temperature rises to
600 °C, the zinc-containing phase is mainly ZnO [20].
At the same time, zinc oxide is well soluble in dilute
acids by the reaction:

Zn0 + H3S04 = ZnSO4 + H,0 (1)
Zn0O + 2NaOH + H;0 = Na;[Zn(OH),] (2)

With a further increase in temperature (up to
700 °C), a complex ferritic compound (ZnO - Fe203)
is synthesized, demonstrating a high degree of
chemical resistance in weakly concentrated acidic
media (Fig. 3). Thus, the temperature of the clinker
phase transformation by microwave heating was
chosen to be 600 °C.

In the course of the research, the process of
leaching clinker pretreated with microwave
radiation in different temperature conditions with a
solution of sulfuric acid concentration of 100 g/dm?
at a temperature of 22 +2 ° C was studied (Fig. 4).

—O— without microwave

treatment
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B
o
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w
o

20 A
10
X
.—---"__----__---—----x
X
0 ! T T 1
0 120 240 360
Time, min

Figure 4 - Comparison of zinc extraction efficiency
during clinker leaching with sulfuric acid
before and after exposure to microwave radiation

The figure 4 shows that the degree of zinc
recovery from clinker was: - from the feedstock —
21.12%; after preliminary exposure to microwave
radiation at 460 ° C—23.45%, at 600 ° C— 46.47%, at
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700 ° C—5.12%. Thus, the highest zinc recovery was
achieved after preliminary exposure Microwave
radiation at a temperature of 600 °C. Increasing the
temperature to 700 ° C reduces the leaching process.
This fact is probably related to the formation of a
complex ferritic compound (ZnO*Fe,0s), which
demonstrates a high degree of chemical resistance
in weakly concentrated acids. In subsequent
experiments, clinker was pretreated with
microwave radiation at a temperature of 600 ° C.

Then, training using sulfuric acid of various
concentrations from 25 to 125 was studied (Fig. 5).
The kinetic curves shown in the figure show that
with an increase in the concentration of sulfuric acid,
zinc extraction increases from 15.0 to 46.47 %. At a
higher concentration of H,SO,, the formation of
insoluble iron sulfate (Fe,(SO4)s is possible, which
can reduce the extraction of impurity elements.

50 —o—C-25g/dm®
—¢—C-50 g/dm*

40 —A—C-75 g/dm®
L —O—C-100g/dm* )
S 30 —0-C-125 gf/dm®
g Juy
g )
£
w

20

10

o 60 120 180 240 300 360
Time, min.

Figure 5 - Effect of sulfuric acid (H2S04) concentration on
zinc extraction from clinker after exposure
to microwave radiation

When studying the effect of the concentration
of the leaching reagent on the zinc dissolution
process, sodium hydroxide (NaOH) was also used,
the concentration of which varied between 25-150
g/dm3 (Fig. 6).

Figure 5 shows the kinetic curves of the
interaction of clinker pretreated with alkali
depending on its concentration, which shows that
with an increase in the concentration of sodium
hydroxide from 25 to 50 g/dm?3, the degree of zinc
leaching increases from 4.8 to 6.9 %. An increase in
the alkali concentration leads to a sharp decrease in
zinc extraction to 5.9 %. The reason for the decrease
in zinc extraction at high NaOH concentrations may
be the formation of insoluble compounds or the
passivation of the clinker surface.

® ——C-25 gfdm3
£ 7 — 4 C50 gfdm3 e
E 61 —+c100g/dms O __—%
E 5{ —o—cis0e/dm3. l-+;;-_=+’;
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Figure 6 - Effect of sodium hydroxide (NaOH)
concentration on zinc extraction from clinker after
exposure to microwave radiation

The results shown in Figures 7 and 8
demonstrate the effect of the liquid—solid ratio, as
well as the temperature of the leaching of clinker
with sulfuric acid.

50
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£
w
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Figure 7 - The effect of the S:L ratio on zinc extraction
from clinker after exposure to microwave radiation

It is shown that with an increase in the S:L ratio
from 1:3 to 1:5, an increase in the degree of zinc
extraction is observed from 32.0 to 46.0 %, and a
further increase contributes to a decrease in
extraction from 46.0 to 25.07 % (Fig. 7). The optimal
solid-liquid ratio is 1:5.

As for the effect of temperature, the
relationship is simpler: An increase in the clinker
leaching temperature from 22 to 80 °C contributes
to an increase in the degree of zinc extraction from
46.47 to 68.18 % (Fig. 8).
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Figure 8 - Effect of temperature on zinc leaching
from clinker after exposure to microwave radiation

Thus, the studies carried out and the results
obtained have shown that the optimal conditions for
exposure to microwave radiation are: a temperature
of 600 ° C, and a leaching concentration of sulfuric
acid of 100 g/l, a liquid—solid ratio of 5:1, and a
leaching temperature of 80 °C.

Conclusion

Pretreatment of clinker using microwave and
ultrasonic exposure is a promising method for
increasing the efficiency of zinc leaching. The use of
these methods can reduce energy consumption and
increase the productivity of processing processes,
which is important for the modern metallurgical and
chemical industries.

Studies have shown that the highest zinc
recovery is achieved after preliminary exposure to
microwave radiation at a temperature of 600 °C.
Increasing the temperature to 700 ° C reduces the
leaching process. This fact is probably related to the
formation of a complex ferritic compound
(ZnO*Fe;03), which demonstrates a high degree of
chemical resistance in weakly concentrated acids.

A study of the effect of acid and alkali
concentrations on the degree of zinc leaching from
clinker pretreated with microwave radiation showed
that the optimal concentration of sulfuric acid is 100
g/dm3, and alkali is 50 g/dm?3.

Studies have shown that the optimal parameters
for the leaching process are the temperature of 80
°C and the ratio of solid and liquid phases (S:L) 1:5.
Under these conditions, a balanced ratio is achieved
between the efficiency of chemical interaction and
the processability, which allows for sufficient
contact between the reagent (sulfuric acid) and the
processed material. Under these conditions, the
degree of extraction by sulfuric acid was 46.47%.
Sulfuric acid leaching is the most common method,
providing a high degree of recovery. In this study,
sulfuric acid leaching showed a higher level of zinc
recovery than alkaline leaching, which makes it the
preferred method under the conditions studied.
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TYAIHAEME

KypambiHAa Mbipbiw H6ap TeXHOreHAiK WWKi3aTTbl KalWTa eHaey Tabusn pecypcrapabl YTbiMAabl
nanganaHy >KoHe 3KONOTMANBIK JKYKTEMEHI asaWTy TypFbiCbIHAH MaHpI3abl MiHAEeT 6onbin
Tabbinagbl. COHFbl KblNgapbl MyHAAW maTepuangapibl  eHAeyaiH  TMimai  agictepiHe
KbI3bIFYLIbINbIK apTbin Kenedi, eMTKeHi MbIpbil ©HEepKacin yWwiH MaHpi3abl metann 6onbin
Tabblnagbl. LUMKI3aTTaH MbIPbIWTbI KYKIPT KbIWKbIAbIHBIH, €PITIHAICIMEH WaliManay MblpbILTbIH,
rMAPOMETANNYPIUANBIK  OHAipiciHAeri Heri3ri Kagam 6osbin  Tabbuiagpl. byn npouecri
OHTalNaHABIPY eHAIpY TMIMAINIMIH apTTbipy, WbIFbIHAAPAG! A3aNTY KAHE KopLluafaH opTafa Tepic
acepAi a3anTy yLWiH eTe MaHbI34bl. bi3 MbIpbIWTbI TEXHOrEHAIK WWKI3aTTaH KYKIPT KbIWKbINAbIHbIH,
epiTiHAICIMEH MUKPOTONKbIHAbLI CayNeNeHAipyMeH anaplH ana eHAey apKblabl LWaimanay
npoueciH 3epTreaik. OHTalAbI WaliManay napameTpaepi aHbiKTanabl. bactankpl WuKisaT peTiHae
MbIPbIW KEHiHIH, BenbuTey OHAIPICIHIH Kanablk eHiMi KAnHKep naiganaHbingpl. KnuHkepaeri
MbIpbiw Menwepi - 1,25 %. MbIpblWTbIH, XOfapbl 3KCTpaKuusacbiHa 600 °C TemnepaTtypasa
MWKPOTO/IKbIHABI CAYNEeNeHAipyAiH andblH ana acepiHeH KeWiH KON XKeTKisinreHi kepceTingi.
LLlaimanayabliH, OHTalAbl NapameTpiepi aHbIKTanabl.

Tyiiin ce30ep: Wwalimanay, MbIpbILll, KIMHKEP, YNbTPA KOFapbl XKUINIKTI cayneneHaipy.
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AHHOTAUMA
MepepaboTKa LMHKOCOAEPIKALLErO TEXHOTEHHOTO CblpbsA NPeACTaBAseT cob0M BaKHy0 3a4auy ¢

TOYKM 3pEHNA PaLMOHaNIbHOTO MCNO/Ib30BAHNA MPUPOAHbBIX PECYPCOB U CHUMKEHWUA IKONOTUYECKOM
Harpysku. B nocnegHue roapl HabnopaetcA pocT WHTepeca K 3PPEKTUBHbBIM  MeToaam
nepepaboTKM TaKMX MaTepuanos, MOCKONbKY UWHK ABAAETCA BaXHbIM METa//IoM Ana
NPOMbBILWNEHHOCTU. BbllenaunsaHme LMHKA U3 CbipbA PAacTBOPOM CEPHOM KUCAOTbl ABAAETCA
KAlOYeBbIM 3Tanom B MAPOMETaNyPruyeckom Npou3BOACTBE UMHKA. OnNTMmmusauma 3Toro
npouecca UmeeT pellatollee 3HayeHue AnA NoBblleHUA 3GPEKTUBHOCTU €ro U3BAEYEHWs,
CHUMKEHMA 3aTpaT U MMHUMM3ALMM HEraTMBHOTO BO3AEWCTBUA Ha OKpyKaloulyo cpeay. Hamu
uccnepoBaH NPOLECC BbILWENaYMBaHMA LIMHKA M3 TEXHOTEHHOTO CblpbA PacTBOPOM CepHOW
KMCNOTbI C NpeaBapuUTeNnbHoin 06paboTkoit coipba CBY-u3nyyeHnem. OnpepeneHbl ONTUMAasbHbIE
napameTpbl BbllWeNnaynmsBaHmMA. B KauyecTBe MCXOAHOrO CbipbA WCNOMb30BANAWN  KAUHKEP —
OCTATOYHbIM MPOAYKT BE/bLLEBAHUA LMHKOBbLIX pya. CopepraHue LMHKA B KNuHKepe - 1,25 %.
MoKasaHo, YTO BbICOKOE WM3B/IEYEHME LUMHKA AOCTUTHYTO NOC/E NPeABapUTENbHOMO BO3AENCTBUA
CBY u3nyyeHua npu temnepatype 600 °C. M3y4eHO BAMAHME KOHLIEHTPALMM pacTBOpUTENeN,
COOTHOLUEHWA TBEPAON U KMAKOM da3, TemnepaTypbl Ha CTENEHb U3BEYEHUA LIMHKA.

Knrouessble cnosa: BbilwenavymBaHune, UMHK, KNMHKepP, CBEPXBbICOKOYACTOTHOE U3/yYeHue.
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Physicochemical parameters of lithium sorption from hydromineral raw
materials using synthesized inorganic sorbents
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ABSTRACT

This paper presents the results of a study on the physicochemical parameters of the lithium
sorption process from hydromineral raw materials using synthesized sorbents. The
physicochemical parameters of lithium sorption from brine, including the enthalpy change (AH,
kJ/mol), entropy change (AS, ki/mol-K), and Gibbs free energy (AG, kJ/mol), were investigated.
The enthalpy value AH = -0.698 kJ/mol indicates that the process is exothermic, as it is
accompanied by heat release. The positive value of entropy AS = 0.0122 kJ/(mol-K) indicates a
low degree of order and increased randomness at the interface between the manganese dioxide-
based sorbent and the brine during lithium absorption. The negative Gibbs free energy (AG)
values, ranging from -4.401 to -4.769 kJ/mol at temperatures of 303—333 K, confirm that the
lithium sorption process on the manganese oxide sorbent is spontaneous and can proceed
without external influence. Additionally, the activation energy value Ea = -0.592 kJ/mol suggests
a decrease in the sorption rate as the temperature increases. Using a modified Arrhenius-type
equation, the adhesion probability S* was determined to be 0.188. This value indicates the
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predominance of the chemisorption mechanism in the lithium sorption process.
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Introduction

Lithium is one of the key elements of modern
energy, widely used in the manufacture of
batteries, glass, ceramics, and pharmaceutical
products [[1], [2], [3], [4], [5]]. However, the
extraction of lithium from natural sources such as
salt lakes, oil brines, and seawater presents
significant technological challenges [6]. In recent
years, lithium-ion sieves (LIS) have emerged as an
innovative solution for the efficient extraction of

lithium from liquid media [[7], [8]]. Li-ion sieves are
characterized by high selectivity toward lithium
ions as well as environmental safety, making them
a promising tool for the sustainable development of
the lithium industry [[9], [10]].

Lithium-ion sieves (LIS) are specialized
adsorbents capable of selectively capturing lithium
ions (Li*) from aqueous solutions [[11], [12]]. Their
structure is based on porous materials containing
lithium, which is replaced by hydrogen ions (H*)
when interacting with the solution. The principle of
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operation of LIS is illustrated in Figure 1. The
synthesis of LIS involves several steps: preparation
of the precursor, its calcination, and acid treatment
of the precursor to obtain the sorbent. The vacant
sites in the crystal lattice formed during this
process are able to retain ions whose radius does
not exceed that of the target lithium ions.
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Figure 1 - Schematic representation of LISs process [13]

Among the many materials used in LIS,
manganese-based oxides are the most widespread.
From the precursors LiMn;0s, Li133Mn16704, and
Li1sMn4160a, scientists have developed manganese
oxide-based  sorbents such as  A-MnO,,
MnO,-0.3H,0, and Mn0;-0.5H,0 [[14], [15]]. These
sorbents exhibit excellent adsorption capacity. For
example, precursor sorbents have sorption
capacities of 39.9 mg/g for LiMn,04, 59 mg/g for
LizMns0O12, and a high capacity of 72.3 mg/g for the
Liz.sMny604 precursor sorbent [[16], [17]].

In previous papers, the results of studies on the
synthesis of inorganic sorbents based on
manganese oxide compounds were presented,
along with the results of lithium sorption from
formation brines of oil fields. Additionally, the
kinetic model of lithium sorption from hydro-
mineral raw materials on the synthesized sorbent
was determined, and the synthesized manganese
dioxide sorbent was studied after its saturation
with lithium from brine [[18], [19]].

To gain a more detailed understanding of
lithium sorption from brine and to increase the
completeness of sorption extraction, it is
particularly important to study the physicochemical
parameters characterizing the process.

Research methods

Experimental methodology. Experiments on
lithium sorption from brines were conducted in a
thermostated reactor with a capacity of 0.5 dm3,
equipped with a mechanical stirrer (VELP Scientifica
LS F201A0151, ltaly) operating at a fixed number of
revolutions. The temperature was maintained
constant using a LOIP LT-100 circulation
thermostat. A specific amount of brine was poured
into the reactor and heated to the desired
temperature. Once the target temperature was
reached, the required amount of sorbent was
added to the brine in the reactor, and stirring was
initiated. The start of the process was then
recorded. At the end of the experiment, the brine
was separated from the sorbent, and the lithium
content in the brine was analyzed.

Analysis methods. The quantitative content of
lithium in the initial brine and filtrates after
sorption was determined on an Optima 8300DV
inductively coupled plasma atomic emission
spectrometer and on a SHIMADZU AA-7000 atomic
absorption spectrophotometer (Japan).

Results and Discussion

The study of  the physicochemical
characteristics of the sorption process provides
important information regarding the Gibbs free
energy of the system and other thermodynamic
parameters during the sorption of lithium from
brine. This information can be used to determine
the type and mechanism of the process.

The physicochemical parameters of lithium
sorption from brine such as enthalpy change (AH,
kJ/mol), entropy change (AS, kl/mol-K) and Gibbs
free energy (AG, kl/mol) are calculated using the
following equations:

AG =-2,303 RT log Kq (1)

AS AH
2,303R 2,303RT

logKy = (2)

AG =AH-TAS (3)

where, K4 is the sorption equilibrium constant,
dm3/g; R is the universal gas constant, 8.314
J/(mol-K); T is the absolute temperature, K.
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Figure 2 - Graph of dependence of the logarithm of the equilibrium constant of lithium sorption
on manganese-oxide sorbent log K4 on the inverse temperature 1/T

By constructing a line graph in the coordinates
log Kq versus 1/T, in accordance with equation (2),
we can determine the values of the enthalpy
change (AH) and the entropy change (AS) from the
slope of the line and its intersection with the
ordinate axis, respectively.
The process of lithium sorption from brines with
initial lithium concentration of 5.477 mg/dm?3 under
the following conditions was studied: temperature
from 30 to 60 °C (step 10 °C); duration 24 h; ratio of
sorbent mass to brine volume = 1: 1000. According
to the obtained results, K4 values were calculated
and a graph in log K4 - 1/T coordinates was plotted
(Figure 2). The parameters calculated from the
graph of Figure 2 are shown in Table 1. The
negative value of Gibbs energy (AG) indicates that
lithium sorption on manganese oxide sorbent
under these conditions can proceed spontaneously,
i.e. spontaneously. The negative value of the
enthalpy change (AH) indicates that the sorption
process proceeds with heat release. The positive
value of entropy change (AS) indicates a low degree
of order and indicates that randomness increases at
the manganese dioxide sorbent/salt interface
during lithium adsorption.

Table 1 - Physicochemical parameters for lithium
sorption process on manganese oxide sorbent

Parameters Temperature, K Value
303 -4.401
AG, kJ/mol 313 -4.528
323 —4.645
333 -4.769
AH, kJ/mol —-0.698
AS, kJ /(mol-K) 0.0122
Ea, ki/mol -0.592
S 0.188

The modified Arrhenius-type equation related
to surface coverage (8) is the sticking probability
(5*), which is a function of the
adsorbate/adsorbent system under consideration
and depends on the temperature of the system.
The value of S* is a measure of the ability of the
adsorbate to remain on the adsorbent indefinitely
[20]. The effect of temperature on the sticking
probability is estimated by calculating the surface
coverage at different temperatures and can be
expressed as [21]:

S*= (1—0)exp— (%) (4)

In(1 - 0) = InS* + % (5)
Ce

0=1- . (6)

where, 0 is the fraction of the sorbent surface
occupied by adsorbed lithium; E, is the apparent
activation energy, kJ/mol; Co and Ce are initial and
equilibrium concentrations of lithium in brine,
respectively, mg/dm3.

The probability of adhesion under optimal
conditions of the sorption process was evaluated as
a function of the degree of coverage of the sorbent
surface and temperature in the range of 303—333 K.
Based on the linear dependence plotted in the
coordinates of In(1-0) versus 1/T, it is possible to
determine In S* and E./R (Figure 3).

The calculated values of apparent activation
energy (E.) and sticking probability (S*) are
presented in Table 1. The sorption process in the
studied temperature range of 303-333K is
exothermic and proceeds with heat release. The




2026; 339(4):14-20

ISSN-L 2616-6445, ISSN 2224-5243

0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

-1.885 L

-1.89 H

-1.905 -

-1.91 -

R?=0.9945

1T (K

Figure 3 - Graph of In(1-6) versus 1/T for lithium sorption on manganese oxide sorbent

negative value of activation energy shows that
sorption slows down with increasing temperature.
The sticking probability should lie in the range 0 <
S'<1 [21].

The sticking probability S* > 1 indicates the
adhesion of adsorbate from adsorbent (no
sorption), S° = 1 implies a linear dependence of
adhesion between adsorbate and adsorbent and a
mixture of physical and chemisorption mechanisms
is possible, S* = 0 means unlimited adhesion of
adsorbate to adsorbent in which the chemisorption
mechanism prevails.

Finally, in the region of values 0 < S*< 1 means
favourable adhesion of adsorbate to adsorbent
with  predominance of physical sorption
mechanism. The calculated value of S*, which is
0.188, is closer to 0 in the range of 0 to 1, indicating
the predominance of the chemisorption
mechanism [22].

Therefore, the physicochemical parameters
derived from both calculations and experiments
can be utilized for scientific research.

Conclusions

The study of the physicochemical parameters of
the lithium sorption process from hydromineral raw
materials was conducted. The physicochemical
parameters of lithium sorption from brine, such as
enthalpy change (AH, kJ/mol), entropy change (AS,
kJ/mol-K), and Gibbs free energy (AG, kJ/mol), were
calculated. The enthalpy change AH =-0.698 kJ/mol

indicates that the lithium sorption process is
exothermic, accompanied by heat release. The
entropy changes AS = 0.0122 kJ/(mol-K) suggest a
low degree of ordering and an increase in chaos at
the manganese dioxide sorbent/salt interface
during lithium adsorption. The negative values of
Gibbs free energy (AG), ranging from -4.401 to -
4.769 kJ/mol within the temperature range of 303—
333 K, demonstrate that the sorption of lithium on
the manganese oxide sorbent can proceed
spontaneously. A negative activation energy E, = -
0.592 klJ/mol, was obtained, indicating that the
sorption process slows down as the temperature
increases. The sticking probability S* = 0.188 was
calculated, which suggests the predominance of a
chemisorption mechanism.
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TYRIHAEME

Byn KymbICTa cUHTe3aenreH copbeHTTepai KoMZaHa OTbIpbiN, TMAPOMUHEpPandpl LIKMKi3aTTaH
mTuiaai  copbumanay npoueciHiH,  GU3MKa-XMMUANBIK NapaMeTpaepiH 3epTTey HaTuKenepi
KentipinreH. Ty3abl epiTiHAiaeH nuTUnai copbumanayabiH GU3MKa-XMMUANBIK NapameTpaepi,
MbICasibl, SHTANbNUAHDBIH, ©3repyi (AH KOK/Monb), sHTpoNUAHbIH, e3repyi (AS, KOK/MoNb) KaHe
ImMb6cTiH, 60C aHepruscsl (AG, kx/monb) ecentengi. IHTanbnusa maHi AH = -0,698 kK / monb
NPOLLECTIH, by LUbIFapyMeH bipre »KypeTiHiH pacTaiigpl, 6yN OHbIH 3K30TEPMUANBIK CUNATbIH
KepceTeai. IHTPONMAHbIH, OH MaHI AS = 0,0122 kK / (Monb-K) mapraHew, AMOKCUA Heri3iHaeri
coOpbeHT neH NWUTUIAI CiHipy KesiHAe Ty3abl epiTiHAi apacbiHAafbl dasanblk MHTEpdeicTe
PeTTINIKTIH TOMeH [2peKecCiH XaHe PeTCi3AiKTIH KofapblnayblH Kepcetegi. 303-333 K
Temnepatypaga -4,401-peH -4,769 k[x/monb AManasoHbiHAa anblHFaH  TM66c  6oC
3HEPrUACbIHbIH, Tepic MaHAepi (AG) mapraHeu-oKcua, copbeHTiHaeri AnTuii copbumackl npoueci
©3[iriHEeH KYPETiHIH KaHe CbIPTKbl 9CepcCi3 Kypyi MYMKIH ekeHiH pactaingpl. Ea = -0,592
KOX/MONb  aKTUBTEHAIPY 3HepPruAcbiHbIH M3HI TemnepaTypa »KofapbliafaHga copbuus
KbINAAMAbIFbIHBIH, TOMEHAEWTIHIH KepceTedi. MoanduKauuanaHfaH AppeHnyc TUnTi TeHaeyai
KonAaHa oTbipbin, 0,188-re TeH, S* »abbiCy bIKTUMaNAbIFbI aHbIKTaNAbI, 6yn AuTHiAAi copbumnanay
npoueciHae XeMocopbLMANbIK MexaHU3MiHIH, 6acbiM eKeHAIrH KepceTea,.
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AHHOTALUMUA

B paHHOM paboTe npeacTaBneHa pesynbTaTbl M3ydeHUA (GU3MKO-XMMUYECKUX MNapameTpoB
npouecca copbLuMmn AUTUA U3 TMAPOMMUHEPAsIbHOTO Cbipbsi C UCMO/b30BaHUEM CUHTE3UPOBAHHbIX
copbeHToB. PaccumTaHbl TepMOAMHAMUYECKME MapameTpbl COpbUMM AUTMA U3 paccona, Takue
KaK M3MeHeHue 3HTanbnuu (AH KOK/Monb), uameHeHue sHTponum (AS, kAx/monb-K) un

cBobogHan aHeprusa mb6ca (AG, kO/Monb). 3HayeHne aHTanbnum AH = —0,698 KK/Mosb
MNoctynuna: 26 mapma 2025 NOATBEPKAAET, YTO NPOLECC COMPOBOMAAETCA BblAENEHMEM Tenia, 4To YKasblBaeT Ha ero
PeueHsupoBaHue: 12 anpens 2025 3K30TepPMUUECKMI1 XxapakTep. MonoxuTensHoe 3HaueHue aHTponuu AS = 0,0122 k[x/(monb-K)
MpuHaTa B nevatb: 27 mas 2025 CBUAETENbCTBYET O HMBKOM CTENeHU ynopaL0YeHHOCTU U YBEIMYEHUN XaOTUYHOCTU Ha rpaHuLe

pasgena a3 mexay copbeHTOM Ha OCHOBE AMOKCMAA MapraHua U paccoaoM Npu NOrNOWEeHUN
nuTuA. MonyyeHHble oTpULaTeNbHble 3HaYeHUs cBoboaAHOM aHeprun MMb6ca (AG) B AnanasoHe
ot —4,401 po —4,769 kx/monb npu Temnepatypax 303—-333 K noaTBep:KaatoT, 4to npouecc
copbLmnn ANTUA Ha MapraHLEBO-OKCUAHOM COpPOEHTEe ABNAETCA CMOHTAHHBIM U MOXET NPOTeKaTb
6e3 BHelWHEro BO3AENCTBMA. 3HadeHuMe 3Hepruu aktmBaumm E. = —0,592 kOx/monb
CBUAETENbCTBYET O CHUMEHWUM CKOPOCTM copbumm ¢ poctom TemnepaTtypbl. C Mcnonb3osaHuem
MOANODULMPOBAHHOTO YypaBHEHUA Tuna AppeHuWyca onpejeneHa BennyMHa BEPOATHOCTU
npununanua S°, pasHas 0,188, KoTopas yKasbiBaeT Ha npeobnafaHuWe XemocopbLMOHHOro
MexaHu3ma npouecca copbuum nuTusa.

Knroyesbie cno6a: nUTUiN, GU3NKO-XMMUUYECKME NAPaMETPbl, XeMOCOPBLMA, MNTUIA-UMOHHOE CUTO,
rMAPOMMHEPaNbHOE Cbipbe.
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Study of the kinetics of sorption of praseodymium and neodymium ions using
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ABSTRACT

This paper presents a study of the kinetics of neodymium and praseodymium ions sorption using
interpolymer systems based on KU-2-8 and AB-17-8 in salt forms. Sorption of target ions was
carried out in a dynamic mode (with constant stirring) in interpolymer systems in molar ratios of
4:2 and 3:3 (cation exchanger to anion exchanger). Aliquots were collected during certain time
intervals, then widely known kinetic models of sorption were used to construct linear graphs.
According to the obtained results, the best model for describing sorption was pseudo-first order
(the highest value for the 4:2 system = 0.97885 and 0.98112; for the 3:3 system = 0.9647 and
0.98779). Such results are important for understanding the mechanisms of the sorption process
and establishing the limiting factor that can slow down this process. The kinetic model of pseudo-
first order may indicate the need to improve the washing out of counterions from the
polyelectrolyte matrix for their high ionization and accessibility of functional groups for metal ions.
This assumption can be used in the future to optimize industrial schemes of ion-exchange sorption
of REE.

Keywords: interpolymer systems, kinetic models, sorption, neodymium and praseodymium ions,
cation exchanger KU-2-8, anion exchanger AB-17-8.
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Introduction

Rare earth metals are a strategic resource and
are increasingly used in various fields. Rare earth
elements are a group of 17 metallic elements that
share similar chemical properties [1]. REEs consist of
the 15 lanthanides, as well as scandium and yttrium
lanthanides [[2], [3]]. REEs are typically categorized
into light rare earth elements and heavy rare earth
elements. The latter have grown crucial for
numerous emerging technologies, especially in the
green energy sector, including wind turbines, large-
scale energy storage systems, and new energy
vehicles [4]. They also provide a bridge from fossil
fuels to low-carbon energy [5]. As for the metals
themselves, which are studied in this article, they

also have a huge variety of applications, and
therefore, the demand for them will only grow in the
future. For example, Nd is applied in supermagnets
for disk drives [6], Nd-Fe-B magnets [7], in AL-
Mgalloys, and steel, also for magnetic resonance
imaging (MRI) contrasting agents [8]. Praseodymium
is widely used in magnets [9], optical Fibres, carbon-
arc lamps [7], in alloys for aircraft engines,
capacitors, sensors, and semiconductors, in flat
display electronics [8]. Therefore, considering the
great need for these rare earth metals, this study
aims to study the sorption kinetics to better
understand the absorption mechanism, which will
improve the technologies of concentration and
extraction of target ions. This goal was achieved
through several steps: 1) selection of interpolymer
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systems for sorption from a model solution; 2)
sampling aliquots at certain time intervals; 3)
selection of the most suitable kinetic model among
the most common in the literature; 4) based on the
selection of the most suitable kinetic model, suggest
a possible sorption mechanism, a limiting factor, and
how this factor can be compensated. The selection
of sorption and the composition of interpolymer
systems are also supported by the fact that
"adsorption provides advantages such as simplicity,
low capital investment, low energy usage, and good
environmental sustainability, making it the ideal
choice for separating and removing rare earth
elements"[10]. The development of simple but
effective sorbents that can be used repeatedly is an
urgent need in modern realities [11].

By now, a huge number of works have
accumulated on various methods of extracting REE
from primary and secondary sources. Some of them
also pay attention to kinetic factors, especially in
articles where sorption is the main process. The
authors [12] introduced a technique for extracting
neodymium from permanent magnet waste (WPM)
through a hydrometallurgical process that includes
separation using a hollow fiber liquid membrane
(HFSLM). Neodymium in WPM was recovered via
solvent extraction with D2EHPA. The separation of
Nd from Fe was achieved successfully using 0.6 M
D2EHPA at an O/A phase ratio of 3, with a pH range
of 1.26-2.0, resulting in a neodymium recovery rate
of 97.48%.

The extraction of neodymium and other REE
from recycled magnets was also studied in the work
[13]. They were extracted as oxalates using various
amounts of oxalic acid relative to its stoichiometric
quantity. When oxalic acid was used in
stoichiometric amounts, about 93% of the rare earth
elements present in the solution precipitated [13].

Miguel Nogueira et al. [14] used activated
carbon obtained from tire rubber after CO,
activation for sorption, and the most effective
adsorbent achieved a maximum absorption capacity
of 24.7 mg g™* for Nd** and 34.4 mg g for Dy**. The
authors also noted that the synthesized adsorbents
made from waste materials demonstrated better
performance than commercially available activated
carbon. This study also has environmental
implications, as it demonstrated the potential use of
waste to create effective adsorbents.

Organic acids, such as acetic and oxalic acids,
have been used for Nd leaching, showing promising
efficiencies. Under standard conditions (27°C, 3 M
acid concentration, 20 g/L pulp density, 200 rpm
stirring, 500 um particle size, 300 min leaching), Nd

extraction reached 50% with acetic acid and 44%
with oxalic acid [15]. However, optimized pa-
rameters (80°C, 0.4 M acetic acid, 10 g/L pulp
density, 106-150 um particle size) significantly
increased Nd extraction to 99.99% [16].

Recent research introduces electrokinetic
mining (EKM) as an innovative technique for
extracting REEs from ion-adsorption deposits (IADs)
while  addressing  environmental  concerns
associated with conventional ammonium-salt-based
leaching methods. Traditional methods exhibit low
recovery efficiencies (40—-60%) and contribute to
significant  water  contamination and  soil
degradation. EKM applies an electric field to
facilitate the selective migration of ions, significantly
reducing the need for chemical leaching agents (by
up to 80%). Experimental results demonstrate that
EKM achieves 90-96% recovery efficiency,
outperforming conventional techniques.
Furthermore, the method results in higher purity
REEs, with up to 70% fewer metallic impurities [4].

Deep eutectic solvents (DESs) have gained
attention as a viable substitute for aqueous
solutions in the recovery of valuable metals from
NdFeB magnets. A study [17] investigated a DES
composed of choline chloride and lactic acid in a 1:2
molar ratio for the leaching of REEs and other
metals. A separation process was devised using
Aliquat 336 SCN diluted in toluene to effectively
extract Fe, B, and Co from Nd and Dy. Purified Dy
was recovered by water stripping, while Nd was
precipitated using oxalic acid, vyielding Nd,Os
(99.87% purity) and Dy,03 (99.94% purity).

The use of chelate sorbents has also become a
popular direction for research and development for
the selective extraction of REE ions. For example,
ion-exchange resins IRC-747 and TP-260 have shown
high affinity for REEs from highly concentrated 4 M
HsPO,4 produced by OCP. These resins achieve REE
extraction yields ranging from 20% to 60% [18].

The ion exchange process is highly selective and
environmentally friendly, making it effective for
treating low metal concentrations. However, at the
same time, there are also some difficulties: high cost
of selective chelating separation materials and
limited capacity, slow desorption kinetics and the
need for selection of desorbing reagents [[19], [20],
[21]].

It is worth noting that many works have been
devoted to the problem of extracting REE from
model solutions, as well as from primary and
secondary sources using various cross-linked
polyelectrolytes. The general direction of all these
works is the search for high extraction efficiency,
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selectivity, and optimal conditions. For example,
industrial sorbents Purolite S940 and Lewatit TP 260
were used in the work [[22], [23]] to extract
neodymium and scandium from sulfate solutions.
According to the results, neodymium strongly bound
with functional groups to form coordination bonds,
and scandium sorption was strongly dependent on
the sulfate concentration. In two other experiments
22] were used cation exchangers with the same
functional group as in our work (sulfo group) to
extract neodymium and separate it from calcium,
iron and strontium. An important discovery was that
calcium and neodymium ions compete with each
other during sorption on the polymer matrix.

Our research is aimed at using interpolymer
systems, which are composed of cationite and
anionite. When in one solution, they mutually
activate each other, changing the most important
characteristics (pH, electrical conductivity, and
swelling degree increase) [[24], [25], [26]]. In our
previous studies, we considered interpolymer
systems based on various industrial sorbents for the
extraction of REE from solutions [[27], [28]]. In these
works, the sorption characteristics of a mixture of
praseodymium and neodymium, as well as lute-tium
individually, were demonstrated using mutually
activated cross-linked polyelectrolytes. It was
possible to find that the interpolymer system has
increased sorption characteristics compared to its
application. It was also possible to find that in the
static mode, greater selectivity to one of the REEs is
possible. However, at the moment, no experiments
have been conducted to study the kinetics of
sorption in such systems, so this work will pay more
attention to this aspect.

Experimental part

Equipment. The required mass of the ion
exchanger was measured using a Shimadzu TX-423
electronic  analytical balance. The residual
concentration was determined using an atomic
emission analysis (Thermo Scientific™ iCAP™ PRO XP
ICP-OES, USA).

Materials. In the experiment, aqueous solutions
of neodymium and praseodymium hexahydrate
nitrate with a concentration of 30 mg/| were used
(Sigma-Aldrich, Darmstadt, Germany). lon-exchange
resins in salt forms: KU-2-8 (Na*) strongly acidic
(Azot, Cherkassy, Ukraine) cation exchanger and
strongly basic AB-17-8 (CI") (Azot, Cherkassy,
Ukraine) gel-type anion, were used.

Experiment. An interpolymer system was
created using KU-2-8 and AB-17-8 in a molar ratio of

4:2 and 3:3. These ratios were chosen for study
based on previous work. In it, these interpolymer
systems showed satisfactory sorption indices
(extraction degree and sorption capacity). The
masses of ionites in these systems were: 4:2 (0.079
g.: 0.041g.); 3:3 (0.059 g.: 0.062g.). Then, sorption
was carried out in solutions containing neodymium
and praseodymium nitrates. Aliquots were collected
during the following time intervals: 5 min, 10 min, 15
min, 30 min, 1 h, 2 h, 3 h, 4.5 h, 6 h. The solutions
were stirred using a magnetic stirrer, since in static
mode, the sorption processes occur slowly. The
main task of the algorithm of this experiment is to
find which of the kinetic models best describes the
process of sorption of these rare earth metals by
interpolymer systems.

Results and Discussion

Kinetics in sorption processes characterizes the
rates of sorbate adsorption and desorption from an
aqueous solution onto a solid phase. The kinetic
analysis can be linear or nonlinear, depending on the
system's  complexity and the underlying
mechanisms. In our work, we used several popular
models of sorption kinetics to establish the
mechanism and limiting factors of REE extraction
using activated interpolymer systems. These models
are: pseudo-first order, pseudo-second order,
Elovich model, and intraparticle diffusion.

Pseudo first-order kinetic model fit

Widely used models to describe adsorption
kinetics are the pseudo-second order (PS2) and
pseudo-first order models (PS1) [[29], [30]]. These
models are adaptations for heterogeneous systems,
in which it is assumed that the concentration of the
sorbent does not change over time. Also, in these
models, the value of adsorption capacity is
important. The equation for the pseudo-first order
model and its linear form are usually presented as
follows [[29], [31]]:

q(t) = g.(1 —e™"h) (1)
ln[Qe - Q(t)] = — kit +Ingq, (2)

The Pseudo-First-Order (PFO) kinetic model
posits that the adsorption rate is directly
proportional to the difference between the
maximum adsorption capacity and the current
amount of adsorbate already adsorbed at any given
time. This means the adsorption process is primarily
controlled by the concentration of the sorbate in the
solution. It is typically used when the adsorption
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process is diffusion-controlled, meaning mass
transfer plays a significant role.

In this work, we used the linear form of the
equation to plot the graph. Figures 1 and 2 show a
linear approximation for the sorption kinetics of

neodymium and praseodymium in different
syste ms.
Pseudo first order model for Nd and Pr sorption
in system KU-2-8:AV-17-8 (4:2)
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Figure 1 - Pseudo first order kinetics for neodymium and
praseodymium sorption in a 4:2 system

Pseudo first model for Nd and Pr sorption
in system KY-2-8:AV-17-8 (3:3)
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Figure 2 - Pseudo first order kinetics for neodymium and
praseodymium sorption in a 3:3 system

According to the values of the quantity, the
pseudo-first-order model describes well the
sorption of both ions on the cation exchanger in
interpolymer systems. However, this partly
contradicts expectations because this model
assumes physical adsorption and dependence on
the concentration gradient. In turn, it is known that
cross-linked polyelectrolytes contain functional
groups with which metal ions directly interact
(formation of ionic or coordination bonds). The
model suggests that adsorption is driven by mass
transfer, which occurs due to a concentration
gradient between the solution and the adsorbent
surface [32]. Therefore, the unexpected good
pseudo-first-order correspondence can be explained

by the following assumptions. A field of counterions
is formed around the charged polyelectrolyte, which
is replaced by metal ions. At a certain moment,
counterions begin to prevent the solution and other
REE ions from penetrating the polymer matrix, so
despite the chemical interaction between the
functional groups and REE ions in the solution, the
limiting factor becomes mass transfer.

Pseudo-second order kinetic model fit

The linear form of the equation for pseudo
second order is represented by the following
formula [31]:

t—<1>t+ 1
9 \qe k,q2 (3)

The Pseudo-Second-Order (PSO) model, also
referred to as the Ho and McKay equation [33], is
commonly employed to describe the adsorption of
solutes from solution. The model is most applicable
when adsorption is controlled by chemical
interactions (chemisorption) rather than diffusion.
The adsorption process depends on the availability
of active sites rather than just mass transfer,
meaning it is not solely controlled by diffusion [34].

Pseudo second model for Nd and Pr sorption
6 in system KU-2-8:AV-17-8 (4:2)
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Figure 3 - Pseudo second order kinetics for neodymium
and praseodymium sorption in a 4:2 system

Pseudo second model for Nd and Pr sorption
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454

m Nd

4,04 ® Pr
|—— Nd line for linear fit
|——Prline for linear fit

3,5

3,04

U

y=arbx
Piot Nd P
Wweigrt Ne Weighting

Intercept 127844 0.13161 [1.33533%
Shaps 0.00808 + 7.3843E 0,00761 =

2,54

2,0

Rescusisunof Squmr | 038482
Fewsers aomsss vorsss
Rosaumre (6551 o555 o882z
e Rsumre 05as31 o810

T T T T T T T 1
0 50 100 150 200 250 300 350 400
time (min.)

Figure 4 - Pseudo second order kinetics for neodymium
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According to the coefficient of determination in
both systems (figures 3 and 4), both praseodymium
and neodymium also correspond well to the pseudo-
second order, but slightly less than the pseudo-first
order. This is also contrary to expectations, since
sorption on polyelectrolytes is usually a chemical
process. But based on previous discussions of mass
transfer, we conclude that although both models
yielded high coefficients of determination, the
actual mechanism and limiting factors are complex
processes.

Elovich model

The Elovich model is commonly employed to
characterize adsorption kinetics, particularly in
systems where the sorbent surface is energetically
heterogeneous and chemisorption is the rate-
controlling step [[35], [36]]. This model posits that
the adsorption rate diminishes over time as the
surface coverage increases, resulting in a
progressive reduction of available active sites. The
linear equation for this model can be expressed by
the following formula [36]:

1

_ L ince
CIt—ﬁ n(t)

In(ap) + ; 4)
where a is the initial rate of adsorption (mg.g-
1.min?) and B is the desorption constant (g.mg?)
Figures 5 and 6 show graphs for the Elovich model.
According to the determination coefficient, this
model describes the kinetics of neodymium and
praseodymium sorption worse than the pseudo-first
and pseudo-second order. This indirectly confirms
that chemisorption is not a determining factor.
Intra-particle diffusion
The intraparticle diffusion model explains how
adsorbate molecules, like dyes, move from the bulk
solution into the solid adsorbent phase. This
transport process often acts as the rate-limiting step
in adsorption, especially in rapidly stirred batch
reactors [37]. The formula that describes this model
can be represented as follows:

qe = Kaipt®® +C (5)
where C (mg*g™) is the intercept and Kdif is the

intraparticle diffusion rate constant (in mg*g™
min=2),

Elovich model for Nd and Pr sorption
in system KU-2-8 AV-17-8 (4:2)
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Figure 5 - Elovich model for neodymium and
praseodymium sorption in a 4:2 system
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Intraparticle diffusion model for Nd and Pr sorption
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Figure 8 - Intraparticle diffusion model for neodymium
and praseodymium sorption in a 3:3 system

Based on the determination coefficient, it can be
concluded that this model also satisfactorily
describes the sorption kinetics for neodymium and
praseodymium in two systems (Figures 7 and 8).
Thus, the pseudo-first-order and Elovich models
turned out to be the most suitable for describing the
processes occurring in interpolymer systems. The
good fit of the intraparticle diffusion model suggests
that mass transfer resistance within the resin plays a
significant role.

Tables 1, 2 summarise the results of the linear
correlation of all four sorption models (in the 4:2
system and 3:3 system) relative to the
determination coefficient presented in the work.

Table 1 - Determination coefficient for Nd and Pr in 4:2
system

Kinetic model Nd (R?) Pr (R?)

Pseudo first 0.97885 0.98112
Pseudo second 0.95875 0.95719
Elovich 0.93429 0.93294
Intraparticle 0.97614 0.97692

diffusion

Table 2 - Determination coefficient for the Nd and Pr 3:3
system

Kinetic model Nd (R?) Pr (R?)

Pseudo first 0.9647 0.98779
Pseudo second 0.95227 0.95822
Elovich 0.94492 0.94484
Intraparticle 0.97043 0.98003

diffusion

Conclusions

This study investigated the sorption kinetics of
neodymium (Nd3**) and praseodymium (Pr®*) ions
using interpolymer systems KU-2-8:AB-17-8.
Experimental data were fitted to pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle
diffusion models to determine the best kinetic
description.

The pseudo-first-order model (PFO) provided
the best fit, with R2 values of 0.97885-0.98779,
suggesting that mass transfer limitations and
external diffusion play a key role in sorption kinetics.
The pseudo-second-order model (PSO) also showed
good agreement but performed slightly worse,
indicating that chemisorption is not the sole
controlling mechanism. The Elovich model, which
typically describes heterogeneous chemisorption,
exhibited the poorest fit, confirming that physical
interactions and counterion exchange dominate the
process. The intraparticle diffusion model
demonstrated that internal diffusion resistance
contributes to the sorption rate but is not the only
limiting step.

The findings indicate that sorption kinetics in
interpolymer systems are influenced by the
counterion exchange effect, external mass transfer,
and intraparticle diffusion. These insights can be
applied to improve industrial ion-exchange sorption
technologies for rare earth element recovery. Future
studies should focus on the thermodynamics of the
process, the effect of pH control, and the long-term
regeneration efficiency of the interpolymer system.
Another important conclusion is that under active
stirring both metals are sorbed almost equally,
which confirms our previous results regarding static
and dynamic regimes.
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Ty3 TypiHgeri KY-2-8 xaHe AB-17-8 Heri3iHAaeri MHTepnoaumepni XXymnenepgi
KONAAHY apKbl/ibl NPa3seoauMm }KaHe HeOAMM UOHAAPDIHDIH,
copbumanaHy KWHETUKACbIH 3epTTey

tNxymaaunos T.K., *Kabxkanenos K.P, 2 XumapcaH X., ‘Torxyckpisbl b., 2MykaTaesa X.C.
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TYWIHAEME

Byn kymbicta Ty3 TypiHgeri KY-2-8 xaHe AB-17-8 HerisiHgeri uHTepnonumepni kyienepaj
KONAAHY apKbl/ibl HEOAWMM KIHE NPaseoaMM UOHAAPbIHbIH, COPOLMANAHY KUHETUKACLIH 3epTTey
YCbIHbINFaH.  MaKcaTTbl  MOHAApAbl  copbumsanay  AMHAMUKANbIK — pexumae  (TypakTbl
apanactbipymeH) 4:2 xaHe 3:3 MONAP/bIK KaTbiHACTafbl MHTEPNOAUMEpPAi Xyienepae (KaTMoH

Makana Kenp,i:10cayip2025 a/IMacCTbIpPFbiWTaH aHUOH aﬂMaCTprFbILLIKa) Kyprisingl. benrineHreH YaKbIT apablKTapblH4a

CapanTtamagaH eTTi: 22 mameip 2025
KabblngaHabl: 5 mayceim 2025 yArinepi nanganaHbingpl. AnbiHFaH HaTUKenep GoWbIHIWA COPOLMAHBI CUNATTayAbIH, €H, *KaKCbl

a/MKBOTTAp asblHbIM, CbI3bIKTbIK, rPaduKTEpAi Kypy YWiH copbumaHbIH, 6enrini KMHETUKaNbIK

yAarici nceBpo-6ipiHWi peTTi mogens 6onapl (4:2 Kyieci ywiH eH, )ofapbl MaH = 0,97885 aHe
0,98112; 3:3 »Ky#eci ywiH = 0,9647 xaHe 0,98779). MyHaal HatuxKenep copbuma NPOLECIHIH,
MexaHU3MAEPiH TYCiHY aHe ocbl npouecTi basynaTtaTtbiH WekTeywi $GakTopApl aHbIKTay YLWiH
MaHbI3abl. MceBao-6ipiHLLI PETTI KUHETUKANBIK MOAENT NONUMEPNEPAIH KOFapbl MOHAAHYbI XKaHe
MeTann MoHAapbl yWiH GYHKUMOHANAbIK TOMTapAblH, KOKETIMAIAIM YWiH NOAUINEKTPONUTTIK
MaTPULAZAAH KapCbl MOHAAPAb! KYYAbl KaKCAPTy KaXKeTTiNiriH KepceTyi MymKiH. Byn 6omkamabl
6onawakTa CHK MoHanmacy copbuMACbIHbIH BHEPKICINTIK CXemanapblH OHTaWNaHAbIPY YLWiH
nanganaHyfa 6onaapbl.

Tyiiin ce3dep: NHTEPNOAMMEPAI KyWenep, KUHETUKaNbIK MoAenbaep, CopbLUUA, HEOAUM KaHe
npaseoAMm MOHAAPbI, KaTMOHAaAMACTbIpFbiw KY-2-8, aHnoHanmactbipsbiw AB-17-8.
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AHHOTALUMUA

B paHHOM paboTe npeacCTaBNeHO WCCNefOBaHME KUHETMKM copbuuMuM WMOHOB HeoauMma U
npaseoaMma MHTePrnoIMMEpPHbIMU CUCTEMAMM Ha ocHoBe KY-2-8 n AB-17-8 B conesbix dpopmax.
Copbuuio ueneBblX WMOHOB MNPOBOAMAM B AUHAMMYECKOM pexume (NpuM  NOCTOAHHOM
nepemeLwBaHUM) B UHTEPMNOANMEPHbIX CUCTEMAX B MOJIbHbIX COOTHOWEHUAX 4:2 1 3:3 (KaTUOHUT
Noctynuna: 10 anpens 2025 K aHWOHMUTY). AIMKBOTbI OTBMpPANUCL Yepes onpeseneHHble MPOMEKYTKM BPEMEHU, 3aTemM ANs
PeveH3upoBaHme: 22 mas 2025 NOCTPOEHMA IMHENHBIX TPadUKOB UCMONb30BANNCL LIMPOKO M3BECTHbIE KMHETUYECKME MOoAenu
MpuHsaTa B NeyaTb: 5 utoHA 2025 copbuun. CornacHo NoAyYEHHbIM pe3ynbTaTaM, Hauay4ylehn MOoAeNblo ANA onucaHua copbuum
OKasanacb MoAenb NcesaonepBoro nopaaKka (Hanbonblee 3HauyeHne ana cuctemol 4:2 = 0,97885
1 0,98112; pns cuctemnbl 3:3 = 0,9647 1 0,98779). MofobHbIE pe3ynbTaTbl BaXKHbI 418 NOHUMaHUA
MeXaHW3MOB npouecca copbuum W YCTAaHOBNEHUS NUMUTUpYlolero ¢akTopa, cnocobHoro
3ameannTb 3TOT npouecc. KnHeTnyeckana moaenb NCeBAONEPBOro NOPAAKA MOMKET YKa3blBaTb Ha
HEeoBX0AMMOCTb YNYYLIEeHWUA BbIMbIBAHUA NPOTUBOMOHOB M3 MOJ/M3NEKTPOAUTHON MaTpULbl ANs
WX BbICOKOM MOHU3ALMU U AOCTYNHOCTU PYHKLIMOHANBHLIX FPynn ANs MOHOB MeTannoB. [JaHHoe
npeanosoXeHne MOXKeT ObITb UCNONb30BAHO B AasibHeWWeM A8 ONTUMU3ALUU MPOMbILLINEHHbIX
cXeM MoHoobmeHHo copbumm P33.
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ABSTRACT

This paper presents a study of the structural characteristics of a promising MoSz-based material
obtained by chemical vapor deposition (CVD). Optimization of the synthesis process to obtain the
desired structure is also presented. The optimal parameter for the synthesis of CVD MoS: crystals
was found to be the maximum sulfurization temperature of 780 °C with an exposure time of about
15 minutes, the heating temperature of the sulfur source zone of 250 °C, the distance between
the sulfur and molybdenum sources of 25 cm, and the distance between the molybdenum source
and the substrate was 1.5 cm. The morphology and elemental composition of the obtained

Received: February 14, 2025
Peer-reviewed: April 8, 2025
Accepted: June 9, 2025 samples were studied using scanning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS). Using SEM, it was revealed that MoS; crystals are formed in a triangular shape
and are evenly distributed over the surface of the substrate. The maximum sizes of crystallites
reach 6 microns. EMF mapping of crystallites confirmed the homogeneous distribution of
molybdenum and sulfur in the structure, revealing only minor variations in composition at the
grain boundaries. The quality and quantity of the sample layer were studied using Raman
spectroscopy. The results showed two characteristic peaks (vibrational modes Ez* and Aig) of
nanoscale MoS,. The peaks have a sharp shape and are located at a distance of =20.9 cm™, which
may indicate the high quality of the crystal structure of the obtained crystallites. The results
obtained emphasize the effectiveness of the chosen approach and the importance of the work for
the development of 2D materials technologies.
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Introduction

Molybdenum disulfide (MoS;) is a layered
material possessing a set of unique properties—
including semiconducting, optical, mechanical, and
catalytic characteristics—that make it a subject of
intensive research. Its electronic properties are
closely related to its structural phase. In its
monolayer form, the semiconducting 2H-MoS;
phase exhibits a direct bandgap of approximately
1.8-1.9 eV, making it a promising candidate for
applications in field-effect transistors and

photodetectors [1]. In contrast, the metallic 1T-MoS;
phase broadens its functionality in catalytic and
energy systems [2].

MoS; is noted for its high mechanical strength,
low friction coefficient, and pronounced catalytic
activity, particularly in the hydrogen evolution
reaction (HER) [[3], [4]]. These attributes have
stimulated their application in tribology and
renewable energy technologies [[5], [6]]. In the field
of nanoelectronics and optoelectronics, MoS; has
been integrated into field-effect transistors, light-
emitting diodes, photodetectors, and solar cells [7].



https://doi.org/10.31643/2026/6445.38
mailto:a.kemelbekova@satbayev.university
mailto:ye.otunchi@sci.kz;
https://orcid.org/0009-0006-4361-8099
mailto:a.umirzakov@sci.kz
https://orcid.org/0000-0002-0941-0271
mailto:e.dmitriyeva@sci.kz
https://orcid.org/0000-0002-1280-2559
mailto:a.shongalova@sci.kz
https://orcid.org/0000-0002-7352-9007
mailto:a.kemelbekova@sci.kz
https://creativecommons.org/licenses/by-nc-nd/4.0/

2026; 339(4):30-37

ISSN-L 2616-6445, ISSN 2224-5243

Its high absorption and emission efficiency facilitate
the development of fast and sensitive photonic
devices [[8], [9]]. Furthermore, its catalytic
properties can be tailored through surface
modification to enhance device performance [3].
MoS;’s tribological advantages—such as high wear
resistance—make it an effective solid lubricant or
protective coating [5], while in sensing applications,
MoS; demonstrates selective adsorption of target
molecules, which is advantageous for gas and
biosensors [[10], [11]].

In recent years, efforts have been made to
expand MoSy's  application  potential  via
functionalization. Various surface modification
techniques have been shown to tune MoS;'s
physicochemical properties, improving  its
environmental stability and performance in devices
[[12], [13], [14]]. The creation of hybrid structures by
combining MoS, with other two-dimensional (2D)
materials, such as graphene or metal oxide
nanostructures, has been shown to enhance their
electrical conductivity and catalytic activity [[15],
[16], [17], [18]]. In addition, chemical treatments
that increase the density of catalytically active sites
are essential for optimizing electrochemical
performance [[19], [20]].

Different morphologies and structural qualities
of MoS; have been obtained using different
synthesis routes. Among these, chemical vapor
deposition (CVD) is frequently selected because this
method is scalable as well as offers layer thickness
and uniform control [21]. Mechanical exfoliation
[22], hydrothermal synthesis [14], laser ablation, and
other methods, such as ultrasound-assisted or
biological synthesis [[23], [24], [25]], still have a role
in meeting other needs. However, some issues
prevent practical deployment. Phase instability is
one of the bigger ones. However, the 1T- MoS; phase
is more active but undergoes irreversible conversion
to the stable 2H- MoS; phase under normal and
ambient conditions [21]. The Stabilising it chemically
or structurally is an ongoing challenge. One issue is
reproducibility, as growth through CVD is highly
dependent on the experimental parameters such as
temperature, position of precursor and gas flow
dynamics [[26], [27]].

Devices suffer performance limitations as well.
In general most basal planes of MoS; are less
catalytically active and its conductivity is not always
high enough for demanding electronic applications.
But that progress has been made by forming
nanostructures or integration of MoS; with

conductive frameworks such as carbon nanotubes or
graphene [[28], [29], [30]]. CVD has recently been
achieved in large areas on sapphire substrates up to
2-inch diameters, with encouraging thickness
control for synthesis [31]. In particular, high-quality
films for scale-up can be achieved with metal-organic
CVD methods [32]. These approaches are also
compatible with both atomic layer deposition and
with industrial processes, and are thus highly
relevant for practical device fabrication [33].

The emphasis of this work is to optimize CVD
conditions for MoS; synthesis and then evaluate the
effects of such parameters on the film's morphology
and structure. The intention is that it will facilitate
further developments in MoS; electronics, sensing
and catalytic applications.

Experimental Methods

Synthesis of MoS;

In Figure 1, the MoS, synthesis process is
demonstrated. Molybdenum disulfide has been
synthesized by the chemical vapor deposition
technique. The sources of molyndenum (MoOs
99,9%, Sigma Aldrich) and sulfur (S 99,9%, Sigma
Aldrich) have been placed onto quartz boats in the
reaction zone. In the first zone, the sulfur has been
placed, the temperature 250 °C was settled. The
Mo0Os has been placed into the second zone, and the
maximum synthesis temperature of 780 °C was
settled for 15 minutes. Argon (Ar 99,99% lhsan gas)
has been used as the transportation gas. A flow of Ar
at 220 sccm transports sulfur and MoOs vapors to
the silicon substrate (Si). The distance between
sulfur and MoOs was 25 cm, and between MoQOs and
the silicon substrate was 1.5 cm. This configuration
provided optimal conditions for the growth of thin
MoS; on the substrate under the conditions of the
used CVD furnace.

Argon flow

Figure 1 — The process of material synthesis

Investigation of material characteristics

The structural features, such as crystallite shape,
size and spatial distribution, were examined for the
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samples using scanning electron microscopy (SEM).
SEM images were taken using JEOL JSPM-5200
operating at 30 kV accelerating voltage. Energy
dispersive X-ray spectroscopy (EDS)
elemental composition analysis in a JEOL EX-2300 BU
detector attached to the SEM system. To keep the
spectra consistent with the SEM imaging, EDS
spectra were collected under the same conditions.
The layer number and characteristic vibrational
mode identification were investigated by Raman
spectroscopy. The Raman spectra were obtained
using a Jobin-Yvon LabRaman HR800 spectrometer,
with monochromatic light of wavelength 632.8 nm.

measured

Results and discussion

The growth conditions are summarized such
that the morphological characteristics of the
synthesized crystallites are reported in Table 1.
Systematic adjustment of the key deposition
parameters of CVD synthesis, for
deposition time and temperature, and the relative
positioning of substrate and molybdenum and sulfur
sources was done in order to optimize the CVD
process. The resulting crystallites were found to
have thickness, lateral dimensions and were further
confirmed using SEM and Raman spectroscopy.

Figure 2 presents SEM images illustrating the
morphology of the synthesized sample. At a
magnification of 750x (Figure 2a), the overall surface
structure is clearly visible, revealing numerous
triangular-shaped crystallites uniformly distributed
across the substrate. The lateral dimensions of
individual crystallites range from several hundred
nanometers to approximately 6 um, indicating
homogeneous growth and a high degree of
crystallinity. The observed high nucleation density in
certain regions may suggest non-uniform precursor
distribution or localized variations in reaction zone
parameters such as temperature or
concentration [34].

At 9500x magnification (Figure 2b), the fine
structure of triangular crystallites
becomes clearly visible. The well-defined grain
boundaries and uniform crystal surfaces observed in
the image are indicative of the layered nature of the
material and confirm the hexagonal symmetry of the
MoS; crystal lattice. The formation of triangular and
polygonal crystallites can be attributed to

example,

reactant

individual

anisotropic growth behavior during the CVD process.
As Mo and S atoms assemble into hexagonal layers,
differences in growth rates along crystallographic
directions result in distinct crystal shapes. In
particular, when there is an excess of molybdenum,
the crystallites tend to adopt a triangular
morphology, whereas a more balanced distribution
of molybdenum and sulfur leads to more symmetric,
nearly hexagonal forms [35].

The results of elemental mapping, which confirm
the composition and spatial distribution of elements
within the sample structure, are presented in Figure
3. The region selected for analysis is shown in Figure
3a, where triangular and polygonal crystallites are
clearly distinguished against the background of the
substrate. Figure 3b illustrates the
distribution of silicon, which constitutes the
underlying substrate. A decrease in silicon signal
intensity is observed in the areas covered by MoS;
crystallites, indicating uniform deposition of the
material across the substrate surface.

Figure 3c shows the distribution of
molybdenum. The high Mo signal intensity is
localized in the regions where MoS; crystallites have
formed, confirming the presence of molybdenum
disulfide. The gradient in signal intensity suggests
variations in layer thickness, which may be
attributed to growth kinetics under conditions of
limited precursor availability. The lower right panel
displays the distribution of sulfur, which, in contrast
to molybdenum, appears more diffuse. This may
indicate compositional variations across the sample
or the presence of amorphous sulfur species
deposited onto the substrate.

silicon

The formation of well-ordered crystallites is
governed by a combination of factors, including
crystallographic growth anisotropy, thermodynamic
constraints, and nucleation mechanisms [34]. The
hexagonal structure of MoS; promotes preferential
growth along low-energy crystal planes, resulting in
the formation of triangular and hexagonal platelets.
Synthesis temperature plays a particularly critical
role; under optimal conditions, a balance between
nucleation and crystal growth is achieved, enabling
the formation of uniform, highly crystalline
structures. The gradient elemental distributions
observed in the EDS maps further support the kinetic
nature of the deposition process and reflect local
compositional fluctuations during film formation.
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Table 1 — Morphological characteristics of MoS, crystallites under various CVD synthesis conditions

Synthesi Crystallite Si
ynthesis Deposition rystaliite >ize Substrate Position Relative to Mo
Temperature Time (min) (um) and Source Comments
(°C) Thickness (nm)
~1-7 um Distance between sulfur and MoOs [ Uniform circular structures
620 10 Hm, - 25 cm between MoOs and|formed on the substrate surface,
~200-300 nm . . .
substrate - 5 cm with sulfur-rich composition
Distance between sulfur and MoOs . .
Needle-lik truct th
700 10 ~4~7 um, — - 30 cm between MoOs and| oo o ke StUctures - wi
molybdenum enrichment
substrate - 5 cm
Di . .
~2-5 um, istance between sulfur and MoOs Triangular structures formed with
750 10 ~0.7 nm - 30cm, between MoOs and artially developed edges
’ substrate - 1.5 cm P ¥ P g
Distance between sulfur and . .
780 15 2-6 um, MoOs- 25 cm, between MoOs and WeII-d(?flned. triangular
~0.7 nm crystallites with sharp edges
substrate - 1.5 cm

30kVv. X750 20pm 0000 PC-SEM

30kV

X9,500  2um

0000 PC-SEM

Figure 2 — SEM images of the surface morphology of the MoS2 sample: (a) 750x magnification; (b) 9500x magnification
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Figure 3 — Elemental mapping of the MoS, sample obtained by energy-dispersive X-ray spectroscopy (EDS)
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The crystal structure was analyzed using Raman
spectroscopy. The spectra were taken at normal
temperature with a single-colour light beam at
632.8 nm wavelength. The measurements were
done using a 100x objective lens, which focused a
laser beam of 1 um diameter. A single crystallite
from the MoS, sample provided the spectra
presented in Figure 4. The optical image of this
sample is shown in the upper-left corner of the
spectra. The spectra show two sharp peaks at
~384 cm™? and ~405 cm™ which are characteristic
vibrational modes of MoS; known as Ey! and Ai,.
These vibration modes are located at a distance of A
= 20.9 cm™™ which shows clear signs of a single layer
of MoS,. The Raman spectra exhibit sharp and
intense E,' and Aj; peaks, indicative of high
crystallinity and structural order in the monolayer
MoS; [36]. A well-defined structure with a high
specific surface area facilitates efficient charge
carrier separation and offers numerous active sites
for hydrogen evolution reactions [37]. The SEM
images show clear edge structures and a uniform
pattern, which shows that this sample has many
surface locations that react efficiently. An effective
resistive gas sensor works through specific edge
locations that preferentially take gas molecules and
alter electrical conductivity [38].

Intensity (arb. unit)

T T T T T
300 330 360 390 420 450 480
Raman shift (cm™®)

Figure 4 — Raman spectrum of the MoSz sample

The two-phonon scattering process at 450 cm™
shows up as a broad peak in the spectrum because
this band appears in layered transition metal
dichalcogenides [35]. The small peak ratio and
narrow lineshapes of Ex' and Aj, prove the high-
quality MoS, monolayer formation.

Conclusion

The combined results of SEM imaging and
elemental mapping indicate that the synthesized
MoS; exhibits high crystallinity, well-defined
structure, and a characteristic morphology shaped
by growth dynamics under CVD conditions.
Elemental distribution analysis confirms the uniform
incorporation of molybdenum and sulfur within the
crystalline domains, along with some compositional
variation at grain boundaries. Raman spectroscopy
further verifies that the obtained sample
corresponds to a monolayer of MoS,. The interpeak
distance of A = 20.9 cm™ between the Ex' and Agq
modes is consistent with high-quality monolayer
formation. SEM analysis corroborates the uniform
spatial distribution of crystallites and their distinct
hexagonal morphology. These findings provide a
solid basis for further optimization of MoS, synthesis
parameters aimed at tailoring morphological
characteristics, which is particularly relevant for
applications in electronic and optoelectronic
devices.

Conflicts of interest. The authors declare no
conflict of interest.

CRediT  author statement: Ye.Otunchi:
Methodology; A. Umirzakov: Formal analysis; E.
Dmitriyeva and A. Shongalova: Writing-original
draft; A. Kemelbekova: Writing review. All authors
have read and agreed to the published version of the
manuscript.

Acknowledgements. This work was financially
supported by the Science Committee of the Ministry
of Science and Higher Education of the Republic of
Kazakhstan under Grant No. BR21881954.

Cite this article as: Otunchi Ye, Umirzakov A, Dmitriyeva E, Shongalova A, Kemelbekova A. Morphological and Crystallographic
Investigation of CVD-Grown MoS,. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2026;

339(4):30-37. https://doi.org/10.31643/2026/6445.38

— 34 ——


https://doi.org/10.31643/2026/6445.38

2026; 339(4):30-37 ISSN-L 2616-6445, ISSN 2224-5243

CVD apicimeH anbiHFaH Mo0Sz-HiH, MOPGONOrUACHIH XaHe KPUCTaNNAbIK,
TOP KYPbINbIMbIH 3epTTey
1OtyHum E.,  YMmupsakos A., “Amutpuesa E., ! Woxranosa A., “>*Kemenbekosa A.
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TYRIHAEME

Makanaga 6y dasacbiHaH xumuAnbiK TyHAbIpy (CVD) aaicimeH anbiHFaH MoS: HerisiHgeri
nepCcnekTUBabl MaTepuaniblH KYpbIAbIMAbIK cUNaTTamanapbl 3epTresreH. KaxeTTi KypblibiMapl
any YWiH CUMHTE3 NpoueciH OHTaWnaHAbIpy HaTuxKenepi Ae ycbiHbinFaH. CVD aaicimeH MoS:
KpUCTanaapblH CUHTE3eY YLLiH OHTalIbl NapameTp KyKipTTeHYAIH MaKCcumanapl TemnepaTypachl
780 °C, ycTany yakbITbl LLaMameH 15 MUHYT, KYKipT Ke3i aiimafblHbIH, Kbi3Zblpy TemnepaTtypacbl 250
°C, KYKIipT neH monnbaeH Ke3gepiHiH, apacbiHAafbl KAlWbIKTbIK 25 cM, an moanbaeH kesi meH
Makana kengi: 14 aknaH 2025 TeceHil apacbiHAafbl KawbIKTbIK 1,5 cm 6onabl. AnbiHFaH yAarinepaid, mopdonoruacel meH
CapanTamagaH eTTi: 8 cayip 2025 3NEeMEHTTIK  Kypambl CKaHep/eywi 3NeKTPoHAbl MuKpockonua (COM) KaHe 3Heprus-
Kabbinaanabi: 9 maycoim 2025 AVCNEPCUANDBIK pPeHTreH crnekTpockonuacel (34C) aaictepi apKblabl 3epTrengi. COM Hatukenepi
6oibiHWa MoS, Kpuctangapbl ywobypbIwTbl NilWiHAE Ty3ireH KaHe TeceHiw 6eTiHae bipKenki
TapanfaH. KpuctangapabiH, eH, YKeH enwemi 6 MUKpoHFa AeniH xeteai. d[C-kaptorpadusanay
HaTUKECIHAE MOANBAEH MEH KYKIPTTIH KPUCTaN KypblabiMbIHAA BipTEKTI Tapanybl aHbIKTaNAbI, TEK
TYHipLWiKTep WeKapanapbiHAA a3faraH Kypam aybiTKynapbl 6aikanapl. YAriHiH canacbl meH Kabat
caHbl PamaH CMeKTpOoCKOMUACbI apKblibl 3eptrengi. Cnektpae MoS, HaHOKabaTbiHbIH, EKi
cunaTtTamasbiK WoiHbl (Ezg skaHe Aig Tepbenic pexumaepiHae) Tipkeaai, WolHAapAbIH, NilWiHi eTKip
dopmaga, onap =20.9 cm KalWbIKTbIKTA OpHanackaH, 6yn asblHFaH KPUCTanLapablH, OFapbl
KYPbIZIbIMAbIK CanacblH KepceTesi. A/bIHFAH HaTUXKeNep TaHAanfaH TaCINAIH TMIMAINITIH XKaHe
JKYMbBIC HITUMKENEPIHIH, eKi enwemai maTepuanaap TEXHONOTUACIH AAMbITYAaFbl MaHbI3AblbIFbIH
nanengengi.

TyiiiH ce3dep: monnbaeH gucynbduai, CVD cuHTesi, 2d maTepmangap, PamaH cneKTpoCKONUACSHI,
mopdonorus.
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Mopdonormnyeckoe u Kpucrannorpapuyeckoe uccnegosaHume MoS;
BbipaweHHbIXx CVD-meToaom

1OtyHum E., * YMupsakos A., 2 Amutpuesa E., * LLionranosa A. , ¥** Kemen6ekosa A.

1 @usuko- mexHuyeckul uHcmumym, Satbayev University, Aamamel, KazaxcmaH
2 Manul technologies, AcmaHa, KazaxcmaH

AHHOTAUMA
B AaHHOI cTaTbe NpefcTaBleHO UCCAe0BaHUE CTPYKTYPHbIX XapaKTePUCTUK MepcrneKTMBHOro

maTtepuana Ha ocHoBe Mo0Sz, NONYYEHHOTO METOLOM XMMUYECKOrO OCaXKAeHUA U3 naposoi dasbl
Moctynuna: 14 ¢pespansa 2025

PeueH3nposaHue: 8 anpens 2025
MpuHATa B neyaTtb: 9 utoHa 2025

(CVD). Takke npeacTaBneHa ONTUMM3aALMA MNPOLLECCA CUHTE3A ANA MNONYYEHUS Kenaemow
CTPYKTYpbl. ONTUManbHbIM NapameTpom cuHTe3a metogom CVD MoS: kpwuctannos 6biio
BbIAB/IEHO MaKcMMasibHaA Temnepatypa cynbdypusaummn 780 °C ¢ BblAEpPKKOW 0KONo 15 MUHYT,
TemnepaTtypa Harpesa 30Hbl UCTOYHMKA cepbl 250 °C, paccTofiHME MEXAY UCTOYHUKAMU Cepbl U

MOI'IMG,EI,EHB 25 cm, a TakxKe pacCToAHne mexXXay UCTOYHMKOM MOI'IMG,EI,EHB MU NOANO0XKU COCTaBNANO
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1,5 cm. Mopdonorua n snemeHTHbI COCTaB Noy4YeHHbIX 06pa3LoB 6blIM U3YYeHbl C MOMOLLbIO
CKaHUpYOLWEN 31eKTPOHHOW MUKpockonuu (COM) ¢ 3HEproaMcrnepcuMoHHbIM PEHTIEHOBCKUM
cnektpockonueit (34C). C nomoubio COIM 6bin10 BbIABAEHO, YTO KpucTannsl MoS; GopmuposaHbl
TpeyronbHoi Gopmbl U paBHOMEPHO pacnpeseneHbl Mo NOBEPXHOCTU NOANOKKM. MaKcMMaibHble
pasmepbl KpUCTaNAMToB gocturatoT 6 mKm. 3[AC-KapTMpoBaHME KPUCTaNIMTOB MNOATBEPAUNO
0HOPOAHOE pacnpeseneHne MoMbAeHa U cepbl B CTPYKTYPE, BbIABMB JWLLb HE3HAYUTE/IbHbIE
BapuaLuMm cocTaBa Ha rpaHuuax 3epeH. Kauectso, KoanyecTBo cnoa obpasua 6bian usyyeHbl ¢
nomollplo PamaHa cnekTpockonuu. Pe3ynbTaTbl NMOKasanu [Ba XapaKkTepHblx nuka (vibrational
modes Exg' and Aig) HaHopasmepHbIXx MoS,. MUKK MMetoT ocTpyto GopMy M PaAcNoNoXKeHbl Ha
pacctoaHnn =20,9 cM™, UTO MOXET CBUAETE/IbCTBOBATb O BbICOKOM KayecTBe KPUCTa//IMYecKom
CTPYKTYPbI NOJIly4EHHbIX KPUCTaNAUTOB. [onyyeHHble pe3ynbTaTbl NOAYEPKNBAOT 3GPEKTUBHOCTD
BbI6PaHHOro NoAXoAa U 3HaYMMOCTb PaboTbl ANA Pa3BUTUA TexHoNOrMi 2D-maTepranos.

Kmiovesble cnoea: pycynsdup monmbaeHa, CVD-cvHTE3, AByMepHble Matepuanbl, PamaHoBCKas
CNEKTPOCKONMA, MOPGONOoTUA.
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Use of fly ash and ground tuff as pozzolanic additives in lightweight structural
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ABSTRACT

This paper investigates the effect of partial replacement of cement with fly ash and ground
volcanic tuff on the physical and mechanical properties of concrete. The main focus is on the
changes in average density and compressive strength at different contents of replacement
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has an average density of 1925.5 kg/m? and compressive strength of 40.1 MPa. The results show
that when fly ash is added, the concrete strength first increases, reaching a maximum value of 41.6
MPa at 10% cement replacement and then decreases to 29.1 MPa at 35% replacement. A similar
trend is observed when tuff is introduced, but the peak strength (40.7 MPa) is also reached at 10%
replacement, after which the strength gradually decreases to 27.9 MPa at 35%. The average
density of the specimens changes insignificantly, being in the range of 1910.4-1928.5 kg/m?3, which
indicates that the dense structure of the concrete is maintained. Thus, the optimum content of fly
ash and tuff in the concrete composition is 10-15%, as these values provide the best mechanical
characteristics. Higher dosages of substitutes result in lower strength due to thinning of cement
stone and lack of binding properties. This study confirms the possibility of using fly ash and volcanic
tuff as effective pozzolanic additives to improve the environmental friendliness and sustainability
of concrete.

Keywords: fly ash, pozzolanic effect, tuff, binder, lightweight structural concrete.
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Introduction not only reduces the need for clinker cement but

also improves the properties of concrete, increasing

The use of fly ash from CHP (combined heat and
power plant) waste and natural pozzolans in
concrete composition as a partial replacement of
cement plays an important role in the development
of sustainable construction. Cement production is
one of the largest sources of CO, emissions in the
world, and its replacement with secondary and
natural materials can significantly reduce the carbon
footprint. Fly ash, a by-product of coal combustion,

its strength and durability. Pozzolans such as
volcanic tuff and zeolite, reacting with calcium
hydroxide formed during cement hydration,
promote the formation of additional amounts of
strong calcium silicate hydrates, which increases the
durability of structures [[1], [2], [3]].

The environmental advantages of such
replacement are obvious: utilization of fly ash
reduces the volume of waste that would otherwise
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accumulate in landfills, polluting soil and water, and
the use of pozzolans reduces limestone mining and
energy consumption for cement clinker firing. In
addition, pozzolanic materials increase concrete's
resistance to corrosive environments, reducing the
risk of reinforcement corrosion and structural
failure. With the global drive to reduce greenhouse
gas emissions and rational use of natural resources,
the introduction of alternative binders in concrete
becomes an important step towards a more
environmentally friendly and durable construction
industry.

The paper [4] analyzes the use of natural
pozzolans such as zeolite and pumcite as a partial

replacement of cement in water permeable
concrete mixes. The mechanical and hydraulic
properties of concrete at different cement

replacement percentages (from 0% to 20%) and the
effect of plasticizer addition are investigated.

Our study also focused on the development of
formulations aimed at reducing cement
consumption, a critical step towards more
sustainable and cost-effective building materials.
Cement production is one of the largest sources of
carbon dioxide emissions, making its reduction an
important objective in addressing environmental
concerns. Reducing cement consumption not only
reduces the carbon footprint but also helps to
optimize resource utilization without compromising
material performance.

To achieve this goal, we investigated the
possibility of partially replacing cement with local
materials such as ground tuff and fly ash from CHP-
2. These materials are by-products or natural
resources, which makes them advantageous both
economically and environmentally.

filling effect

mf--") 7}
come ,“ h@@ $ c?lo

purrolanic effect

3
groned B H20

(=) k. ’§ ‘=> '

‘w :> . - uu-oo:

tull
apmtigate

Ca

This approach is in line with global trends
towards sustainable construction and resource
management. By using alternative binders, | aim to
create lightweight and durable concrete with a
lower environmental impact. Such compositions not
only advance the science of building materials, but
also promote more sustainable construction
methods that benefit both industry and the
environment.

Several studies have investigated the possibility
of using volcanic tuff as a partial replacement for
cement in concrete to improve sustainability and
reduce environmental impact. For example, studies
[5] show the content of natural volcanic tuff in
concrete mixtures with replacement levels ranging
from 10% to 50%. These studies demonstrate
improvements in mechanical properties, such as a
35.6 % increase in flexural strength and a 56.5 %
increase in  durability by reducing water
permeability. The pozzolanic activity of volcanic tuff
contributes to the densification of the concrete
microstructure (Figure 1), resulting in the following
benefits.

Thus, the high pozzolanic activity of natural
pozzolanic tuff powder in cement composites is due
to the combined action of nucleation, filling and
pozzolanic reactions, with the filling and nucleation
effects being the dominant factors.

Another study [6] investigated lightweight
structural concrete with volcanic tuff and fly ash.
This study emphasizes the economic and
environmental advantages of using such materials in
achieving desired rheological and mechanical
properties. In particular, it showed promising
applications in self-compacting concrete.

CSHgel

bo

Figure 1 - Improvement of concrete microstructure with volcanic tuff particles
and visualization of pozzolanic effect [6]
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These findings suggest that volcanic tuff can
make a significant contribution to sustainable
construction by reducing cement consumption and
carbon emissions without compromising concrete
performance.

Another study [7] investigated lightweight
structural concrete with volcanic tuff and fly ash.
This study emphasizes the economic and
environmental advantages of using such materials in
achieving desired rheological and mechanical
properties. In particular, it showed promising
applications in self-compacting concrete.

These findings suggest that volcanic tuff can
make a significant contribution to sustainable
construction by reducing cement consumption and
carbon emissions without compromising concrete
performance.

Studies show that the use of fly ash in concrete
mixtures not only improves strength properties but
also significantly reduces cement consumption. Fly
ash has pozzolanic activity with respect to cement,
which promotes the formation of additional calcium
silicate hydrate during concrete curing, improving its
durability and strength in the long term.

One of the key benefits is the reduction of
environmental impact as fly ash replaces part of the
cement, which also contributes to the reduction of
CO, emissions associated with cement production.
Specifically, studies have shown that replacing 15-
25% of cement with fly ash can significantly reduce
carbon dioxide emissions without significantly
compromising the mechanical properties of
concrete [8]. In addition, fly ash helps to reduce
water consumption and thermal effects during the
hydration process, which is particularly important
for the development of sustainable and
environmentally friendly building materials [9].

Thus, the use of fly ash in concrete mixturesis an
effective way to create more sustainable and
environmentally friendly building materials while
reducing cement costs.

Puzzolan is a material composed of silicates,
aluminosilicates or a combination of both. It does
not harden on its own when mixed with water.
However, when finely ground and in the presence of
water at normal temperature, it reacts with calcium
hydroxide (Ca(OH),) to form calcium hydrosilicates
and hydroaluminates. These compounds impart
strength to the hardened material, similar to the
hardening processes of hydraulic binders.

Volcanic tuff is often characterized by a high
content of pozzolanic components such as silica and
aluminosilicates, making it a valuable raw material
for the production of building materials. Due to its

high pozzolanic activity, tuff is able to interact
effectively with calcium hydroxide in the presence of
water to form strong calcium hydrosilicates and
hydroaluminates. This property allows it to be used
as a natural additive to cements and concretes,
improving their strength characteristics, durability
and resistance to aggressive media.

Pozzolans are mainly composed of reactive silica
(Si03) and alumina (Al;0s), with smaller amounts of
iron oxide (Fe»0s:) and other oxides. The mass
fraction of reactive silica (SiO;) should be at least
25%.

Fly ash is produced by electrostatic or
mechanical precipitation of fine particles from the
flue gases from the combustion of pulverized coal or
oil shale. The chemical composition of fly ash can be
acidic, with high SiO, content, or basic, with high
Ca0 content. The acidic ash exhibits pozzolanic
properties, while the basic ash can also exhibit
hydraulic properties.

The alkali oxide (R,O) content, converted as
Na,O, should not exceed 2.0% by weight, and the
MgO content should not be more than 5%. The loss
on ignition of fly ash shall not exceed 5.0%, although
fly ash with a loss on ignition of up to 7.0% is
acceptable. When fly ash with a loss on ignition
above 5.0% but up to 7.0% is used in cement
compositions, a maximum loss on ignition of 7%
shall be specified on the packaging and in the
accompanying documentation. The uniformity of
volume change (expansion) of cement with fly ash
additives should not exceed 10 mm [10].

The article is devoted to the study of the effect
of basaltic pozzolan addition on the strength and
durability of concrete. Different levels of cement

replacement and their effect on concrete
characteristics are considered [11].
Experimental part
Materials. In this paper, cement, ground

volcanic tuff, fly ash, tuff sand, tuff crushed stone
and polypropylene fiber (PPF) were used as the main
components of concrete mixtures. Each of these
materials has specific characteristics that affect the
properties of the resulting concrete.

Ordinary Portland cement (CEM | 42.5N) was
used in the study, produced by HeidelbergCement.
Its partial replacement with alternative materials
aims to reduce the carbon footprint and improve the
durability of the concrete.

Ground volcanic tuff is a natural pozzolan
capable of reacting with calcium hydroxide to form
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additional calcium silicate hydrates, which helps to
increase the density of the cement stone. Volcanic
tuff used in this study was obtained from a natural
deposit located in the Chundzha region (Almaty
oblast, Kazakhstan). The material was preliminarily
dried, crushed, and sieved to obtain a powder
suitable for wuse as a mineral additive.
Fly ash was sourced from Thermal Power Plant No. 2
(TPP-2) in Almaty.

Fly ash, which is a waste product of coal
combustion at thermal power plants, also exhibits
pozzolanic properties, improving the structure of
concrete and reducing its permeability.

Tuff sand and tuff crushed stone were used as
aggregates, which have a porous structure and
relatively low density, which can affect the strength
properties of concrete. The use of such aggregates
makes the concrete lighter and improves its thermal
resistance.

In addition, polypropylene fiber (PPF) was
introduced into the composition to increase the
crack resistance of concrete and prevent shrinkage
deformations in the early stages of -curing.
Polypropylene fibers with a length of 12 mm were
used as a reinforcing additive for foam concrete
mixtures. The fibers were supplied by LLP “Damu —
Khimiya” (Kazakhstan) and were incorporated to
enhance the tensile strength, reduce shrinkage
cracking, and improve the overall durability of the
foam concrete.

The combined use of these materials is aimed at
creating a more environmentally friendly and
durable concrete by reducing the cement content
and improving the performance of the material.

Methods

Elemental analysis of volcanic tuff and fly ash
composition. Scanning Electron Microscopy (SEM)
and Energy Dispersive X-ray Spectroscopy (EDS)
analyses were conducted using a JEOL NeoScope
JCM-7000 microscope (JEOL Ltd., Japan) to study the
microstructure and elemental composition of the
hardened cement matrix. The procedures followed
standard protocols for microstructural analysis of
cementitious materials, as described in [12]. This
state-of-the-art instrument allows for high-
resolution imaging and accurate determination of
the elemental composition of the materials, making
it possible to identify key components in the
samples. Using energy dispersive X-ray spectroscopy
(EDS), the SEM provided detailed information on the
chemical composition of the pellets, including the

distribution of silica, alumina and other oxides. The
resulting images revealed microstructural features
of the granules such as porosity, particle size, and
surface morphology. These characteristics are
crucial to understanding the pozzolanic activity of
the material and its suitability as an additive in
cement and concrete. Through this analysis, the
reactivity and potential efficacy of volcanic tuff and
ash in various applications can be accurately
assessed.

The elemental and microstructural analysis
performed with the JEOL NeoScope SEM is essential
for both scientific research and practical
applications. Understanding the composition and
structure of volcanic tuffs and ashes helps
researchers evaluate their potential as additional
cementitious materials. High pozzolanic activity,
indicated by the significant presence of reactive
silica and alumina, enhances the strength and
durability of concrete when these materials are used
as additives. SEM images provide insight into how
these granules interact in the matrix, affecting
factors such as hydration and bonding. These data
are not only important for improving material
performance, but also contribute to sustainable
construction by encouraging the use of natural and
industrial by-products. The analysis thus contributes
to the development of innovative, environmentally
friendly  building  materials with  improved
properties.
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Figure 2 - Granulometric composition of natural volcanic
tuff and Portland cement particles

Determination of the fineness of grinding of
volcanic tuff and fly ash. The fineness of grinding of
volcanic tuff and fly ash of TPP-2 was determined by
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the requirements of the standard [13], which sets
forth the standard methodology for assessing the
fineness of mineral powders. The particle size
distribution of natural volcanic tuff and Portland
cement, adapted from [14], is shown in Figure 2.

This test is of great importance for assessing the
quality of materials used in cement and concrete
production, since particle size significantly affects
pozzolanic activity, hydration rate and general
mechanical properties. The procedure involves
determining the residual material on a standard
sieve with 45-micron mesh openings. This allows
consistent comparison of particle sizes in different
samples and ensures that the material meets
industry requirements.

The test begins with sample preparation, which
is thoroughly dried to remove moisture that could
affect the results. A certain mass of material, usually
50 grams, is weighed and placed in a sieve with a
mesh size of 45 microns (Figure 3). The sieve is
placed on a vibrating bench that is run for 15
minutes to ensure uniform and complete sieving.
After sieving, the residue on the sieve is collected
and weighed. The percentage of residue is
calculated as a fraction of the original mass.

Figure 3 - Determination of grinding fineness of
volcanic tuff

The results are then compared with the limit
values set by the standard [13]. As a rule, the
material is considered fine enough if no more than
10% remains on the sieve. This standard guarantees
the high reactivity of the material and its suitability

for use in pozzolanic or hydraulic systems. By
following this methodology, researchers and
manufacturers can guarantee the quality and
efficiency of ground volcanic tuff and fly ash in
various building materials.

Determination of grinding fineness by specific
surface using Le Chatelier's device. The specific
surface of ground volcanic tuff and fly ash was
determined using the Le Chatelier device (Figure 4)
by the standard [13]. This method allows for
evaluation of the fineness of grinding by measuring
the specific surface of the material (m?/kg), which is
the most important parameter affecting the
reactivity, strength set and durability of materials
used in cement and concrete. The Le Chatelier
method is based on the principle of air permeability,
where the time required for air to pass through a
compacted specimen serves as an indirect measure
of particle size distribution.

To begin the test, the Le Chatelier instrument is
calibrated, and the sample is dried to remove
moisture. A specified mass of finely ground material,
usually 2-5 grams, is weighed and placed in the cell
of the instrument. The sample is uniformly
compacted using a standard plunger to ensure a
consistent packing density. The apparatus is then
connected to an air permeation system, and a
constant flow of air is passed through the sample.

The time required for a certain volume of air to
pass through the sample is recorded. This time is
used to calculate the specific surface area of the
material using the calibration curve supplied with
the instrument. The specific surface area is
expressed in square meters per kilogram (m?/kg).

Figure 4 - Determination of specific surface using Le
Chatelier's device

—— 4) ——



2026; 339(4):38-51

ISSN-L 2616-6445, ISSN 2224-5243

The results obtained are compared with the
required values for the intended application. For
pozzolanic and supplementary cementitious
materials, a higher specific surface area usually
indicates better reactivity and efficiency in the
cement matrix. This method provides a reliable and
reproducible way to evaluate the fineness of
volcanic tuff and fly ash, ensuring that they meet
industry standards for use in building materials.

Selection of lightweight concrete composition
using ground tuff and fly ash. To evaluate the
potential of volcanic tuff as a partial replacement for
cement, a series of concrete mixtures were designed
and prepared (Table 1). The mixes included a control
mix (27PPF) and variants in which cement was
replaced with ground tuff in proportions of 10%,
15%, 20%, 25%, 30% and 35%. In each mix, the ratio
of tuff sand, tuff aggregate and polypropylene fibers
(PPF) was kept constant at 1.5% by volume to ensure
homogeneity of the other components. The water-
to-cement (W/C) ratio was adjusted to 0.5 for the

control and 10% replacement variants, while for
higher percentages of tuff replacement (15% and
above), the W/C ratio was increased to 0.6 to
account for the altered workability. These
adjustments ensured that the mixtures met the
practical requirements for casting and testing.

The prepared concrete specimens were
subjected to a rigorous testing program to analyze
the effect of replacing cement with ground tuff on
basic properties such as compressive strength and
durability. The objective was to determine the
optimum level of replacement that maintains or
improves the mechanical performance of the
concrete while reducing the cement requirement.
This approach not only aims to improve the
sustainability of concrete production but also
explores the potential of volcanic tuff as a viable
supplemental cementitious material to promote
resource  conservation and  environmental
improvement.

Table 1 - Selection of formulations with ground tuff as a substitute for binder

No. Cement, g Ground tuff, g Tuff sand, g | Tuff crushed Fiber quantity, g W/C
stone, g
27PPF 400 - 640 820 0.5
27PPF 360 40 640 820 0.5
(10%)
27PPF 340 60 640 820 6 0.6
(15%)
27PPF 320 80 640 820 6 0.6
(20%)
27PPF 300 100 640 820 6 0.6
(25%)
27PPF 280 120 640 820 6 0.6
(30%)
27PPF 260 140 640 820 6 0.6
(35%)
Table 2 - Selection of compositions with ash from CHPP 2 as a replacement for the binding agent
No. Cement, g Fly-ash, g Tuff sand, g Tuff crushed Fibres Fibre w/C
stone, g quantity, g
27PPF 400 - 640 820 6 0.5
27PPF (10%) 360 40 640 820 6 0.5
27PPF (15%) 340 60 640 820 6 0.6
27PPF (20%) 320 80 640 820 6 0.6
27PPF (25%) 300 100 640 820 6 0.6
27PPF (30%) 280 120 640 820 6 0.6
27PPF (35%) 260 140 640 820 6 0.6
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In addition to investigating volcanic tuff as a
partial cement replacement, concrete samples were
also prepared using CHP-2 fly ash as a binder (Table
2).

For uniformity, the same mix proportions were
followed, with cement being partially replaced by fly
ash in percentages of 10%, 15%, 20%, 25%, 30% and
35%. In these mixtures, the same aggregate
composition, including tuff sand and tuff aggregate,
was maintained, and polypropylene fibers (PPF)
were added at a dosage of 1.5% by volume. We can
observe the manufactured specimens in Figure 5.
The water-to-cement ratio (W/C) was also adjusted,
kept at 0.5 for the control mix and the mix with 10%
ash, and increased to 0.6 for mixes with 15% and
above to ensure sufficient workability during
casting.

The prepared concrete specimens were
subjected to a rigorous testing program to analyze
the effect of replacing cement with ground tuff on
basic properties such as compressive strength and
durability. The objective was to determine the
optimum level of replacement that maintains or
improves the mechanical performance of the
concrete while reducing the cement requirement.
This approach not only aims to improve the
sustainability of concrete production but also
explores the potential of volcanic tuff as a viable
supplemental cementitious material to promote
resource  conservation and  environmental
improvement.

In addition to investigating volcanic tuff as a
partial cement replacement, concrete samples were
also prepared using CHP-2 fly ash as a binder (Table
2).

For uniformity, the same mix proportions were
followed with cement being partially replaced by fly
ash in percentages of 10%, 15%, 20%, 25%, 30% and
35%. In these mixtures, the same aggregate
composition, including tuff sand and tuff aggregate,
was maintained, and polypropylene fibers (PPF)
were added at a dosage of 1.5% by volume. We can
observe the manufactured specimens in Figure 5.
The water-to-cement ratio (W/C) was also adjusted,
kept at 0.5 for the control mix and the mix with 10%
ash, and increased to 0.6 for mixes with 15% and
above to ensure sufficient workability during
casting.

Specimens were prepared to analyze and
compare the performance of concrete with volcanic
tuff and fly ash as a partial replacement for cement.
The testing of properties such as compressive
strength and durability is aimed at determining the
most effective use of these alternative materials in
concrete production.

Figure 5 - Concrete samples with CHPP 2 ash as a partial
replacement of binder

The use of fly ash, a by-product of thermal
power plants, is in line with the Sustainable
Development Goals by utilising industrial waste and
potentially improving concrete properties. This
parallel study allows a comprehensive evaluation of
the environmental and mechanical benefits of these
supplementary cementitious materials.

Results and Discussion

1) Chemical composition. Volcanic tuff is
characterized by a high SiO content of 69.26 %,
determined by X-ray spectral microanalysis (EDS) on
an electron probe microanalyzer JCTXA-733. We can
observe the percentage of chemical composition in
Table 3. This significant proportion of silica indicates
a high silicate content, which corresponds to the
classification of pozzolans according to standard
[10]. According to this standard, the minimum silica
content requirement for materials classified as
pozzolans is 25%. The exceptionally high silica
content in volcanic tuff not only meets but also
significantly exceeds this threshold, which allows the
finely ground tuff to be classified as pozzolanic
materials.

Table 3 - Chemical composition of volcanic tuff

Compound, % by mass
SiO; |Al,O3 |K:O |Na,O [CaO |FeO [MgO |TiO, [MnO
69.26 |16.04 [6.24 |3.44 |2.46 |1.57 |0.57 |0.14 |0.28

Figure 6 is an energy dispersive X-ray spectrum
(EDS) obtained using a JEOL scanning electron
microscope. The spectrum shows the presence of
the main elements that make up the material,
including aluminum (Al), silicon (Si), calcium (Ca),
iron (Fe), magnesium (Mg), potassium (K), titanium
(Ti), and oxygen (O), confirming its mineral nature.
The most intense peaks correspond to AlKa and
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SiKa, indicating a high content of aluminosilicate
phases characteristic of fly ash. The results confirm
the chemical composition of the material and its
potential as a pozzolanic admixture in concrete.

These data confirm the possibility of using finely
ground volcanic tuff as a partial replacement for
traditional binders in cement systems. The
pozzolanic properties of the material, due to its high
silica content, increase its ability to react with
calcium hydroxide during the hydration process,
improving the durability and mechanical properties
of concrete.

This application is consistent with sustainable
construction practices, as it reduces the need for
conventional Portland cement, which produces
significant CO, emissions. The use of volcanic tuff in
this context represents an environmentally friendly
alternative that allows the use of natural resources

while maintaining the quality standards required for
modern construction.

In the article [15], chemical parameters of fly ash
obtained at Almaty CHPP-2 were determined,
including the content of silicon (Si02), titanium
(Tio2), aluminum (AI203), iron (Fe203), calcium
(Ca0O), magnesium (MgO), sodium (Na20),
potassium (K20) oxides and other impurities. The
results show that the highest content in the ash is
silicon oxide (65.0-65.9%), which is typical for
materials used in construction, such as cement.
Variations in the content of other oxides were also
assessed, which allows for a better understanding of
the properties and possible applications of this ash
in various industries, such as in the production of
building materials or in improving soil quality.

Figure 7 shows us fly ash particles captured on
an electronic scanning microscope.
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Figure 6 — X-ray energy dispersion analysis (EDS) of fly ash from CHPP 2

Figure 7 — Scanning electron microscope images of ash from CHPP 2
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2) The fineness of grinding of crushed tuff and fly
ash was determined in accordance standard [16],
which evaluates the material retained on a sieve
with a mesh size of 0.08 mm. For both tuff and fly
ash, the fineness values were slightly higher than for
cement, indicating a somewhat coarser particle
distribution. Despite this, the obtained values are in
the acceptable range for use as additional cement
materials. The grinding process achieved a sufficient
reduction in particle size, which ensures good
compatibility with cement for partial replacement.
The residue on a 0.08 sieve for ground tuff was on
average 8.5%, while for ash, this figure was 11.5%.
At the same time, the norm for standard cement is
no more than 10%.

The slightly higher fineness values for tuff and fly
ash reflect their natural characteristics and
production processes. However, these results
indicate that both materials are reactive enough to
contribute to the cement matrix and participate
effectively in  hydration reactions. These
characteristics make them suitable for use in
concrete mixtures where partial replacement of
cement is required, offering potential
environmental benefits and reducing the carbon
footprint. In addition, their fineness allows them to
mix well with other components of the mixture,
while maintaining the required workability and
strength development properties of concrete.

The article [17] discusses how the degree of
dispersion of components such as lime and slag
affects the physical and mechanical properties of
autoclaved materials. Reducing the grain size of the
binder components helps to improve these
properties, but if the grinding is too fine, the
particles may stick together, which leads to the
opposite effect.

3) The specific surface area of ground tuff and fly
ash was determined by GOST 310.2-76. The
obtained values were within the standard range for
cement. The specific surface area of ground tuff was
241 m?/kg, which is slightly lower than the typical
value for ordinary Portland cement. This result
indicates good fineness of tuff, which makes it
suitable for use as a partial replacement for cement
in concrete. A higher specific surface area increases
the reactivity of the material, positively affecting the
cementitious properties of the mixture.

Several studies have examined the effect of the
specific surface area of ash on the properties of
building materials. It has been established that an
increase in the dispersion of ash, for example, from
hydrodecarbonization, increases its pozzolanic

activity, which improves the mechanical properties
of concrete and the durability of materials. Studies
show that optimizing the degree of grinding of ash,
with a specific surface area above 250 m?/kg, helps
to increase the strength and efficiency of its use in
cement and concrete mixtures [[18], [19], [20]].

Similarly, the specific surface area of fly ash was
determined to be 229 m?/kg, which is also within the
acceptable range. This value confirms the potential
of fly ash to be used as a supplementary
cementitious material. Sufficient fineness ensures
that the material can combine well with cement and
contribute to the compaction of the microstructure.
Both materials show promise in reducing cement
consumption while maintaining or improving the
performance of concrete.

4) Strength properties were also determined
according to standards, and cube specimens were
prepared and tested using a hydraulic press. The
specimens included mixtures with ground tuff and
fly ash as a partial replacement for cement. The
cubes were prepared according to standard
procedures to ensure consistency and reliability of
the results. The tests were conducted to evaluate
the compressive strength of these modified
mixtures at different curing times. The inclusion of
ground tuff and fly ash was aimed at assessing their
effect on the mechanical properties of concrete. The
results obtained on the hydraulic press provided
valuable information on the feasibility of using these
materials as additional cementing components
while maintaining or increasing the overall strength
of concrete.

The effect of fly ash and pozzolan additives on
the strength of concrete has been studied in various
studies. In one of them, when replacing up to 40% of
cement with ash additives, the strength of concrete
after 28 days remained close to the control, and
after 60 days it was almost equal to the strength of
concrete without the additive. In another study, the
use of fly ash and microsilica as mineral additives in
concrete showed an increase in compressive
strength compared to the control composition. Also,
in a study of the effect of pozzolanic additives such
as fly ash and metakaolin on the reaction of alkali
with silica, a decrease in the expansion of concrete
was observed, indicating a positive effect of these
additives on strength characteristics. Finally, a study
of the effect of ash residues from the processing of
municipal solid waste on the properties of concrete
showed that concrete with an ash content of 10-20%
has the highest compressive strength, reaching
about 60 MPa [[21], [22], [23], [24]].
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Table 4 — Strength and average density indicators of lightweight concrete using ground tuff and ash as a partial

replacement of the binder

No. Ash or tuff content, % Average density, kg/m?3 Compressive strength, MPa
27PPF - 1925.5 40.1
27PPF Tuff 10 1927.0 40.7
27PPF Tuff 15 1928.5 39.6
27PPF Tuff 20 1924.6 37.7
27PPF Tuff 25 1926.8 32.1
27PPF Tuff 30 1920.2 28.3
27PPF Tuff 35 1926.3 27.9
27PPF Fly-ash 10 1924.6 41.6
27PPF Fly-ash 15 1919.5 40.4
27PPF Fly-ash 20 1914.8 38.5
27PPF Fly-ash 25 1913.6 35.8
27PPF Fly-ash 30 1914.5 30.7
27PPF Fly-ash 35 1910.4 29.1
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Figure 8 — Graph of the dependence of the strength indicator on the amount of ground tuff and
ash as a partial replacement for the binder

The data demonstrate the effect of replacing
cement with ground tuff or fly ash on the average
density and compressive strength of 27PPF concrete
mixtures. For both admixtures, the compressive
strength generally decreases with increasing
replacement percentage. This trend is more
pronounced at higher substitution levels, indicating
that excessive cement substitution may weaken the
concrete matrix, probably due to a decrease in the
binder properties of the mixture, as can be seen in
Table 4.

In the case of ground tuff, the compressive
strength remains relatively stable up to 15%
replacement, after which a slight decrease is
observed. After this point, the strength decrease
becomes significant, decreasing to 37.7 MPa at 20%
and further to 27.9 MPa at 35%. Similarly, the

density of the mixtures fluctuates slightly but
remains within a narrow range, indicating that the
influence of ground tuff on the bulk properties of the
material is minimal until higher substitution levels.
In Figure 8, we can see the strength as a function of
the percentage of ground tuff and ash.

A similar trend is observed for fly ash mixtures,
although the compressive strength values are
slightly higher compared to tuff at equivalent
substitution levels. At 10% ash replacement, the
compressive strength increases to 41.6 MPa,
indicating the potential of ash to improve early
performance. However, when the substitution level
reaches 30-35%, the strength drops below 31 MPa,
similar to tuff mixtures.

Overall, these results indicate that moderate
replacement (10-15%) of ground tuff or fly ash can
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maintain acceptable strength and density, while
higher replacement levels degrade mechanical
performance. Fly ash appears to provide superior
performance compared to tuff, especially at lower
substitution rates.

Conclusions

1. The results indicate that partial replacement
of cement with ground volcanic tuff and fly ash at
moderate levels (10—-15%) maintains compressive
strength and density within acceptable limits,
demonstrating the potential of these materials as
supplementary cementitious components. Ground
tuff shows relatively stable performance with a
slight decrease in strength and density, while fly ash
exhibits an early strength gain due to its pozzolanic
activity, which enhances matrix compaction during
the initial hardening phase.

2. At higher substitution rates (20% and
above), both materials cause a significant reduction
in compressive strength, more pronounced for
volcanic tuff, where strength drops below 30 MPa at
35% replacement, limiting its suitability for high-
performance concrete applications. Fly ash
performs slightly better under similar conditions but
still leads to considerable strength loss, emphasizing
the need for careful optimization of replacement
levels to ensure structural integrity.

3. The chemical composition of volcanic tuff,
with a high silica content (69.26% SiO,), confirms its
pozzolanic nature and suitability for partial cement
replacement. This contributes to the environmental
benefits of reducing cement consumption and
associated carbon emissions in concrete production.

4. Although the particle size distribution of
volcanic tuff and fly ash is coarser compared to

conventional cement, their fineness remains within
acceptable ranges that allow effective participation
in hydration reactions. This supports their positive
effect on the mechanical properties of the resulting
concrete mixtures.

5. Strength testing confirms that cement
replacement up to 15% with either ground volcanic
tuff or fly ash does not compromise concrete
performance and may slightly improve early
strength in the case of fly ash. These findings
highlight the potential of both materials to serve as
sustainable alternatives in cementitious systems
without significant loss of mechanical properties.
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TYWIHAEME

Byn XKyMbICTa LEMEHTTi ylWNa KY/IMEH XKaHe YHTaKTa/sfaH »KaHapTay/blk TybneH (Tyd-Kypbiabic
MaTepuanbl peTiHAe KONAAHbINATbIH Tay KbIHbICHI) iWiHAapa aybICTbIPyAplH, BETOHHbIH, PpU3MKa-
MexXaHMKanblK KacueTTepiHe acepi 3epTrenei. Herisri Hasap martepuangapablH,  apTypAi
KYpaMblHAaFbl OpTalla TbIFbI3AbIK NEeH Kbicy GepikTiriHiH e3repyiHe (10%-paH 35%-fa geliH)
ayfapblnagbl. 3epTreneTiH Kocnacbi3 6eToH KypambiHbiH, (27PPPF) opTawa ThiFbi3gplFbl 1925,5
Kr/Mm3 skaHe KbicbiMmFa 6epikTiri 40,1 MMa. HaTuKenep ywna Kya4i KocKkaHaa anabiMeH 6eTOHHbIH,
6epikTiri apTbin, uemeHTTi 10% aybiCTbIpFaHAa MakcMmanabl MaHre 41,6 MMMa xeTegi, cogaH Keni
35% aybicTbipFaHga 29,1 MMa aeliiH TemeHAeUTiHIH KepceTeai. OcblfaH yKcac ypaic TydTbl
eHrisreH Kesge 6aiikanaabl, bipak 6epikTik wbiHpiHA (40,7 MMa) 10% aybIicTbipy KesiHae Ae
KeTeqi, copaH KeliH 6epikTik 35% KesiHae 27,9 MMa ageitiH GipTiHaen TemeHaenai. Yarinepain,
opTalla TbiFbi3ApIfbl lLamanbl e3repei, 1910,4-1928,5 kr/m3 apanbifbiHaa 601azapl, 6y 6ETOHHbIH,
TbIfbl3 KYPbIIbIMbIHbIH, CaKTaNfaHblH KepceTeai. Ocblnaliwa, 6eTOH KypamblHAAFbl YLUNA Ky MEH
TydTbIH OHTanAbl Mewepi 10-15% Kypaiigbl, ©UTKeHi 6y KOPCETKILITEP EH, ¥KaKCbl MEXaHWUKaNbIK,
cunattamanap 6epegi. AybICTbIpbIIATBIH 3aTTapAblH, KOFapbl [A03anapbl LEMEHT TacCbiHbIH,
JKYKapybl MeH 6ainaHbICTbIpywbl  KacueTTepiHiH 6osmayblHa 6aiinaHbICTbl  BepiKTIKTIH,
TeMeHaeyiHe oKenegi. Byn 3epTrey GETOHHbIH, 3KONOTUANBIK Tas3anblfbl MEH TYPAKTbINbIFbIH
aApTTbIPY YWiH TMIMAI NyuUONaHAbIK Kocnanap peTiHAe ywna Kyaai KaHe KaHapTtay TydbiH
nanganaHy MyMKIHAiMH pacTangpl.

TyiiiH ce30ep: ywna Kyn, NyuuonaHabiK acep, Tyd, 6ainaHbICTbIPFbILL, KEHi KOHCTPYKLMANDIK,
6eTOoH.
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AHHOTALMUA

B AaHHOM cTaTbe UccieayeTca BAMAHUE YaCTUYHOW 3aMeHbl LIeMEHTa SIeTydelt 3071014 U MONOTbIM
BY/ZIKaHUYEeCKMM TyhOM Ha pu3nyeckne n mexaHuyeckme cesoictea 6etoHa. OCHOBHOe BHUMaHWe
yOEeNAeTcA WU3MEHEHUAM CcpegHelt MNJIOTHOCTM M NPOYHOCTM HA CXaTue Npu  Pas/IUyHbIX
coAepKaHUAX 3ameHaOWMUX maTepuanos (ot 10% po 35%). Uccnepyembiii 6eTOHHBIM cocTas
(27PPF) 6e3 a06aBOK MMeET CPpeaHIo NNOTHOCTb 1925,5 Kr/m3 1 NpouHOCTb Ha caTue 40,1 MMa.
Pe3ynbTaTbl MOKasbiBaloT, YTO Npu Ao6aBneHMU 30/1bl yYHOCA NPOYHOCTb 6eToHa cHavana
yBENMYMBAETCA, AO0CTUrAA MaKCMMasbHOro 3HaveHuna 41,6 Mla npu 10% 3amelleHna LemMeHTa,
nocse yero cHuaertca 4o 29,1 MMMa npu 35% 3ameHbl. AHas0rMYHan TeHaeHUMa HabaogaeTca n
npu seeaeHumn Tyda, ogHaKo NuK npoyHoctu (40,7 MMa) gocturaeTcs Takke npu 10% 3ameHbl,
nocne 4Yero NPOYHOCTb MOCTENEHHO yMeHbluaeTca Ao 27,9 MMa npu 35%. CpeaHAA NAOTHOCTb
06pasLoB M3MEHAETCA He3HauuTeNbHO, Haxodach B AuanasoHe 1910,4-1928,5 kr/m3, uto
CBMOETENbCTBYET O COXPAHEHUM MNOTHOW CTPYKTypbl 6eToHa. Takum obpasom, onTMmanbHoe

—— 49 —/——


https://orcid.org/0000-0003-0161-6256
https://orcid.org/0000-0003-%202131-6293
https://orcid.org/0000-0003-%202131-6293

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

copepskaHue neTyyeit 301bl M Tyda B cocTaBe 6eToHa coctasnaeT 10-15%, NOCKOAbKY Npu 3TUX
3HayeHMAx 06ecneumBaloTCA HauNyylMe MeXaHUYEeCKMEe XapaKTEPUCTUKU. Bonee BbicOKMe
[03MPOBKM 3aMeHMTENeN MPUBOAAT K CHUNKEHMUIO NPOYHOCTU, UYTO OBDBACHAETCA pasperkeHnem
LLEMEHTHOIO KaMHS M HeAoCTaTKOM BANKYLUMX CBOMCTB. [lJaHHOE MCCiefoBaHWe MOATBEPKAAET
BO3MOKHOCTb MCMO/Ib30BAHUA NIeTy4ei 30/bl U ByAKaHUYecKoro Tyda B Kayectse 3pdEKTUBHbIX
NyLLUONaHOBbIX 406ABOK, CNOCOBCTBYIOLMX NOBbILWEHWIO IKONOMMYHOCTM U YCTOMYMBOCTM BETOHA.

Kniouesble cnoea: netyyas 30N1a, NyuLoNaHoBbi 3bdeKT, Tyd, BAKyllee BELLeCTBO, NErkui
KOHCTPYKLUMOHHBI 6ETOH.
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ABSTRACT

Solid waste, including waste tires, contributes significantly to global environmental pollution, with
approximately one billion used tires generated annually. The use of waste tires as a source of
sustainable aviation fuel (SAF) has the advantage of not competing with food sources, thus
supporting energy needs without sacrificing food security. However, the production of jet fuel from
waste tire pyrolysis oil faces major challenges to meet stringent American Society for Testing and
Materials (ASTM) quality standards. This article reviews the physicochemical properties of waste
tire pyrolysis oil, including viscosity, density, and sulfur content, and compares them with ASTM jet
fuel specifications. A bibliometric analysis is carried out on the development of fuel research from
waste tires being converted to jet fuel by collecting the number of papers and documents, the
number of citations, and the countries that produce the most papers related to waste tires and
their research. The development of catalysts for jet fuel production in the cracking process was
also discussed in detail. The use of waste tire pyrolysis oil in jet engines was also reviewed as an
initial step towards implementing sustainable fuels in the aviation sector.

Keywords: Catalyst, Jet fuel, Physicochemical Properties, Pyrolysis oil, Waste tires.

Fitrianto

Information about authors:

Master Student, Department of Mechanical Engineering, Faculty of Engineering, Universitas
Indonesia, 16424 Depok, Jawa Barat, Indonesia. Email: fitrianto21@ui.ac.id;  ORCID ID:
https.//orcid.org/0009-0004-2029-6723

Nandy Setiadi Djaya Putra

Dr-Ing, Professor, Department of Mechanical Engineering, Faculty of Engineering, Universitas
Indonesia, 16424 Depok, Jawa Barat, Indonesia. Email: nandyputra@eng.ui.ac.id; ORCID ID:
https.//orcid.org/0000-0003-3010-599X

Eny Kusrini

Ph.D., Department of Chemical Engineering, Faculty of Engineering, Universitas Indonesia, Kampus
Baru Ul, Depok 16424, Indonesia. Email: eny.k@ui.ac.id; ORCID ID: https://orcid.org/0000-0002-
7919-0083

Introduction

Recently, global demand for sustainable aviation
fuels has been increasing rapidly. Solid waste is an
alternative raw material to meet this need [1]. Solid
waste significantly contributes to environmental
pollution worldwide, including industrial,
agricultural, municipal solid waste, waste tires, etc
[2]. Waste tires are one type of solid waste
generated by various vehicles, including large
vehicles, small vehicles, motorcycles, and heavy
equipment [[3], [4]]. The problems caused by waste
tires are not trivial because they will cause various
issues, such as social, economic, and environmental
issues [5]. Around one billion waste tires are
generated worldwide each year, and the production
of this waste will continue to increase over time [[6],

[7]1]. With such a large amount, it is a real challenge
for various stakeholders to manage the waste wisely
and in an environmentally friendly manner.

Waste tires have a high potential to be used as
fuel [[8, [9], [10], [11]] because they have a high
calorific value. Tires have a high calorific value due to
their high carbon content, which is a primary fuel
component. The calorific value of tires is influenced
by their composition, which includes natural rubber,
synthetic rubber, carbon black, and fillers [9]. The
calorific value of tires can be further enhanced by
processing them through pyrolysis, which breaks
down the tire components into their basic elements.
This process increases the calorific value of the tire.
Pyrolysis is a potential method to process waste tires
into high-value products such as pyrolysis oil, which
has a high calorific value (37-45 MJ/kg) and has the
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potential to be used as jet fuel. Waste tire pyrolysis
oil has a calorific value of 37-45 MJ/kg [12]. Previous
research has shown that around 42 wt% of the waste
tire pyrolysis process is pyrolysis oil found in the
liquid fraction [13]. The vyield of tire pyrolysis oil
depends on several factors, including heating rate,
temperature, catalyst, and others [[14], [15]].

Global jet fuel consumption is projected to rise
from 4 quadrillion Btu in 2010 to 16 quadrillion Btu
by 2050 [16]. As demand for fuel increases, the
aviation industry faces challenges in reducing carbon
emissions caused by the use of fossil fuels [[17],
[18]]. Aviation turbine (avtur) or jet fuel is kerosene-
based fuel [[19], [20]]. Producing jet fuel from
kerosene derived from pyrolysis oil is a significant
challenge for researchers. The challenge is that fuels
used in the aviation industry must meet certain
standards and be certified, according to the
American Society for Testing and Materials (ASTM)
[21]. These standards ensure the fuel's quality,
safety, and performance in jet engines. Pyrolysis oil
contains impurities, water, nitrogen, sulfur, oxygen
content, high density, and viscosity compared to
ideal jet fuel [[20], [22]]. In addition, the kerosene
fraction in waste tire pyrolysis oil is relatively small
compared to the diesel fraction [23].
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Waste tire pyrolysis with a catalyst for aviation
fuel production is promising. The main advantage of
incorporating catalysts into the pyrolysis is the
increase in yield and quality of the resulting pyrolysis
oil, and it may be even better for aviation fuels. The
works showed that catalytic pyrolysis of waste tires
substantially improves the quality of the produced
oil. Catalysts can remove sulfur content [1] and
oxygen content [24], enhancing the oil's quality and
making it more compatible with aviation fuel
specifications.

Based on the author's study, there are not many
studies that focus on the conversion of waste tires
into jet fuel through the pyrolysis process. This study
aims to provide information and knowledge about
the handling of waste tires and the hopes and
challenges of converting waste tires as fuel for
aircraft engines in the aviation sector. Catalysts that
have the potential to be used in the pyrolysis of
waste tires to produce jet fuel are reviewed. The
properties of waste tire pyrolysis oil and its
impurities, such as nitrogen, sulfur, and oxygen
compounds, were also discussed.

)
micrgwave
[oln’new
\N@
@) Jir e ‘peguIWanon
@ c gas@ine “p: .
e e DETEEPY sulfurigontent
@ nige
4 & ® ¢ P fuel p@perty
light tinggoil
kj@ol COP ysis reripval @ flastipoing wiigo
surfaggarea N Waste olymier, tip2 > —
& waste tirejgyrolysis oil
™ polner polysyrene & distillgtion
actiyity tire pyralytic oil
o € adsatggon .
ey lecortBgziion, ey o 2% peint i =
nﬂpwvder partigle size &« | PR wastegire oil
e e ash distrijgheiowsh banz® tire py@/svs oil diwel
gas i “ Esynthiesis
. chdlical mvesgauon w %d S
) rin;gs; be!’ sepagstion I'rain presemEwo s -w‘s g
Yigathte @P liaitire i Ret@Eug) s ; COmbuSt‘O'@afﬂcte”“& "e spectic fuskgonsumption
5 end hd ¢ Mo i d|e5‘%1g|ned'auglne
g e m',,a A e e = et e '@ T bidiesel 2%
< p combipatiorn i e
webdlg s ot . plastic PR i & _
integgation addi compresgion ratio
tive e
dyr srf wood measq’ment bepefit i L en o b internal combstion engme
o meeury @ g Wt W‘ Sturny fuel ignitiap delay engine test
mix pahs “f‘ 5‘:@"0 implemgntation oo waste capking oil
bitugnan ot ﬂg&le ® fuel copsumption
strength
4 '€62 efission pakistan
consteuction  zjpc @8 pollation Geogntry
replagenient & wf
durability cement “iexile "y cem@p[a";"
__congrete ¥z
fiber
stf sdg

pofa

flexural strength ocean poliution

Figure 1 - Map of cluster network visualization showing articles on “waste/scrap tire fuel” published in Scopus.
This map is based on 687 documents, with a minimum of ten occurrences
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Bibliometric Analysis. Scientific article data was
taken based on data from Scopus in February 2025.
Scopus was chosen because it is one of the most
extensive indexing services and journal database
providers today. The keywords used were "(waste OR
scrap) AND (tyre* OR tire*) AND fuel" in the Scopus
search column. Indexed publications were then
filtered in the range of 2015 to 2025, limited to only
articles, conference papers, and the final publication
stage. The number of publications downloaded was
687 articles. The publication data was then input into
VOSviewer (version 1.6.20). VOSviewer was used
because it can \visualize network maps for
bibliometric analysis [25]. A bibliometric analysis is
carried out on the development of fuel research
from waste tires being converted to jet fuel by
collecting the number of paper documents, number

of citations, countries that producing the most
papers related waste tire and its research.

The bibliometric analysis in

Figure 1 shows the relationship between the
various clusters in research on waste tire fuel. This
mapping shows that related research can be
categorized into four main clusters marked with
different colors. The red represents research
focusing on the catalysis aspect, and the blue
describes research on fuel applications in diesel
engines. In contrast, green relates to the
environmental and sustainability aspects of using
fuel from waste tires. The yellow indicates the
relationship of research to construction material
aspects, such as using pyrolysis residues in concrete
or asphalt mixtures.
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From the analysis of the relationship between
keywords, it can be seen that terms such as "diesel
blend," "engine," and "performance" have a strong
connection with "waste tire pyrolysis oil". This shows
that many current studies focus on blending waste
tire pyrolysis oil with conventional fuels and their
effects on engine performance and emission
characteristics. However, this map does not find a
strong direct relationship with the term "jet fuel" or
aviation fuel specifications, although the word
kerosene appears in a non-dominant part. This
indicates that although many studies are related to
the use of WTPO in diesel engines, studies that
specifically target its application as jet fuel are still
very limited or have not been a primary focus.

China and India are the two countries with the
highest number of publications in the provided
bibliometric analysis (Figure 2). This dominance can
be attributed to several factors, including rapid
industrialization, high waste tire generation, strong
research funding, and government policies
promoting sustainable energy solutions. As the
world’s largest tire producer and consumer, China
has significant research initiatives focused on waste
tire management, alternative fuel production, and
pyrolysis technology development [5]. China’s
commitment to reducing carbon emissions and
advancing waste-to-energy conversion is evident in
its policy support, technological innovation, and

financial incentives, integrating waste tire recycling
into national carbon reduction frameworks [26].
India faces significant challenges in waste tire
management due to increasing motorization and
non-biodegradability, prompting the government to
introduce the Extended Producer Responsibility
(EPR) framework in 2022 to enhance recycling and
resource recovery. Upgrading pyrolysis plants,
enforcing compliance with regulations, and raising
awareness in rural communities are crucial steps to
improving waste tire valorization while mitigating
environmental and health risks [27].

Waste Tire Handling

Conventional handling of waste tires can be
carried out in various ways: recycling, reclamation,
landfilling, retreading, reuse, incineration, and
combustion [9]. Recycling is the process of creating
new products from waste tires. Reclamation involves
extracting valuable materials from waste tires, such
as steel and fibers, to reuse in other industries.
Landfilling is a method of disposal that involves
burying waste tires in a specific location. Retreading
is the refurbishing of worn-out tires by replacing
their treads so they can be used again. Incineration
and combustion are waste management methods
for waste tires that involve applying heat treatment
to reduce the mass massively, but this method
results in heavy environmental pollution.
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The chemical composition of waste tires is
crucial in understanding their behaviour during
pyrolysis. Waste tires typically consist of 60% natural
rubber (NR) and synthetic rubber (SR), 30% carbon
black, and 10% organic and inorganic fillers [28]. This
composition affects elasticity, wear resistance, and
shock absorption [28].

Non-conventional waste tire treatment methods
such as gasification, liquefaction, hydrothermal
liguefaction, and pyrolysis are considered more
environmentally friendly [31]. Gasification involves
converting tires into syngas, a versatile fuel source.
Liquefaction processes break down tires into liquid
fuels or chemicals. Hydrothermal liquefaction
utilizes high temperatures and pressures to convert
tires into bio-oil.

Waste Tire Pyrolysis

Pyrolysis, a thermal decomposition process
without oxygen, transforms tires into valuable
products like pyrolysis oil, gas, and char. Pyrolysis oil
is generally considered the most beneficial among
these products [[32], [33], [34], [35]]. Pyrolysis has
become one of the most practical chemical recycling
and waste utilization techniques [[36], [37], [38]].
When waste tires undergo a pyrolysis process, they
will decompose into products with simpler
compositions [39]. It breaks down the complex
hydrocarbon polymers in waste tires into smaller
molecules, producing a mixture of liquid, gas, and
solid products [40]. Catalysts added to the pyrolysis

process can significantly influence the pyrolysis
results. The liquid fraction, often called pyrolysis oil
or bio-oil, contains a variety of hydrocarbons that are
suitable for further processing into fuels such as
gasoline, diesel, and kerosene. In addition, pyrolysis
gas, which mainly consists of hydrogen, methane,
and other light hydrocarbons, can be used for heat
and power generation, while the solid residue,
known as char, can be used in a variety of industries,
including as a carbon feedstock.

Figure 4 shows the various types of reactors used
in tire pyrolysis, such as fixed-bed, fluidized-bed,
rotary kiln, and auger or screw reactors. Each type of
reactor has a different working method,
temperature characteristics, and heating rate.
Fluidized-bed provides a higher oil yield due to faster
and more even heating, while rotary kiln is used for
continuous large-volume pyrolysis [41]. Slow
pyrolysis typically uses low heating rates (around 10
°C/min) with long vapor residence times, producing
around 30-55% pyrolysis oil yields. Fast pyrolysis
with higher heating rates and short residence times
can produce pyrolysis oil yields of over 50%. Flash
pyrolysis, such as in conical spouted bed reactors,
has very high heating rates with vapor residence
times of less than 2 seconds, producing pyrolysis oil
yields of up to around 58% and limonene yields of up
to 14.1% at temperatures around 475 °C[29].
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Properties of Waste Tire Pyrolysis Oil

M.F. Laresgoiti [42] employed gas
chromatography (GC) to examine a comprehensive
array of over 130 compounds in tire pyrolysis oils
with many aromatics. The oil is suitable for
automotive and diesel oils based on distillation. It's
been reported, too, that oil from waste tires is a
blend of aliphatic and aromatic compounds, much
like petroleum fuel [12]. Indeed, the properties of
the liquid fraction are generally similar to those of
the light oil fraction, like gasoline [41].

One of the main problems with jet fuel made
from pyrolysis oil is that it contains impurities such
as water, nitrogen, sulfur, and oxygen compounds.
These impurities can reduce the performance of the
jet engine and can even increase the risk of jet
engine damage [43]. To comply with established
aviation fuel standards, the levels of these impurities
must be lowered.

Waste tire pyrolysis oil has been classified based
on the property of its density, and interest has been
gained in its use as an alternative fuel, more so in
comparison with conventional jet fuel. Table 1 shows
the properties of waste tire pyrolysis oil. According
to Sharma [44], the densities of waste tire pyrolysis
oil typically lie around 0.86 g/cm3. This range
indicates that waste tire pyrolysis oil is denser than
conventional fuels, including jet fuel, generally with
a density of about 0.775 kg/m3 [45]. According to
Yaqoob et al. [46], the higher density of waste tire
pyrolysis oil compared to other kinds of fuel could
make a difference in combustion characteristics and
suitability for various engines. Thus, while the
density of waste tire pyrolysis oil is comparable to jet
fuel, its chemical composition and impurities must

Table 1 - Comparison of Jet A-1 to waste tire pyrolysis oil.

be further improved to be an ideal drop-in
replacement for conventional aviation fuel.

The significant barriers of waste tire pyrolysis oil
come from its high viscosity, which often entails
complete  reconstruction of the engine's
construction to be compatible with the specification
and not damage the engine [51]. Waste tire pyrolysis
oil generally has a higher viscosity than conventional
jet fuels. Some reports show the viscosity of waste
tire pyrolysis oil at about 3.8 to 15 cSt at ambient
temperature, which depends on product
composition and operating parameters [52]. It is
considerably higher than conventional jet fuels, such
as Jet A-1, whose viscosity usually lies much lower at
similar temperatures. Indeed, the pyrolysis oil
obtained from waste tires is especially identified
with dark color and foul smell, with its chemical
composition having a high content of BTX (benzene,
toluene, and xylene) and polycyclic aromatic
hydrocarbons (PAH), which is believed to give rise to
its high viscosity [53]. The formation of BTX is
strongly influenced by secondary reactions occurring
during tire pyrolysis [32].

The calorific value of waste tire pyrolysis oil was
about 40.8 MlJ/kg, which is competitive with
conventional jet fuel, as reported by Islam et al. [48].
However, sulfur compounds in waste tire pyrolysis oil
would be a severe problem because of their direct
application in aviation use, which may lead to
increased emissions and malfunction in operations
[54]. The higher polycyclic aromatic hydrocarbons
(PAH) concentration in waste tires affects a higher
adiabatic flame temperature, leading to a higher
heat release rate [[19], [55]].

The flash point is the lowest temperature at
which the vapors of pyrolysis oil can ignite.

Properties Jet A-1 Reference [44] Reference [47] Reference [48] Reference [49]
Density(g/cm3) 0.7752 0.91 0.86 0.97 0.94

Freezing point (°C) -402 - - - -

Viscosity (cSt) 8(at—20°C)2 3.35 (at 20 °C) 2.47 (at40°C)  4.90 (at 30 °C) 4.62 (at 40 °C)
Calorific value (MJ/kg) 42.82 38.10 41.74 40.80 38.00

Flash point (°C) 382 49.00 56.54 32.00 41.60

Cetane number - - <45 - -

Carbon (%) 86.56P 86.92 80.94 84.80 87.57
Hydrogen (%) 13.25b 10.46 12.72 9.01 10.35
Nitrogen (%) - 0.65 - 0.70 <1.00

Sulfur (%) 0.302 0.95 1.36 1.35

2 properties of Jet A-1 are taken from Hemighaus et al. [45], and ® properties of Jet A-1 are taken from Kumar et al. [50].
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Table 2 - Type of sulfur compound in waste tire pyrolysis oil

Sulfur Compound Removal (% area)

Reducing Method Ref

Thiophene, Benzothiophene,
Dibenzothiophene, and their
derivatives

Maximum sulfur removal
87.8% (NiMo/c-Al>03)

Catalytic Hydrodesulfurization [65]
(HDS), post-pyrolysis process using
NiMo, CoMo, and Mo catalysts

Benzothiophene, 3-
Methylbenzothiophene,
Dibenzothiophene derivatives

1.36% to 0.60%
(NiMoS/Al,03)

Sulfur reduction from

Pyrolysis followed by simultaneous [66]
catalytic desulfurization (cracking +
HDS), formation of H2S

Benzothiophene, Phenyl
thiophene, Dibenzothiophene,
Inorganic sulfides, aliphatic sulfur,
sulfates

78.1% (Fe;03)

Sulfur removal in gas up to
87.7%; benzothiophene

Catalytic pyrolysis with Fe20s; Fe-S [67]
bond formation, C-S bond cleavage,
dehydrogenation, oxygen migration

Thiophene, Benzothiophene,
Dibenzothiophene, sulfoxides,

sulfones oil) via ODS

Sulfur removal 81-84%
(solvent fraction and raw

Oxidative desulfurization (ODS) [68]
post-pyrolysis; oxidation of sulfur to
sulfoxides/sulfones and adsorption

by Al203

The presence of many other compounds formed
during pyrolysis can affect the flash point of these
oils. For example, Lépez et al. [56] and Martinez et
al. [57] studied the continuous pyrolysis of waste
tires and then the co-pyrolysis of biomass. In both
works, the resultant oils showed different flash point
according to feedstock and operating conditions. Co-
pyrolysis of biomass with waste tires has been
explored to enhance liquid fuel yield [[58], [59]].

During pyrolysis, the tire material degrades with
the volatilization of hydrocarbons, nitrogen-
containing species, and gases like hydrogen. Waste
tires contain a significant amount of nitrogen that
may be responsible for generating nitrogenous
compounds in pyrolysis products, which may affect
the combustion characteristics of the resulting fuels.
Nitrogen can form nitrogen oxides when burned,
which are harmful gases contributing to air pollution
[[60], [61], [62]]. Understanding nitrogen dynamics
during pyrolysis is crucial in optimizing fuel quality
and reducing emissions.

Its sulfur content must be reduced when it is
used as jet fuel. The sulfur content comes from
applying additives during the factory tire production
process [[63], [64]]. The content of sulfur
compounds in waste tire pyrolysis oil consists of
thiophenes, benzothiophenes, dibenzothiophenes,
and several derivatives [65]. Other researchers who
identified sulfur compounds are presented in Table
2.

Several mechanisms carry out the reduction of
sulfur compounds in waste tires from pyrolysis. In
the post-pyrolysis hydrodesulfurization (HDS)
process, sulfur compounds such as thiophene,

benzothiophene, and dibenzothiophene are
removed by hydrogenation reactions under high
hydrogen pressure using catalysts such as NiMo or
CoMo on alumina, which convert sulfur to HsS,
thereby significantly reducing sulfur content [65]. In
catalytic pyrolysis, catalysts such as Fe;0s3 help break
C-S bonds and form Fe-S bonds and facilitate
dehydrogenation and partial oxidation reactions, so
that sulfur is trapped in the form of solid or gaseous
compounds that are easier to separate [67]. In
addition, the oxidative desulfurization (ODS)
method, carried out after pyrolysis, oxidizes sulfur
compounds into sulfoxides and sulfones, which are
then adsorbed by the catalyst surface, such as Al;Os.
This increases the efficiency of sulfur removal in the
final product [68]. The pyrolysis process, followed by
simultaneous  catalytic  desulfurization  with
NiMoS/Al,O5 catalyst, also showed effectiveness in
cracking while reducing sulfur in oil products [66].

Waste tire pyrolysis oil has significant amounts
of sulfur, leading to pyrolysis equipment corrosion.
Therefore, the desulfurization method should be
applied to long-lasting [69]. Choi et al. [70] did one-
and two-stage pyrolysis of waste tires to study sulfur
content in pyrolysis oil, and the result was that
temperatures around 500 °C had lower sulfur
content.

The concentration of sulfur compounds in waste
tire pyrolysis oil derived from the pyrolysis process
depends on the operating conditions. The
mechanism of compound formation depends on the
reactor type, reactor temperature, catalyst, heating
rate, and time [64]. Catalysts can transfer sulfur
elements from the liquid phase product to the solid
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Table 3 - Comparison of the operational conditions for the pyrolysis process and sulfur content

Reactor Catalyst Temperature (°C) Sweep gas  Sulfur Content obtained Ref

Fixed bed Fe203 600 Argon COS, H2S, and SO; were decreased by [67]
773 %, 99.7 %, and 85.1 %,
respectively.

Fixed bed Zeolite 500 Nitrogen Up to 12.8 % removal [71]

Rotary Kiln Cao 400 - Sulfur content in pyrolysis oil [72]
decreased from 0.99 % to 0.91 %

Solar-powered pyrolysis CaO 650 Nitrogen H2S decreased from 1.53 to 0.39 [73]

mL/g

phase in the pyrolysis process. In addition, the type
of sweep gas used also has an influence that cannot
be ignored.

Table 3 shows the sulfur content produced due to
operating conditions in waste tire pyrolysis from
several experiments.

Using sweep gas in the pyrolysis process of waste
tires increases liquid oil yield while reducing the
amounts of solid residue (char) and gas. The sweep
gas helps to carry the vaporized products out of the
reactor more efficiently. It makes the process more
effective and increases the amount of valuable liquid
fuel produced. Water vapor as a sweep gas was
introduced to minimize sulfur content in the liquid
phase and increase the solid phase [74]. That review
revealed that the fixed bed produces the highest
amount in the oil phase.

Aviation Turbine Fuel Standards and
Certification

Aviation turbine fuel (avtur) or jet fuel is used in
aircraft. This fuel is a mixture of hundreds of

be used, crude oil must be processed at oil refineries.
The first processing process is carried out by staged
distillation, while a more complex process is carried
out in the second processing. The fuel produced
mostly becomes gasoline and diesel, while a small
part becomes avtur. Gasoline has a lighter density
and is more volatile than avtur, while diesel is
heavier and more prone to clumping into solids.
Avtur must follow strict standards and get
certification to ensure quality, safety, and optimal
performance in aircraft engines [[20], [75]]. The
American Society for Testing and Materials (ASTM)
has developed standards for avtur quality and
testing procedures. This standard has been widely
adopted worldwide. Following ASTM standards is
very important for fuel suppliers and aircraft
manufacturers because not following these rules can
make engines less efficient and unsafe. These
standards include fuel composition, purity, volatility,
and thermal stability. By following ASTM standards,
jet fuel suppliers ensure their products meet the

hydrocarbons extracted from crude oil. Crude oilisa  strict requirements for the safe and reliable
black, viscous liquid that cannot be used directly. To  operation of jet engines.
Table 4 - Specification Properties of Jet Fuels [[76], [77], [78]]
Fuel Jet A Jet A-1 TS-1 JetB JP-8
Specification ASTM D DEF STAN GOST 10227 CGSB-3.22 MIL-
1655 91-91 DTL83133
Sulfur, mass% 0.30 0.30 0.25 0.40 0.3
Flash point, °C, min 38 38 28 — 38
Density, 15°C, kg/m3 775-840 775-840 min 774@20°C 750-801 775-840
Freezing Point, °C, max -40 -47.0 -50 (Chilling point) -51 -47
Viscosity, —20°C, mm2/sec, max 8 8.0 8.0 @ —40°C — 8
Heating value, MJ/kg, min 42.8 42.8 42.9 42.8 42.8
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Aviation turbine fuel is commonly divided into
two main types: Jet A and Jet A-1, which are widely
used in commercial aeroplanes, and JP-8, primarily
used by the military [76]. ASTM has issued jet fuel
standards for avtur fuels, namely Jet A and Jet A-1
[77]. This standard is usually used in fuel used by
commercial airlines. Flights outside the United
States and Eastern Europe commonly use the A-1 jet.
In the United Kingdom (UK), there is a DEF STAN
standard that regulates Jet A-1 fuel. A GOST standard
regulates TS-1 jet fuel in Russia and Eastern Europe.
The country near the North Pole, Canada, has a
standard in the form of the Canadian General
Standards Board (CGSB), which accommodates Jet B
type fuel regulations. Table 4 specifies the type of jet
fuel.

Jet A-1 has a carbon number of 8 to 16, which is

highly controlled during fuel refinery processes to
meet regulatory standards [79]. It ensures the fuel
delivers the required energy density and combustion
characteristics for safe and efficient flight
operations. The precise formulation of Jet A-1
enhances engine performance and minimises
environmental impact by reducing emissions and
improving fuel efficiency.
One of the considerations for using fuel is that the
plane needs energy to move and resist the force of
gravity so that the aircraft can fly. The energy
quantity in the fuel is expressed in units of MJ/kg or
megajoules per litre (MJ/L) according to the
International Metric (SI) units. From Table 4, it can be
seen that there is not much of a significant difference
between jet fuels above.

Avtur is composed of hundreds of hydrocarbons
that have freezing points. The hydrocarbon
component that has the highest freezing point will
be solid first. The freezing point is the temperature
at which the molecules begin to freeze. This

parameter is crucial for aviation operating at
extreme altitudes where temperatures are very low
[75]. A low freezing point will ensure the fuel
remains liquid during flight. It will affect the smooth
and stable fuel flow to the engine combustion
chamber.

Viscosity indicates a viscous fluid level that can
be affected by temperature. Too high a viscosity in a
fluid, in this case, fuel, can cause significant
problems and impair engine performance [80].
Proper viscosity will maintain a smooth supply of
fuel to the combustion chamber. The pumping
power of jet fuel is affected by viscosity. The greater
viscosity will disrupt the smooth supply of fuel and
disrupt the stability of fuel flow, especially in icy
temperature conditions. An example of standard
tests for jet fuel properties is listed in Table 5.

The sulfur content shows the percentage of
sulfur in the fuel. Sulfur is an element that causes
corrosion and impure gas emissions, such as sulfur
dioxide, which is dangerous to health and the
environment. 0.30% means the sulfur content of this
fuel is relatively low.

The lower the sulfur, the less pollution is
generated. It will prevent corrosion in the engine,
keeping it in good condition while helping the
environment. Usually, fuel with low sulfur content is
more expensive as it needs extra refinement.

The flash point refers to the lowest temperature
at which a fuel might ignite with the availability of an
ignition source. Therefore, a minimum value of 38°C
implies that this fuel has reasonable safety and is not
easy to burn at low temperatures. The higher the
flash point, the safer the fuel against fire hazards in
handling and storage applications. This aspect of
flash point is quite significant for the transportation
and storage of fuel. High flash point acts as a
measure to avoid accidental fire outbreaks.

Table 5 - ASTM Standard for fuel jet quality testing (adapted from [77] and [81])

Property Standard test method Description

Viscosity ASTM D 445 /IP 71 Test method for measuring the kinematic viscosity of petroleum products
and liquid fuels at various temperatures

Sulfur ASTM D 1266 /IP 107 The test method used to determine sulfur content in petroleum products
and other materials through the Lamp Combustion method.

Flash Point ASTM D 56 The test method used to determine the flash point of liquids using a Tag
Closed Cup apparatus, commonly applied to assess the flammability of
petroleum products.

Density ASTM D 1298 / IP 160 The test method used to determine the density or relative density
(specific gravity) of petroleum products and liquid hydrocarbons is a
hydrometer.

Heating ASTM D4809 Test method for determining the heat of combustion of liquid

Value hydrocarbon fuels using a bomb calorimeter, providing critical data for

fuel performance evaluation and quality control
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Density is the measure of how compact the fuel
is. It would mean that a range of 775-840 kg/m3
indicates a density of this fuel at 15°C. Density
impacts the volume and weight that can fit in any
given tank. Since this fuel is denser, it possibly
contains more energy per volume. Consistent
density ensures that for an engine to perform
optimally, the appropriate amount of fuel reaches
the engine for efficient combustion.

ASTM D7566-18 has set five synthetic paraffinic
kerosene (SPK) types as blending components with
conventional jet fuel [79]. SPK is made from
renewable sources like vegetable oil and waste. The
goal is greenhouse gas emissions reduction. It will
make flights more environmentally friendly. The
types of SPK are Fischer-Tropsch SPK (FT-SPK),
Hydroprocessed Esters and Fatty Acids SPK (HEFA-
SPK), Synthesized Iso-Paraffinic SPK (SIP-SPK),
Alcohol to Jet SPK (ATJ-SPK), and Alcohol to Jet SPK
(HC-HEFA-SPK). FT-SPK is processed from biomass or
natural gas. HEFA-SPK is made from vegetable oil or
animal fats. SIP-SPK is made from fermented sugar,
and ATJ-SPK is made from alcohol turned into jet
fuel. HC-HEFA-SPK is made from sugar through
chemical and biotechnology processes. Each SPK
type can be mixed up to a certain percentage with
conventional jet fuel. Benefits include lower
emissions, the use of renewable resources, and less
reliance on petroleum. However, ASTM has not
recognized the pyrolysis process as a pathway in
production or blending with jet fuel.

Catalytic Cracking as an Approach to Producing
Jet Fuel

The role of catalysts in the pyrolysis process for
producing avtur is to optimize yields and quality.
Without a catalyst, pyrolysis can depend only on high
temperatures to degrade long hydrocarbon chains
into smaller compounds, often forming products of
uncontrolled composition and quality [82]. Catalysts
drive the pyrolysis reaction along more selective
pathways and produce a hydrocarbon fraction [83]
that can be driven more closely to match the jet fuel
specification. Catalysts improve product selectivity,
whereby the pyrolysis process affords more light
hydrocarbons and preferred fuel components like
aromatic and aliphatic C8-C16 in agreement with jet
fuel characteristics [84]. Catalysts can also improve
energy efficiency in the pyrolysis process [85].
Catalysts allow lower reaction temperatures and cut
reaction times compared to pyrolysis without
catalysts, reducing energy consumption [86].

Catalyst for jet fuel production in the cracking
process is listed in Table 6. Table 6 provides
information on using various catalysts in the high-
temperature cracking process for jet fuel production
from various feedstocks. Catalysts have been widely
used by researchers in pyrolysis. Not a few have also
researched the use of catalysts to produce avtur,
which can potentially be used in waste tire pyrolysis.
Prasad et al. [87] studied an experiment on
producing bio-jet fuels through catalytic pyrolysis of
sawdust using MgO-modified activated biochar.
These studies have evidenced that the optimum
composition of catalysts improves yields of jet fuels,
with a maximum yield of 29% at 600°C with 10 wt%
MgO. Poor performance was noticed for AC alone
due to strong surface -OH and -COOH groups; hence,
adding MgO neutralises them and gives higher yields
of bio-jet fuel. The results explained that the acid
and base sites of the catalyst played a vital role in the
conversion process; hence, this method is one of the
green ways of producing bio-jet fuel. It can be
concluded that MgOAC has been considered one of
the promising, efficient, and economical catalysts in
biomass pyrolysis.

Fu et al. [88] studied catalytic co-pyrolysis of
lignin and polypropylene (PP) using Fe/AC as a
catalyst. The research included evaluating the effect
of reactants, such as iron loading, reaction
temperature, catalyst/feedstock, and ligament/PP
ratio, on the yield and distribution of the jet fuel
range hydrocarbons. Adding PP increased the H/C
ratio in the pyrolysis system and improved the
quality of pyrolytic oil. PP was manifested as a
hydrogen donor, which supplied hydrogen radicals
that suppressed the polycondensation and cross-
linking of the lignin pyrolysis intermediate. It led to
increased pyrolysis oil from using both FP and lignin
instead of using only FP, proving that PP and lignin
had a synergistic relationship with each other.

Increased Fe loading on the catalyst led to
improved jet fuel range hydrocarbon production and
encouraged the development of cycloalkanes and
aromatics. Deoxygenation and alkylation reactions
were mediated by the Fe¥ sites, converting phenols
into  high-carbon aromatics, improving the
distribution of hydrocarbons in the jet fuel range.
The study established the optimal conditions of 550
°C, 1:1 lignin/Polypropylene ratio, and 1:2 catalyst/
feedstock ratio for maximizing the production of jet
fuel range hydrocarbons. However, excessive
amounts of catalysts negatively affected high carbon
hydrocarbon and cycloalkane yields.
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Table 6 - Catalyst for jet fuel production in the cracking process

Catalyst Catalyst Category Feedstock Reactor Temperatur Avtur Ref
Type e (°C) Fraction (%)

MgO modified Metal oxide Sawdust Batch 600 29 [87]
Fe/AC Activated carbon Lignin/polypropylene  Fixed bed 550 35.39 [88]
Activated carbon Activated carbon Soapstock Fixed bed 500 98 [89]
Zeolite Y Zeolite Municipal plastic Fixed bed 500 30 [90]
Metal-loaded activated LDPE Fixed bed 600 96.17* [91]
carbon Activated carbon

Activated carbon Activated carbon LDPE/wheat straw Fixed bed 550 95.4* [92]
Activated carbon Activated carbon Waste plastics Fixed bed 500 100* [93]
Ca0 and Zn-modified Camphorwood/LDPE  Fixed bed 550 18.45 [94]
HBeta Metal oxide/Zeolite

Sulfonated activated Sawdust/LDPE Fixed bed 500 97.51% [95]
carbon Activated carbon

Metal/HZSM-5(38) Metal/Zeolite Sawdust Fixed bed 550 ~55%* [96]
Fe/biochar Metal/Biochar Syringe Fixed bed 500 78 [97]
SBA-15 Mesoporous silica Coconut oil Fixed bed 500 NA [98]
Ni-Mo/silica-alumina Metal/Aluminosilicate Waste cooking oil Fixed bed 420 55.6 [99]
Bentonite Mineral Jatropha oil Batch 350 40 [100]
Carbon-loaded platinum  \etal/Carbon Polyisoprene rubbers  Fixed bed 460 83.6 [101]
NiAg/SAPO-11 Metal/Silica alumina Pure alkanes Fixed bed 380 67 [43]

Duan [89] reported in the paper focused on the  temperature for thermal decomposition and

catalytic pyrolysis of soapstock using an H3PO,-
activated corn cob-derived activated carbon catalyst
to produce jet fuel, gasoline-range hydrocarbons,
and H;-enriched biogas. The loading concentration
of H3PO, was essential for developing acid groups
and porous properties of the ACC, which significantly
impacted the yield and chemical profile of the
produced bio-oil and biogas. The maximum
selectivities of jet fuel (98.78%) and gasoline
(91.03%) were achieved under the optimal
conditions with a pyrolysis temperature of 500°C and
a soapstock-to-ACC ratio of 1:1.5. This study had
novelty and an efficient route for waste soapstock
transformation into valuable energy products. At the
same time, further investigations should be
conducted to improve catalysts and detailed
reaction mechanisms at the molecular level.

The type of catalyst used significantly impacts
the production of jet fuel fractions. Activated carbon
can significantly break down feedstock into jet fuel,
especially for waste plastic feedstock. lJet fuel
produced using this catalyst can reach 100% area.
Meanwhile, metal-loaded activated carbon used in
LDPE produces 96.17%. In addition, operating
temperature also plays an important role in
conversion efficiency. Most of the process occurs in
the range of 500-600°C, which is the optimal

catalytic reactions that produce medium-chain
hydrocarbons  (C8-C16), following jet fuel
specifications. For example, Ni-Mo/silica-alumina
used in a fixed bed reactor at 420°C produces 55.6%
of the avtur fraction, indicating that this catalyst has
high activity in the cracking reaction despite the
lower temperature. Considering this, these catalysts
also have the potential to be used on waste tires to
be converted into jet fuel.

Experiments Attempting to Produce Jet Fuel
Base from Waste Tires

Producing high-quality oil from pyrolysis due to
impurities and contaminants is tough. Various
methods have been proposed to improve the quality
of oil derived from pyrolysis to produce jet fuel. One
method involves strict testing methodologies
necessary for jet fuel to be accepted for aviation use.
Most of these test methods typically involve the
analysis of key parameters such as sulfur content,
density, viscosity, and composition to meet aviation
fuel requirements. Using modern testing equipment
and methodology, one would be able to obtain an
appropriate estimation of the quality of jet fuel
derived from pyrolysis oil. Table 7 lists researchers
attempting to obtain jet fuel range from waste tire

pyrolysis.
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Table 7 - Experiments attempting to produce jet fuel base from waste tires

Reactor type Feed Catalyst Working Sweep Gas Upgrading Process Ref.
Stock Temperature
(°C)
Semi-batch Tire - 550, 650, 700 - Distillation 149-232 -C [102]
Fixed Tire Pt/Zeolite 500, 600, 700 Nitrogen Polar-aromatic fractionation [103]
Fixed Tire Zeolite 600 Nitrogen - [104]
Fixed Tire - 500 - Distillation 131-225 -C [19]
Lopez et al. [102] experimented with the increased the production of polar-aromatic

GRAUTHERMIC-Tires process. GRAUTHERMIC-Tires
was a novel process developed to efficiently valorize
granulated scrap tires through thermolysis at
moderate temperatures at atmospheric pressure. In
the GRAUTHERMIC-Tires process, vertical, parallel,
tubular reactors without internal moving parts
restrict the entrance of oxygen into the thermolysis
environment to prevent combustion. In this work,
the effect of thermolysis temperature in the range of
500 to 700 °C was investigated for the yields of solid-
char, liquid tire-derived oil, waste tire pyrolysis oil,
and gaseous products from granulated scrap tires
(GST) in a semi-batch pilot plant. Results showed
that high gas yields, waste tire pyrolysis oil, and char
fractions could be achieved. Gas yields varied in the
range of 15-22 wt.%, and the waste tire pyrolysis oil
yields varied in the range of 34-46 wt.%, and char
yields in the range of 39-44 wt.%, attesting to the
goodness of the process for the valorization of
valuable materials from GST. Waste tire pyrolysis oil
was distilled into the following categories: gasoline
(<149 C), jet fuel (149-232 °C), diesel (232—343 <C),
fuel oil (343—371 °C), and heavy vacuum gas oil (>371
°C). Jet fuel fraction was obtained in a significant
amount. The waste tire pyrolysis oil recovered had a
GCV of 41-44 MJ/kg and could be qualified as
heating oils and, therefore, usable as a fuel. The
fraction of incondensable gas can also be used for
electricity production with a gas turbine and can
yield 4.1-6.5 kWh of electricity per gram of treated
GST. The value of the resulting char was much higher
for other industries, with a GCV of 27-28 MJ/kg and
high ash and zinc contents. Although the results from
this study were positive, it was realised that market
demand for the obtained products was an important
factor affecting the economic viability of pyrolytic
treatment of waste tires.

Dung et al. [103] focused on the influence of
pyrolysis temperature and the use of Pt-loaded
catalysts on polar-aromatic content in waste tire
pyrolysis oils. An increase in pyrolysis temperature

compounds, often unwanted, given their complex
structure and environmental implications. This work
noted that bifunctional catalysts, such as Pt/HBETA,
significantly improved polar-aromatic reduction in
comparison with Pt/HMOR since HBETA enjoys a
better surface area and Pt dispersion, and these
improvements in hydrogenation activity were, in
turn, responsible for the improvement in reduction.
This work also noted that the preparation of
catalysts via calcination and impregnation was one
of the key steps in optimizing catalytic performance.
The results also indicated that the hydrogenation
rate catalysed by Pt was higher compared to the
conversion into heavier polar-aromatic compounds,
thus minimising their concentration in pyrolytic oils.
The work, in general, highlighted useful insights
toward pyrolysis conditions and catalyst design,
which could potentially reduce the vyield of
undesirable polar-aromatic compounds and improve
the quality of tire oils.

Osayi et al. [104] aimed to investigate the
properties of the pyrolytic oil obtained from waste
tires through pyrolysis using synthesized zeolite NaY
as the catalyst. Pyrolysis was conducted at 600 °C
with different catalyst concentrations in the range of
1 to 10 wt%. The maximum yield of CPO was 21.3
wt.% at the catalyst-to-tire ratio of 7.5 wt.%, though
lower than the yield of noncatalyzed pyrolytic oil
that reached 34.40 wt.%. The chemical composition
of the pyrolytic oil was tremendously enhanced with
a significantly increased vyield of valuable
compounds like benzene, ethylbenzene, toluene,
and xylenes in order of CPO (5 wt.%) > CPO (1 wt.%)
> CPO (10 wt.%) > CPO (7.5 wt.%) > noncatalyzed
pyrolytic oil in terms of the yield of benzene. GC-MS,
FT-IR, and NMR techniques were separately applied
to the present study to evaluate the chemical
composition and present functional groups within
the pyrolytic oil. The CPO consisted of a complex
mixture of aromatics, olefins, and paraffins that
represented a wide hydrocarbon profile. Besides,
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the zeolite NaY catalyst also showed the possibility
of increasing hydrocarbon yield in the carbon range
of C6-C15, which corresponds to the available
gasoline and jet fuel yields with lower yields of diesel
and fuel oils. In general, synthesised NaY zeolite was
a highly active catalyst that improved both the
quality and yield of the pyrolysis oil from waste tires;
hence, it demonstrated its potential for industrial
applications in the production of valuable chemical
compounds.

Suchocki et al. [19] experimented on the
performance-emission characteristics of a miniature
GTM-140 gas turbine engine fired with blends of jet
fuel with waste tire pyrolysis oil, which is presented
in this paper. Before blending, waste tire pyrolysis oil
was distilled at 131-225 °C to meet the kerosene
base property and to reduce impurities. The
research work met the demand for alternative fuels
depleted by fossil fuels and the environmental
concern for waste tires that are difficult to recycle.
The pyrolysis process transformed the tires into
pyrolysis in a liquid fuel form, which is usable instead
of conventional fuels in gas turbines. The work
reported an experimental study that aims to find out
the potential impacts of using various
concentrations of waste tire pyrolysis oil blended
with kerosene on turbine performance, given static
thrust, thrust-specific fuel consumption (TSFC), and
emission of harmful gases such as NOy, CO, and SO,.
The experimental results revealed that waste tire
pyrolysis oil blends give good enough thrust, while to
maintain the same rotational speed, the fuel flow
rate needs to be higher than that of pure kerosene.
This increased the TSFC, which points to efficiency
issues when waste tire pyrolysis oil is used. It was
further found in the study that NOx emissions tend
to increase with a higher waste tire pyrolysis oil
concentration, indicating a potential linkage
between fuel composition and nitrogen oxide
formation. On the other hand, the SO, emission
results were below for all the blends, which may be
considered an environmental merit for the
application of waste tire pyrolysis oil. The testing
methodology ranged from turbine inlet and outlet
temperatures to fuel flow and emissions measured
at different load conditions to comprehensively
present the operational characteristics of the gas
turbine running on waste tire pyrolysis oil blend. Test
results also proved that waste tire pyrolysis oil can
be considered as an alternative fuel. However,
further optimisation of its viscosity and combustion
characteristics was  necessary for  better
performance and reduction of the emission level. In

general, this paper provided useful insight into the
feasibility study of applying waste-derived fuels to
gas turbines, opening up a path toward more
sustainable energy solutions for power generation.
Sajdak et al. [30] explored the conversion of
pyrolysis oil from car tires into jet fuel, focusing on

optimizing  hydrodeoxygenation  (HDO) and
hydrocracking (HC) processes to maximize the
kerosene fraction yield. The study used

NiMo/y-Al,0; catalysts under varying temperature,
pressure, and time conditions to refine tire pyrolysis
oil (TPO) and then analyzed the impact of these
conditions on the oil's composition and properties.
The research indicates that hydrodeoxygenation
(HDO) and hydrocracking (HC) processes can
effectively upgrade tire pyrolysis oil (TPO) into a
substance with properties similar to aviation fuel
fractions. During the HDO process, the sulfur and
nitrogen contents were significantly reduced. HDO
generally increasing the content of paraffins, iso-
paraffins, and naphthenes, while aromatics can be
reduced.

Discussion

Jet fuel is a complex fuel made up of hundreds
of different types of hydrocarbons derived from
crude oil. Aircraft use aviation turbine fuel, which is
a complex fuel manufactured from hundreds of
different hydrocarbons obtained from crude oil
processing. Jet fuel has to meet strict standards for
safety and efficiency in aircraft engines, as set out by
organisations such as the ASTM. These
internationally accepted standards relate to fuel
characteristics such as composition, purity, volatility,
and thermal stability. For example, ASTM specifies
Jet A and Jet A-1 for commercial aircraft, while other
states have their specifications, such as the UK with
DEF STAN, Russia and Eastern Europe with GOST, and
CGSB in Canada for Jet B. The existence of such
regulations ensures that jet fuel will be able to meet
even the most stringent requirements to safely and
reliably power jet engines anywhere in the world.

Jet fuel comes with essential requirements in
aircraft, which include the energy content, freezing
point, viscosity, sulfur content, flash point, and
density, which are all great concerns in ensuring
safety in their operations. Several standards in jet
fuel, like ASTM, have been set for all these
parameters to ensure dependability for high-altitude
and low-temperature conditions that require low
freezing points and proper viscosity for a continued
smooth flow of fuel toward the engine. More
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recently, ASTM introduced SPK types derived from
renewable sources, such as FT-SPK, HEFA-SPK, SIP-
SPK, and ATJ-SPK, which can be blended into
conventional jet fuel to reduce greenhouse gas
emissions. Although the previous pathways have
been approved by ASTM for blending, all pyrolysis-
derived fuels remain unapproved as a jet fuel
production or blending pathway [20]. The difference
indicates that sources of renewable jet fuel are still
being explored, and more tests should be done to
ensure they meet the strict standards set for aviation
fuels.

Waste tire pyrolysis with distillation purification,
as mentioned in the previous literature, was used to
start mini turbine engines, although there are
differences in terms of properties. The results of the
study showed that there were no significant
problems in the combustion chamber operating the
mini-turbine engine [20]. On the side of combustion
results, there are still gases that are harmful and
pollute the environment produced from the
combustion process. However, the study requires a
larger test scale to determine the effect of waste tire
pyrolysis on aviation turbine fuel over a longer and
comprehensive period.

Such catalysts play an important role in
optimising  pyrolysis  processes toward the
production of jet fuel by improving product yield and
selectivity, and adding energy efficiency. This means
that catalytic pyrolysis of biomass, lignin,
polypropylene, waste tires, and other materials on
MgO-modified activated biochar, Fe/AC, and zeolites
will break them down into desirable jet-fuel-range
hydrocarbons. On the other hand, catalyst selectivity
prefers to move toward producing specific
hydrocarbon fractions, such as C8-C16 aliphatic and
aromatic compounds, within the jet fuel
specifications. MgO-modified-activated biochar
increases the yield of sawdust toward jet fuel. Fe/AC
acts as a catalyst for co-pyrolysis between lignin and
polypropylene, producing hydrocarbons of jet-fuel
quality. Moreover, catalysts like H3POs-activated
carbon and zeolites offer some promise for
improving the selectivity and lowering the impurities
in pyrolysis oils of soapstock and waste tires. Waste
tire pyrolysis oil, for instance, may be refined and can
be mixed with kerosene for consumption in turbines,
though further improvement in the viscosity and
management of emissions is required. Although
promising, pyrolysis has not yet been approved as a
certified pathway to jet fuel by ASTM because
additional research and validation will be needed to
meet the strict aviation standards.

The next step that can be taken after getting tire
pyrolysis oil is to do hydrodeoxygenation (HDO) and
hydrocracking (HC). Some literature states that this
process can bring tire pyrolysis oil (TPO) properties
closer to the jet fuel fraction by reducing
contaminants and sulfur content. The distillation
process is necessary to obtain the right boiling point
and meet the volatility requirements of jet fuel. Even
so, processes that need to be carried out, such as
isomerization and additives, still need to be carried
out. Isomerization improves the branching of
hydrocarbon molecules, leading to better cold flow
properties. Additives will improve its stability,
prevent corrosion, and enhance other properties.
Adding appropriate additives is necessary before the
fuel can be certified for use.

Conclusion

Waste tire pyrolysis is a promising pathway for
sustainable aviation fuel production. Pyrolysis offers
dual benefits in waste tire handling and alternative
energy production. The bibliometric analysis shows
the development of research on waste tire fuels. The
study of keyword relationships shows that current
research is highly focused on mixing waste tire
pyrolysis oil with conventional fuels, and application
as jet fuel is still a relatively unexplored area. From
several previous studies, tire pyrolysis oil has been
tried to be used in micro turbine engines on a
laboratory scale. These results need to be validated
on a larger scale and for a longer time to find a more
significant impact. Although jet fuel derived from
waste tires shows promise, there are still challenges
to overcome, especially in meeting stringent aviation
standards such as ASTM. These challenges include
optimizing properties such as viscosity, density,
freezing point, and sulfur content, as well as
addressing emissions of harmful compounds such as
nitrogen oxides. Catalyst development has shown
potential for improving the yield and quality of
pyrolysis oil to meet aviation fuel specifications.
MgO, Fe/AC, and zeolite are some of the catalysts
used on biomass to produce jet fuel and have
potential applications in waste tire pyrolysis.
However, further refining processes such as
hydrodeoxygenation, hydrocracking, distillation, and
isomerization are necessary to bring waste tire
pyrolysis oil closer to jet fuel specifications. Future
work should focus on refining pyrolysis processes,
developing advanced catalysts, and conducting
large-scale testing to validate the long-term viability
of this pathway for sustainable jet fuel production.
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TYWIHAEME

KaTTbl KanabIKTap, COHbIH, iWiHAe WWHanap KanablFbl ahaHAbIK KOpLUaFaH OpTaHbIH acTaHyblHA
aWTapAblKTal ynec Kocadbl, bl calblH WamameH 6ip Muaavapa naiAanaHbiaFaH WKWHanap
naga 6onagbl. Kangplk WWMHanapabl TypakTbl aBUAUMANBIK OTbIHHbIH, (SAF) Kesi peTiHae
nainganaHy asbIK-TyNiK Ke3aepimeH 6acekenecneiigi, ocbinaiwa asblK-TyNiK KayincisgiriHe HyKcaH
KenTipmecTeH 3Heprua Ka*KeTTiNiKTepiH KamTamacbi3 eTegi. [lereHMeH, WWHanapaplH, NMPoONn3
MaliblHaH aBUAKEPOCHH BHAIPY AMEPUKAHABIK CbIHAKTAp MeH MaTepuangap KoFambliHblH (ASTM)
KaTaH, cana cTaHgapTTapbiHa 6alinaHbICTbl aWTapAbIKTAl KUblHAbIKTapFa Tan 6onagbl. byn
MaKanaga TYTKbIP/bIKTbI, TbIFbI3AbIKTbl KOHE KYKIpTTi Koca anfaHga, WWHanapablH, NuMponus
MaMbIHbIH, OU3MKa-XMMUANBIK KacueTTepi KapacTbipblnagbl kaHe onapabl ASTM  peaKTuBTi
OTbIHHbIH TEXHUKA/IbIK CMMATTaManapbiMeH CanbiCTbipadpbl. Makananap MeH Ky»KaTTapablH CaHbIH,
JAdMeKce3aep caHblH, WMHA KafablKTapbliHa KAaTbICTbl €H Ken MaKanapabl XapuananuTbiH engep meH
0N1apapbliH 3epTTeY/IePiH XKMHAY apKbl/ibl aBUAKEPOCUHTE aliHANAbIPbINATBIH WWMHA KaNAbIKTapbliHaH
KaHapmali 3epTTeynepiH AambiTyFa 6UBAMOMETPUANBIK Tangay *Kyprisineai. CoHOan-aK KpPeKUHr
npoueciHAe aBUaKepOCUH eHAipyre apHanfaH KaTaavsaTopaapAbl 33ip/iey Kavbl A3 KaH-KaKTbl
TanKbiNaHAbl. PeaKTUBTI KO3FaNTKbIWTapAa LWWHANapablH, NUPoavM3 MawbiHbIH, KanablKTapbiH
nainganaHy asBMauMa CEKTOPbIHAA TYpPaKTbl OTbIHAbI EHri3yaiH, 6acTankpl Kagambl peTiHae
KapacTbipblnagpl.
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AHHOTALMUA

Teepgble oTxoAbl, BKAOYan OTpa6OTaHHbIe WKHbI, BHOCAT 3HAUMTENbHbIN BKnag B rnobanbHoe
3arpAasHeHune 0pr>Ka|ou.|,e17| cpeabl, exerogHo o6pasye'rc51 OKONO0 Oo4gHOro MmMwunnunapaa
0Tpa60TaHHbIX wuH. Ncnonb3oBaHune OTpaﬁOTaHHbIX WNH B Ka4yecTBe MUCTOYHMUKa yCTOﬁHVIBOI'O
dBMALUMOHHOIO TON/INBA (SAF) MMmeeT TO NpenmyLLecTBo, YTO OHU He KOHKYPUPYIOT C UCTOYHUKaMU

NPOAOBONLCTBUA, TEM CaMbiM MNOAAEPXMBAA NOTPEOHOCTM B 3SHeprun 6e3 ywepba ana
MNoctynuna: 2 uroHa 2025

PeueH3sunpoBaHue: 4 uroHa 2025
MpuHAaTa B neyatb: 11 uroHA 2025

NpoAOBONLCTBEHHOW  6e3onacHocT. OAHAaKO NPOUW3BOACTBO  PEAKTUBHOIO Ton/MBa W3
NUPOAU3HOrO Macna OTPaboTaHHbIX LWKMH CTA/IKMBAETCA C Cepbe3HbIMU Npobaemamu, CBA3AHHbIMK
CO CTPOTMMM CTaHAAPTaMM KavecTBa AMepuKaHCKOro obuiectsa No UCMbITAHMAM U MaTepuanam
(ASTM). B 3ToW cTaTbe paccMaTpuBalOTCA GU3MKO-XMMMUYECKME CBOMCTBA MUPOAM3HOTO Macna
0TPabOoTaHHbIX LWWMH, BKAOYAA BA3KOCTb, NIOTHOCTb U COAEPMKaHWE Cepbl, U CPABHUBAIOTCA CO
cneundmKaumamm peaktmsHoro tonausa ASTM. Mposogutca 6uBAMOMETPUYECKUIA aHanu3
pa3BUTUA TOMIMBHBIX UCCNEA0BaHUI U3 OTPabOTaHHbIX WWH, NnepepabaTbiBaeMbIX B peakTUBHOE
Ton/AMBO, NyTem cbopa KonuyecTsa cTaTell U AOKYMEHTOB, KOAMYECTBA LUTUPOBAHUI U CTPaH,
KOTOpble BbINYCKalOT 6Gosblue BCEro cTaTel, CBA3aHHbIX C OTPAabOTAaHHbIMWU LUMHAMM U WX
nccnegoBaHuAMK. Takke noapobHO obcykaanack paspaboTka KaTanmM3aTopos AnA NPOU3BOACTBA
peakTMBHOrO TOM/MBAa B MpoLecce KpekuHra. Mcnonb3oBaHne nMPOAU3HOTO Macna w3
0TPabOTaHHbIX LWWH B PEaKTUBHbIX ABUTaTeNAX TaKXKe PAaCCMaTPUBANOCh KaK NepBblIl Wwar Ha nyTu
K BHEAPEHWMIO 3KONIOTMYECKM YNCTbIX BUAOB TOMINBA B aBUALLMOHHOM CEKTOpE.

Knrodeeble c€n06a: KaTanv3aTop, pPeakTMBHOE TOMIMBO, (OU3MKO-XMMMYECKME CBOWCTBa,
NMPOIM3HOE MACN0, OTPABOTaHHbIE LWUHbI.
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ABSTRACT

This article describes the processes of decomposition of magnesite waste in sulfuric acid, which is
formed during flotation enrichment of the Zinelbulak talc-magnesite deposit. As a result of the
research, the influence of concentration and temperature of the reaction medium on the
dissolution of magnesite in H,SO4 solution was investigated and melting degrees were determined.
Based on the data obtained, a mathematical model of the process was formed: the melting kinetics
were described by equations, and the parameters were calculated using regression analysis. The
modelling results were based on the rate at which magnesite melts, with a focus on acid
concentration and temperature factors. The value of the coefficient of determination of the
constructed mathematical model justified the fact that this model was 97.2% accurate. Based on
the reliability of the mathematical model, optimal conditions are determined through
experimental and model analysis. The optimum conditions are a temperature of T = 81.45 °C and
an acid concentration of C = 74.05%, resulting in a decomposition rate of Ymax = 93.57%. The results
of this work establish a scientific foundation for treating waste products containing magnesium
and producing products such as magnesium sulfate from them. Initially, the article describes the
composition of raw materials and experimental methods, then the mathematical model and the
results obtained are analysed, and conclusions and proposals are presented.
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Introduction

The Zinelbulak talc-magnesite deposit reserve is
the only major talc rock deposit in Central Asia with
an output of 200 million tonnes. Mining ore has a
complex composition containing 52% talc, 43%
carbonate minerals (mainly magnesite) and 5% iron
oxides [[1], [2], [3]]. Qualitative and quantitative
analyses showed that the main mineralogical
composition of ore consists of talc and magnesium
components, and the magnesium content is 31.7
wt%. It has also been found that such impurities as
serpentine, quartz, hematite, and magnetite are
found in this raw material [[1], [2]].

When talc concentrate is isolated from the talc-
magnesite raw material by gravitational or flotation
methods, a magnesite waste consisting mainly of
magnesite is formed. This magnifying waste can be

chemically processed into a valuable product. In
particular, when the magnesium is decomposed in
sulfuric acid, magnesium sulfate (MgSQ,) is formed,
a compound that is widely used in industry and
agriculture. Therefore, obtaining a variety of
products through the recycling of magnetic waste
can provide additional economic benefits as well as
reduce environmental problems.

Globally, it has been reported that by dissolving
magnesite waste in hydrochloric acid, the process
kinetics obeys the "pseudo-secondary" model and
the activation energy is 62.4 kJ/mol [4]. However,
there are also several general studies on the melting
kinetics of magnesite feedstock in acids and the
optimization of process parameters. Specifically, [5]
in their study, they set the reaction duration to 60
min with a solid-liquid part ratio of 1:20 at an acid
concentration of 2 M at a temperature of 65°C, as
optimal conditions for dissolving magnesite in H,SO4
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solution. The melting kinetics of magnesite in
sulfuric acid were studied by the process of
magnesium extraction in sulfuric acid on the
example of the mineral serpentinite. As a result of
the process, a magnesium release of 98.35% was
achieved. As a result, the authors found that high-
purity Mg(OH), and 4MgCOs:- Synthesis of
Mg(OH),-4H,0 obtained [6]. The influence of
indicators such as acid concentration, temperature,
mixing rate, and particle size as factors influencing
the efficiency of the magnetite acid refining process
was investigated, and conclusions about optimal
conditions were drawn [[7], [8], [9]].

According to the above-mentioned sources of
literature analysis, the process of decomposition of
magnesite waste formed by flotation enrichment of
talc-magnesite from the Zinelbulak mine using
sulfate, nitrate or hydrochloric acids and its
mathematical model have not been studied. In this
regard, this study investigated experimentally and
theoretically the process of disintegration of
magnite-sparing wastes by processing in H,SO,, the
main component of which is magnesite.

The purpose of the research is to define its

modeling of a process and determine the optimal
technological conditions for the complete process.
Experimental part

The object of the study was the magnesite-
containing waste generated during the flotation
beneficiation process of the Zinelbulak talc-
magnesite rock. The material composition of the
Zinelbulak talc-magnesite rock has been studied in
our previous research [2] using modern physico-
chemical methods. The magnesite-containing waste
sample formed during the flotation beneficiation of
this raw material was comprehensively analyzed
using an X-ray fluorescence spectrometer (Figure 1).

Based on the analyses, the chemical
composition of the raw material is presented in
Table 1.

The phase composition of this raw material was
analyzed using X-ray diffraction, and the results
were processed using the BGMN/Profex Rietveld
software package to determine the qualitative and
guantitative mineralogical composition of the
samples (Figure 2 and Table 2) [[10], [11], [12]].
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Figure 1 - Extended analysis of the magnesite-containing waste using an X-ray fluorescence spectrometer

Table 1 - Chemical composition of the magnesite precipitate obtained from the flotation process as determined by X-

ray fluorescence spectrometry

Tarkibdagi oksidlarning ulushi, %

SiO2 MgO Fe203 | Al1203 Cao

Cr203

MnO SOs3 NiO ZrO2 N20

39.15 39.46 5.93 2.42 2.78

0.14

1.62 1.34 1.56 1.78 3.82
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Figure 2 - X-ray diffraction pattern of the magnesite-containing waste

Table 2 - Mineralogical composition of the magnesite-containing waste sample

Mineral name Chemical formula Content in the waste, %
Magnesite MgCOs 53.70
Talc 3Mg0-4Si02-H20 27.20
Kemmererite 5Mg0-5Fe0-Al>(SiOs)3-H.0 10.01
Dolomite MgCO3-CaCOs3 7.75
Calcite CaCOs 1.34
Total 100

For conducting the research, a static chemical
solvent (liquid—solid leaching) method was used in
the laboratory. Dried to a constant mass were
weighed at an extraction of 5g from a sample with a
moderate particle size to —100um. Disintegration
processes were carried out with a solid-to-liquid
ratio of 5:100 (g/ml) with the sample measured in a
glass tube with a volume of 100 or 250 ml of sulfuric
acid solution. For preparation of the acid solution,
chemically clean high concentration H,SO4 was used,
and concentrations of 20-96% were prepared by
dilution.

Theoretically, in the process of the
decomposition of magnitous boar with sulfuric acid,
the following reactions have been observed:

MgCO; + H2S04=MgS0, + H,0 + CO;
CaMg(COs);, + 2H,504 + (n-2)H,0 = CaSO4-nH,0
+ MgS0,4 + 2C0O,

CaC03+H2504:CaSO4+H20+C02
2Mg(OH),-MgSi03-3S5i0,+2H,504=2MgS0, +
4H,0+ MgSiO3+3Si0;
Mg(OH)2-4MgFe02-FeO-Alz(SiO3)3+10HzSO4:5
MgS04+5FeS04+Al,(Si0s)3+11H,0

The amount of magnesium contained in talc-
magnesite raw materials and separated magnesite
porridges was determined according to the

requirements of State standart 19728.8-2001, and
the amount of calcium oxide was determined
according to the requirements of State standart
19728.7-2001 using volumetric complexometric
methods of titration with 0.05. normal Trilon-B
solution, chromium black-blue and fluorescein
indicators were used. The results were calculated
using the following calculation formulas (1 and 2)
([13], [14]].

VCV,100
Vom

(1)

Xca0 =

Here: V- Volume flow rate of trilon-B, cm3; C-
concentration of trilon-B, g/cm3; V- total volume of
solution, cm3; V,- volume of solution taken for
titration, cm3; m- amount of sample, g.

VCVy
V,m

x 100 — 0,719X,  (2)

XMgO =

Here: V- volumetric flow rate of Trilon-B used for
titration of calcium and magnesium content in the
control solution, cm3; C- concentration of Trilon-B,
g/cm3; V- total volume of solution, cm3; V- volume

— 73
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of solution taken for titration, cm3 m- amount of
sample, g; X;- mass fraction of calcium oxide, %.

During the analytical processes, a solution is
prepared according to the method specified in the
literature [15] for determining the general form of
P,Os in phosphate raw materials and magnesium
phosphate fertilizers. The filtered sample was
measured in a photo colourimeter at a wavelength
of A=440 and the results were calculated using the
following formula 3:

ax250x100
gXVx1000

(3)

CPZOS =

Here: a-the amount of P,0s found from the
calibration graph, mg; g - the amount of the analyzed
sample, g; V-solution volume, cm3

Calcium and magnesium oxides contained in
phosphate raw materials and magnesium phosphate
fertilizers were determined by titration with a Trilon-
B solution using the complexometric method
presented in the literature [[16], [17]]. To determine
the general form of P,Os for analysis, a fixed amount
of 250 cm? of a 0.05 N solution of trilon-B was taken
from the prepared solution and analyzed in the
presence of chromium black-blue. The results were
calculated using the following formulas (4 and 5).

ax0.0014x50x100

Ceao = gXVx50 ’ (4)

_ (b—a)Xx0.001x250X250%100

CMgO - gXVX50 ! (5)

Here: a-volume of Trilon-B used to determine
the amount of calcium, ml; B-the volume of Trilon-B
used to determine the amount of magnesium, ml; g
- amount of analyzed sample, g; V-Volume of
solution, cm?.

In order to determine the optimal conditions for
the sulfuric acid decomposition process of this
magnifying waste with a complex composition, a
qguadratic regression model with dependence on the
kkita independent variable C-acid concentration (%)
and T - process temperature (°C) was used to
predict.

In the creation of a mathematical model, the
mathematical model equation is expressed only
from a mathematical point of view, depending on
their quadratic, i.e. curved effect on the degree of
decay when the basic initial values, i.e. temperature

and concentration are 0, when the acid
concentration and process temperatures increase
by one unit value, depending on their quadratic, i.e.
curved effect:

Y=a+bC+cT+dC?+eCT + fT?

Where a, b, ¢, d, e, f are the coefficients
determined on the basis of experimental data.

To predict the maximum extent of the
disintegration process, the two main independent
variables are the concentration of acidity (%) and T
(°C) by solving all the maximum values and
conditions of the process temperature.

ay 0 ay 0
ac "’ aT

The model determines the coefficient of
determination depending on the total -T,;s and
residual =R ;. dispersions, i.e

RZ =1— Tdis
Rdes

The total and residual dispersions in the formula
are determined depending on the actual observed
value as well as the values predicted by the model.
In this case, the general dispersion Ty;s = X1 (v; —
$)? and residual dispersion Ry = 2 (y; —
§)?are determined from the dispersion formulas
[[18], [19]].

Results and Discussion

The prepared reaction mixture was carried out
in a digital tube heater with magnetic stirring brand
MS7-H550-Pro for 180 min at a temperature interval
of 10°C, temperature range 30-100°C (with
thermostat control +1 °C accuracy) and constant
stirring at 300 rpm. The resulting solid residue was
filtered, separated, washed and dried. The amount
of magnesium in the samples was determined by the
complexometric method (using EDTA).

The results obtained during the studies are
shown in Table 3 below, which shows that the
degree of decomposition of the magnetite ash
relative to MgO is due to a variation of 20-96%
concentration of kp acid (C%) and temperature of
30-100°C (T).
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Table 3 - Degrees of decomposition of magnesite precipitate at different concentrations, absolute values, and

temperatures of H2SO04

Acid Degree of brocade of magnesite chips, %, kp = %;
concentration, 9Oym.
% 30°C 40°C 50°C 60°C 70°C 80°C 90°C 100°C
20 39.33 50.32 51.02 51.03 53.12 54.48 55.12 55.32
30 48.21 74.64 71.24 71.65 72.15 73.52 74.15 74.32
40 49.48 76.64 74.14 74.03 77.97 78.01 78.07 83.89
50 50.38 79.04 79.21 79.46 80.06 80.26 83.94 84.56
60 54.78 79.86 79.64 82.04 82.76 82.02 85.36 85.65
70 57.56 82.01 82.95 83.02 84.56 85.01 87.46 87.92
80 53.35 83.02 83.76 84.16 85.02 85.21 88.56 88.72
90 58.82 83.89 84.50 85.02 86.01 87.01 88.69 89.08
96 59.01 84.40 85.12 85.56 87.08 87.92 89.02 90.14

When the acid concentration was 20% in the
process, the rate of decomposition increased by 1.40
times compared to MgO water (kp), reaching from
39.33% to 55.32%. When the concentration was
30%, the decomposition rate was observed to
increase from 48.21% to 65.66% to 1.54 times, and
these dependencies increased to 1.69 and 1.68
times, respectively, at concentrations of 40% and
50% of sulfuric acid. It was found that in processes
where the acid concentration was increased from
60% to 96%, these values increased by 1.56 and 1.53
times, respectively. At all concentrations of acid, an
increase in decomposition at the temperature range
of 30-40°C was observed by 1.23 and 1.43 times, and
at the temperature range of 50-100°C, up to 1.08
times. Based on the research carried out, it was
found that the process is desirable to conduct the
process at high concentrations of acid, 80-96%, at a
temperature of 40°C.

In the studies, the maximum value was
determined at the boundary points, having the
concentration of acid (C) in the range of 20% < C <
96% and the process temperature ranges (T)
between 30°C < T £100°C.

Y=a+bC+cT+dC?+eCT + fT?

The coefficients a, b, ¢, d, e, and f in the
mathematical model were calculated using the
method of least squares and were determined to be
equal to a = -27.21; b = 0.6257; ¢ = 2.4094; d = -
0.0023; e = -0.0035 and f = -0.0132. Based on these
coefficients, the following equation was formed.

Y = —27.721 4+ 0.6257C + 2.4094T — 0.0023C?
—0.0035CT — 0.0132T?

The number of values of the kP — experimental
decomposition levels in Table 1 above is 9 on the
acid, concentration — 9 on C and temperature —8 on
T. So, in the calculations, it will be equal. On the basis
of this value, the levels of decay calculated according
to the model were determined by the formula Yn =
CT=9%x8=72

n
.1 1
Y=- Y) =— . = 80.299
nzl( ) 72><(578088) 80.29%
1=

The determination coefficient of this structure.
model — R? total —-Ty;s and residual — Ry.s was
determined depending on the dispersions.

p2 g Jais _ X 0i—9)* 36512
Raes 2ic (i — 9% 13067.93
= 0.972

The value of the coefficient of determination
indicated that this model was suitable for
experimental data with 97.2% accuracy. In the
graph shown in Figure 3 below, the experimental
values of the degree of decomposition were
compared with the values of the degree of
decomposition calculated according to the model.
The fact that all the points in the graph are located
close to it along the regression line once again
justified the accuracy of this model. R? = 0.972
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Figure 3 - Comparative comparison of model and experimental values

It has been proven that the model is suitable for
research to predict optimal conditions in terms of
acid concentration and process temperature
parameters.

Conclusion

Based on the above model equation, the optimal
conditions and conditions of acid concentration and

AY AY
temperature were deduced. i 0; i 0

AY
A 0.6257 — 2 x 0.0023C — 0.0035T

AY
AT 2.4094 — 2 x 0.0132T — 0.0035C

Calculations were performed by zeroing the
first-order derivatives. As a result of the calculations,
the decomposition rate is Ymax = 93.57% when the
temperature is T = 81.45°C and the concentration of
acidity required for the process is C=74.05%.

On the basis of the studies conducted, the model
created to determine the possibility of processing
magnesitic waste in sulfuric acid under optimal

conditions was found and proved to be theoretically
useful. This model has made it possible to use the
acid decomposition process efficiently and
efficiently in the studies because it operates at high
precision.
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KypambiHga marHesuT Kocnacbl 6ap KanablKTapAblH *KOFapbl
KOHLEHTPALMANbI KYKIPT KbIWKbI/IbIHAA biAblpaybl: SMNUPUKANIbIK MOAeNbaey

YK9He OHTalbl WapTTapAabl aHbIKTay

Atawes J.A.

96y PalixaH bupyHU ambiHOGFbI YpeeHiw memaekemmik yHusepcumemi, ©36ekcmaH
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TYRIHAEME

Byn makanapa 3vHenbynak TaNbK-MarHe3uT KeH OpHbI LWKKi3aTbiH GaoTaumanbik 6aibiTy KesiHae
anblHaTbIH MarHesuT KanaplfbiHbIH, KYKIPT KbIWKbIAbIHAA blAblpay npouecTepi KapacTbipblifFaH.
3epTrey HaTMKeciHae MmarHesuTTiH  H,SOs  epiTiHAiciHae epyiHe  peakuuAnbik  opTa
KOHLEHTPaUMACbl MEH TemnepaTypacbiHblH, dCepi 3epTTenin, epy [Aapexenepi aHblKTanapl.
ANblHFaH MaNIMETTep Heri3iHAe NPOLECTIH, MaTeMaTUKaNblK MOAENI Kacanapl: epy KUHETUKACHI
TeHAeyNep apKblabl CUMNATTanbIN, NapameTpaepi perpeccuanslik Tangay KemerimeH ecentengi.
Mogenbaey HaTUKenepi MarHesuTTiH, epy XKbINAamMAbIFbl Heri3iHeH KbIWKbIN KOHLEHTPaLMACHI
MeH TemnepaTtypa ¢aKkTopnapbiHa Tayenni eKeHiH KepceTTi. KypbliFaH maTeMaTuKanblK
MoZenbAiH AeTepMuHauma KoabduumeHTiHiH R?=0,972 maHi 6yn mogenbaiH, 97,2% AsnaikneH
JKYMbIC ICTEWTIHIH aanengeni. MaTemaTuKanblK MOAENbAIH, ANAIMHIH, HerisiHge OHTaWAbI
wapTtrap Temnepatypa T=81,45°C }aHe KaKeTTi KbIWKbIA KoHUeHTpauuacel C=74,05% kesiHae
blAbIpay AeHreni Ymax=93,57% TeH 60naTbiHbl TaXKipubenik KaHe Mogenbaik Tangaynap apKbiibl
aHblKTanabl. byn 3epTTey HaTUKeNepi MarHesnT KypamMblHAAFbl KanAbIKTapabl KalTa eHAaey KaHe
onapAaH MarHuit cynbdaTbl CUAKTbI BHIMAEPAT any YLWiH FbINbIMU Heri3aepai KypyFa MyYMKiIHAIK
6epeai. Makanaga anfbiMeH LWMKI3aT Kypambl MEH 3KCNEPUMEHTTIK agicTep 6aaHAanbin, KeniH
MaTemaTUKanblK MOAE/b MEH afblHFaH HATUXKeNep TanAaHbin, KOPbITbIHABINAP MEH YCbIHbICTap
bepingi.

TyiiiH ce30ep: 3nHeNBYNAK KeHi; TaNbK-MarHe3uT Kanablfbl; MarHe3uT; KYKIPT KbIWKbINbIHAG epiTy;
MaTemMaTUKaNblK MOAENb; KNHETUKANbIK Tanaay; perpeccusanbik Tangay.
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MemseKkemmiK yHuUsepcumemiHig XUMUs-mexHosa02usA akyabmemiHiH doueHmi, YpeeHiw K.
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0003-4070-5665

Pa3nokeHne marHesuTcoaepKalinux oTX040B B BbICOKOKOHLEHTPUPOBAHHOM
CEepHOI KUCNOTe: SMNMPUYECcKoe MoaeNnpoBaHue u onpeaeneHune

ONTUMaA/IbHbIX YCIIOBMﬁ

ATawes 3.A.

YpeeHnuckuli 2ocydapcmeeHHbili yHUsepcumem umeHu Aby PalixoHa bepyHu, Y36ekucmaH

Noctynuna: 3 uroHA 2025
PeueHsnpoBaHue: 10 uroHA 2025
MpuHATa B Nneyvatb: 17 uroHA 2025

AHHOTALMUA

B [aHHOW cTaTbe paccMaTpPMBAOTCA MPOLECChl PA3/IOKEHUA MarHesuTCOAEPIKALLMX OTXOAOB,
obpasytowmxca npu GA0TaLMOHHOM 06OralLEHUN TalbK-MarHesuToBom pyabl 3uHenbynakckoro
MEeCTOPOXKAEHUA, B CEpPHOW Kucnote. B pesynbrate npoBeféHHbIX WMCCNEAOBAaHWIN U3yYeHO
BAWAHWE KOHLEHTPALMU peakUMOHHOM cpelbl U TemnepaTypbl Ha pacTBOpeHUMe MarHesuTa B
pactBope H,SO4, a TakKe onpeaeneHbl cTeneHn pactBopeHma. Ha ocHoBe NOyYeHHbIX AaHHbIX
6bina paspaboTaHa mMaTemaTMyeckas MoAenb Mpouecca: KMHeTMKa pacTBOPeHWA onucaHa
YPaBHEHUAMM, a MNapameTpbl PacCYUTaHbl C WUCMNO/b30BAHMEM PErpecCMOHHOr0 aHanAusa.
Pe3ynbTatbhl MOZENMPOBaHWUA MOKa3anMu, YTO CKOPOCTb PACTBOPEHWA MarHesuTa B OCHOBHOM
3aBUCUT OT HAKTOPOB KOHLEHTPaLMM KUCAOTbl U TemnepaTtypbl. KoadbduumeHT getepmuHaumm
NOCTPOEHHOM MaTemaTnyecko mogenu R?=0,972 noaTBepAmn/, 4TO TOYHOCTb MOAENN COCTaBAAeT
97,2%. Ha ocHoBe Q[OOCTOBEPHOCTM MaTemaTMYyecKOW Moaenu onpegeneHbl ONTUMasbHble
ycnosusa: npu Temnepatype T=81,45°C 1 KOHUeHTpauun Knucnotbl C=74,05% cTeneHb pasnoKeHus
coctaBnaeT Ymax=93,57%, 4TO YyCTaHOBNEHO Ha OCHOBE 3KCNEPMMEHTA/IbHbIX U MOAE/bHbIX
aHanu3oB. Pe3ynbTaTbl AaHHOM pPaboTbl 3aKNafblBAlOT Hay4yHble OCHOBbI ANA nepepaboTku
OTXOA0B, COAEPKALLUX MArHe3uT, U NMOYYeHNA N3 HUX TaKUX NPOAYKTOB, KaK cynbdaT marHus. B
CTaTbe CHayana M3N0MKEeHbl COCTaB CbipbA W 3KCMEPUMEHTa/bHble MeToAbl, 3aTeM NpuUBEAEH
aHaNM3 MATEeMATUYECKOM MOZENM W TMONYYEHHbIX Pe3y/nbTaToB, a TaKKe J[aHbl BbIBOAbI W
NpeasioKeHUs.
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ABSTRACT

This article investigates the reduction behavior of calcium oxide (CaO) content in mixtures of
mineralized mass (MM) from Central Kyzylkum phosphorite and acidic wastewater (AWW) from
the oil and fat industry, using experimental data and a mathematical approach. The study was
conducted at 60°C, with the AWW: MM ratio varying from 100:10 to 100:40. The CaO content in
each mixture was determined and analysed in terms of its mass ratio. Results demonstrated a
systematic decrease in CaO content with an increasing proportion of MM. The initial rate of
decline was rapid and then gradually slowed. An exponential decay model was employed and
characterized by parameters. A first-order differential equation was applied and refined using
experimental data. The initial value and decay constant were found to be Co = 67.39 and k =
0.0401, respectively. The resulting exponential equation showed a high degree of correlation
with experimental points (R? = 0.98). This study offers a structured evaluation of CaO behavior in
complex systems through mathematical modeling, which can be used to control processes in real
technological conditions. The modeling outcomes may serve as a methodological basis for
developing kinetic models involving other ions and components in future research.

Keywords: CaO, exponential decay, mineralized mass, wastewater, mathematical modeling,
predictive model.
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Introduction

Such wastewaters degrade very slowly in nature. In
most cases, they are discharged directly into

Acidic wastewater generated during processing
operations in the oil and fat industry represents
one of the most pressing environmental issues
today. In particular, wastewater produced during
the separation and refining of soapstock contains
high concentrations of ions such as H*, SO4%-, CI-,
Na*, and Mg?*. These chemically aggressive
components significantly disrupt the pH balance in
aquatic environments [[1], [2], [3], [4], [5]]-

This leads to severe damage to natural
ecological systems. It negatively impacts the quality
of groundwater. It disrupts the microbiology of
soils. It reduces biodiversity [[6], [7]]. It also
destabilizes the food chain and natural biocycles.

surface water bodies. This dramatically increases
environmental risk. Industrial facilities often release
these wastes without treatment [[8], [9], [10], [11]].

Such practices contradict global environmental
protection standards. Especially when the
wastewater has a pH below 4, the high acid load
makes neutralization  absolutely  essential.
Neutralization is the chemical conversion of
harmful acidic components into stable,
environmentally safe forms. It is a crucial step in
ensuring ecological safety in industrial processes.
When selecting neutralizing agents, several criteria
must be considered. Economic viability,
environmental safety, technological compatibility,
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and local availability are key among them [[12],
[13], [14], [15], [16]].

Considering these factors, this study selected
the mineralized mass derived from the Central
Kyzylkum Phosphorite Complex as the neutralizing
material. This material is an industrial byproduct
from phosphorite processing. It contains chemically
active oxides such as CaO, MgO, Al,Os, and SiO..
These oxides can react with acidic ions. The
material is natural, locally sourced, cost-effective,
and environmentally safe. It exists in large
guantities as a byproduct and is typically unused
[[13], [14], [15], [16], [17]].

Utilizing it for neutralization offers dual
benefits. First, it helps detoxify acidic industrial
wastewater. Second, it enables the reuse of
industrial mineral waste. This approach aligns with
the concept of waste-from-waste technology.
Additionally, the Central Kyzylkum mineralized
mass demonstrates stable neutralizing behavior
against a variety of ionic contaminants [18]. It
performs consistently under mechanical mixing and
elevated temperature conditions. It does not
generate toxic byproducts, forming inert residues
instead. Previous studies have not sufficiently
evaluated this material's potential. Its kinetic
behavior and consumption rate in neutralization
processes have not been thoroughly analyzed [[19],

[20], [21]]. _
Most earlier studies rely on laboratory

observations without theoretical modeling. This
limits their applicability in real industrial scenarios.
Therefore, the present research focuses on
assessing this material's efficiency in neutralizing
real acidic wastewater. Samples of acidic
wastewater were treated with varying doses of
mineralized mass [[13], [14]]. The decrease in CaO
concentration during treatment was analyzed.
Neutralization efficiency and reagent consumption
were evaluated [[22], [23]]. From a practical
perspective, this approach aids in optimizing

reagent dosage. It also allows for analysis of how
waste composition affects neutralization. The
results guide industrial applications. The findings
help establish a technological basis for achieving
regulatory compliance in wastewater treatment. In
essence, this study offers an effective, sustainable,
and economically feasible solution for neutralizing
acidic industrial effluents. It contributes directly to
environmental protection, resource conservation,
and waste valorization [13].

Experimental part

The AWW sample was collected from an oil and
fat processing plant in Uzbekistan. Preliminary
chemical analysis revealed a pH = 2.8 and high
concentrations of SO,2~ (1190 mg/L), CI~ (2120
mg/L), Na*, Mg?*, and H* ions [[13], [14], [15], [16]].
The chemical composition of acidic wastewater
produced during the process of extracting fatty
acids from soapstock is presented in Table 1.

MM was obtained from Central Kyzylkum’s
limestone-rich deposits and contained CaO
(43,17%), CO, (14,01%), P,Os (15,09%), and SOs;
(2,17%). Samples were mixed at 60 £1°C in the
following mass ratios: 100:10, 100:15, 100:20,
100:25, 100:30, 100:35, and 100:40.

Each sample consisted of 100 g AWW and the
corresponding MM amount. They were stirred for
30 minutes at 400 rpm. CaO content was
determined from the dry residue using gravimetric
methods. Each experiment was repeated three
times, and average values were recorded. Based on
the data, a mathematical model was constructed to
describe CaO decrease with increasing MM.

Modeling was conducted in Origin 2021 Pro
using scatter plots and exponential regression:

C(x) = CO . e'kx

Table 1 - Chemical composition of acidic wastewater (AWW) produced during the process of extracting fatty acids

from soapstock

Cations mg/| meq / | % -eq/ | Anions mg/| meq / | %-eq/|
H* 100 100 81 cl 38114 1073 50
Na* 431560 1876.41 11 SO4* 48165 1003.13 46
K* - - - NO2 20.11 - -
NH4* 99 5.44 - NOs 842 13.65 -
Ca%* 299 11 1 COs - - -
Mg?* 1831 151 7 HCO3" 3447 55.18 4
Fe3* 0.4 0.03 - Total 2148.08 100
Fe2* 32 1.08 -
Total 2144.96 100
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Modeling was performed using the "Nonlinear
Curve Fit" function based on the sample function
“ExpDecl”.

The initial values of the parameters Co and k
were automatically determined, and their optimal
values, along with confidence intervals, were
provided.

Based on the modeling results, the coefficient
of determination (R?) was found to be higher than
0.98, indicating a strong fit of the exponential
model.

All graphs were plotted using the Origin 2021
Pro software environment.

Model-predicted CaO (%) values were
calculated using the exponential equation above.

Absolute deviation (A) was calculated as the
difference between modeled and experimental CaO
values [[24], [25]]:

A= Chrogel — Cexperimental

Relative error (%) was determined using the

formula:

A
Relative error =

Cexperimental

Results and Discussion

The CaO content in the resulting products was
determined experimentally by preparing mixtures
of acidic wastewater and mineralized mass in
different mass ratios.

The experiments were conducted at a
temperature of 60°C, with each trial repeated
three times, and average values were calculated.
The mass ratios of AWW: MM (Acidic Wastewater:
Mineralized Mass) were gradually increased from
100:10 to 100:40.

The results indicate that as the proportion of
MM increases, the percentage of CaO in the
mixture decreases sharply.

This can be explained by the reaction of CaO
present in the MM with H* ions and other acidic
ions found in the AWW, leading to its gradual
reduction.

Table 2 and Figure 1 below show the AWW:
MM ratio and the corresponding observed CaO
content (%).

Table 2 - CaO content in mixtures at increasing AWW:MM ratios

Ne AWW:MM Ratio CaOo (%)
1 100:10 46.52
2 100:15 36.49
3 100:20 28.98
4 100:25 23.39
5 100:30 18.94
6 100:35 17.65
7 100:40 16.17
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Figure 1 - Exponential decrease in CaO content in the mixture depending on the increase in the AWW:MM ratio
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In the sample with a mass ratio of 100:10, the
CaO content was 46,52%, whereas at the 100:40
ratio, it dropped to 16,17%. A sharp decline in CaO
content was observed during the initial three stages
-from 100:10 to 100:25-indicating that reactive CaO
actively participated in neutralization reactions
with the acidic components of the AWW. This range
represents the zone of highest neutralization
efficiency for CaO, where the most significant
changes occurred. From 100:25 to 100:40, the
decrease became more gradual, suggesting that the
remaining CaO content declined slowly due to
residual reactions.

The exponential decay behavior observed in
the graph was confirmed by the model, and the
high R? wvalue (0,9807) indicates excellent
agreement between the model and the
experimental data.

The trajectory of CaO reduction was accurately
described by the following model:

Cixy = 67,39 - ¢700401x

In this case, C(y) -represents the percentage of
Ca0 depending on the amount xxx of mineralized
mass (MM); 67,39 is the initial maximum reactive
capacity (i.e., the CaO value when the MM amount
is close to zero); 0,0401 is the decay coefficient.

According to the graph analysis, the functional
decrease of CaO corresponds to the characteristics
of a classical kinetic model. This behavior reflects
similar reactivity trends observed during the
neutralization of real industrial wastewater. The
values given in the table are very close to the
results of the mathematical model, with an average
relative error of approximately 3-4%. Such
closeness demonstrates the reliability of the model
and enables the identification of optimal
technological regimes for various AWW: MM
(Acidic Wastewater Mineralized Mass) mass
ratios.

Based on these observations, it was determined
that applying CaO in a calculated dose allows
effective adjustment of the mixture to meet
regulatory pH levels. The decreasing trend of CaO
percentage in AWW: MM mixtures was described
using an exponential regression model based on
experimental data. In this model, the independent
variable is the amount of MM (g), while the
dependent variable is the CaO percentage (%). As a

result of exponential regression performed in
Origin 2021 Pro, the following mathematical model
equation was obtained.

The model’s goodness-of-fit is represented by
the value:

R? = 0,9807

which indicates a strong correlation between
the experimental results and the model.

The linearized graph generated from the model
nearly fully encompasses the experimental data
points, visually confirming the high degree of
conformity.

The high rate of decrease in the initial stages
suggests that CaO acts more actively as a
neutralizing agent during the early increases in MM
quantity.

Using the model equation, one can calculate in
advance either the required amount of MM for
neutralizing AWW or the residual CaO percentage.
This enables the optimization of reagent
consumption, technological process control, and
effective adjustment of waste to meet pH
standards in practical applications. The exponential
nature of the model reflects the progressively
slowing behavior of the process, which may be
attributed to the gradual depletion of reactive
components.

The mathematical analysis also provides
theoretical justification for the dynamic decrease of
CaO content depending on the AWW:MM ratio.
This mathematical approach enables digital control,
optimization, and forecasting of reagent
requirements in the neutralization process.

Table 3 presents the experimentally
determined CaO percentages for various AWW:MM
mass ratios, as well as the values calculated based
on the exponential model.

As shown in Table 3, the relative error in most
cases does not exceed 5-7%, indicating high model
accuracy. In particular, for MM amounts between
10-30 g, the model closely matches the
experimental data. Although deviations slightly
increase at 35-40 g, the overall trend remains
consistent. These results confirm the reliability of
the model and its practical predictive value.
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Table 3 - Experimental vs. modeled CaO content and relative errors

AWW:MM Exp. CaO (%) Model CaO (%) A (%) Rel. Error (%)
100:10 46.52 45.13 +1.39 2.99
100:15 36.49 36.93 -0.44 1.20
100:20 28.98 30.22 -1.24 4.28
100:25 23.39 24.73 -1.34 5.73
100:30 18.94 20.24 -1.30 6.85
100:35 17.65 16.56 +1.09 6.17
100:40 16.17 13.56 +2.61 16.14
As observed from the table, the CaO theoretical predictions. The difference between

percentages calculated using the model closely
match the experimental values. For each data
point, both the absolute difference in CaO content
and the relative error are indicated separately. In
most cases, the relative error remains below 5%,
demonstrating the high accuracy of the model. Only
at the MM ratio of 40 g does the relative error
reach approximately 16%, which may be attributed
to possible experimental uncertainties or secondary
influencing factors in the reaction process. Overall,
the modeled CaO reduction closely follows the
trajectory of the experimental values, indicating
high reliability of the developed exponential model.
This table was provided to verify the agreement
between the results of mathematical modeling and
empirical data, assess the level of accuracy, and
justify the applicability of the model in industrial
practice. Furthermore, the table facilitates
forecasting of CaO consumption and supports
technological planning  through analytical
interpretation of experimental results.

The column labeled "Difference (A)" in the table
represents the direction of deviation between the
model and actual measurements (+/-), helping
identify whether the model underestimates or
overestimates the values. Such a table enhances
the scientific credibility of the analysis results and
plays an important role in documenting the
modeling process.

Conclusion

The research findings confirmed that the
decrease in CaO content within AWW and MM
mixtures exhibits an exponential trend. As the
AWW:MM mass ratio increased, a consistent
reduction in CaO percentage was observed, which
is explained by the complete reaction of the
reagent with the acidic environment. The
coefficient of determination (R?) of the model was
found to be 0,9807, indicating a high degree of
agreement between experimental results and

modeled and experimental values ranged between
3-6 %, with the relative error remaining minimal.
The analytical table visually and quantitatively
confirms the discrepancy between the model and
actual measurements. Based on this model, it is
possible to pre-calculate the required amount of
MM or CaO for neutralizing industrial wastewater,
optimize reagent consumption, and bring the pH of
the effluent to regulatory levels. The high initial
reactivity of CaO and the subsequent slowdown
observed in the later stages of the neutralization
process are well reflected in the model, further
demonstrating that exponential regression
accurately represents real chemical-technological
behavior. The model’s simple structure allows for
its practical application in rapid calculations in
industrial settings. This scientific approach helps fill
the existing gap in mathematical modeling for
acidic wastewater neutralization. The study enables

a deeper understanding of the interaction
mechanism between industrial effluents and
neutralizing reagents, with validation and

prediction supported by empirical data. Moreover,
the findings lay a scientific foundation for the
development of cost-effective and efficient
neutralization methods utilizing MM-containing
technogenic waste materials.
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Optanbik Kbi3binkym ¢ochopuTiHeH anbiHFaH KbIWKbIN aFbIHAbI Cy1ap MeH
MUHepanaaHfaH macca KocnacbiHaafbl CaO KypambiHbIH, ©3repiciH
3KCNOHEeHUuManpabl biablpay MoAeNiHiH Heri3iHAe maTeMaTUKanblK Tanpgay

lOnpawesa A.M., ‘Lamypatos C.X., Kypambaes LLI.P., Papyka6os M.®.

96y PalixaH BupyHU ambiHOGFbI YpeeHiw memaekemmik yHusepcumemi, YpeeHiw, ©36ekcmaH

AHHOTAUMA

Byn makanaga OpTanblk Kpi3blaikym docdopuTiHiH MuHepangaHfaH maccacbl (MM) meH mai
OHEepPKaCIBiHiH, KbIWKbIA afblHAbl cynapbiHbiH, (KAC) KocnanapbiHAafbl Kanbumii okeugi (CaO)
Me/ILEepiHiH, TeMmeHaey YPAICi IKCMepPUMEHTTIK AepeKkTep MeH MaTeMaTUKanbIK dAiCTi KonaaHa
oTbipbin 3epTTeneai. 3eptrey 60°C Temnepatypaga xyprisingi, KAC:MM apa katbiHacbl 100:10-
HaH 100:40-ka aewiH e3repTingi. Op Kocnagafbl CaO menwwepi OHbIH MaccanblK KaTblHACbIHA

Makana kengi: 1 winde 2025 6ainaHbICTbl aHbIKTaNbIN, TangaHabl. Hatuxkenep MM yneci apTkaH caiiblH CaO menwepiHiH,
CapantamagaH eTri: 10 winde 2025 Kyheni Typae asaATbiHbIH KepceTTi. bacTankbiAa TemeHAey KblNgamablfbl Xofapbl 6onbin,
Kabbinganap!: 15 winde 2025 KeiliHHeH 6ipTiHaen 6aAynagpl. DKCMNOHEHUManAbl biabipay MOAENI KOALaHbIAbIM, TUICTI

napameTpnepmeH cunaTTangbl. bipiHWi peTTi andbdepeHumanablk TeHAey IKCNEPUMEHTTIK
[epeKkTep Heri3iHAe KONAAHbINbIN, KEeTiNAipingi. AHblKTanfaH 6actankbl MSH MeH biablpay
TypakTbicbl caiKkeciHwe Co = 67,39 aHe k = 0,0401 60onapl. AnblHFaH 3KCNOHEHUMaNabl TeHaey
SKCMEPUMEHTTIK HYKTENEPMEH KOFapbl Aapexeni KoppenaumaHbl kepcetti (R? = 0,98). byn
3epTTey MaTemaTUKabIK MOAENbAEY apKblibl Kypaeni xyienepgeri CaO apeKeTiH KypblibiMAbIK,
TypFblaaH 6aFanayabl YCbiHaAbl, OHbl HAKTbl TEXHONOTUANBIK, Kafdanapaa npouecrepai 6ackapy
yWwiH KongaHyra 6onaapl. Mogenbaey HaTuxenepi 6onawak 3eptreynepae 6acka MoHAAp MeH
KOMMOHEHTTEPA] KAMTUTbIH KMHETUKA/bIK MOAENbAEPAi 93ip/ieyre MeTOAO0NOMMANbIK Heri3 6ona
anagpl.

Tyiiin ce3dep: CaO, 3KCMOHEHUManAbl bigplpay, MWHepangaHFaH Macca, afblHAbl CYy,
MaTemaTuKabIK moaenbaey, 6omKamaplK yAri.
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AHHOTALMA

B paHHON cTaTbe MccnedyeTcs NOBeAEHUE CHUKEHWS COAep)KaHua okcupa Kanbumsa (CaO) B
CMecAX MUHepanu3oBaHHo maccel (MM) us dpochoputos LieHTpanbHbIx Kbi3bIIKYMOB U KUCABIX
CTOYHbIX BoA, (KCB) MacnoMpoBoi NpOMBbILLIEHHOCTU, UCNO/b3YA SKCNEPUMEHTA/IbHbIE AaHHbIe
M MaTemaTMyeckuin nogxog. MccnepgosaHue nposoaunoch npu Temnepatype 60°C, npu atom
cooTHoweHune KCB:MM Bapbuposanock ot 100:10 o 100:40. CoaepskaHme CaO B KaxKaow cmecu

Noctynuna: 1 utonsa 2025 onpeaensnoch M aHaNM3MPOBaNOCh B 3aBUCMMOCTM OT ee MacCOBOrO COOTHOLWEHMA. PesynbTaThl
PeueHsunposaHue: 10 utonsa 2025 NoKasasM CUCTEMaTUUECKoe CHWKeHMe cogepxwaHua CaO npu ysenuuyeHun ponm MM
MpuHaTa B Nevatb: 15 uron1g 2025 MepBOHaYanbHaA CKOPOCTb CHUMKEHMA Bbina BLICOKOM, a 3aTem MocTeneHHO 3ameananack. [na

XapaKTEepPUCTUKM  NpoLuecca UCMONb30BaNaCb MOAENb  IKCMOHEHUMANbHOro  pacnaga ¢
COOTBETCTBYIOWMUMM NapameTpamu. OuddepeHumanbHoe ypaBHeHMe MepBOro nopsagka 6biio
NPUMEHEHO U YTOYHEHO C MCMNO/Ib30BAaHMEM IKCMEPUMEHTANbHBIX AaHHbIX. HavanbHoe 3HauyeHue
M KOHCTaHTa pacnaga 6biiv onpegeneHbl Kak Co = 67,39 u k = 0,0401 coOTBETCTBEHHO.
MNonyyeHHOE 3KCNOHEHUMANbHOE YypaBHEHWE MPOAEMOHCTPUPOBANO BbICOKYD CTemneHb
KOppenaumm ¢ aKcnepumeHTanbHbiMu Toukamm (R? = 0,98). laHHOe uccnegoBaHue npeanaraet
CTPYKTYPMPOBaHHYIO oueHKy nosegeHMa CaO B CNOXHBIX  CUCTEMAx MNOCPeACTBOM
MaTEMaTUHYECKOrO MOAENMPOBAHUA, KOTOPOE MOMKET bbiTb MCMOAb30BaHO ANA ynpasieHus
npoueccamm B peanbHblX TEXHOJOTMYECKUX YCNoBMAX. Pe3ynbTaTbl MOAENMPOBAHWA MOTYT
CNYXXUTb METOA0/10TMYECKON OCHOBOM AN Pa3paboTKM KUHETMYECKMX MOZEeNen C yvyactuem
APYruxX NOHOB Y KOMMOHEHTOB B ByAyLIUX UCCNeA0BaHUAX.

Kniouesvbie cnoea: CaO, s3KCNOHEHUMANbHbIM pacnag, MMHEPANN30BaHHAA Macca, CTOYHbIE BOAbI,
MaTeMaTMYeCcKoe MOoLe/IMPoBaHNe, NPOrHO3Hasn Moaenb.
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ABSTRACT

The article analyzes the dynamic loads on the booms of single-bucket quarry excavators and steel
cables between two supports and develops design solutions to reduce them. The boom of quarry
excavators and steel cables between two supports are located separately on both sides, and as a
result of stretching the steel cables, the tension force on the steel cable on one side of the boom
increases, which not only has a dynamic effect on the steel cable of this side, but also leads to
curvature of the boom. The methods used in the article are analyzed based on the equilibrium
equations of the distribution of static and dynamic loads and the finite element method. Based on
the programs, a new model of the structural arrangement of the boom and two supports is created
and an analysis of the results obtained from the calculations is obtained. As a result of creating a
new design model by installing steel cables supporting the excavator boom on two supports as a
half-block, uniform distribution of steel cable tension and maintaining automatic tension balance
are achieved, which reduces dynamic loads and extends the service life of working mechanisms,
and also reduces the risk of accidents by monitoring the dynamic loads of steel cables in real time,
which leads to a significant contribution to ensuring the safety of workers. The practical
significance of the article is that installing half-blocks on two supports serves to increase the
operational reliability of excavators and prevents operating costs and the appearance of cracks in
the boom by increasing the efficiency of maintenance, preventing ruptures and defects resulting
from improper tension of steel cables, due to ensuring the balance of loads on steel cables,
excessive loads on the working mechanisms are eliminated, which leads to an increase in the
service life of the steel cable by 15-20%.

Keywords: excavator, steel wire ropes, loading, dynamic balance, static balance, design solution,
operation, maintenance, section.
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Introduction

Steel wire ropes of excavators that are used in
mining environment play an important role in the
working process of the excavator. These steel wire
ropes enter the suspension system of the excavator
and participate in controlling its arm and bucket
movements [1].

Research is being conducted around the world
to improve the reliability of excavator working
members. Steel wire ropes have been analyzed from
a mechanical point of view to improve the load-
bearing efficiency and reliability of excavators [2].
Also, methods of dynamic analysis of excavator
mechanisms with steel wire ropes based on a virtual
prototype were proposed [3], which allows
optimizing the loads on steel wire ropes. A dynamic
analysis of the excavator boom section of steel wire
ropes was carried out using the FEA (finite element
analysis) method [4]. These studies are aimed at
theoretically and experimentally studying the
loading process of excavator steel wire ropes, which
provides a basis for studying advanced approaches
in this area. In Western Europe and the USA, mainly
intelligent monitoring systems are being introduced
to solve problems related to excavator steel wire
ropes. Steel wire ropes recommended the use of
new composite materials to increase the load-
bearing capacity of the excavator boom and its main
parts. This approach allowed increasing the
durability of the cables by 10-15% [5].

In Russia and China, the main focus is on
automating the load distribution of steel wire rope
excavators, where algorithms have been developed
to optimize the loading of the trusses and reduce
moment imbalance. According to the results of this
study, it was found that the load difference can be
reduced by 5-10% [[6], [7]].

Steel wire ropes and their main function - Steel
wire ropes are one of the main elements of the
lifting and balancing system that moves the working
members of the excavator. Their main functions are
to ensure the lifting and lowering of the bucket,
ensure the stability of the excavator boom, and
ensure the forward and backward movement of the
bucket.

The scientific novelty of the research presented
in this article and the difference from the results of
previous works is that a new design solution and an
automatic balancing model have been created to

reduce the dynamic loads of steel cables of the
excavator rack, the effectiveness of which has been
proven by modeling and precise calculations.

The essence of scientific novelty is as follows:

By proposing an automatic dynamic force
equalization mechanism, the problem of uneven
distribution of forces between several parallel steel
cables in the boom section of the excavator was
analyzed for the first time in the scientific work, and
an automatic equalization mechanism was created.
This mechanism allows for the synchronization and
balancing of the dynamic loads applied to the steel
cables during movement.

Analysis of the dynamics of forces in real time
was carried out by means of mechanical modeling,
i.e., the change in dynamic forces acting on steel
cables as a function of time. This provides accuracy
not only in calculating static, but also dynamic loads
(Table 1).

Table 1 - The difference from previous scientific research

. . Previous . .
Direction In this article
research
Static or Complete
Dynamic load general dynamic analysis
analysis theoretical (graphs, time
analyses functions)
Mainly New structural
Constructive material system -
solutions substitution or | automatic power
algorithms balance
. Complete
. Classical P .
Modeling mechanical
methods or .
method modeling based
general FEA
on COMPAS-3D
Efficiency at load
Partial effect,
Scientific . balance 20-50%,
load reduction o
results UD to 5-10% service life
P 0 increase 30-40%

This research is distinguished as a scientific and
practical innovation in the modernization of steel
cable boom systems, which are of great importance
for quarry excavators. It covers the stages of not only
identifying the existing problem, but also proposing,
calculating, and proving a specific technical solution
for its solution. This work demonstrates a new level
of analytical, technical, and engineering approach to
previous research.
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Types of steel wire ropes Steel wire ropes used
in excavators of the EKG-8I, EKG-10 and EKG-15
types are divided into:

- bucket lifting steel wire ropes - used to raise
and lower the bucket;

- boom holding steel wire ropes - hold the boom
in the desired position;

- traction steel wire ropes - participate in moving
the bucket forward;

- balancing steel wire ropes - help to keep the
excavator in a stable position.

The material and properties of steel wire ropes
of the 52.0 G-V-O-N-160 brand are as follows [[8],
[91l:

- bucket lifting steel wire ropes - made of special
alloys that can withstand high tension;

- tensile strength - since the excavator is
subjected to repeated bending and stretching during
operation, the cables must be resistant to bending;

- corrosion-resistant coating - special coatings
are used to resist moisture and dust in quarry
conditions.

Steel wire ropes are mainly used in excavators,
with @ 39 mm diameter steel wire ropes in EKG-5A
excavators, 45.5 mm diameter steel wire ropes in
EKG-81 excavators, @52 mm diameter steel wire
ropes in EKG-10 excavators, and @57 mm diameter
steel wire ropes in EKG-15 excavators. These steel
wire ropes are manufactured in accordance with
GOST 2688-80 standards, depending on the
manufacturer [[10], [11]].

The experimental part

Currently, the steel wire ropes of excavators of
the EKG-8I, EKG-10 and EKG-15 types are
constructed based on the design shown in Figure 1
below, in which case the excavator boom is
subjected to a large load due to the imbalance of the
tension forces in the steel wire ropes holding it[[12],
[13]]. When installing steel wire ropes on the boom,
the incorrect distribution of the load on the rope
leads to a decrease in the service life of the
excavator boom, defects and breakage of the steel
wire ropes. The boom of excavators of the EKG-8I,
EKG-10 and EKG-15 types consists of a head block 1,
2- steel wire ropes 2, a saddle bearing 4 is located
between the upper 3 and lower 6 sections of the
boom for installing a single-beam lever, and the
boom is held by a two-legged column 7 and a holder
5 [[14], [15]].

Figure 1 - View of the excavator boom and
steel wire rope

1- head block; 2- cable; 3- boom upper section;
4- saddle bearing; 5- retainer; 6- boom lower
section; 7- two-legged column [14].

If the steel wire ropes of an excavator are not of
the same length or tension, the boom will be
unevenly positioned under dynamic and static loads.
This will result in the following forces [21]:

Figure 2 - Scheme for determining lifting and
compressive forces

The main forces acting on the boom Fig. 2 shows
the movement of the excavator boom under static
and dynamic loads. Based on this diagram, the
following forces act:

- G, - arrow weight, directed downwards, t.

- Gr+m - weight of the load-bearing block and
steel cable, t.

- F - tensile force applied by the steel cable, N.

- Fy - horizontal reaction force (support
reaction), N.

- N - normal reaction force, N.
- R - total reaction force). (R = /N2 + F?)
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- F,,F, - projections in the direction of the
forces, N.
- F.,F . - centripetal forces, N.

Equilibrium equations of the resulting forces
Equilibrium equations are formulated based on
Newton's second law for the equilibrium of an arrow
in a stationary state:

Equilibrium equations for the projections of load
forces:

Horizontal (OX) direction:

YE=0->Fy+F,—F. -cos6=0 (1)

Vertical (OY) direction:
XE,=0->N+F.—G.— G =0 (2)
Equilibrium of rotational moments:

XMy =0-> Mg+ Mgpym —Mp=0 (3)

Here, the moments are expressed as follows:
M=F-d

here; d - shoulder distance relative to the center
of rotation of the force m, 6 - angle of rotation, F -
effective value of the force N.

Dynamic loads act on the excavator boom during
the process of lifting and lowering the load. [[16],
[17]]. Dynamic loads are mainly caused by the
following reasons:

- Inertial forces - steel wire change depending on
the speed and acceleration of the rope:

Finer =m-a
-Oscillations and  compression  (tension)

deformations - caused by the elasticity of the steel
cable :

Fpruj =k Al

Static load distribution on the boom in position

YF,=0Ty,+Tg—P =0 (4)
TA+TB=P,TA=P_TB (5)
Taking into account elastic tension

Ta _Tg P

ka kg

Tp = (6)

ka

Ty =Ty -—
A B

kg 14ka

kp

We add the inertial forces for the dynamic state.

Fi=m-a (7)

Ta(t) + Tp(t) = P(t) + m - a(t) (8)

here; Ta-strength of the right rope N, Ts-strength
of the left rope N, ka-rigidity of the right rope, kes-
rigidity of the left rope, P-all forces of gravity arising
N, Finer -inertial force N, Fyry; -elastic force arising in
the rope N, Al -relative elongation of the rope m.

In this case, it is modeled by differential
equations of oscillation. However, this can lead to
two reasons:

1- dynamic resonance occurs when steel cables
differ in stiffness and length;

2- If one of the steel cables stretches longer than
the other, this causes the boom to deflect.

As a result of the load on one rope for such
reasons, we obtain the following expression.

AL=L1, k, =24 (9)

I
ka T La

If steel cable A stretches by 5 cm, then steel
cable B needs 5 cm to stretch. In this case, according
to expression (4)

ma(t) = T,(t) + Tg(t) — P(t) (10)
The force of inertia arises.

ma(t) =k-4x, ma(t)=k-d9-dt (11)

k-9(t) = Ty(t) + Tp(t) (12)

In such cases:

1 - steel cable can quickly wear out and break;

2-a one-sided deflection of the arrow;

3- malfunctions occur based on static (1) and
dynamic (4) expressions.

where; v-relative velocity arising on the rope, m-
rope mass, a-rope acceleration, t-time.

The equations of static equilibrium and moment
equilibrium are used to check the state of the boom
[18].

Discussion of the results

Figure 3 shows the change in the tension forces
generated in the left and right steel wire ropes over
the operating time, which shows the imbalance of
the tension forces in the two steel wire ropes. This,
in turn, causes the rapid failure of the excavator
working members. In addition, due to exploitation
and improper installation, it can also affect the
efficiency of the excavator working members and
the safety of the service personnel.
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Figure 3 - Variation of tensile forces over time in the left and right steel wire ropes of the excavator boom.
Simulation results obtained using COMPAS-3D software. Horizontal axis — Time (t), s; Vertical axis — Tensile force (F), N.

F, kNzo
E 70 ’\
o 60 A e,
_g]m e ﬁ—‘ﬂ_L
[ W‘
= 40
=
o 30
E 20
[ 10
0 t.h
o 5000 10000 15000 20000 25000 30000 35000
Excavator operating time, hours

Figure 4 - Dynamic load variation on the excavator boom caused by imbalance in tensile forces of steel ropes.
Results obtained via finite element method (FEM) analysis. Horizontal axis — Time (t), s;
Vertical axis — Dynamic load (Fdyn), N.

During the operation of excavators, a dynamic
load is created on the working parts. The formation
of such a dynamic load changes over time. Figure 4
shows the change in the dynamic load on the
excavator boom due to the difference in the tensile
forces of the steel cables on the left and right sides
of the excavator boom, where the main straight line
is in normal operating conditions, and the dynamic
load on the excavator boom changes due to the
difference in the tensile forces of the steel cables on
the left and right sides. In this case, the excavator's
operation leads to the rapid failure of the boom.

As a new constructive solution, methods for
reducing disproportions and dynamic loads arising in
steel cables are presented. Figure 5 shows the view
of the structure with a half-block installed on both
supports of the excavator. Then 1-main block; 2-
polar cable between the boom and two supports; 3
- upper section of the boom; 4 - lever; 5-two
supports; 6 - half-block; 7 - lower sections of the
boom. As a result of theoretical calculations, as a
result of automatic correction and adjustment of the
imbalance in steel cables, the tension forces and
dynamic loads on the excavator boom are brought
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to a normal level. As a result, high efficiency is
achieved due to the efficiency of the excavator
boom and steel cables, as well as savings in
operating time and repair time [[18], [19]].

Cable material: 52.0 G-V-O-N-160 (o; = 1400
MPa, E = 2.1-10° MPa)

Cable diameter: ¢ =52 mm

Boom length: L=6.8 m

Boundary conditions: fixed support at base,
pinned connection at top.

Figure 5 - View of the structure with a half-block
installed on the two supports of the excavator

1 - main block; 2-polar cable between the boom and two
supports; 3 - upper section of the boom; 4 - lever; 5-two
supports; 6 - half-block; 7 - lower section of the boom;

In case 2, to resolve the issue:

YF,=0 ma(t)=0 (13)
We accept the terms.
Y. Fx # 0 case, F; # 0 condition is generated.
F, # 0 this occurs when additional external
forces arise (in vibrations, resonance, and
mechanical oscillations).

Right side

y
Ta
Ra< i >
A

¥l Left side

>x1

Th
Ry <& >

Figure 6 - Tension forces arising on the steel wire rope of
the excavator boom: a) tension in right cable;
b) tension in left cable

Through the semi-block system, the forces

acting on the left and right wire ropes are
automatically equalized. This balances the
disproportionate loads that arise from any

differences in length or stiffness of the ropes during
movement [[20], [21], [22]].

The tensile forces arising in the steel cables of
the excavator boom shown in fig. 6 are obtained
using the following expressions (14), (15) and (16).

Y2F=0,—-R4+T,=0 (14)
ZFxl = 0, _RB + TB = O (15)

RA == TA RB - TB TA * TB (16)
here; Ra-reaction force of the right rope,

Rs-left rope reaction force.

According to the structural rules about static
bonding and their reactions, the bonding reaction
consisting of a taut thread is directed along the
tension of this thread. Based on this, we have the
following constructive solution to maintain the same
tension of the steel cable and equalize the reaction
force counteraction.

B
Tt

T
re > X

b
/

Figure 7 - Excavator boom tension forces
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Figure 8 - Graph of the dependence of tensile forces on time on the left and right steel cables of the new design

The tension forces generated by the excavator
boom shown in fig. 7 are determined by the
following expressions (21), (22), (23) and (24) and we
accept the conditions.

Y2FE =0T, +Tg—T =0 (17)
SMy(F) #0,~T 24T, L, =M,  (18)
SMp(F)#0,-T - 2+Tp -, =My (19)

Y M(Fy) = 0,My — Mg = 0,M,; = My (20)
My=Ty ly,Mpg=Tp-11,Tp- Ly =Tp - LTy =
Ty condition is accepted.

In this case, an external inertial force arises,
according to expression (4).

T,(t) + Tg(t) = P(t) + ma(t) (212)

E,#k-Ax=k do-dt (22)
Ax = 0,d9 =0, (23)
2T,(t) = P(t) + ma(t) (24)
2T, (t) — P(¢t) = ma(t) (25)

a:%,dﬁzo, (26)

2T, (t) = P(t) causes uniform load distribution.

here; dv-rope speed change,
Ax-change in rope length,
Ma - right rope torque,
Me-left rope torque.

The beneficial outcomes achieved based on the
proposed model are presented in Table 2 below.

Table 2 - The difference from previous scientific research

Change
Parameters Before Suggested o g
system (%)
Rope 29.8 %
tension 18.4 kN 12.9 kN
(max)

i 50 %
Dynamic |46 5 kN 8.1 kN °
load peak

Service life 14 month 19 month 35.7%

In Figure 8, shows the dependence of the
tension forces arising from the use of the new design
solution on the left and right sides of the boom steel
cables on the operating time of the excavator.

Conclusion

If the steel wire ropes of excavators of the EKG-
81, EKG-10 and EKG-15 types do not have the same
tension, an imbalance of moments will occur, which
will lead to uneven positioning of the boom. It is
necessary to identify and eliminate this problem in
advance by calculating the balance of moments and
forces based on the equations. During maintenance,
the efficiency of operation will increase by regularly
checking the cables, pulleys and reaction forces. In
addition, by using the new design considered above,
the efficiency of the excavator's working members
will increase by 20-25% due to the efficiency of their
work and the time spent on work and repairs. As a
result of preventing unbalanced loads, the
probability of failure of steel wire ropes will be
reduced by 40-50%. Real-time monitoring of




2026; 339(4):87-96

ISSN-L 2616-6445, ISSN 2224-5243

dynamic loads will reduce the risk of accidents by 30-
40% and reduce maintenance costs by 20-25%.
Overall, these solutions lead to a 25-35% increase in
excavator efficiency and significant improvements in
service life and safety. The results of the study show
that the boom of single-bucket mining excavators
used in the mining industry and steel cables
between the two supports improve reliability and
reduce maintenance costs.
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AHHOTAUMA

B cTaTbe NpoBeséH aHaNU3 AMHAMUYECKUX Harpy3oK, AeMCTBYIOWMX Ha CTPeNy OA4HOKOBLLOBbIX
KapbepHbIX IKCKAaBaTOPOB M Ha CTa/bHble TPOCbl, PACMOMONKEHHbIE MEXKAY ABYMSA OMOpPamMu.
MpeanoKeHbl KOHCTPYKTUBHbIE PELIEHWUA, HANPaBAEHHbIE HA CHUMKEHME YKa3aHHbIX HarpysoK.
MoKa3aHo, YTO MpPU OTAENbHOM Pa3sMeLLeHMU CTPesbl U CTasibHbIX TPOCOB MO 06e CTOPOHbI,
HaTAXXeHWe TPOCa C OAHOWM CTOPOHbI MPUBOAMUT K €ro YCUIEHHOW HarpysKe, YTO OKasblBaeT He
TONbKO AMHAaMUYECKOe BO3AENCTBME Ha TPOC, HO U BbI3bIBAET U3rnb cTpenbl. B KauecTse meTos08
MCCNEef0BaHUA WCMO/Ib30BaHbl YPaBHEHUs PAaBHOBECMA /1A PacrpeAeseHus CTaTUYecKux U
OVHAMMYECKMX Harpy3oK, a TaKKe MeTo4 KOHeuHbIX 3/1emeHToB. Ha ocHoBe pacyeTos
pa3paboTaHa HOBas MOAE/Ib KOHCTPYKTUBHOMO PAcnoOXeHWsa CTpesbl U ABYX OMop, NposeaeH
aHanM3 MONYYEHHbIX pe3ynbTaToB. [pensioKeHHas MOAeNb, B KOTOPOW CTasibHble TPOCHI
yCTaHaB/NMBalOTCA HA AByx onopax B Buae nonybnoka, obecneunsaer paBHOMepHoe
pacnpefesieHue YCUAWI HaTAXKEHUA U aBToMaTMyeckoe 6anaHCcMpoBaHMe, YTO CHUXKaeT
AVHaMMYECKMe Harpysku, yBeAMYMBaeT CPOK CAyKbbl paboumx mexaHuM3moB M cnocobereyer
noBbllWeHUO 6e30MacHOCTU TpyAa 3a CYET MOHMTOPUHIA TPOCOB B PEAsIbHOM BPEMEHW.
MpaKTuyeckan 3HaYMMOCTb PaboTbl 3aK/IHOYAETCA B TOM, YTO YCTAaHOBKA NO/y6/MOKOB Ha ABYX
onopax MOBbILWAET 3KCMAYaTaLMOHHYIO HAAEKHOCTb IKCKABaTOPOB, CHWXAeT 3aTpatbl Ha
obcny>KmMBaHMe M NpeaynpesKaaeT BO3HMKHOBEHME TpewmH Ha ctpene. O6ecneyerne 6anaHca
HarpysoK npeaoTepalLaeT neperpysky pabounx mexaHM3mMoB 1 CocobCTBYET yBEIMYEHMIO CPOKA
cNy6bl TpocoB Ha 15-20%.

Knrouesble cnoea: sKkcKaBaTop, CTa/ibHble KaHaTbl, Harpy3kKa, ,CI,VIHaMW-IECKMﬁ 6anch, CTaTUYEeCKUi
Ganch, KOHCTPYKTUBHOE pelleHne, sKkcnayatauma, O6Cl'|y)KMBaHMe, ceKkuma.
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ABSTRACT

The article presents a methodology for resource estimation of a phosphate deposit based on block
modeling. The advantages of applying regularization and geometric optimization algorithms for
mineable units are demonstrated, ensuring more accurate differentiation of ore grades and a
reduction in ore losses and dilution. A comparative analysis is conducted on the excavation of pit
benches with varying slope angles and equipment configurations. It is established that a block size
of 5m x5m provides an optimal balance between model accuracy and equipment productivity. The
most effective slope angle of the benches is determined based on equipment performance and
cost-efficiency. The results contribute to improving the accuracy of resource forecasting and the
overall economic viability of deposit development by significantly reducing operating costs and
enhancing the quality of extracted material. The study outlines practical approaches to selecting
appropriate equipment configurations for different mining scenarios. Special attention is paid to
the influence of excavation geometry on the performance of hydraulic excavators. The
methodology proposed can be applied to similar deposits with complex morphology. The research
findings may serve as a basis for developing more adaptive and data-driven mine planning
strategies.

Keywords: block modeling, reserves model, regularization, mineable shapes optimization, losses
and dilution, economic efficiency, selective mining.
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Introduction

At the current stage of
development,

block models have become the
primary tool for the geological and economic

size, each assigned specific attributes [[1], [2], [3],
[4]]. The primary purpose of a block model is to
provide a comprehensive assessment of the mineral
resource and to design the most rational mining
options,  taking into account geological,

mining industry

evaluation of mineral deposits. Building a block
model allows for a more accurate representation of
the spatial distribution of ore bodies and their
quality characteristics, as well as a sound basis for
resource estimation and economic assessment of
the deposit.

A block model is a digital representation of the
subsurface in the form of a set of blocks of defined

geotechnical, and economic factors [[5], [6]].

In many cases, the estimation of mineable
reserves is based on the "Methodological
Recommendations for Technological Design of
Open-Pit Mining Enterprises" dated September 19,
2013 [7]. At the same time, average benchmark
indicators for the entire deposit are typically used
for calculating operational losses and dilution [[8],
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[9], [10]]. This approach assumes bulk extraction of
the deposit without differentiating between high-
grade and low-grade ore types, leading to the loss of
benefit in the final product and potential enterprise
profit.

Rational subsoil use and achieving high
economic efficiency in the development of solid
mineral deposits are key priorities in today’s mining
industry. Accurate estimation of recoverable
reserves, based on geological modeling and analysis
of discrepancies between actual and projected
parameters, has become especially important [[11],
[12], [13]].

Resource block models reflect the total amount
of mineral material in situ, without accounting for
mining and technical constraints. Consequently, a
resource model does not provide a full picture of the
reserves that can feasibly be extracted during
deposit exploitation.

Experimental part

To improve the accuracy of recoverable
resource forecasting, a reserve model is developed.
This model represents an operational geological
block model that incorporates cut-off grade, the
geometry of mining units, ore losses, and dilution.
The reserve model is essential for pit optimization,
pit contour design, and mine scheduling with a
higher degree of reliability.

In global practice, the Lerchs-Grossmann
algorithm is widely recognized and commonly
applied for pit limit optimization [14]. This method is
actively used by leading mining companies due to its
ability to identify the most economically feasible pit
outline based on the balance between the value of
recoverable minerals and stripping costs.

A critical preliminary stage in reserve model
construction for subsequent optimization is
regularization—the process of converting block
model cells to a uniform size that corresponds to the
concept of a minimum mining unit [15].
Regularization enhances the realism of recoverable
resource estimation [16].

Regularization of the reserve model was carried
out using three different mining unit sizes:

3 m x 3 m — the minimum size based on bucket
width;

5 m x 5 m — aligned with the blast hole pattern
(Figure 1);

7 m x 7 m — used to evaluate the effect of
increasing the mining unit size on ore loss and
dilution indicators.

In all variants, the height of the mining unit was
7.5 meters, which corresponds to the adopted
bench height parameters. To differentiate ore
grades, the cut-off grade (COG) [17] for P,0Os was
applied: 28% for high-grade ore and 15% for low-
grade ore.

- high-grade
- low-grade

Figure 1 - Reserves model section with 5m x 5m
excavation unit size

Table 1 presents the variation in average P,0s
content, ore losses, and dilution levels depending on
the size of the mining block. As block size increases
from 3x3 m to 7x7 m, a consistent decline in ore
grade is observed, accompanied by higher dilution
and losses. These changes are particularly important
for thin-layered phosphate deposits, where selective
mining and ore quality preservation are critical.

Table 1 - P,Os content, ore losses and dilution depending
on the size of the mining block

Indicator Resource | 3m x 5m x 7m x
Model 3m 5m 7m
P20s 27.0% 24.7% 24.6% 24.4%
Losses 0.0% 15.7% 16.3% 17.3%
Dilution 0.0% 9.1% 9.5% 10.3%

Consequently, a block size of 5x5 m was selected
as optimal for further analysis, as it provides a
balance between modeling accuracy and the
technical feasibility of extraction. It corresponds to
the typical blast-hole drilling grid used on site and
maintains acceptable levels of dilution (9.5%) and
losses (16.3%), while still preserving the geometry of
the orebody more effectively than larger blocks. This
makes the 5x5 m configuration optimal for balancing
modeling accuracy and production feasibility in
subsequent mine planning stages.

A more advanced and accurate tool for creating
block models of mineral reserves is the Mineable
Stope Optimiser (MSO). This stope optimization
method features extensive configuration options
that define the areas within the resource model that
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can be economically extracted, taking into account
the specified geometry [[18], [19]].

MSO employs optimization algorithms to
generate mineable shapes based on financial,
geotechnical data, and operational constraints. It is
used to determine the ideal extraction geometry of
an orebody based on a block model. The primary
objective of MSO is to maximize financial returns by
generating mining units that align with geometric
and geotechnical parameters. The shape, geometry,
and geotechnical constraints are defined
independently for different zones of the same
orebody. Examples of geometric constraints include
the height, as well as the maximum and minimum
width of the mining units. These geometrical
constraints were applied to reflect realistic mining
conditions and evaluate the impact of varying slope
geometries on the shape and continuity of the
generated mineable units.

For inclined phosphorite ore bodies with a dip
angle ranging from 25° to 35°, MSO optimization was
carried out using two slope angle scenarios: 30°,
which approximates the average natural dip of the
deposit, and 40°, which simulates a steeper
extraction geometry aimed at increasing ore
recovery in areas with favorable geotechnical
conditions (Figure 2).

MSO 30
MSO 40

- high-grade
- low-grade

FKS

]

Figure 2 - Section of resource block model with MSO
frames with slope angles of 30° and 40°

The purpose of applying different slope angles in
the optimization process was to assess the
sensitivity of mineable shapes to variations in dip-
related constraints, as well as to compare the trade-
offs between ore recovery, operational selectivity,
and stability. By applying these angular parameters
during MSO geometrization, it was possible to
generate mineable units that better conform to the
geometry of the orebody, reduce over-excavation of
barren host rock, and improve the accuracy of
production planning.

The results of geometrization facilitate the
identification of grade distribution patterns within

the deposit, which are used in mine planning
processes and in the development of more efficient

ore preparation

operation [20].

Table 2 - Comparison of Regularized and MSO

technologies

at the mining

Block Model
Indicator 5mx5m MSO 40 MSO 30
P205 24.6% 25.1% 25.6%
Losses 16.3% 9.4% 7.4%
Dilution 9.5% 4.1% 3.1%

The comparison between the regularized block
model (5x5 m) and the MSO-generated geometries
at slope angles of 30° and 40° demonstrates a clear
improvement in orebody selectivity and overall
resource utilization when using MSO-based
optimization in Table 2.

The regularized 5x5 m block model yielded an
average P,Os grade of 24.6%, with ore losses
amounting to 16.3% and dilution reaching 9.5%. In
contrast, the MSO-based geometry with a 40° slope
produced a higher P,0s content of 25.1%, while
significantly reducing ore losses to 9.4% and dilution
to 4.1%. The most favorable results were obtained
with the 30° MSO scenario, where the P,0s grade
increased to 25.6%, ore losses were minimized to
7.4%, and dilution dropped to just 3.1%.

120% 30%
100% 25%

80% 20%
60% 15%
40%

10%

20% 5%

0% 0%

5mx5m 7mx7m

3mx3m

Resource
Model

MSO 40 MSO 30

N [ow-grade M high-grade P205, % = losses, % s dilution, %

Figure 3 - Relative analysis of block reserves models

As aresult of the comparative analysis (Figure 3),
it was established that the regularization of the
block model is associated with a number of
shortcomings. Among the main identified issues is
the insufficiently accurate separation of ore grades,
which leads to a significant reduction in the volume
of high-quality (rich) ore. Furthermore, the
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application of this approach results in elevated levels
of ore losses and dilution, which adversely affect the
economic performance of the project.

These findings indicate that the application of
MSO optimization, especially with a slope angle of
30°, allows for more accurate alignment of the
mineable shapes with the dip and geometry of the
orebody. This results in better preservation of high-
grade zones and minimizes the incorporation of
barren material. The significant reduction in both
losses and dilution contributes directly to higher
operational efficiency and improved product quality
during downstream processing.

In contrast, the use of the MSO algorithm allows
for a more precise and accurate delineation of
boundaries between ore, waste rock, and different
ore grades. The implementation of MSO contributes
to more effective reserve management and
improves the economic indicators of deposit
development.

Results and Discussions

In the course of analyzing the extraction
parameters for ore blocks, a technical and economic
feasibility assessment was carried out for the
application of different bench slope angles—30° and
40°—taking into account geometric constraints and
the operational capabilities of the selected mining
equipment. As a representative example, a Komatsu
PC1250 hydraulic backhoe excavator was chosen,
equipped with arms of varying lengths: 5.7 m, 4.5 m,
and 3.4 m [21]. The diagram (Figure 4) visually
presents three operational configurations of this
excavator. For comparative analysis, the contours of
the designed benches—generated using MSO
software frameworks—were superimposed: the red
line indicates the 30° slope bench, the blue line
represents the 40° slope bench, both designed for
bottom-digging operations. The purple line
illustrates the minimum feasible angle for top
digging, with a corresponding bench height of 7.5
meters.

The results of the conducted analysis indicate
that when the bench slope angle is 30°, excavation is
feasible only by performing two separate passes.
This significantly reduces excavator productivity,
extends operational cycle time, and leads to
additional costs associated with preparing working
platforms. In contrast, with a bench slope angle of
40°, efficient single-pass excavation becomes
possible, especially when using an excavator
equipped with a short boom (3.4 m). This

configuration allows for a considerable increase in
operational productivity, minimizes cycle time, and
optimizes costs related to the excavation process.
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Figure 4 - Scheme of ore blocks mining options
at angles of 30° and 40°

A comparative analysis of extractable ore
volumes based on models generated using the MSO
algorithm revealed no significant differences
between the 30° and 40° slope angle configurations.
Taking into account equipment performance and
the technological advantages of the steeper 40°
slope, the optimal mining solution involves the use
of a Komatsu PC1250 backhoe excavator with a 3.4-
meter arm lengh and a bucket capacity of 5.2 m3, or
equivalent equipment. In other cases, it becomes
necessary to use a smaller 3.4 m? bucket, resulting
in a noticeable decrease in productivity.

Thus, considering the identified technological
and economic advantages, the reserve model
constructed using the MSO algorithm with a 40°
bench slope angle was selected for the further
optimization of pit boundaries. This approach
ensures an optimal balance between equipment
productivity, operational safety, and overall
economic efficiency of the project.

Conclusion

Resource estimation using block modeling
significantly enhances the accuracy and reliability of
forecasts related to recoverable reserves. This
approach provides not only a detailed geometric

— 100——
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representation of the ore body but also integrates
data on qualitative and economic parameters,
making the model more adaptable to actual mining
conditions.

One of the key advantages is the ability to
implement selective mining, achieved through the
precise delineation of zones with varying
concentrations of the valuable component. This
enables minimization of losses and dilution,
increases the degree of reserve utilization, and
ensures consistent raw material quality.

Based on the block model, it becomes possible
to make a justified selection of mining equipment.
Block dimensions, dip angles, and geotechnical
parameters form the technical requirements for the
type and specifications of equipment used, including
excavators, drilling rigs, and haulage systems.

Block modeling contributes to transparent
decision-making and control at all stages of mine

operational production management. It creates a
unified digital environment in which deviations can
be easily tracked and adjustments to mine plans
promptly made. As a result, the enterprise gains
additional profit and increased project profitability
through the maximization of recoverable reserves,
while minimizing losses and reducing operational
costs.
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BNOKTbIK Mmogenbaeyai KongaHa oTbipbin KeH OpbiHAAPbIHbIH, KOpaapbiH 6afanay

'Mycuu P.A., YAwmwun M.T., Foauk A.B., *AxmatHypos .P.

1A. CarbiHo8 ambliHOarbl KaparaHObl mexHUKanbIK yHusepcumemi, KaparaHobl, Kazakcmax
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TYAIHAEME

Makanaga dochop KeH OpHbIHbIH, Kop/apblH 6afanay ywiH 6J0KTbIK Mogenbaeyre HerisgenreH
aficteme ycbiHbIIFaH. Kasbin anbliHaTbiH 6/10KTap reoMeTpuACbIH peTTey MeH OHTalnaHablpy
ANrOPUTMAEPIH KONAAHYAbIH, apTbIKLWbIIbIKTapbl KepceTinreH. byn Tacin KeHHiH TypAai copTTapbiH
[O2NIPEK aXKblpaTyFa, KEH XKOFaNyNapblH KaHe KyHapCbi3AaHAbIPYAbl a3aiTyFa MyMKIHAIK 6epesi.
OpTyp/i eHic bypblluTapbl MeH Kabablk KOHOUrypaumanapbiMeH KYMbIC iCTEWTIH Kapbephnik
caTblnapapl Kasy 6OWbIHWA canbiCTblpmanbl Tangay Kyprisingi. 5 m x 5 m 6onatblH 610K
enwemiHaAe MoAeNnbaiH, A3N4irN MeH Tay-KeH TEXHUKACbIHbIH, OHIMAiNIr apacbiHAa OHTAWbI Tene-
TeHAIK 601aTbIHbl aHbIKTaNAbl. TEXHMKA OHIMAINIM MeH LWbIFbIH THIMAiNIriHe Heri3gene oTbipbin,
caTblnapaplH, eH, TimAi eHic Bypbiwbl aHbIKTanabl. byn HaTuenep pecypcrapabl 6onKayabiH,
OANAITIH }KaHe KeH OPHbIH UrepyaiH 3KOHOMUKaNbIK TMIMAINITIH apTTblpyFa bIKNaa eTesi, COHbIMEeH
KaTap onepaumanbIK WbIFbIHAAPAbI €43Yip a3aiTbiN, asblHaTbiH MaTepUan canacbiH ¥KakcapTaapl.
3epTTey apTYpi Tay-KeH XaFaalinapbiHa CAMKeC KeneTiH XKabablk KOHGUIYpaLMACbIH TaHAAYAbIH,
NpaKTUKanblK TacinAepiH ycbiHaabl. Kasy reoMeTpuACbIHbIH rTMAPaBANKANbIK SKCKaBaTOpaapablH,
JKYMbIC TMiMAiNiriHe acepiHe epeKkle Has3ap ayAapblifaH. ¥CbiHblIFaH aaicTeme mopdonoruacl
KYpPAENi KeH OpblHAApbl YWiH Ae KOAAAHbIIybl MYMKiH. Byn 3epTTey HaTuxenepi Tay-KeH
JKYMBICTapbIH ¥Kocnapnay cTpateruanapbiH 6eilimaeyre »KoHe AepeKTepre Heri3genreH wewim
Kabblngayra Heris 60s1a anaapl.

Makana kengi: 9 mayceim 2025
CapantamagaH eTri: 14 winde 2025
KabbingaHapl: 18 mameiz 2025

TyiiiH ce30ep: GNOKTbIK MoAeNnbaey, KOp/iap Mogesi, TypakTaHAbIpy, anbiHaTblH Bipaikrepai
OHTaMNaHAbIPY, WbIFbIHAAP KOHE KYHaPCbi3AaHy, 9KOHOMMUKAbIK TUIMAINIK, CENEKTUBTI OHAIPY.
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OueHKa 3anacos ¢ npumeHeHunem 6no4Horo moapennposaHuAa

'Mycun P.A., YAwmwun M.T., Foauk A.B., *AxmatHypos A.P.

KapazaHduHckuli mexHuyeckuli yHusepcumem umeru A. CazuHosa, KapazaHda, KazaxcmaH
2TOO I-Geo Kazakhstan, KapazaHda, KazaxcmaH

AHHOTAUMA
B craTbe npeacTaBneHa MeTOAMKa OLEHKM 3anacoB $ochopUTOBOrO MeCTOPOXAEHUA C

ucrnonb3oBaHuem  6104HOrO  MogenuposaHus.  [POAEMOHCTPMPOBAHbI  MpeuMyLLecTsa
NPUMEHEHUA PErynapusaLmm n anropuTMoB reOMeTPUYECKON HAaCTPOWMKM BbIEMOYHBIX eAUHULL,
obecneunBatowmx 6Gonee TOUHOE pasgesneHUe COPTOB  pydbl M CHUMKEHWE NOTepb W
pasyboxuBaHus. MpoBeaéH CpaBHUTE/bHbIN aHaNU3 oTPaBOTKM YCTYNOB C Pa3/IMYHbIMU Yraamu

Moctynuna: 9 urors 2025 OTKOCa W KOHOWrypauuamv o60opyaoBaHWA. YCTaHOBAEHO, YTO pa3mep 6a0ka 5 m x 5 m
PeveHsupoBaHue: 14 utona 2025 obecneunBaeT ONTUMAsbHbIN HanaHC MexAy TOYHOCTBIO MOAE/N U NPOU3BOAUTE/ILHOCTBIO
MpuHATa B nevatsb: 18.08.2025 obopynosaHua. OnpesenéH Hambonee 3PpdEKTUBHBIN YroN OTKOCA YCTYNOB C TOYKWM 3pEHUA

NPOW3BOAMUTENBHOCTU TEXHUKN U IKOHOMMUYECKOW LenecoobpasHocTU. MonyyeHHble pesynbTaTbl
Cnoco6CTBYIOT MOBLIWEHWIO TOYHOCTM MPOrHO3MPOBAHUA 3anacoB M 06LWEN IKOHOMMUYECKOW
30PEKTUBHOCTM  OCBOEHMA  MECTOPOMKAEHW 33  CYET  CYLLECTBEHHOTO  COKpalLeHus
3KCM/YaTaLMOHHbIX 3aTpaT M MOBbIWEHWUA KavecTBa A06bIBaEMOro cbipba. B uccneposaHum
M3/10}KEHDbI MPaKTUYECKMe Noaxoabl K Bbibopy noaxoaawmx KoHduUrypaumin obopyaosarus ans
Pas3/IMYHbIX FOPHbIX ycnoBuin. Ocoboe BHUMAHWE YAENEHO B/UAHUIO TEOMETPUU BbIEMKU Ha
3¢bPeKTUBHOCTL PaboTbl MMAPABANYECKUX IKCKABATOPOB. Mpeanaraeman MeToAaMKa MOXKET 6biTb
NPUMEHEHa K aHa/NOTMYHbIM MECTOPOXAEHUAM CO CAOXHOW mopdonorveit. onyyeHHble
pe3ynbTaTbl MOTYT CAYKWUTb OCHOBOW AnA pa3paboTku 6osnee afanTuBHbIX U OBOCHOBAHHbIX
CTpaTeruit NNaHMPOBaHMA FOPHbIX PaboT.

Kntoyeebie cnoea: 6104HOE MOAEAMPOBAHWE, MOAE/b 3aMNacoB, Perynsapusaums, onTMMmM3aumn
BbIEMOYHbIX €AMHUL, NOTEPU U Pa3yboXKMBaHME, SKOHOMUYECKan 3GPEKTUBHOCTb, CENEKTUBHAA
oTpaboTKa.
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