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Thermodynamics of Evaporation of Liquid Magnesium - Tin Alloys

Volodin V.N., Trebukhov S.A., Mukangaliyeva A.O., “Linnik X.A., Nitsenko A.V., Burabayeva N.M.

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

* Corresponding author email: x.linnik@satbayev.university

ABSTRACT

Based on the values of the partial pressures of magnesium above dimagnesium stannide and melts
with tin, determined by the boiling point method (isobaric and isothermal variants, respectively)
and tin, calculated by numerical integration of the Gibbs - Duhem equation in accordance with
known expressions, the thermodynamic functions were determined: changes in entropy, enthalpy,
and free energy of evaporation. Methods to determine the vapor pressure of isobaric and
isothermal variants of the boiling point method and calculate thermodynamic values are
described. The dependences of the values of partial vapor pressure of magnesium and tin were
Received: December 22, 2025 determined, based on which the energy functions were determined. The measurement error was
Peer-reviewed: December 29, 2025 7.07%. Data on the change in evaporation entropies are presented graphically. An increase in the
Accepted: January 28, 2026 partial entropies of evaporation of magnesium and tin was noted with a decrease in their content
in the alloy (each) to less than 20 at. %. Extremes are noted: a maximum for magnesium and a
minimum for tin at a concentration corresponding to the stoichiometric composition of
dimagnesium stannide (60 at. % Mg). The latter indicates the presence of a dissociating compound
in the liquid phase that affects evaporation. The values of the change in enthalpy and Gibbs free
energy of evaporation are tabulated. It was established that the values of partial and integral
enthalpies and Gibbs free energy of vaporization monotonically increase from Mg to Sn in
accordance with second-degree dependencies on the concentration of components in the alloy
and linearly (Gibbs energy) with temperature. The very small change in the integral value of the
free energy of evaporation of magnesium (0.03 + 0.002 kJ/mol) at 1373 K (1100 °C) indicates a
practical coincidence with the boiling point of magnesium. The energy functions of evaporation of
magnesium-tin melts will supplement the thermodynamic database and can be used for thermal
engineering calculations in the design of distillation processes and apparatus.

Keywords: magnesium, tin, dimagnesium stannide, thermodynamics, entropy, enthalpy, Gibbs
energy.
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Introduction

Magnesium and its alloys are widely used in
various industries [[1], [2], [3], [4], [5], [6], [7], [8]].
In recent years, researchers have paid great
attention to the production of biodegradable
magnesium alloys that have a minimal negative
impact on the human body.

Along with the expansion of the range of
magnesium-based alloys, problems have arisen with
the processing of the wide variety of waste and
secondary raw materials based on it. However, to
date, no rational technology has been developed for
the processing of biodegradable magnesium
secondary raw materials containing tin, silver, and
other metals, as well as defective products. One
promising method to process such alloys may be
vacuum distillation, with magnesium being
transferred to the vapor phase and impurities being
concentrated in the still bottom. However, no data
on the energy characteristics of the evaporation of
liguid magnesium—tin alloys have been found. In this
regard, there is a need to determine the
thermodynamic characteristics of Mg — Sn melt
evaporation, which are necessary to calculate the
energy costs of the distillation process. This can be
done on the basis of experimental studies to
determine the saturated vapor pressure values of
the components that make up the system.

Magnesium and tin form alloys with unlimited
solubility in the liquid state and the presence of a
congruent melting compound Mg,Sn at 778 °C [[9],
[10]].

Quite a few papers [[11], [12], [13], [14], [15],
[16], [17], [18], [19], [20]] are devoted to the study
of the thermodynamic properties of magnesium—tin
system melts. In studies [[11], [12]], using the
method of electromotive forces of concentration
chains, the thermodynamic functions of the system
at temperatures of 650 °C and 800 °C were
determined over the entire range of liquid alloy
concentrations, and large negative deviations from
ideal behavior were found. In paper [13], the
saturated vapor pressure of magnesium, the
thermodynamic functions of liquid alloys, and the
liquidus lines of the phase diagram were determined
using the isopyestic method at 990 and 1290 K.

The authors of [[14], [15]] determined the
thermodynamic functions, thermal stability, and
other physical properties of the Mg,Sn condensed
phase.

In the study [16], the partial pressure of
saturated magnesium vapor for alloys containing
10-60 at. % Sn was determined using the boiling

point method at temperatures of 1154-1385 K
(881-1112 °C).

In papers [[17], [18]], data from previous studies
were introduced into a double system model using a
modified quasi-chemical model, which allowed for
very good agreement with published experimental
data.

Excess thermodynamic functions and activity
coefficients, based on which the saturated vapor
pressure can be determined for magnesium-tin alloy
components at a temperature of 1073 K (800 °C), are
given in publications [[19], [20]].

Other studies have investigated the physical
properties and structure of magnesium alloys
containing tin [[21], [22], [23]], as well as the effect
of alloying additives on them [24]. No other
information on vapor pressures, thermodynamic
properties, or the thermodynamics of evaporation
of the Mg — Sn system has been found in available
sources.

This paper aims to determine the partial and
integral thermodynamic functions of evaporation of
the molten magnesium — tin system.

Materials, research methods, and
calculations

Materials. The determination of the
thermodynamic functions of evaporation of
magnesium—tin alloys is based on the pressure
values of the metals that make up the system.

Alloys containing 85.44, 73.18, 60.00, 47.12, and
32.81 at. % (58.18, 35.85, 23.50, 15.43, and
09 wt. %) tin were prepared for experiments to
determine the saturated vapor pressure of the
components.

To prepare the alloys, tin (99.99 wt. %) and
double-distilled magnesium with a content of
99.99 wt.% of the main element were used for the
preparation of alloys. The alloy was prepared in an
alundum crucible placed in a steel retort at an argon
pressure of 500 kPa and a temperature of
800-1100 °C, depending on the composition.
Increased pressure was used to prevent magnesium
evaporation. The initial components in the crucible
were heated to the specified temperature, held for
5 hours, and then cooled by immersion in water.

An alloy with a content of 60.0 at. % Mg and
40.0 at. % Sn corresponds to the composition of the
intermetallic compound Mg,Sn — dimagnesium
stannide. Analysis of the phase composition of the
obtained sample, performed on a Bruker D8
Advance diffractometer with copper radiation

— 6
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Ma = 0.154051 nm with a graphite monochromator,
showed the presence of 97.8 % Mg,Sn and 2.8 % Sn.

There is no information on the evaporation or
decomposition of Mg,Sn. In the case of congruent
evaporation of the compound, the system should be
considered as two quasi-binary systems: Sn—Mg,Sn
and Mg,Sn—Mg with corresponding thermodynamic
characteristics.

Determination of vapor pressure and vapor
composition of Mg,Sn. In this regard, the pressure
and composition of the Mg,Sn vapor were first
determined. The boiling point method (isobaric
variant) was used to determine the vapor pressure.
The experiments were carried out on a continuous
weighing setup, which is described in detail in [25].
The determination procedure was as follows. A
sample of the Mg,Sn alloy was placed in a quartz
crucible and suspended on scales in a quartz retort
filled with argon. Then, by throttling the inlet of the
vacuum pump, the pressure specified by the
experimental conditions was set and the crucible
was lowered into the shaft furnace. The crucible
with the sample was placed in a predefined
isothermal zone of the furnace. After that, the
furnace was heated at a constant rate. At the same
time, the mass loss (Am) and the corresponding
temperature in the system were recorded. The
temperature at which a sharp increase in the rate of
mass loss was observed at a given pressure was
considered equal to the vapor pressure of
dimagnesium stannide or its decomposition
components.

The composition of the vapor was judged by the
composition of the condensate after the
evaporation of Mg,Sn in a vacuum at a temperature
of 850 °C and a pressure of 0.67 kPa in a horizontal
retort furnace.

Determination of the vapor pressure of
magnesium over its alloys with tin. The saturated
vapor pressures of magnesium and tin differ by
several orders of magnitude — at the boiling point of
magnesium (1373 K), the saturated vapor pressure
of tin is 0.1 Pa [26]. In this regard, the isothermal
boiling point method was chosen to determine the
values of magnesium vapor pressure above its alloys
with tin. The experiments were performed on a
setup described in paper [25].

The determination method was as follows. A
sample of the allov was placed in a crucible. which
was suspended in a retort outside the heating zone.
The retort was evacuated twice using a vacuum
pump and then filled with argon. After this. the
lower part of the retort was placed in the isothermal

zone of a preheated electric furnace. The retort was
heated under an overpressure of 2—5 kPa with an
open inert gas supply system to suppress the
evaporation of components and compensate for the
pressure increase in the retort due to gas expansion
during heating. Once the sample reached the target
temperature, argon evacuation from the retort
volume was initiated while maintaining a constant
sample temperature (isothermal mode). At the
same time, the loss of the sample in mass and the
change in pressure were simultaneously recorded.
The pressure at which a sharp increase in the
evaporation rate (weight loss) was observed was
considered to be equal to the pressure of
magnesium vapor above the alloy.

The values of the partial pressures of saturated
magnesium vapor of alloys of the same
concentration at different temperatures were
described by the equation: Inp,, =B+AxT™*, then

the dependence of each of the coefficients A and B
was determined as a function of the magnesium
concentration in the initial alloy. As a result, the
temperature-concentration dependence of the
magnesium vapor pressure Inp,, = f(T,x,,) was
obtained.

The partial pressure of tin vapor above the
magnesium-tin  alloy was determined as:
f_)Sn :p:nann :p:nx75nXX5n' where p;n is the
saturated vapor pressure above elemental tin; a,, is
the activity of tin in the alloy; y,, is the activity
coefficient of tin; x,, is the concentration of tin in
the alloy, equal to x;, =1-x,,. Here x,, is the

concentration of magnesium in the initial alloy.

The activity coefficient of tin was calculated by
numerical integration of the Gibbs-Duhem equation,
using an auxiliary function o, =Iny,, /X,

proposed by Darken [27]. After transformation [28]

and substitution into the equation:
|n7Mgatng
Iny,, =— I ﬂdln;/,wg , this function relates

X
In Sn
VMgaerg:1

Iny,, and Iny, inaform convenient for numerical
integration:

INY 0y X Xpg X Xs, +IXMQ

In}/ = —
s
! X2, % =0 (1 —

Determination of energy characteristics. The
values of the partial evaporation functions were
determined in accordance with the dependence:
AGyysm =—RTING,, s » Where AG,, ., is the partial

Mg(sn) — Mg(Sn

Gibbs energy of evaporation of magnesium or tin;
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is the partial pressure of saturated

Phag(sn)
magnesium or tin vapor in their alloys. Hence:

~V
é)AGMg(Sn — _Agv
Of).,. JP Mg(Sn 7

=AG

v 4
Ma(sn) where AS and

Mg(Sn

+TxASY

Mg(Sn)’

AH,,

Mg(Sn)

AH,\VAQ(S,,) are the partial entropy and enthalpy of
evaporation of magnesium or tin.

The integral values of the entropy and enthalpy
of evaporation were calculated by summing the
fractions of the partial functions in the initial alloy:

v _ ra ra

ASy o sn = XnigASpy + X5, AS, and
v Vv %

AHY, o = Xpg AHY, + X6, AHY, .

The change in Gibbs integral free energy

(AG,,.s,) is determined by the formula:
AC-;/\‘Clg—Sn = AHl‘\//lg—Sn _TAS/‘\//Ig—Sn :

Results and Discussion

The total error in the determination the vapor
pressure of dimagnesium stannide is calculated as
the sum of the errors in independent
measurements, %: temperature — 1; weighing — 0.1;
pressure 0.5; approximation of experimental data —
7.74, equal to 9.34%.

The values of the decomposition pressure —
dissociation of dimagnesium stannide (pP°)
depending on temperature were approximated by
the expression: Inp°[atm]=-21,250xT " +15.169.
The complete
atmospheric
1401 K=1128 °C.

The enthalpy of magnesium dissociative
evaporation, calculated from the equation of
magnesium vapor pressure dependence on
temperature, is 176.7 = 16.5 kl/mol, entropy —
126.1 + 11.8 J/(molxK).

Mg,Sn undergoes decomposition into
constituent metals during dissociative evaporation.
Decomposition process of the compound at a
temperature of 850 °C and a pressure of 0.67 kPa
was performed using an installation to confirm such
decomposition.

X-ray phase analysis of the condensate sample
revealed 91.6 % Mg, 1.52 % Mg,Sn, and 6.95 % SiO»
(figure 1). X-ray fluorescence analysis revealed
95.35 % magnesium, 0.25 % tin, and 4.84 % silicon
(figure 2). The presence of Mg,Sn can be explained
by entrainment of the initial alloy by the magnesium
vapor flow formed during compound dissociation.
As a result of the experiment to determine the
composition of the vapor condensate, a significant

dissociation
pressure

temperature at
corresponds to

number of spherical granules was found, indicating
the fusion of tin droplets after the evaporation of
magnesium from the alloy. The presence of SiO; is
apparently due to its entry into the condensate
sample when it was removed from the condenser.

The total measurement error in determining the
values of magnesium vapor pressure above tin alloys
was found to be equal to the errors of independent
measurements: temperature — 1 %, weighing —
0.1 %, pressure 0.5 %, approximation of
experimental data — 5.47 %, equal to 7.07 %.

We approximated the values of partial pressure
of saturated magnesium vapor p,, ) over alloys with

tin by the dependence (1):

Inp,, [atm] =(-259,546x,,, +642,802x,,, —554,808x,, +
+202,550x,,, —47,344)xT " +210.75x,,, —524.42x,,, +
+452.67x,,, —160.55Xx,,, +33.453+Inx,,, (1)

where: x,, — atomic fraction of magnesium in

the alloy; T— temperature, K.

The saturated vapor pressure above elemental
magnesium corresponds to the equation (2):

Inpy, [atm]=—16,346xT " +11.903  (2)

The partial pressure of saturated tin vapor in the
Mg-Sn system, was calculated by us by numerical
integration of the Gibbs—Duhem equation and
corresponds to the dependence (3):

Inp,, [atm] =(—259,546x¢, +741,443x; —776,751x;, +
+384,200x,, —125,543-16,884Inx,)xT " +
+210.75x; —599.58x; +621.78x; —302.35x,, +
81.96+15.53Inx,, (3)

The dependence of the vapor pressure above
metallic tin was taken from [26] and converted by us
to the form (4):

Inpg, [atm] =—36,197xT * +12.56 (4)

The decomposition pressure of dimagnesium
stannide (1401 + 131 K), determined by the boiling
point method (isobaric variant) within the limits of
the determination errors, coincides with the boiling
point of the melt (1494 + 105 K), determined by the
same method (isothermal variant).

The partial and integral entropies of evaporation
are shown in Figure 3, and the enthalpies of
evaporation of alloys calculated by us using the
above equations are summarized in Table 1.
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Figure 1 - X-ray diffraction pattern of the obtained magnesium condensate
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Figure 2 - Sections of the spectrogram of magnesium condensate obtained on different crystals
(a - PX1; b - LiF200; c - PE) using the X-ray fluorescence wave-dispersive analysis method
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Figure 3 - Change in the entropies of evaporation of magnesium-tin alloys: 1 — change in the partial entropy
of evaporation of magnesium; 2 —the same for tin; 3 — change in the integral entropy;
4 — calculated change in the integral entropy

The data shown in Figure 3 predictably indicate
anincrease in the partial entropies of evaporation of
magnesium and tin when their content in the alloy
(each) decreases to less than 20 at. %. Extremes are
noted: a maximum for magnesium and a minimum
for tin at a concentration corresponding to the
stoichiometric  composition of dimagnesium
stannide (60 at. % Mg). The latter indicates the
presence of a dissociating compound in the liquid
phase that affects evaporation.

Based on the data we obtained, the change in
the integral entropy of evaporation within the limits
of measurement errors is approximated by the
expression (5). In turn, the change in the integral
enthalpy of evaporation can be determined by the
formula (6), which was obtained by processing our
experimental data.

AS,,_s,[J / (Mol xK)] =—255.29x,, +522.5x,,, —
—383.48x;,, +108.08 ,, +105.14 (5)

AH,,,_s,[kI / mol]=—134.3x}, —30.96x,,, +302.18 (6)

The values of the change in Gibbs integral free
energy (AG,,, ) intheliquid phase region up to the

boiling point of magnesium at atmospheric pressure
(1100 °C) are determined by us by the formula

AGy, s, =AHy, o, —TASy, o, and summarized in
Table 2.

It can be seen, when analyzing the change in the
values of partial and integral enthalpies and Gibbs
free energy of vaporization, that the functions
increase monotonically from Mg to Sn in accordance
with the second-degree dependencies on the
concentration of components in the alloy and
linearly (Gibbs energy) with temperature. The very
small change in the integral value of the free energy
of evaporation of magnesium (0.03 + 0.002 kJ/mol)

at 1373 K (1100 °C) indicates a practical coincidence
with the boiling point of magnesium.
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Table 1 - Change in the partial and integral enthalpy of evaporation of magnesium-tin alloys

Composition of alloys,
at. % AH,\\;Q, kJ/mol AFISVH , kl/mol AFI,\\;H,, , kl/mol

Mg Sn
100 0 13591 +9.61 - 135.91£9.61
95 132.32£9.36 478.94 + 33.86 149.65 £ 10.58
90 10 134.10 £9.48 459.77 £ 32.51 166.59 + 11.78
80 20 146.14 £10.33 391.46 + 27.68 195.20 £ 13.00
70 30 160.06 +11.32 348.75 + 24.66 216.67 £15.32
60 40 169.09 +£11.95 331.45+23.43 234.03 £ 16.54
50 50 171.63£12.13 328.17 £23.20 249.90 £ 17.67
40 60 171.26 £12.11 328.55 £ 23.23 265.63 £18.78
30 70 176.75 +12.50 325.87 £23.04 281.14 £19.88
20 80 202.03 £ 14.28 317.87 £22.47 294.70 £ 20.83
10 90 266.23 £ 18.82 307.09+21.71 303.00 £ 21.42

5 95 320.31 £ 2264 302.80+21.41 303.68 £ 21.47

0 100 - 301.03 £21.28 301.03 +21.28

Table 2 - Values of the change in Gibbs free energy of evaporation

CZW:;?':E;M AG,\\i,g_s,1 (kJ/mol) at temperature, K:
Mg Sn 673 773 873 973 1073 1173 1273 1373
100 0 - - 4951 + 39.62 29.72 19.83 9.93+ 0.03+
3.50 2.80 2.10 1.40 0.70 0.002
90 10 - - 75.87 £ 65.48 + 55.09 £ 4470 £ 3431+ 2392+
5.36 4.63 3.89 3.16 2.43 1.69
80 20 - - - 88.12 77.12 + 66.11 + 55.11 ¢+ 4410 £
6.23 5.45 4.67 3.90 3.12
70 30 - - - - 96.33 ¢ 85.11 % 73.90 £ 62.68 £
6.81 6.02 5.22 4.43
60 40 - - - - 113.73+ | 102.52 91.30 % 80.09 £
8.04 7.23 6.45 5.66
50 50 - - - - 129.62+ | 11842+ | 107.21+ 96.00 £
9.16 8.37 7.58 6.79
40 60 - - - 155.71+ | 14442+ | 133,12+ | 121.82+ | 110.53+
10.99 10.21 9.41 8.61 7.81
30 70 - - 181.06+ | 169.60+ | 158.14+ | 146.67+ | 13521+ | 123.75%
12.80 11.99 11.18 1.37 9.6 8.75
20 80 - 205.31+ | 193.74+ | 182.18+ | 170.61+ | 159.05+ | 147.48+ | 13592+
14.52 13.70 12.88 12.06 11.24 10.43 9.61
10 90 226.68+ | 21534+ | 204.00+ | 192.66+ | 18131+ | 169.97+ | 158.63+ | 147.29%
16.03 15.22 14.42 13.62 12.82 12.02 11.22 10.41
0 100 230.75+ | 220.30% | 209.86+ | 199.42+ | 18897+ | 17853+ | 168.09+ | 157.65%
16.31 15.58 14.84 14.10 13.36 12.62 11.88 11.15
Conclusions determining the energy functions: changes in

entropy, enthalpy and free energy of evaporation.
As the content of each component in the alloy
decreases to less than 20 at.%, the partial entropies
of evaporation of magnesium and tin increase.

Thus, as a result of the research, the values of
partial pressure of magnesium and tin were
determined, which served as the basis for
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Extrema were established: a maximum for
magnesium and a minimum for tin, which
correspond to the dimagnesium stannide compound
containing stoichiometrically 60 at. % Mg. It was
found that the values of the partial and integral
enthalpies, as well as the Gibbs free energy of

evaporation, increase = monotonically  from
magnesium to tin, with their concentration
dependences  described by second-degree

polynomials, and the temperature dependence of
the Gibbs free energy being linear. It was shown that
the change in the integral value of the free energy of
evaporation of elemental magnesium corresponds
to 0.03+0.002 kJ/mol at 1373 K and indicates almost
complete coincidence with the boiling point of
magnesium.  Thermodynamic  functions  of
evaporation of magnesium-tin melts, determined on
the basis of the values of vapor pressure of the
system components, supplement the base of
physical and chemical data and can be used for heat

engineering calculations in the design of distillation
processes and equipment.
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CyibIK MarHuii-Kanaubl KOpPbITNanapbiHbiH, 6yNaHYbIHbIH TEPMOAUHAMMUKACDI

BonoguH B.H., Tpebyxos C.A., MyKaHfanuesa A.O., JlIunHuk K.A., HuueHko A.B, bypa6aesa H.M.

Memannypaus #aHe KeH 6alieimy uHcmumymeol AK, Cambaes yHusepcumemi, Aamamesi, KazakcmaH

TYAIHAEME

MarHuiain, KariHay TemnepaTtypacbl d4iciMeH (CaliKeciHLwe M306apbIK KaHE U30TEPMUANbIK HYCKanap)
aHbIKTaNaTblH AMMArHMin CTaHHUAI MeH Kanalibl 6anKkbimacbliHa KaHe KanaiblFa napumangbl
KbICbIMbIHbIH, MHAEPIH Heriare ana oTbIpbIN, TEPMOAUHAMUKANLIK GYHKUMANAP, SHTPOMNUAHDBIH,
SHTAZIbNUAHBIH, KaHe bynaHyablH 60C 3HEPruACbIHbIH, e3repyi 6enrini epHeKTepre CaMKec CaHAbIK
MHTErpangay apKblabl ecentenreH M’mo6c-Lorem TeHaeyi apKblibl aHbIKTanAbl. KaiHay Temnepatypachl
9AiCiHIH  M306ap/blK  KOHE U30TEPMUANBIK  HYCKANapblHblH, Oy  KbICbIMbIH  @HbIKTAy ’KaHe
TepMOAMHAaMMKaNbIK LWamanapapl ecentey agictepi cunatranfaH. MarHuin meH KananbiHbIH, Napuvangpl
Heri3iHae 3HepreTUKanbiK,
dYHKUMANap aHbIKTanabl. Onweyaeri Katenik 7,07 % 6onapl. BynaHy sHTPONUACBIHbIH, ©3repyi Typabl
manimettep rpaduKanbik Typae 6HepinreH. KopbiTnagafbl MarHWi  MeH KanalblHblH, - yAeci
(apKavicbicbiHbIH) 20 aT. %-AaH asaitFaH Kesge onapablH, 6ynaHy SHTPONUANAPbIHBIH, apTybl Halikanabl

MaKkana kengi: 22 s#eamoxcaH 2025 Oy KbICbIMbIHbIH, M3HAEPiHIH, TayenainikTepi aHbIKTaNbIN, ONAPAbIH,

CapantamagaH eTTi: 29 xeamokcaH 2025
Kabbinganabl: 28 kaHmap 2026

IKcTpemymaap 6enrineHgi:: mMarHuin ylWiH MaKCUMyM »KoHe Kanaibl YWiH MUHUMYM AUMarHui
CTaHHUAHIH (60 aT.% Mg) cTexnomeTpuANbIK KypaMblHa COMKeC KeneTiH KoHueHTpauuaga COHfFbICb
cyblk dasaga bynaHyfa acep eTeTiH AuccoumauumsnaHaTbiH  KOCbINbICTbIH, 60MybIH KepceTesi.
JHTaNbNUAHBIH, ©3repy MaHAepi aHe MTMb6c 6oc bynaHy sHepruachbl Kecteae KenTipinreH. Mapumnanabl
JKOHE UHTErpanabl SHTaNbNUANAPABIH, KaHe MBOCTIH 6yNaHybIHbIH €pPKiH 3HEePrUACbIHbIH MaHAepi Mg-
OeH Sn-re Kapan KopbITnagafbl KOMMOHEHTTEP KOHLEHTPAUMACbIHAH EKiHWIi Aspeeni Tayenainikke
COliKeC MOHOTOHAbI TYpAe apTafbl aHe TemnepaTypafa 6GalnaHbICTbl CbI3bIKTbIK Typae (Mmb6c
3Hepruacol) aptagbl. MarHuiAiH, epkiH 6ynaHy 3HepruAcbiHbIH, UHTErpanaplK MaHAepiHiH eTe a3
mesnwepaeri esrepictepi (1373 K (1100 °C) temnepatypaga 0,03+0,002 kx/monb) MarHuingin, kanHay
TemnepaTypacbiMeH iC  JKy3iHAe CoOMKec KeneTiHiH MarHuin-Kanambl  »KyMECiHiH
6anKbIManapbiHbiH, 6yNaHybIHbIH, 3HEPreTUKaNbIK QGYHKUMANAPbI TEPMOAUHAMMKANLIK, MINIMETTEP
KOPbIH TO/IbIKTbIPaAbl aHe AUCTUANAUMA NPOLEcTepi MeH annapaTTapbiH »kobanay KesiHae Kblay

Kepcetenq,.

TEXHUKACbIHbIH, ecenTeyepi ylWiH nainganaHbliybl MyMKiH.

TyiiiH ce3dep: marHuii, Kanaibl, AMMArHUin CTaHHWUAI, TEPMOANHAMMKA, SHTPONMUA, IHTaNbNUA, TM66C
SHEPruAChI.
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AHHOTALMA
Ha ocHoBaHMM BeMUYMH NapuMainbHbIX AaBNEHWII MarHMA Haj, CTaHHWAOM AMMArHuA M pacnaasamu C

0/10BOM, OMpeAesneHHble METOAOM TOYEK KUMeHUs (M306apuyeckuii U U30TEPMMYECKUIA BapuaHT
COOTBETCTBEHHO) M 0/10BA, PACCYUTAHHOTO YNCIIEHHBIM UHTErPUPOBaHWEM ypaBHeHus Tnb6ca-Aiorema B
COOTBETCTBUM C U3BECTHLIMMU BbIPAXKEHUAMU OMpPeAeeHbl TEPMOANHAMUYECKUE GYHKUMU: USMEHEHUA
3HTPOMNWK, SHTaNLNUKN U cBODOAHON sHEpPrnM ncnapeHua. OnNucaHbl METOAMKM OonpeaeneHna faBneHus
napa u3o06apuyeckoro M M30TEPMMYECKOrO BapMaHTOB MeEToAa TOYeK KUMEeHMA W pacyeTa
TEPMOAMHAMUYECKUX BENUYMH. OnpeneneHbl 3aBUCMMOCTU BEMYMH MAPUMANbHOTO A3BAEHWA Mapa
MarHua M 0/10Ba, Ha OCHOBAHWM KOTOPbIX OMNPefeneHbl 3HepreTuyeckne oyHKUMK. [MOrpewwHocTb
n3mepeHnus coctasuna 7,07 %. [JaHHble 06 M3MEHEHUW SHTPOMMUIN UCNIAPEHUA NPEACTABNEHbI TPadUYecKn.
OTMeYeHo yBenuyeHue napLmasbHbIX SHTPOMUI UCMAPEHUA MarHWa UM 010Ba NPU YMEHbLUEHUU WX
cofilepaHua B cnnase (Kaxporo) meHee 20 aT. %. OTMeYeHbl SKCTPEMYMbl: MaKCUMYM ANA MarHua u
MWHUMYM ON18 ON10Ba MPWU KOHLLEHTPALIMKM, COOTBETCTBYIOLLEN CTEXMOMETPUYECKOMY COCTaBY CTaHHMAA
ommarHma (60 at. % Mg). MocnegHee CBMAETENLCTBYET O HAaAMUYUM AUCCOLMMPYIOLWErO0 COEAUHEHUA B
KUAKOW ¢ase, BAUAIOWErO Ha MCMapeHue. BeanumHbl M3MEeHEHMs 3HTanbnui U CBOBOAHON 3Hepruu
ncnapeHus M'bbca TabynMpoBaHbl. BeAnumHbl NapLumanbHbIX U MHTErpanbHbIX 3HTaNbNWI U cBobOAHOM
3Heprumn ucnapenuna Mbbca MOHOTOHHO yBennunBatoTca oT Mg K Sn B COOTBETCTBUM C 3aBUCUMOCTAMM
BTOPOI CTENEHM OT KOHLLEHTPALMM KOMINOHEHTOB B CM/IaBE U JIMHENHO (3Heprua Mbbca) c TemnepaTypoil.
Becbma manas Be/MUMHA U3MEHEHUA UHTErPaNbHOWM BEIMUMHBI CBOBOAHON SHEPTUM UCMAPEHUA MarHUA
(0,03+0,002 kOsk/monb) npu 1373 K (1100 ° C) cBMAETENbCTBYET O MPAKTUYECKOM COBMaAeHMM C
TeMNepaTypolr KMNEHUA MarHua. dHepretnyeckne GyHKUMM UCNapeHWUa pacnnaBoB CUCTEMbI MarHui —
0/10BO NONONHAT 633y TEPMOAUHAMUYECKNX A@aHHbIX, U MOTYT 6bITb MCNONBb30BaHbI AJ18 TENNOTEXHUYECKUX
pacyeToB NPW NPOEKTUPOBAHUM ANUCTUANALMOHHBIX NPOLLECCOB M annapaTos.
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ABSTRACT

Multilayer hard coatings remain among the most effective engineering solutions for reducing
friction and wear and for extending the service life of components operating under high contact
loads. However, their practical performance is governed not by multilayering per se, but by the
extent to which the selected deposition technology enables reproducible control over three key
parameters: layer density and defectiveness, adhesion to the substrate and/or interlayers, and
architectural tunability through interface quality. This mini-review systematizes deposition
approaches relevant to tribological applications and proposes a generalized classification
comprising chemical processes (sol—gel, chemical vapor deposition (CVD), atomic layer deposition
(ALD), hydrothermal synthesis, electrodeposition, anodization, and electroless coatings), physical
vacuum techniques of the PVD family (magnetron sputtering, cathodic arc deposition, hollow
cathode discharge (HCD) ion plating, ion beam assisted deposition (IBAD), among others), as well
as hybrid and functional solutions (PVD+CVD, composite, self-lubricating, and nanocomposite
systems). It is demonstrated that the selection of a deposition process for multilayer architectures
must be based on technological constraints that directly affect interface stability and coating
durability, including the deposition temperature window and conformality, interfacial diffusion-
induced boundary blurring, residual stresses, and critical defects such as porosity, macroparticles,
and growth-related imperfections. Practical guidelines are formulated for correlating
“architecture—deposition regime—microstructure—tribological behavior,” and key directions for
future research are identified, including interface and defect engineering, targeted hybridization
of deposition processes to compensate for intrinsic limitations (conformality, density, adhesion,
and interface stability), and the use of predictive modeling validated by comparable tribological
testing.

Keywords: multilayer hard coatings, CVD, PVD, magnetron sputtering, transition metal nitrides.
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Introduction

In mechanical systems, friction and wear
inevitably arise at interfaces where components
move relative to one another under direct contact,
leading to significant energy losses and premature
equipment failure [[1],[2]]. To address these
challenges, researchers have developed a wide
range of innovative approaches aimed at reducing
friction and mitigating wear [[3],[4]]. Among them,
the application of protective coatings remains one of
the most reproducible and technologically mature
engineering solutions, as coating properties can be
purposefully tailored through the selection of
material composition and architectural design.

Multilayer hard coatings have moved to the
foreground as deposition technologies and surface-
engineering strategies mature. Their performance is
now dictated not only by chemical composition, but
by the layer architecture itself and the way it is
manufactured [[5],[6]]. In tribological service, two
variables dominate: the quality of interfaces and the
characteristic architectural length scales. Interfaces
control barrier behavior, redistribute stresses, and
impede crack propagation. Shrinking the multilayer
period, in turn, is typically coupled with structural
hardening and a shift in the prevailing damage
mechanisms. A third factor cannot be treated as
secondary: protective tribofilm formation at the
sliding contact often sets the boundary conditions
for friction and wear, and therefore directly shapes
the measured tribological response [[7], [8], [9]].

At the same time, “multilayering” is not a
performance guarantee. In practice, the ceiling is
frequently imposed by structure-formation
parameters of the chosen process rather than by the
concept of layering itself. Deposition temperature
and conformality, diffusion-driven interfacial
smearing, defect population, and residual-stress
state repeatedly emerge as the controlling
limitations [10]. For that reason, we treat the
deposition route as part of coating-architecture
engineering, not as an afterthought. The selected
process must deliver sharp interfaces, reproducible
layer thickness, and a controllable defect spectrum
for the specific substrate and component geometry
under consideration.

In this mini-review, we systematize deposition
technologies for multilayer coatings (MLCs) aimed at
friction and wear reduction and compare them
through a single set of capability—limitation criteria.
Chemical routes are examined first (sol—gel,
chemical vapor deposition (CVD), atomic layer
deposition  (ALD), hydrothermal synthesis,

electrodeposition, anodization, and electroless
coatings). We then analyze physical vacuum
approaches from the PVD family, including
magnetron sputtering, cathodic arc deposition,
hollow cathode discharge (HCD) ion plating, ion
beam assisted deposition (IBAD), and related
variants. Finally, hybrid and functional solutions are
discussed — PVD+CVD combinations, composite
architectures,  self-lubricating  systems, and
nanocomposites. On this basis, we formulate
practical guidelines for selecting deposition
technologies to match the target architecture and
service conditions, and we delineate research
priorities centered on interface engineering, process
hybridization, and predictive modeling of
tribological response.

Market Overview of Multilayer Coating
Deposition Technologies

Demand for hard protective coatings is shaped
by engineering use-cases rather than by academic
curiosity. Industry asks for measurable outcomes:
higher wear resistance, lower friction coefficient,
longer fatigue life, and stronger corrosion tolerance
in parts that see high contact stresses and/or
elevated temperatures. In this context, multilayer
architectures function as a design lever. By tuning
interface density and layer periodicity, engineers
adjust the residual-stress state, raise crack
tolerance, and steer the tribochemical response of
the coating through controlled interfacial
phenomena.

Specialized market reports place the global
hard-coatings market at roughly USD 1.72-1.73
billion in 2025, forecast it to reach USD 1.84-1.85
billion in 2026, and project USD 2.98-3.01 billion by
2033; these trajectories correspond to a CAGR of
about 7.0-7.2% [[11], [12], [13]]. These numbers
should be read for what they are: outputs of market-
research models rather than experimentally
validated scientific measurements. We cite them
here for one purpose only — to justify the
technological relevance of those market segments
where multilayer coatings (MLCs) are deployed.

Segmentation by End-Use Applications

Figure 1 summarizes how hard protective
coatings are allocated across industrial sectors (2025
baseline with forecast estimates for 2026). The
demand profile is skewed toward applications in
which the coating operates as a functional reliability
layer rather than a purely decorative finish. The
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strongest pull comes from heavily loaded
transportation and aerospace components,
followed by medical devices and electronic systems,
where service integrity is tightly coupled to surface
performance.

For multilayer coatings, the commercial value
therefore extends beyond hardness metrics. It is set
by manufacturing discipline: whether interfaces can
be reproduced with minimal drift, whether friction
and wear remain stable over long service intervals,
and whether the defect population can be held
within controlled bounds from batch to batch at
production scale.

Figure 1 maps hard-coating demand across
industrial sectors. The largest portion is tied to
heavily loaded engineering domains, where coatings
must satisfy concurrent constraints: high wear
resistance, thermal stability, and a tribological
response that remains predictable over prolonged
service intervals.

Medical Devices

Electronics

Segmentation by Coating Material Type

Figure 2 compiles the material-type breakdown
of hard coatings using aggregated statistics for
2023-2025. In this dataset, nitride-based coatings
form the largest group (31.5%). Oxides follow at
19.3%, then carbides at 15.1%. Carbon-based
coatings account for 11.2%, borides for 8.0%, and
multicomponent systems for 14.9%.

The ranking aligns with the engineering
rationale of multilayer design. Nitrides are routinely
selected as load-bearing and/or diffusion-barrier
layers. Carbides and carbon-containing phases are
introduced when the architecture must deliver
lower friction and/or higher chemical resistance.
Multicomponent compositions, by contrast, offer a
practical route to stack several functions—hardness,
oxidation resistance, and friction control-while
preserving adhesion and maintaining thermal
stability.

Metal Cutting
11 %

Aerospace

Automotive
20.3 %

Figure 1 - Distribution of end-use application sectors for hard protective coatings (2025 estimates with forecast values
for 2026; aggregated from marketing review data) [11]

Multi-component

Carbon — based
11.2:%

Carbides /

15.1 %

Nitrides

193 %

Figure 2 - Material-type distribution of hard coatings (aggregated data for 2023-2025) [11]
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Figure 3 - Distribution of hard coating deposition technologies
(2025 data; aggregated from marketing review sources) [11]

As summarized in Figure 2, nitride-based
systems occupy the largest share of the dataset. This
prevalence is consistent with their processing
flexibility in PVD routes and with their practical role
in multilayer periodic architectures, where stable
growth conditions enable tight control over
interface formation.

Segmentation by Deposition Technology.

Figure 3 compares deposition routes used for
hard coatings. The dataset is clearly PVD-weighted:
physical vapor deposition accounts for =67.5% of
reported technologies, CVD contributes roughly
20%, and the balance is distributed among other
methods. This dominance matters for multilayer
systems. PVD routes typically allow tighter
metrology-level control over individual layer
thickness and preserve interface sharpness — two
parameters that govern whether interface-
mediated strengthening and crack-arrest
mechanisms can be reliably activated in service.

CVD retains a distinct niche. When the
application prioritizes high thermal stability and/or
strong conformality, CVD often provides the
required film continuity on complex geometries.
That advantage has a cost: the thermal budget
intrinsic to CVD narrows the set of compatible
substrates and constrains which  multilayer
architectures can be implemented without
substrate degradation or interfacial smearing.

Figure 3 makes the market’s technological base
unambiguous: hard coatings are produced
predominantly by PVD routes, and this positioning
effectively turns PVD into the main industrial

platform for multilayer coatings (MLCs). CVD still
occupies a sizeable fraction, yet its wider
deployment is curtailed by the admissible
deposition-temperature window and by substrate
compatibility constraints.

The same segmentation points to a pragmatic
selection criterion. Industry favors technologies that
scale without losing reproducibility, i.e., routes that
can hold layer periodicity, interface integrity, and
defect population within controlled bounds while
staying within an acceptable cost envelope. As a
result, the deposition method is not chosen solely
based on peak coating performance. Process
robustness, the breadth of the workable parameter
space, and batch-to-batch tolerances for property
scatter carry comparable weight in decision-making.

Classification of Multilayer Coating
Deposition Methods

Deposition routes for multilayer coatings (MLCs)
are best treated as an engineering toolbox: each
process expands certain capabilities while
simultaneously setting hard constraints on the
properties that can be realized. In tribological
practice, three control targets repeatedly determine
success. The first is layer compactness together with
the defect landscape (porosity, droplets/particles,
columnar boundaries). The second is adhesion —
both to the substrate and, where relevant, across
interlayers. The third is functional response, which
in multilayer systems is inseparable from the ability
to reproduce the intended architecture (period,
thickness ratios, and interface integrity).




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

* Sol-gel

* Chemical Vapor
Deposition (CVD)

e Atomic Layer
Deposition (ALD)

* Hydrothermal
*Electrodeposition
* Anodization

* Electroless plating

¢ Composite
coating
* Hybrid coating

coating

coating

* Self-lubricating

* Nanocomposite

* Magnetron Sputtering

* lon Beam Assisted Deposition
(IBAD)

 Cathodic Arc Deposition (CAD)

* Laser Cladding

e Thermal Spraying

» Laser Surface Alloying (LSA)

e Laser Surface Melting (LSM)

* Hollow Cathode Discharge (HCD)
lon Plating

Figure 4 - Classification of multilayer coating deposition methods

With these requirements in view, we organize
the deposition methods discussed in this review into
three generalized groups. This classification provides
a practical basis for selecting deposition routes
intended to optimize coating performance, rather
than treating deposition as a secondary processing
step.

As illustrated in Figure 4, the methods are
classified into three blocks: chemical methods, in
which coating formation is governed by reactive
transformations in the gas and/or liquid phase;
hybrid and functional approaches that combine
elements of chemical and physical processes to
produce multifunctional layers; and physical
methods, predominantly of the vacuum-based class,
which enable controlled microstructure
development and precise engineering of interlayer
interfaces.

Chemical methods comprise processes in which
coating growth is governed by reaction-controlled
transformations and mass transport in the gas
and/or liquid phase. This group includes sol-gel
processing, chemical vapor deposition (CVD), atomic
layer deposition (ALD), hydrothermal synthesis,
electrodeposition, anodization, and electroless
plating. From an engineering perspective, these
approaches are typically regarded as effective
routes for producing uniform and conformal layers
on a wide range of substrates at moderate process
temperatures, making them particularly suitable for
forming individual functional layers and/or process
stages where coating continuity is critical. At the
same time, when applied to multilayer
architectures, a specific limitation emerges:

diffusion — and reaction-driven phenomena at
interfaces may lead to interlayer boundary blurring
and, consequently, to reduced reproducibility of the
intended architectural effects.

Hybrid and functional approaches are
considered as a separate category, as they represent
not a single deposition technique but rather a class
of solutions in which the targeted tribological
functionality is achieved through the combination of
multiple processes and/or materials. As shown in
Figure 4, this group includes composite, hybrid, self-
lubricating, and nanocomposite coatings. From a
practical standpoint, such solutions are employed to
integrate properties that are difficult to achieve
within a single process or material system—for
example, low friction while maintaining load-bearing
capacity and resistance to degradation. Accordingly,
the key issue for this category is not the
enumeration of composite variants, but rather
reproducibility criteria, including controllability of
phase/component distribution and interface
stability within multilayer systems during scale-up.

Physical routes include vacuum evaporation and
sputtering, along with allied processes in which
coating outcome is set primarily by plasma/particle
flux characteristics and by growth kinetics during
film formation. In the scheme summarized in Figure
4, this class covers physical vapor deposition (PVD),
magnetron sputtering, ion beam assisted deposition
(IBAD), cathodic arc deposition (CAD), laser cladding,
thermal spraying, laser surface alloying (LSA), laser
surface melting (LSM), and hollow cathode
discharge (HCD) ion plating. For multilayer coatings,
these methods offer a practical advantage: they give
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the operator comparatively direct leverage over
microstructure and interface integrity. Layer
thickness can be metered with high precision, and
interface sharpness can be preserved — both are
prerequisites for activating architecture-driven
mechanisms that raise wear resistance.

This category, however, is not uniform. It spans
fundamentally different process families and distinct
engineering purposes. At one end sit vacuum thin-
film techniques that enable nanometer-scale control
of periodicity; at the other, localized deposition or
surface-modification routes intended for thick
coatings and repair scenarios. Such breadth forces a
different comparison logic: we cannot rank
technologies by name alone. Instead, we evaluate
the constraints each process places on component
geometry, defect generation, adhesion, and -
crucially — the reproducibility of multilayer
architectures.

Figure 4 therefore, functions as the organizing
scaffold for the present mini-review. It allows us to
compare deposition methods against three
operational criteria — layer density/defectiveness,
adhesion, and functional performance coupled with
architectural controllability — and to select
deposition routes that match specific tribological
requirements.

Chemical methods

Chemical methods for the formation of
multilayer coatings (MLCs) are based on reaction-
controlled layer growth in the gas and/or liquid
phase and are applied where conformality,
uniformity, and/or the formation of functional
barrier or interlayers within the architecture are
required. Chemical approaches include sol—gel
processing, chemical vapor deposition (CVD), atomic
layer deposition (ALD), hydrothermal synthesis,
electrodeposition, anodization, and electroless
plating.

For tribological applications, chemical methods
can be rationally viewed as tools for addressing two
practical tasks: (1) the fabrication of a continuous
functional layer with a predefined chemical nature;
and (2) the integration of this layer into a hybrid
architecture with vacuum-based methods, where
compatibility in terms of adhesion and interface
stability is required.

CVD enables the deposition of dense coatings
(reported to exceed 95% of the theoretical density)
with high adhesion strength (O@any > 50 MPa),
including coatings on internal surfaces. However, its
applicability to multilayer architectures s

constrained by the process window, notably high
deposition temperatures (T 1173 K), precursor
toxicity, and the risk of diffusion-induced interfacial
blurring.

ALD is described as a self-limiting process with
atomic-scale growth control and is particularly
relevant for nanolaminates and thin functional
interlayers, where reproducibility and nanometer-
level thickness control are critical.

Sol-gel processing is characterized by low-
temperature synthesis (293-423 K) and the
capability to conformally coat complex geometries.
Nevertheless, for tribological applications, key
limitations summarized in Table 1 must be
considered, including shrinkage during thermal
treatment (up to 30%), porosity (>10%), and
hydration. Consequently, sol-gel approaches are
well-suited for forming oxide-based functional
layers (e.g., SiO,, TiO,); however, when designing
wear-resistant multilayer systems, the effects of
porosity and shrinkage on mechanical integrity and
interface stability must be carefully accounted for.

Hydrothermal and solution-based processes are
employed to form specific functional layers.
Hydrothermal synthesis is conducted in aqueous
solutions under elevated pressure and is described
as an approach that promotes crystallization of
oxide structures without the use of organic solvents.
Electrodeposition and electroless plating enable the
formation of metallic layers at near-room
temperature, but require strict control of pH and
electrolyte composition due to the risk of hydrogen
embrittlement. Anodization produces porous oxide
films and is inherently limited to valve metals.

A critical limitation of chemical methods in
multilayer coatings is interfacial diffusion, which can
lead to boundary blurring and reduced mechanical
integrity of the multilayer system. To mitigate these
effects, post-treatments aimed at improving
interface quality are often required. Consequently,
in tribological multilayer coatings, chemical methods
typically function as part of a broader technological
route—often at early stages of graded structure
formation—and/or as elements of hybrid schemes,
where their combination with physical methods is
considered a means to enhance resistance to
tribological degradation.

Comparative  characteristics of chemical
methods, including temperature windows, risks of
porosity and shrinkage, interfacial blurring, and
typical application domains, are summarized in
Table 1.
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Table 1 - Chemical methods

complex topologies

Method Advantages Limitations Scientific Applications References
Sol-gel Low-temperature Shrinkage during heat | Formation of amorphous
synthesis (293-423 K); | treatment (up to 30%); | oxide matrices (SiO,
molecular homogeneity; | porosity (>10%); | TiO2) for biocompatible | [[14], [15]]
conformal coating of | hydration implants and optical

coatings

Chemical Vapor High density (>95% of

High thermal load (T >

Thermal barrier coatings

solvent-free
chemistry

organic

Deposition (CVD) theoretical); excellent | 1173 K); diffusion- | (YSZ); monolithic carbide
adhesion (0@ > 50 | induced interface | layers on WC—Co [[16,[17],
MPa); capability to coat | blurring (D>101® m?/s [18]]
internal surfaces 1); toxic precursors

Atomic Layer Self-limiting growth (0.1- | Low deposition rate | Nanolaminates

Deposition (ALD) 0.3 Afcycle); | (1-5 nm/min); high | (ALO3/TiN); barrier
conformality >99%; | precursor cost (TiCls, | layers in | [[19],[20]]
atomic-scale  thickness | TMA); vacuum | microelectronics;
control requirements polymer protection

Hydrothermal Crystallization at | Restricted to aqueous | Nanostructured  oxide

synthesis moderate temperatures | systems; low kinetics | synthesis (ZnO, TiO2) for
(373-573 K); (hours—days) photocatalysis and
environmentally benign; sensors ([21], [22]]

Electrodeposition Room-temperature

Limited to conductive

Electrochemical

20-200 nm)

processing;  scalability; | substrates; hydrogen | deposition of Ni—P, Cu for | [[23], [24]]
low cost embrittlement risk corrosion protection

Anodization Local strengthening; | Restricted to valve | Anodized TicAlsV  for
formation of porous | metals (Ti, Al, Ta); | osteointegration and | [[25], [26],
oxides (pore diameter | thickness <50 um biomedical implants 2711

Electroless plating | Deposition on dielectrics; | Bath
high thickness uniformity

(¥5%)

phosphorus-induced
embrittlement

instability; | Ni-P coatings on
polymers and printed

circuit boards

([28], [29]]

Table 1 indicates that chemical methods can be
rationally regarded as tools for forming functional
layers with high uniformity, albeit with
fundamentally different technological trade-offs.
Sol—gel processing offers advantages in terms of
temperature window and cost, but is limited by
shrinkage and porosity; CVD provides high density
and strong adhesion, yet requires elevated
temperatures and toxic precursors; ALD delivers the
highest level of thickness control at the nanometer-
scale, but is primarily suited for thin layers and

localized architectural tuning; solution-based
methods (hydrothermal synthesis,
electrodeposition,  electroless  plating, and

anodization) are advantageous under low thermal
loads, while imposing constraints related to process
chemistry, risks of hydrogen embrittlement, and/or
substrate material compatibility.

Other / Hybrid Methods

In this work, the group of Other Methods is
treated as a separate category, as it does not
represent an additional deposition technique per se,
but rather a set of engineering solutions aimed at
multifunctionality, in which the desired tribological
response is achieved through combinations of
phases and structures and/or through the
integration of multiple technological routes. The
main variants within this group include composite,
hybrid (PVD+CVD), self-lubricating, and
nanocomposite  coatings; their comparative
characteristics are summarized in Table 2.

Composite coatings exploit dispersed functional
phases to couple two targets that often compete:
high hardness and low friction. Table 2 lists
representative performance benchmarks (H > 40
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GPa, u < 0.2) and provides example formulations
used in cutting-tool service, including nc-TiN/a-SisN4
architectures with MoS, additives. The approach
remains sensitive to microstructural stability. Phase
segregation and the practical difficulty of metering
dispersion quality and spatial distribution limit
repeatability; in multilayer systems, that variability
translates directly into scatter of measured
properties.

Hybrid PVD+CVD schemes address a different
constraint set and are typically adopted as a process-
level compromise. Here, PVD supplies
nanostructuring capability, whereas CVD is used to
achieve high layer density. Table 2 illustrates this
route with TIiCN/TiN coatings deposited on
cemented carbide inserts. Two obstacles recur in
industrial deployment: high capital cost and the
emergence of thermal gradients. Both factors
complicate scale-up and can erode architectural
stability when the process is pushed to production
throughput.

Self-lubricating  coatings pursue friction
reduction through the in situ generation and/or
controlled release of lubricious species. Table 2
highlights a MoS;-based system that undergoes
transformation to MoOs; and reports friction
coefficients as low as g < 0.1 under vacuum -
conditions characteristic of dry-friction assemblies,
including space mechanisms. Their weakness is
equally clear. Oxidative degradation limits operation
at elevated temperature (Table 2 indicates
constraints above T > 673 K), and service life is finite,
which must be accounted for when defining
operating windows and when selecting multilayer
architectures.

Table 2 - Other/Hybrid Methods

Nanocomposite coatings exploit nanoscale
phase dispersion to achieve a combination of
superhardness and fracture toughness. Table 2
reports representative benchmarks (H > 40 GPa, K
> 5 MPa-m¥?) and example systems (nc-TiC/a-C, nc-
WC/DLC) intended for extreme loading conditions.
The primary technological risk is nanoparticle
agglomeration and the complexity of synthesis and
dispersion control, which can lead to property
scatter and reduced coating strength.

Across all Other Methods, a common bottleneck
is the controllability of phase dispersion and the
stability of interphase and interlayer boundaries.
The manuscript explicitly notes that difficulties in
dispersion control promote nanoparticle
agglomeration and, in multilayer systems, phase
segregation; compared to physical methods, these
approaches often exhibit inferior density unless
additional post-treatment is applied. Consequently,
their use in tribological multilayer coatings is
primarily justified in applications where adaptability
(self-lubrication and multifunctionality) is required
and where increased process complexity is
acceptable, including hybridization with vacuum-
based methods to improve interface quality.

Table 2 indicates that Other Methods provide
enhanced functionality—such as friction reduction,
adaptive lubricating phases, and the combination of
high hardness with fracture toughness—but require
substantially stricter structural control. The key risks
are associated with phase segregation and
agglomeration, thermal stability limitations
(particularly for self-lubricating systems at T > 673
K), and the technological complexity inherent to
hybrid PVD+CVD routes.

and CVD-derived high density

complicating scale-up

inserts

Method Advantages Limitations Scientific References
Applications
Composite Synergistic strengthening (H > | Phase segregation; | nc-TiN/a-SisN4 +
coatings 40 GPa) with reduced friction | difficulty in dispersion | MoS: for cutting [[30], [31]]
(1 < 0.2); adaptive response control tools ’
Hybrid coatings | Combined microstructure: | High  capital  cost; | TiCN/TiN coatings on
(PVD + CVD) PVD-induced nanostructuring | thermal gradients | cemented carbide

(32]

Self-lubricating
coatings

In situ formation of lubricious
phases (MoS2 - Mo0s); u <
0.1 in vacuum

Oxidative degradation
at T > 673 K; limited
lifetime

Space mechanisms;
dry-friction systems

([33], [34]]

Nanocomposite
coatings

Superhardness (H > 40 GPa);
high fracture toughness (Kc)
>5 MPa-m'/?)

Nanophase
agglomeration;
synthesis complexity

nc-TiC/a-C, nc-
WC/DLC for extreme
loading conditions

([35],
(3711

(36],
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Physical PVD Methods

Physical deposition methods for multilayer
coatings (MLCs), primarily those belonging to the
PVD family, remain the core technology for
tribological systems, as they offer high adhesion,
microstructural control, and architectural
reproducibility under vacuum conditions and at
moderate process temperatures. As summarized in
Table 3, the key processes in this class—magnetron
sputtering, HCD ion plating, IBAD, CAD, as well as
laser cladding, thermal spraying, and LSA/LSM -
differ mainly in terms of achievable density and
defect levels, adhesion strength, controllability of
layer thickness, and technological constraints
(vacuum requirements, deposition rate, and growth-
related defects).

Relative to chemical routes, physical processes
preserve interface sharpness more reliably and
allow tighter defect management through plasma
tuning and/or ion bombardment. That capability
matters for MLCs subjected to abrasive wear and
contact-fatigue loading, where interfacial integrity
and defect population often set the failure
threshold. The same vacuum-based PVD family
carries a structural drawback: most techniques are
intrinsically line-of-sight. Uniform coverage on
complex geometries therefore degrades unless the

process is  supported by compensatory
TexHonoruyeckme peuwenns (fixturing, motion
strategies, plasma configuration, and related
measures).

For multilayer tribological coatings, magnetron
sputtering remains the workhorse for building
periodic stacks and functionally graded designs
under controlled plasma conditions. Reported
characteristics include a high ionization degree (up
to 70%), dense columnar growth (p > 98% of the
theoretical value), and high adhesion strength (o(adn)
> 80 MPa) when substrate ion bombardment is
applied. The method also enables nanoscale
metering of layer thickness (0.1-5 nm per layer) with
an indicated accuracy of £2%. The limitations are
largely technological: stringent vacuum
requirements are cited (ultra-high vacuum, P < 10*
Pa), and the geometry dependence typical of PVD
persists due to the line-of-sight nature of the flux.

HCD ion plating is characterized by an even
higher ionization fraction (>90%) and strong
adhesion (>60 MPa), combined with a highly dense
columnar microstructure (p > 99%). The constraints

here are practical rather than conceptual. A more
complex plasma source and higher ion energies
demand tighter control of substrate bias and of
interlayer boundary formation; if these variables
drift, defect generation and residual-stress buildup
become increasingly likely.

IBAD and CAD can both be positioned as routes
for interface strengthening and/or throughput gains,
but they reach that goal through different
compromises. IBAD delivers ion-induced interfacial
reinforcement (E > 10 keV) and is associated with
reduced residual stresses. Deposition rate, however,
is extremely low (<1 nm-s?), which limits industrial
use for thick coatings and large production batches.
CAD moves in the opposite direction: deposition
rates can reach 100 nm-s and adhesion remains
high, yet macroparticles (d > 1 pum) represent a
critical defect class. If filtration and defect control
are insufficient, these inclusions become failure
initiation sites and can partially erode the
advantages expected from multilayer architectures.

A separate class comprises technologies
intended for thick coatings and localized repair or
modification. Laser cladding enables localized
deposition and alloying with thicknesses exceeding
1 mm and allows the formation of graded
properties; however, it is constrained by the risk of
thermal cracking and porosity (>5%), which imposes
strict requirements on thermal cycling and surface
preparation. Thermal spraying provides high
productivity (coating thicknesses of 50—-500 pum), but
is characterized by significant porosity (5—-15%) and
relatively low adhesion; consequently, it is more
commonly applied as a thick protective solution
under abrasive wear conditions rather than as a
method for precise interface engineering. LSA and
LSM are surface modification techniques affecting
the near-surface layer (up to 1 mm) and promoting
microstructural homogenization; nevertheless, the
risk of martensitic transformation—i.e., undesirable
structural changes in the substrate and heat-
affected zone—must be considered, as it can be
critical for component service life.

Overall, most physical methods share two
systemic limitations: (1) geometric directionality
(line-of-sight), which reduces coating uniformity on
complex three-dimensional components; and (2) the
need for separate optimization of adhesion and
defect populations, including issues related to
macroparticles in arc-based processes and porosity
in thick-coating technologies.

—— 04 ——
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Table 3 - Physical Methods (PVD-Based)

Method Advantages Limitations Scientific Applications | References
Magnetron High plasma ionization (up to | Line-of-sight Functionally  graded
sputtering 70%); dense columnar structures | limitation; TiN/TiCN/TiC
(p > 98%); excellent adhesion | requirement  for | multilayers for cutting
(o(adn) > 80 MPa); nanometer-scale | ultra-high vacuum | tools and biomedical [138], [39],
thickness control (0.1-5 nm/layer | (P < 10* Pa) implants [40]]
1, +2%); absence of macroparticles
(CFUBMS); suitability for complex
3D geometries
HCD ion | lonization degree >90%; dense | Complex plasma | TiC/TiCosNo.s/TiN
plating columns (p > 99%); high adhesion | source; high ion | multilayers on high-
(>60 MPa) energy requiring | speed steel [41]
strict process
control
IBAD Interface strengthening via ion | Very low | Functionally graded
bombardment (E > 10 keV); | deposition rate | interlayers [42]
reduced residual stresses (<1 nm/s?)
Cathodic Arc | Very high deposition rate (up to | Macroparticles (d > | TiN, CrN coatings on
Deposition 100 nm/s™!); excellent adhesion 1 pm); requires | cutting edges [[43], [44]]
(CAD) filtration
Laser Local alloying; thickness >1 mm; | Thermal cracking; | Turbine blade repair
cladding gradient properties porosity (>5%) [45]
Thermal High productivity; thick coatings | Porosity (5-15%); | Protection against
spraying (50-500 pum) relatively low | abrasive wear [46]
adhesion
LSA / LSM Near-surface modification (upto 1 | Risk of martensitic | Surface strengthening | [[47], (48],
mm); microstructural | transformation of high-speed steels [49], [50], [51],
homogenization [52], [53], [54],
[55], [56], [57],
(58]
Table 3 captures a key practical insight: physical ~ highest reproducibility in defining interlayer

processes—primarily those of the PVD family—
provide the highest level of control over multilayer
architectures at the nanometer scale, including
bilayer thickness, interface sharpness, coating
density, and adhesion; however, the selection of a
specific process is governed by characteristic trade-
offs. Magnetron sputtering represents the baseline
option for dense, functionally graded multilayer
systems under stringent vacuum requirements; HCD
ion plating is preferred where high ionization and
strong adhesion are critical; IBAD is employed for

interface engineering under constraints on
deposition rate; CAD is selected for high
productivity, provided  that macroparticle

suppression is ensured; and laser cladding, thermal
spraying, and LSA-LSM are suitable for thick
coatings and localized strengthening or repair, albeit
with typical risks of porosity and thermally induced
defects.

Physical routes are generally favored for
multilayer coatings (MLCs) because they offer the

boundaries and bilayer thickness, while keeping
interdiffusion within a limited range. This
consideration motivates a shift from the broad
KnaccudpukaumoHHoro ob3opa to process-specific
discussion. We therefore narrow the scope in the
following section and examine PVD methods in
detail, treating them as the baseline industrial
platform for fabricating thin-film multilayer systems.
PVD processes are inherently designed for
controlled sputtering/evaporation under vacuum
conditions and for precise tuning of particle flux and
plasma parameters, which directly determine
coating density, growth-related defect populations,
and interface quality.

Within the PVD category, the most promising
methods are subsequently identified and discussed
in sequence—cathodic sputtering, plasma spraying,
and magnetron sputtering—since these processes
constitute the practical and technological backbone
of most industrial solutions. They differ in the
mechanisms of ionized flux generation, particle
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energy, deposition rate, and characteristic defect
formation, i.e., the parameters that ultimately
define the achievable limits of friction and wear
performance as well as the operational stability of
multilayer architectures.

Cathodic Sputtering

Cathodic sputtering is a fundamental PVD
deposition technique in which material transport to
the coating is driven by ion bombardment of a target
under low-pressure discharge conditions. The
method is technologically straightforward in
implementation, yet highly sensitive to discharge
parameters and the gas environment, as these
factors govern the sputtering rate, particle energy at
the substrate, layer density and defectiveness, and
the reproducibility of interlayer boundaries during
multilayer coating formation.

Figure 5 presents a schematic representation of
a typical cathodic sputtering setup in a vacuum
chamber. After evacuation, an inert gas—most
commonly argon (Ar) — is introduced into the
chamber, initiating a glow discharge between the
cathodic target and the anode component of the
system. Within the plasma, positively charged inert
gas ions are generated and accelerated by the
electric field toward the target surface. As a result of
momentum transfer, atoms or clusters of the target

Materials are sputtered; the resulting flux of
sputtered species is transported through the gas
phase and condenses on the substrate mounted on
a holder, thereby forming the coating.

The scheme also illustrates the reactive
sputtering mode: upon the introduction of an active
gas (e.g., N2, O, CHa), sputtered atoms react either
in the gas phase and/or on the substrate surface,
resulting in the formation of compounds such as
nitrides, oxides, or carbides. In this configuration,
two process variables dominate the outcome: the
active-gas flow balance and discharge stability. Both
directly govern the chemistry of the growing layer,
the defect population, and the integrity of interlayer
interfaces within multilayer architectures.

From an engineering standpoint, cathodic
sputtering remains a workhorse for depositing
metallic and compound layers when the key targets
are reproducible thickness control and sufficiently
sharp interfaces. The method, however, inherits the
line-of-sight constraint typical of vacuum deposition
routes, which degrades thickness uniformity on
complex geometries. Reactive sputtering adds
another layer of sensitivity. When gas delivery or
discharge parameters drift, layer stoichiometry
shifts and property scatter increases; in multilayer
stacks, this manifests as poorer reproducibility of
interlayer boundaries and a broader spread in
tribological response.

Sprayed material

Glow disharge

<= Active
gas
Pad
B
3
N
Holder

Vacuum pump

Figure 5 - Schematic diagram of cathodic sputtering in a glow discharge under inert/reactive gas atmospheres
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Figure 6 - Schematic representation of the plasma spraying process: powder feeding into the plasma torch,
particle melting/acceleration, and coating formation on the component

Plasma Spraying

Plasma spraying is a thermal deposition route in
which the feedstock arrives at the surface as molten
or partially molten particles. This mechanism
separates it sharply from cathodic or magnetron
sputtering. Under sputtering, an atomic or ionic flux
evolves in a vacuum environment and builds the film
atom by atom; in plasma spraying, powder particles
are heated, accelerated, and driven into the
substrate, and coating growth proceeds through
successive  particle impacts. The resulting
microstructure therefore tracks particle dynamics —
temperature, velocity, and flight path — together
with impact deformation and lamella
formation/closure, rather than being dictated solely
by plasma discharge settings.

Figure 6 schematically depicts the plasma-
spraying setup. The process gas enters the torch,
and an electric discharge between the cathode and
anode sustains a high-enthalpy plasma jet (plasma
cone). Water-cooling circuits protect the torch
hardware, as indicated by the cooling lines. The
powder feedstock is injected into the plasma region;
particles heat to molten or semi-molten states while
the gas stream accelerates them toward the
workpiece. Collisions within the jet can occur,
producing a spread in particle temperature and
velocity before impact. On contact with the surface,
molten particles flatten and solidify on short
timescales, generating the coating. Layer continuity
and thickness uniformity are then governed by spray
distance, jet energy, and powder-feed conditions.

From the perspective of multilayer systems,
plasma spraying is best regarded as a method for
producing thick functional layers (tens to hundreds
of micrometers or more), in which architectural
control is implemented at the macroscale, while
interface quality is governed by pass repeatability,
thermal cycling, and the stability of particle kinetics.
In tribological applications, this makes the method
practical for protective coatings operating under
abrasive wear, erosion, and high-temperature
degradation conditions; however, it is not a direct
analogue of PVD in terms of nanometer-scale
control over interlayer boundaries and defect
populations.

Magnetron Sputtering

Magnetron sputtering represents an advanced
form of cathodic sputtering in which a magnetic field
is employed to stabilize and intensify the discharge
by confining electrons near the target surface. As a
result, the degree of working gas ionization
increases, plasma density is enhanced, and
sputtering efficiency improves at lower operating
pressures. In practice, this translates into two
outcomes that matter for multilayer tribological
coatings. First, the process offers high deposition
repeatability together with tight metering of
individual layer thickness. Second, once the
parameter window is properly tuned, it suppresses
defect formation and promotes coating
densification.
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Figure 7 - Schematic of magnetron sputtering: plasma localization by a magnetic field near the target, Ar*
bombardment, and deposition of sputtered material onto the substrate (DC/RF modes)

Figure 7 schematically outlines magnetron
sputtering. Argon is admitted into the evacuated
chamber, and a plasma is then sustained between
the cathodic target (target, cathode -) and the
anode/substrate assembly (anode +, substrate). A
magnet set placed behind the target establishes
closed magnetic field lines that trap electrons near
the cathode surface; the local electron confinement
raises plasma density in the region immediately
above the target. Ar* ions accelerate toward the
cathode and bombard the target, ejecting atoms (or
target-derived fragments). These species traverse
the chamber and condense on the substrate, where
they coalesce into a thin film. The schematic also
indicates that power can be supplied in either DC or
RF mode, thereby extending the applicability of the
method to different target materials and deposition
regimes.

From an engineering perspective, magnetron
sputtering is the primary PVD tool for constructing
multilayer structures with high reproducibility, as it
enables stable process operation in regimes that
provide a favorable balance between deposition
rate and coating quality. For multilayer
architectures, a key advantage is the controlled
formation of layers with predefined thicknesses and
relatively sharp interlayer boundaries, as well as the
capability to operate in reactive modes (with the
introduction of N, O,, etc.) for the deposition of

nitride and oxide layers. The limitations are
predominantly technological in nature, including
geometric dependence (line-of-sight), the need to
control substrate heating and plasma stability, and—
in reactive sputtering—the sensitivity to active gas
flow rates and discharge conditions, which directly
affect the composition and defect density of the
growing layer.

Conclusions

This review demonstrates that the effectiveness
of multilayer coatings in tribological applications is
governed not by multilayering per se, but by the
extent to which the selected deposition method
provides reproducible control over three key
parameters: layer density and defect population,
adhesion to the substrate and/or interlayers, and
architectural controllability through interface
quality. Accordingly, the deposition technology
should be regarded as a limiting factor for the
attainable coating properties. Chemical processes
are well-suited for conformal functional and barrier
layers, yet are sensitive to interfacial blurring; hybrid
and functional solutions enable multifunctionality at
the cost of stricter requirements for structural
reproducibility; and  physical vacuum-based
methods—particularly those of the PVD family—
remain the foundational platform, as they offer
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superior control over microstructure and interlayer
boundaries, which constitute the primary
mechanism underlying genuine architectural effects.

Future developments are expected to shift from
merely expanding the range of coating materials
toward interface and defect engineering. Key
priorities include controlling interface sharpness and
intermixing, mitigating critical defects
(macroparticles, porosity, and growth-related
imperfections), and managing residual stresses, all of
which govern coating lifetime under contact fatigue
and abrasive wear. Of particular practical relevance
are targeted hybrid process routes, in which the
deliberate combination of deposition methods
compensates for specific limitations (conformality,
density, adhesion, and interface stability), as well as
the integrated framework linking “architecture—
deposition regime—microstructure—tribological
behavior,” validated by comparable tribological

testing and, where appropriate, supported by
multiphysics modeling.
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TYWIHAEME

KenkabaTtTbl KaTTbl »KabblHAAP KOFapbl KaHACy KYKTEMENepi KesiHAE KYMbIC iCTENTIH
benweKTepaiH YKenici MeH To3yblH a3aiTy COHbIMEH KaTap KbI3MeT eTy Mep3imMiH y3apTy YLWiH
eH, TMiMAi MHXeHepiK WwewimaepaiH 6ipi 6onbin Tabblnagpl. JereHMeH, onapapiH, NPaKTUKaNbIK,
TUIMANIri Ken KabaTTbiNbIKTbIH, 63iHe emec, TaH4aNFaH TYHAbIPY TEXHONOMMACHIHbIH, YW Herisri
napameTpsiepi — KabaT TbIFbI34blFbl MEH aKay/apbl, Herisre »kaHe/Hemece apasbik KabatTapfra
afresuns, coHAan-aK MHTepdencTepAiH canacbl apKblibl apXUTEKTYpPaHbl 6ackapy MYMKIHAIMH —
KaHLWANbIKTbI TYPaKTbl KamTamacbi3 eTeTiHiHe 6ainaHbicTbl 6onagpl. byn warblH Wwonyaa
Tpubonoruanbik KongaHbanap yLwiH e3eKTi TYHAbIPY aAicTepi XKyWeneHin, onapablH, KannblaaHfaH
JKIKTEMECi YCbIHbINFAH: XMMUABIK NpoLecTepai KamTutbiH (sol—gel, ras ¢asacbiHaH XMMUANBIK,
TyHAbIpY (CVD), aTomablik-kabaTTbik TyHAbIpy (ALD), ruapotepmangpiK CUMHTE3, 3/1EKTPONUTTIK
TYHAbIPY, aHOATAY XKaHEe 371IEKTPOAUTCI3 TYHABIPY), PVD TobbiHa aTaTbiH GU3MKANbIK BaKyyMAbIK
aaictep (MarHeTpoHAbl TO3aHAATY, KATOATbI-AOFa/blK, TYHABIPY, KybiC KaToATbl paspaaTaFbl
MOHAbIK TYHAbIPY (HCD), noH-caynenik kKemekwi TyHAbIpy (IBAD) xaHe T.6.), coHaal-aK rubpuari
KoHe ¢YHKUMOHanablk wewimgep (PVD+CVD, KOMMNO3WUTTIK, e34iriHeH MainaHaTbiH XaHe
HAaHOKOMMO3UTTIK »Kyienep). KenkabaTTbl apxuTekTypanap YWiH TyHAbIPY odAiciH TaHaay
MHTEpdENCTePAiH, TYPaKTbINbiFbl MEH YabblHHbIH, Yy3aK Mep3iMmainiriHe Tikenewn acep eTeTiH
TEXHONIOTUANDIK LUEKTeynepre Herisgenyi TUIC eKeHi KepceTinreH, OHbIH iWiHAge TyHAbIpY
TemnepaTtypacbiHblH, AMana3oHbl MeH KoHbopmabiibiFbl, Anddy3nanbik apanacy cangapbiHaH
LeKapanapaplH, 6ynbiHFbIPpAaHYbl, KanablK KepHeysiep XKaHe KeyeKTinik, makpobeswekrep MeH
OCcy aKaynapbl CUAKTblI KPUTUKANbIK KemLWiniktep 6ap. «ApXUTEKTypa — TYHABIPY Pexumi —
MWKPOKYPbIIbIM —TPUBONOrMANBIK cMnaTTama» 6ainnaHbICbiH YANeCTipyre apHaafaH NPakTUKabIK,

6afmapnap ycbiHbIbIN, 3Pi Kapaifbl 3epTTeynepAiH, Heri3ri 6afbITTapbl aHbIKTaNAb!, COHbIH, ilWiHae
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MHTepbencTep MeH aKkaynap WHMKEHEepWACHl, iWKi wekTeynepai (KOHPOPMAbINLIK, TbifbI3AbIK,
aaresvs koHe uHTepdencTepdiH, TYPaKTbUIbIFbl) eTey YWiH TyHAbIPY NPOLECTepiH MaKcaTTbl
rMbpuaTey KaHe CanbICTbipManbl TPUBONOTMANBIK CbiHAaKTapMeH pactanfaH  6onaskamabl
MOAENbAEYAi KONAAHY YCbIHbINFAH.

TyliiH ce30ep: KenkabaTTbl KaTTbl }abbiHaap, CVD, PVD, marHeTpoHAbIK TO3aHA4aTy, aybicnanbl
MeTangapablH, HATPUATEPI.
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AHHOTAUMA

MHoroc/ioiHble TBEpPAbIE MOKPLITUSA OCTAOTCA OAHUM U3 Hanbonee 3GHEKTUBHBIX UHKEHEPHbIX
peweHnin ANA CHUXKEHMA TPEHUA U M3HOCA, a TaKKe ANA YBENMYEHUA CpoKa Cayxbbl geTanei,
paboTalowmx Npu BbICOKMX KOHTAKTHbIX Harpyskax. O4HaKo uMx mpaktuyeckas 3$peKTMBHOCTb
onpepenseTcd He CaMOW MHOFOC/IOMHOCTbIO, @ TeM, HACKONbKO BblbpaHHas TexHonorus
ocaxaeHus obecneymBaeT BOCNPOU3BOAMMbINA KOHTPOb TPEX K/HOYEBbIX NAapaMeTPOoB: MA0THOCTU
M AedeKTHOCTM C/I0s, aAre3svn K MOANOMKE W/UAM MEXCN0eBbIM MPOCAOMKAaM, a TaKkKe
YyNPaBNAeMOCTU apXUTEKTYpbl 4epe3 KayecTBo WHTepdelcoB. B agaHHOM mMuHM-0630pe
CUCTEMATM3MPOBAHbI METOAb! OCaXKAEHMA, PeNeBaHTHble A1 TPMBONOrMYECKUX MPUMEHEHUI, U
npeasioxeHa ux o606LWEHHAA KnaccudmKauma, BKAOYAOLWAA XMMUYeckne npouecco (sol-gel,
XMMUYEcKoe oca)kaeHume u3 rasoson ¢dasbl (CVD), aTomHo-cnoesoe ocaskaeHue (ALD),
rMAPOTEPMAsIbHbIA  CUHTE3, 3/IeKTPOOCaXKAEHMEe, aHOAMPOBaHME U Be33/1eKTPoAUTHOE
ocaxaeHue), pusnyeckne BaKyyMHble MeToabl cemeictBa PVD (MarHeTpoHHOe pacnblieHue,
KaTOAHO-AYroBOE OCaXKAEHWE, MOHHOE OCaXKAEeHWE B pa3psase € Noabim Katogom (HCD), MoHHO-
Nly4eBoe accuCTMpoBaHHOe ocaxkaeHue (IBAD) u ap.), a Takxke rubpuaHbie v GpyHKUMOHaNbHbIE
pewenuns (PVD+CVD, KOMMO3WTHblE, CaMOCMa3sblBalOWMECHs M HAHOKOMMO3UTHbIE CUCTEMDI).
MoKka3aHo, 4To BbIBOP METOAA OCAKAEHUA AN MHOTOC/OMHbIX aQPXUTEKTYP [O/IXKEH OCHOBbIBATHCA
Ha TEXHO/IOTMYECKUX OrpaHWUYEHUAX, HANPAMYIO BAUAIOWMX Ha CTabunbHOCTb MHTepdeiicos u
[ONIrOBEYHOCTb MOKPbITUA, BKAKOYAA TeMNepaTypHOe OKHO M KOHGOPMHOCTb OCaXAeHus,
Anddy3noHHOE pa3mbiBaHWE rPaHuL, OCTAaTOYHbIE HAMPAXKEHUA U KPpUTUUYECKME AedEKTbI, TaKne
KaK NOPUCTOCTb, MaKkpoyacTMubl U aedeKkTbl pocta. CHOpMyMPOBaHbI NPAKTUYECKUE OPUEHTUPDI
COrNIaCoBaHUA «apXUTEKTYpa — PEXMM OCaMKAEHMA — MUKPOCTPYKTypa — Tpubosornyeckoe
noseAeHne», a Takxe 0603HayeHbl K/OYeBble HanpasieHus JanbHeWWnX WUCCAefoBaHWUiA,
BK/ItOYan UHXKeHepuio MHTepdENCcoB 1 AedeKToB, LeseHanpaBneHHYO rMbpuamnsaLmio NpoLeccos
OCaXkAeHMA ANA KOMMEHCAUMM NPUCYLUMX OrpaHnyYeHnit (KoHGOPMHOCTb, NAOTHOCTb, aaresus u
CTabunbHOCTb  WMHTEpdENCcoB) M UCMNONb30BaHWE MNPOTHOCTUYECKOTO  MOAEAMPOBAHUSA,
NOATBEPKAEHHOTO CONOCTAaBUMbIMM TPUBONOMMYECKUMM UCTIBITAHUAMMU.

Kniouesbie cnosa: mHorocnoliHble TBEpable nokpbiTua, CVD, PVD, marHeTpoHHOe pacrnblieHue,
HUTPWAbI NEPeXoAHbIX METANN0B.
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ABSTRACT

This work presents the synthesis of carbon nanofilaments obtained through the decomposition of
graphite in methane plasma with argon admixture. The resulting nanostructures exhibit an amorphous
configuration and remain transparent across the visible spectrum, making them attractive candidates
for optical and optoelectronic applications. Atomic force microscopy revealed that the filaments form
a compact, vertically oriented network on the substrate surface, while Raman spectroscopy provided
information on their local bonding environment. Morphologically, the carbon filaments display
flattened, ribbon-like forms, and their densely packed columnar structures reach an average length of
~36 nm. The optical transmission spectrum showed transmittance of ~65% near 400 nm, ~75% within
the visible region, and nearly 80% in the near-infrared range, gradually increasing toward longer
wavelengths. This degree of transparency in the visible spectrum is sufficient for practical device
applications. When the incident light wavelength is comparable to or smaller than the inter-filament
spacing (100-500 nm), light propagation occurs through reflections from the filament walls. The optical
band gap of the structures was determined to be ~2.85 eV. Overall, the analysis of structural and optical
properties confirms the successful fabrication of amorphous carbon nanofilaments, highlighting their
strong potential for integration into advanced optoelectronic systems.

Keywords: reactive magnetron sputtering, nanofilaments, methane gas, thin film, nanostructure.
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Introduction

In recent years, humanity has faced new
challenges in organizing social and economic
relations. History demonstrates that economic
revolutions are frequently accompanied by scientific
breakthroughs, where a qualitative shift emerges
after the gradual accumulation of knowledge.
Within the framework of our research, one of the
tasks was to study carbonaceous residues obtained
during experiments performed by reactive
magnetron sputtering [1]. A review of the literature,
combined with optical characterization of these
residues, suggested that they represent
heterogeneous carbon formations containing
nanofibers. To properly follow the logic of this
investigation, it is necessary to refer to relevant
earlier studies [2].

The main aim of this work is to synthesize and
investigate carbon nanofilaments of various
architectures for different practical applications. In
particular, we focused on amorphous carbon
nanofilaments with broad optical transparency
covering both the visible and near-infrared regions,
which makes them promising for optoelectronic
devices. Owing to their topology, carbon
nanostructures often exhibit properties of quantum-
size systems and are therefore of considerable
scientific  and technological interest. The
nanofilament concept is widely applied across
materials science, nanotechnology, and device
engineering. For instance, nanofilaments can serve
as fundamental elements in nanoscale electronics,
such as nanowire transistors, where their unique
nanoscale electronic properties can be fully
exploited [[3], [4]].

Several studies have emphasized the fabrication
of advanced nanostructures [5], including patterned
metasurfaces [5] and the integration of ZnO
nanofilaments into one-dimensional TiO, structures
[6]. These publications primarily concentrate on
synthesis techniques and subsequent analysis [6].

Reference [7] provides a comprehensive
overview of how carbon nanofilaments have been
integrated into cementitious composites. It also
reports recent experimental results demonstrating
improvements in the mechanical performance of
CNF-reinforced cements [8].

There are three main approaches to fabricating
such carbon nanostructures: arc discharge [[9], [10],
[11], [12]], laser ablation [[10], [11], [12]], and
chemical vapor deposition (CVD) [11]. For example,
in [[10], [11], [12]], CNTs and CNFs were synthesized
on an aluminum substrate pre-coated with nickel,

which acted as a catalyst (approximately 5 wt.%).
Key parameters such as carrier gas composition,
reaction temperature, and growth duration were
shown to significantly affect the resulting
morphology [12].

In another study, a ternary catalyst system
consisting of NiO, CuO, and Al,0; was designed with
three distinct regions for the synthesis of CNTs and
carbon nanosheets (CNSs). The process relied on
thermal CVD with acetylene as the precursor [[10],
[11], [12], [13]]. Reference [14] investigated carbon
nanotubes and nanofilaments synthesized via
catalytic acetylene decomposition over Pd/Al,O3
catalysts. At 700 °C, the products were
predominantly CNFs with diameters in the 9-26 nm
range, while at 800 °C, multiwalled CNTs with a
layered morphology were formed. Under other
conditions, amorphous carbon with diverse
geometries was also observed.

One strategy to prevent aggregation of CNTs and
CNFs is to anchor their ends, enabling the formation
of stable hierarchical structures. A common
approach involves growing CNTs directly on micron-
sized carbon fibers. For example, CNTs have been
deposited on both polyacrylonitrile- (PAN-) and
pitch-based fibers using hot-filament CVD with H,
and CH, as feed gases. In this case, nickel clusters
electrodeposited onto the fiber surface served as
catalysts, producing uniform coatings of multi-
walled CNTs with smooth walls and low impurity
levels [15].

Carbon nanofilaments and nanotubes show
strong potential in enhancing the performance of

fiber-reinforced polymer (FRP) composites by
improving  both  mechanical behavior and
multifunctionality. Direct dispersion of

nanofilaments into the polymer matrix, however,
has drawbacks. A promising alternative involves
growing large volumes of aligned CNFs directly on

fiber surfaces before composite processing. The
so-called graphitic structures by design (GSD)
approach makes use of fuel mixtures and nickel
catalysts, and has been shown to produce
nanofilament coatings on commercial PAN-based
fibers at 550 °C using ethylene as the carbon source
[16].

The pyrolysis of methane, acetylene, and
benzene has been extensively studied. Methane,
unlike CO, does not easily decompose at low
temperatures, which favors the growth of single-
walled CNTs with fewer amorphous carbon
impurities. Various activation methods have been
tested, including external gas heating, plasma
excitation (microwave plasma, glow discharge, etc.),
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hot-filament techniques, and laser heating. The
most common plasma synthesis route employs
methane diluted with hydrogen [17].

Magnetron sputtering is also an important
method in plasma nanotechnology, enabling the
deposition of graphite films, nanotubes, and related
carbon nanostructures [18]. Owing to their high
strength and stiffness, CNFs/CNTs are regarded as
effective reinforcements for cementitious materials
[19]. Nevertheless, their direct incorporation
presents practical challenges.

Catalytic methane decomposition (CDM) offers
a CO,-free hydrogen production pathway while
yielding CNFs as valuable by-products. Studies have
applied thermogravimetric screening to identify
suitable catalysts by measuring carbon yield in CDM
[20]. For example, Ni-Cu—Mg—Al catalysts have been
tested, where Cu content was shown to affect both
filament morphology and catalyst particle size [20].
Beyond catalytic methods, other synthesis
approaches such as graphene growth and template-
assisted methods are also employed [[21], [22]].

In [22], nanofilaments were synthesized directly
on carbon fiber surfaces using GSD techniques, while
liguid-phase carbonization with anodic alumina
templates produced porous carbon structures.
Samples annealed at 1000 °C exhibited higher
electrochemical capacity compared to those treated
at higher temperatures. Other works demonstrated
multiscale growth of nanofilaments using Pd
catalysts from ethylene/oxygen mixtures at 550 °C,
producing filaments whose diameters corresponded
to catalyst particle size [23]. These fibers showed
potential for improving strength, ductility, and
energy absorption in composite systems.

High-pressure synthesis of sp3-hybridized
hydrogenated carbon nanofilaments remains an
active field. Such materials are expected to possess
superior strength due to their dense packing and
strong covalent bonding. In one study, mechano-
chemical synthesis was used to transform benzene
into crystalline bundles of sp3-carbon nanofilaments
under uniaxial compression, with the resulting fibers
demonstrating ease of exfoliation and high energy
density [24]. Raman spectroscopy, XRD, SEM, and
TEM analyses were used to study their structure and
growth mechanisms.

The relationship between catalyst properties
and filament texture was also reported in [25],
where CNTs and CNFs were synthesized on Ni—Cu—
Mg—Al catalysts via vapor-phase deposition. It was
established that the graphene orientation and

crystalline domains in the filaments are directly
correlated with the morphology and dimensions of
the catalyst particles.

In the present work, we focus on amorphous,
columnar carbon nanofilaments synthesized by
plasma-assisted methane decomposition with argon
addition. Their structural features, including
transparency and vertical alignment, make them
suitable for optoelectronic applications.

Experimental part

A. Method of magnetron sputtering

In this study, direct-current magnetron
sputtering of a graphite target was employed under
varying working gas pressures at room temperature.
Magnetron sputtering is a widely used physical
vapor deposition technique for producing thin films
on a substrate. In this method, the target material,
which simultaneously acts as the cathode,
undergoes erosion under the influence of a
magnetron plasma discharge. The process initiates
with the generation of plasma within the chamber
above the target surface, where accelerated
electrons collide with inert gas atoms, typically
argon, leading to ionization.

In the case of reactive magnetron sputtering, an
additional reactive gas, methane, is introduced. This
gas interacts with the sputtered atomic species
during deposition, thereby facilitating the formation
of a compound thin film. Depending on the process
conditions, reactions may occur either directly on
the target surface or predominantly at the substrate.
When the partial pressure of the reactive gas is high,
reactions take place at the target surface, producing
compounds that are subsequently transported and
deposited on the substrate. Conversely, at lower
pressures, the interaction in the gas phase is limited,
and the reactions primarily occur on the substrate
surface as solid-phase processes.

During sputtering, positively charged argon ions
generated within the plasma are accelerated toward
the graphite cathode, impacting its surface and
ejecting carbon atoms and clusters. These liberated
species travel through the plasma toward the
substrate, where they condense and form thin films.
The high plasma current enhances decomposition,
excitation, and ionization of methane molecules,
resulting in a flux of energetic species, including free
atoms with sufficient kinetic energy to surpass the
activation barrier for diffusion and nucleation. As a
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consequence, stable thin films of the desired
material are formed on the substrate surface.

B. Carbon Nanofilaments fabrication

The coating deposition was carried out under
fixed process conditions: the gas mixture consisted
of 25% methane and 75% argon. The discharge
parameters were maintained at a voltage of U = 500
V and a current of | = 30 mA, corresponding to a
discharge power of P =15 W. The pressure inside the
working chamber was kept at 6 x 1072 Torr, while the
vacuum lamp operated at a voltage of U = 2.4 mV.
The sputtering duration was 15 minutes, and the
substrate temperature was stabilized at 230 °C.
Quartz substrates were employed for the deposition
process.

C. Physical methods

The synthesized carbon nanofilaments were
examined using a set of complementary physical
characterization  techniques, including X-ray
diffraction (XRD), scanning electron microscopy
(SEM), and Raman spectroscopy. Optical
transmission spectra of the samples were recorded
with SF-256 UVI and Shumasu spectrophotometers
over a spectral range of 160-1100 nm. The phase
composition was analyzed using a PANalytical X'Pert
MPD PRO X-ray diffractometer equipped with Cu-Ka
radiation, and the obtained patterns were identified
by comparison with the JCPDS reference database.

Electron  microscopy investigations were
conducted on an MT-MDT Integra Prima system and
a Jeol SPM 5200 scanning probe microscope fitted
with NSC 37 AIBS cantilevers. Raman measurements
were performed on an MT-MDT Integra Spectra
spectrometer at room temperature. A 473 nm
semiconductor laser (2.62 eV) with a 2 um spot size
was used to excite the spectra, ensuring sufficient
illumination of the thin-film surface. The accuracy of
phonon frequency determination was within +4
cm™, with an exposure time of 30 seconds. To
minimize local heating and irradiation effects from
the 1.5 mW laser, the measurements were
performed in scanning mode at a velocity of
approximately 10 um/s.

Results and Discussion

Atomic force microscopy (AFM) is a highly
effective technique for investigating the surface
structure of thin films, as it enables the
determination of surface roughness from several
micrometers down to fractions of a nanometer. AFM
micrographs of the synthesized samples

demonstrated that the carbon nanofilaments grow
in a densely packed arrangement, oriented almost
perfectly perpendicular to the substrate surface
(Figure 1a). Morphologically, the filamentous carbon
structures resemble flattened, ribbon-like forms.
The average length of the vertically aligned,
columnar nanofilaments was measured to be
approximately 36 nm (Figure 1b).

......

(B) nanowires
250x25.0x1.13um

Figure 1 - AFM image of the nanofilament:

(A) structure is a growth of densely packed
nanofilaments strictly vertical to the substrate surface:
(B) the columnar densely packed carbon nanofilament

The thickness of the deposited films was
measured by comparing the cantilever displacement
at regions without coating and at regions covered
with the film. The height difference provided the
film thickness, which was found to vary between 0.3
pm and 1 pum. The synthesized nanofilaments
reached lengths of up to 300 nm, with diameters
ranging from 10 to 68 nm (Figure 2).

Initially, some uncertainty arose regarding the
accuracy of these measurements. To ensure
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reliability, AFM imaging was performed in two
independent laboratories, using  different
instruments and specialized cantilevers designed for
structures of this scale, thereby minimizing noise
and measurement artifacts.

In order to study the optical characteristics of
the nanocarbon structures, transmittance was
measured with incident light directed
perpendicularly to the sample surface. The obtained
transmission spectrum, recorded within the 160—
1100 nm range, is presented in Figure 3.

)

[deg]
|

-161 =

(B)

Figure 2 - Micrographs of carbon nanofilaments
obtained in methane plasma, obtained by different
atomic force microscopes:

(A) Growth of carbon nanofilaments,

(B) Arrays of vertically oriented carbon nanofilaments
on quartz substrates.

Figure 3 - Transmission spectrum of
carbon nanofilaments

The transmission spectrum revealed that at a
wavelength of approximately 400 nm (short-
wavelength region), the transmittance reached
about 65%. Within the visible range, the
transparency remained around 75%, while in the
near-infrared region it increased to nearly 80%,
continuing to rise gradually with longer

wavelengths. Such a level of optical transparency in
the visible spectrum is sufficient to enable the
application  of carbon  nanofilaments in
optoelectronic devices.

When the incident light wavelength s
comparable to, or smaller than, the spacing between
individual nanofilaments (100-500 nm), photons are
able to propagate through the structure owing to
multiple reflections from the filament walls. The
optical band gap of the carbon nanofilaments was
estimated to be approximately E = 2.85 eV. (Figure
4).

80000 -
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40000 -
30000 -

20000 A
10000 -

acm

Figure 4 - Optical characteristics of the sample:
dependence of a, on photon energy

The optical band gap of a bulk film, assumed to
be homogeneous in mass, can be evaluated using
the Bouguer—Lambert—Beer law, which defines the
exponential relationship between light absorption
and the electromagnetic wavelength [26]. For
practical application, this general law can be
reformulated into the following expression (1.1):

_thickness

(1.1)

Thickness = 1000E-7 cm

Raman spectroscopy is a highly informative
technique for analyzing the vibrational modes and
local structural environment of carbon-based
materials, making it indispensable in their
characterization. Disordered carbon films typically
exhibit two characteristic features in their Raman
spectra: the D-band (Disordered) in the range of
1350-1400 cm™, and the G-band (Graphitic)
between 1575-1600 cm™. Variations in the relative
intensities and frequency positions of these two
peaks provide valuable insight into the degree of C-
C bond hybridization and the evolution of allotropic
modifications in the synthesized carbon films.

For crystalline graphite, Raman scattering
generally produces two main bands: the G peak at
~1582 cm™, attributed to the doubly degenerate E,g
phonon mode within the graphene plane, and a low-
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frequency feature near 42 cm™, associated with
lattice vibrations involving sp?-hybridized carbon
bonds [27]. Even slight disruptions of the graphite
lattice can induce noticeable shifts in the G-band
position. It has been reported [28] that when
graphite crystallite sizes decrease to about 25 A, the
G peak broadens and shifts to higher frequencies, up
to 1593 cm™. In carbon nanostructures and
nanotubes, multiple discrete vibrational modes may
be detected within the G-band region (e.g., 1571,
1585, 1586, 1587, and 1593 cm™). For hollow carbon
systems such as nanotubes of various morphologies,
the Raman response becomes more complex, with
additional peaks corresponding to different bonding
environments.

The D-band, typically at 1341-1350 cm™, arises
from phonon modes near the M and K points of the
Brillouin zone and is strongly correlated with
structural disorder. These modes are particularly
sensitive to lattice imperfections and are indicative
of defect-induced vibrations. The G-band, spanning
1550-1594 cm™, reflects the degree of order in
graphitic materials and is used as a marker for
structural organization in nanotubes and related
systems. In contrast, the 2D (D) band*, observed in
the 2500-2900 cm™ region, originates from second-
order resonant scattering involving two phonons of
equal energy and opposite momentum near the K
point. The intensity and profile of this band provide
insight into the stacking and three-dimensional
arrangement of graphene layers [[29], [30], [31],
[32]].

The Raman spectra obtained for our carbon
nanofilament samples are shown in Figure 5. The
three most prominent lines typically observed in
carbon materials were detected. The G peak at 1590
cm™ corresponds to tensile vibrations of hexagonal
carbon rings, associated with sp? bonding [35]. In
amorphous carbon films, the G peak is often
broadened and may shift within the 1500-1630 cm™
range due to disordered bonding environments [34].
The D peak arises from breathing modes of
hexagonal carbon units and is indicative of lattice
disorder, influenced by phonons near the K point
[[33], [34]]. Its absence suggests a lack of ring
structures, as in pyrolytic graphite [[31], [32], [33],
[34], [35], [36]].

The Raman spectrum of our samples (Figure 6)
showed a dominant G peak at ~1588 cm™ with an
associated shoulder in the low-frequency range,
characteristic of amorphous carbon produced by
reactive methane magnetron sputtering. The D line
at 1350 cm™ confirmed the presence of numerous
defects. The 2D band (2600-2710 cm™) was also

detected, associated with two-phonon resonant
scattering. The enhanced intensity of this band in
certain regions suggests partial structural ordering
within the amorphous carbon matrix.

For quantitative analysis, spectral deconvolution
was carried out. Owing to the overlapping nature of
the D and G peaks (1000-1800 cm™), Lorentzian
fitting was employed, with additional verification
using the Voigt function—a convolution of
Lorentzian and Gaussian distributions. The fitting
reliability exceeded 0.999, confirming the accuracy
of the decomposition [[35], [36], [37]].

The structural classification of the films can thus
be deduced from Raman spectral features. Narrow
line widths (2040 cm™) and the presence of both G
and 2D peaks suggest a high degree of graphitization
in certain domains, consistent with CNT-like regions.
Furthermore, the intensity ratio |_D/I_G is strongly
correlated with the lateral crystallite size (La),
providing an estimate of the degree of disorder or
graphitization in the films [[38], [39]]. The authors
[[38], [39]] empirically derived the expression (1.2):

L. (hnm)=4.5R =45 -I¢ /Ip (1.2)

The lateral crystallite size (La) serves as an
indicator of the structural type of carbon present in
the sample. When La > 20 nm, the material exhibits
predominantly graphitic characteristics. At La = 10
nm, the structure is classified as semi-graphitic,
whereas values of La £ 5 nm correspond to
amorphous carbon domains.

Raman scattering also provides the possibility to
analyze spectra at different distances from the
substrate surface, enabling the monitoring of
structural variations along the vertical axis of the
nanofilament array. In this study, it was
demonstrated that the Raman response of vertically
aligned nanofilaments exhibits noticeable changes
depending on the position of the probing laser beam
along their height, thereby reflecting spatial
variations in structural ordering within the array.

Such an approach makes it possible to trace the
structural evolution of nanofilaments throughout
their vertical growth within the array. Recognizing
these spectral variations provides a basis for
controlling both the degree of ordering and the
morphological profile of the synthesized
nanofilaments, which is essential for tailoring their
fabrication to specific applications. In this study, the
key aspects of interpreting Raman spectra of light
scattering from  vertically aligned carbon
nanofilament arrays have been outlined.
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Figure 5 - Raman spectra of light scattering of the
sample using the Voigt profile (Gaussian and Lorentz
decomposition), carbon nanofilaments

Among the most informative techniques for
characterizing crystalline structures, including
nanostructured materials, is X-ray phase and
structural analysis, which offers direct insight into
lattice ordering and interplanar spacings. (Figure 6).

Figure 6- General view of the X-ray image of the
nanofilament. a): Blue line by Bragg-Brentano method.
Red line according to the sliding X-ray method. Green
line by small angle X-ray scattering. Red line carbon on
substrate quartz

The diffraction parameters of the carbon films
deposited on quartz substrates—including the Bragg
angles (208) of the X-ray reflections, line intensities
(), full width at half maximum (FWHM) of the peaks,
and corresponding interplanar spacings (d)—are
summarized in Table 1.

Based on the analysis of the X-ray peak
broadening, the average size of amorphous
crystallites was estimated to be approximately L =
1.2 A, with an interplanar distance of d = 3.98 A
(Table 1). The dominant reflection, observed at 26 =
22.28°, exhibited an integral intensity value of 100,
confirming the presence of carbonaceous deposits
within the sample.

A distinct category of nanostructured materials
includes amorphous—crystalline systems and
cluster-type metals and alloys, where crystalline
domains are embedded within an amorphous
matrix. In such cases, the characteristic dimensions

of the crystalline inclusions do not exceed 100 nm
for amorphous—crystalline materials, while for
cluster systems, the size of ordered regions is
typically below 2 nm. Within the amorphous film
matrix, these crystalline inclusions manifest as
nanocrystals, thereby imparting unique structural
and functional properties to the material [[40], [41]].

Table 1 - X-ray data of carbon nanofilaments

Pos. [°2Th.] | d-spacing A] | I, Int. FWHM [2Th.]
[%]
6.1907 14.26544 4.8 0.3
12.4479 7.10513 2.55 0.3
22.2838 3.98624 100 1.2
37.6532 2.38701 4.5 0.3
54.6909 1.67692 2.07 0.48
57.5956 1.59906 4.86 0.36
74.3308 1.27508 2.28 0.3
81.3617 1.18172 1.19 0.48
83.1549 1.16073 3.43 0.36
84.4011 1.14674 1.53 0.3
94.784 1.0466 2.61 0.36
95.491 1.04071 2.17 0.36
97.0905 1.02778 3.86 0.36
98.2354 1.01884 2.68 0.36
99.4839 1.00938 2.78 0.36
102.3854 0.9885 1.47 0.3
104.5484 0.97389 2.18 0.36
105.2722 0.96918 191 0.36
105.9447 0.96487 2.24 0.3
107.5544 0.95485 2.27 0.36
110.0735 0.93994 1.58 0.36
112.8789 0.92439 15 0.36
113.6632 0.92024 1.95 0.36
114.5307 0.91573 1.1 0.36
116.8588 0.90411 0.97 0.48
Conclusions
Carbon nanofilaments were successfully

synthesized via reactive magnetron sputtering in a
methane atmosphere. Raman  spectroscopy
revealed a distinct G-band at 1588 cm™ for
nanofilaments deposited on quartz substrates.
Atomic force microscopy confirmed the formation of
vertically aligned nanofilaments with diameters
reaching up to 68 nm. X-ray diffraction analysis
indicated that the average crystallite size was
approximately L= 1.2 A, with an interplanar distance
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of d =3.98 A, and an integral peak intensity of 100 at
20 =22.28°.

Optical transmission measurements
demonstrated a transmittance of about 65% at 400
nm, approximately 75% across the visible region,
and nearly 80% in the near-infrared range, showing
a gradual increase at longer wavelengths. Such
transparency within the visible spectrum is a critical
property, highlighting the suitability of carbon
nanofilaments for optoelectronic applications. Their
ability to transmit visible light with minimal
absorption or scattering is a key advantage for
device integration.

Furthermore, a correlation was observed
between the dimensions of nanofilaments
composed of sp? nodes, the optical band gap, and
the XRD results. The favorable conductivity of these
structures,  particularly in  the direction
perpendicular to the sputtering plane, suggests their
potential use in perovskite solar cells. Specifically,
they may serve as an intermediate layer preventing
direct contact between silver electrodes and the p-
layer of the perovskite absorber. As noted in [39],
future advances in heterojunction photovoltaics are
expected to exploit materials with quantum-
dimensional effects, such as quantum wells and
quantum barriers. In this context, the relative ease
of fabricating carbon nanostructures could make

further
solar

them an attractive candidate for
development in heterostructure-based
technologies.
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AHHOTALUMUA
B paHHOM paboTe npeacTaBneHbl pe3ynbTaTbl MONYYEHUS YIAEPOAHbIX HAHOBOIOKOH MNyTem

pasnoxeHus rpaduta B METaHOBOM Miasme C BBeAeHMEM aproHa. MosyyeHHble HaHOBONOKHA
Moctynuna: 25 cemabpa 2025

PeueHsnpoBaHue: 17 Hosbpa 2025
MpuHATa B nevatb: 23 ¢espasna 2026

MUMeIT amopdHYIO CTPYKTYPY M MPO3PaYyHOCTb B BUAMMOW 061acTM CNEKTpa, YTO AenaeT ux
NepCcrnekTUBHLIMM A1 ONTUYECKMX MPUMEHEHMIN. ATOMHO-CUI0Bas MUKPOCKOMMUA NOKasana, Yto
HaHOBO/IOKHA 06Pa3ytoT MAOTHYIO BEPTUKA/IbHYIO CETKY Ha MOBEPXHOCTU NOANOXKKM. JIoKasbHan
CTPYKTypa 06pas3uoB 6bina  uMccnesoBaHa C  MOMOLLbI  PaMaHOBCKOM  CMEKTPOCKOMMWM.
Mopdonornyeckun yrnepogHble HUTEBUAHbIE CTPYKTYPbl HAMOMMHAKOT NAOCKUE NeHTOO6pa3sHble
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06paszoBaHua. [JnHa cTonb4aTbIX, MIOTHO YNaKOBaHHbIX Yr/1€pOAHbIX HAHOBOJIOKOH COCTaBAAET
0K0/10 36 HM. CneKTp NPOMnycKaHWA MOKasbiBaeT, YTo B 06/1aCTU KOPOTKMX BOMH OKosio 400 HM
nponyckaHuMe AOCTMraeT OKono 65%, B BUMAMMOM AmManas3oHe — OKoAo 75%, a B 6AMKHEM
MH}pPaKpacHOM AuanasoHe OHO yBeandmnsaeTcs 40 noytn 80% c nocTeneHHbIM POCTOM Ha bonee
OJIMHHBIX BOJIHAX. TaKoOM ypoBeHb MNPO3PaYHOCTM B BUOAMMOM [MANasoHe [OCTaTodeH AnA
NPYMeHeHUA yriepoaHbIX HAHOBOJIOKOH B ONTO3/IEKTPOHHBIX ycTpoicTBax. Korga annHa BosiHbI
naJaloLero cBeta ConoCTaBMMa C PAcCTOAHWEM MexKay HaHodunameHntamu (100-500 HM) nam
MeHbLUEe ero, CBET MOMET PacnpOCTPAHATLCA MEXAY HUMW 3a CYET OTPAXKEHUA OT UX CTEHOK.
LLpuHa 3anpelieHHON 30Hbl YrnepogHoro HWTKM coctasnsetT E = 2,85 3B. Mocne aHanusa
pPe3ynbTaToOB XapaKTEPUCTUKM MOXKHO CcAenaTb BbIBOA, YTO YrJepofHble HAHOHWUTU bblan
3pDEKTUBHO CUHTE3UPOBAHbI C aMOPGHBLIMU CTPYKTYpamu, 4YTO CBUAETeNbCcTByeT 06 wux
noteHumane.

Knrovesbie ¢108a: peakTVBHOE MarHeTPOHHOE pacrnbleHWe, HAHO-HUTW, METAHOBbIN ras, TOHKasA
NAEHKa, HAHOCTPYKTYpa.
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ABSTRACT

In the field of mechanical engineering, one of the key tasks is quality control of manufactured
products. Particular attention should be paid to quality control of small parts used in precision
devices, metalworking machines, and equipment for the metallurgical and defense industries
that operate at high rotational speeds. The aim of this study is to develop a device for controlling
the out-of-roundness and eccentricity of rollers weighing up to 10 g. The paper proposes a device
using a new method of free rotation of cylindrical products with a radius of r =4 mm on support
rollers rotating at a speed of up to 15000 rpm. The advantage of this work is that the geometric
and kinematic parameters of the device were determined depending on the mass-geometric
characteristics of the controlled products in the absence of radial displacement of the center of
mass: e=0. Five products with a conditional displacement of the center of mass e=4; 6; 8; 12; 15
um, artificially created by removing a certain amount of material from the average outer surface.
The mass of the product before and after removal was determined on analytical scales. The
number of measurements of one product at each roller rotation speed was n=12. Based on the
data obtained, the average angle of product breakage from the rollers was calculated, which can
be used to judge the quality of the controlled products: as the eccentricity increases, the angle at
which the product breaks from the rollers decreases. The measurement accuracy of the device
was evaluated for the case when measurements were taken for a product with e=8 um at
n=9000 rpm.

Keywords: small products, non-roundness of products, inspection accuracy, eccentricity,
inspection device.
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Introduction

Rapidly rotating products are widely used in
various applications such as machinery and
instrumentation, machine tools, metallurgical and
defence equipment, and bearing systems. The
quality of low mass and small size rotating body
type products has an important influence on the
accuracy, performance and service life of
equipment. As soon as cracks, scratches, rust [[1],
[2]] or material defects [[3], [4]] appear on their
surface, the quality and performance of, for
example, a bearing [5] will be significantly impaired

and even lead to major accidents. Therefore, the
quality of products such as bodies of rotation must
be fully checked before leaving the factory in order
to fulfil the reliability requirements of the entire
mechanical system [6].

Parts of the body of rotation type, for example,
steel balls [[7], [8], [9]] are manufactured by various
processes, including cold drawing, melting and heat
treatment, crushing, grinding and rough (fine)
lapping [10]. Due to this, various kinds of defects
may occur at each stage of the manufacturing
process. It is quite difficult to inspect these defects
due to the curved and shiny surface of these balls.
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As a result, manual visual inspection is still widely
used in current inspection of steel balls. The
inspector takes a sample of the entire batch of
parts and compares it with a control sample.
Although this method requires less investment and
does not require high-precision equipment,
however, it is difficult to improve production
efficiency due to the large testing error [[11], [12]].
Moreover, the quality of visual inspection is easily
influenced by personal factors, which leads to
uneven testing quality of steel balls because the
checker works under bright light for a long time,
besides visual inspection can only detect obvious
spots, cracks, etc., but cannot detect surface micro-
cracks and subsurface cracks. For this reason, it
cannot meet the needs of automatic defect
detection with large batch, high accuracy [[13],[14],
[15]] and high reliability [[16], [17], [18]].

The quality of small rotating bodies operating
at high speeds is determined by the degree of
eccentricity, i.e., the radial displacement of the
center of mass. The displacement of the center of
gravity from the geometric axis occurs due to
material  heterogeneity and  manufacturing
inaccuracies. The dynamic characteristics of
rotating bodies are radial and axial displacements
of the center of mass, misalignment of surfaces,
and product shape errors (out-of-roundness), which
create unbalanced forces and moments during
operation, causing dynamic imbalance.

Currently, the machines used worldwide to
determine dynamic imbalance are mainly designed
for large and heavy rotating bodies (weighing from
20 g to 200 g), such as machine spindles, motor
rotors, and car wheel hubs. In contrast, cylindrical
rollers, which have a smaller volume and mass,
pose a problem when determining dynamic
imbalance. The development of high-tech
equipment  requires  appropriate precision
measurement technologies that can measure the
inevitable micro-insignificant residual imbalance of
cylindrical bearing rollers, which seriously affects
the performance and service life of high-speed
precision rolling bearings. A tiny cylindrical roller is
a shaftless rotor that cannot be mounted directly
on rotary bearing systems, and the vibration
response excited by micro-imbalance is difficult to
detect and easily confused with background noise.
This article describes a device for controlling the
quality of cylindrical roller manufacturing to
determine eccentricity from 4 um, which is
equivalent to a microdynamic imbalance of 18.1
mg*um. This device solves problems associated
with detecting eccentricity in cylindrical rollers with

a radius of 4*10 m, thus offering a new solution
for detecting dynamic imbalance in other micro-
and small rotating components.

Experimental part

To control non-roundness and the value of
radial centre of mass displacement (RCMD), a
method of free rotation of the product on support
rolls [19] and an automatic control device based on
it were developed.

Structurally, the inspection device in Figure 1
consists of a frame with rotating rolls and a drive of
rotating rolls.

1 - rotating rollers, 2 - controlled product,
3 - speed sensor, 4 - amplifier, 5 - comparator,
6 - second pulse generator, 7 - pulse counter,
8 - digital indicator

Figure 1 - Functional diagram of the device

Controlled products are loaded onto rotating
rollers using a piece-by-piece  dispensing
mechanism, thus starting the rotation of these
products with simultaneous measurement of their
rotation speed and acceleration time to the set
speed. Cylindrical products with a radius of r=4 mm
and a length of =18 mm were used as the
controlled parts. Eccentricity was artificially created
by removing a certain amount of material from the
middle of the outer surface. The drilling pattern is
shown in Figure 2. The mass of the drilled-out
material is calculated using the formula:

m=mnr, ho, (1)

where ro is the radius of the drilled hole; h is
the drilling depth; o is the specific weight of the
material.

From Figure 2, the following equation can be
derived:

2r|oe=r[r02ho. (2)
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Figure 2 — Drilling diagram for the part

Then the eccentricity will be equal to:

2

nr, h
e=—"—, (3)

2rl

where r and | are the radius and length of the
part being examined.

Then, for a given value of e=4 um (device
sensitivity), the mass of the drilled material should
be:

m =, ho =3,14 *0,00018344 *7,85
m =0,00452 g.

The measurement method is based on the
following physical principle: when accelerating the
product to a set speed, additional energy is
required due to the need to overcome the
momentum from inertial forces due to the radial
displacement of the centre of mass.

To develop a method for calculating the center
of mass displacement and other errors in cylindrical
products, we will justify the choice of certain
characteristics of the device and its main
parameters.

Required initial data for calculation: r — radius
of the controlled product, m; f — coefficient of
sliding friction between the roller surface and the
surface of the support rolls; emsx — maximum
permissible eccentricity, m; emn — specified
sensitivity of the device to the minimum
displacement of the center of mass, m. The
maximum angular velocity of rotation of the
product (roller) from the surfaces rotating it when
the displacement of the center of mass is less than
the maximum permissible value e <eémax. At € > emax,
the roller will vibrate on the rolls with periodic
detachment from their surface. The maximum
angular velocity of the roller is calculated using the
formula:

g (cosB—f sinp)

, (4)
€max \/1+f2

where g —acceleration due to gravity, m/s?;

B - angle determining the postion of center of
rotation on the rolls and calculated using the
formula the roller’s:

R+6/2
B = arccos , (5)
R+r

where R is the roller radius, m; & is the gap
between rollers, m. Parameters R and & are
specified by design.

Angular velocity of roller rotation

Wy =

R "Wr (6)

D | =

and the rotational speed
n=(w/2r)-60, min ' (7)

required to accelerate the product to its
maximum angular velocity with zero center of mass
displacement

2y .
¢ = R wr(1+f )smB' (8
2f-g
The maximum angular speed of the frame
rotation is determined by the condition of
continuous movement of the product from the
roller, which can be represented as

g[cos((,o+B)+f-sin(go+B)]2p-wi(cosB +f-sinB)

+e(w; +wr)2[cos([3—v)+f-sin([3—v)], (9)

where ¢ is the angle of rotation of the frame
from its initial position, degrees; p - distance from
the center of the product to the axis of rotation of
the frame (specified by design), m; y - angle of
rotation of the product, degrees.

It can be shown that the right-hand side (9) is

maximal when
y =B —arctg f. (20)

The displacement of the center of mass of the
product is assumed to be equal to the sensitivity of
the device e=emi». The maximum angle of rotation
of the frame is determined by its design and is
assumed to be equal to:

?=Prpax <90 —-B (11)

Taking into account (10) and (11), expression
(9) determines the maximum angular velocity of
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the frame rotation at which the product with the
eccentricity value at the sensitivity limit of the
device will break when the frame rotates to the
maximum angle. As the value of e increases, the
breakaway angle will decrease, and at the value of
€max, the product will break away at a frame
rotation angle of zero.

Results and Discussion
Experimental verification of the method was

carried out on the developed device, the photo of
which is shown in Figure 3.

= -

1 - rotating rollers, 2 - rotating frame, 3 - DC drive motor,
4 - guide chute, 5 - angle gauge, 6 - toggle switch, 7 - tray
bracket, 8 - base of the device

Figure 3 - Non-roundness control device and RCMD

The process of product control consists of the
following: switch on toggle switch 6, during 10
minutes the device starts to work only in idle mode
to stabilise the speed mode. Then the controlled
product with radius r=4 mm, length [=18 mm is
placed manually on the support rollers 1 and
accelerated to nominal speed. After that the frame
2 is rotated, the controlled product is torn off the
rolls and at the moment of product tearing off the
angle of inclination of the plane of rolls axes to the
horizon is marked by the angle meter 5. Depending
on a certain interval of the tear-off angle, the flap in

the guide chute 4 is opened and the product falls
into one of two or three hoppers under the chute,
the frame is returned to the initial position for
control of the next product. Cylindrical products,
which have passed the inspection, fall into the
hoppers of sorting by quality groups depending on
the interval of the tear-off angle as from the
rotating rolls. In the experiment there were three
hoppers for sorting the products by quality,
corresponding to aisa: 1 hopper —0°+15°, 2 hopper —
15%+-26° and 3 hopper — 26° and above.

The experiments were carried out in the
following volume: the number of products - 5
pieces with RCMD e=4, 6, 8, 12, 15 um, the speed
of rotation of rolls n, - 3000, 6000, 9000, 12000,
15000 rpm, the number of measurements of one
product at each speed of rotation n=12. After the

experiment, the average stall angle o for the

products was calculated and a graph of the average
stall angle as a function of RCMD was constructed
using regression fitting (Figure 4).

N

NeA

Rogressien fiting: 12000 rpm

Regression ting: 15000 rpm

Figure 4 - Dependence of stall angle on RCMD

To evaluate the accuracy of the device
measurements, 30 tests were carried out on the
product with unbalance e=8 um at roll rotation
speed n,=9000 rpm. The arithmetic mean was taken
as the mathematical expectation of the mean stall

angle ag, =20,433°. The point estimate of the
standard deviation was [20]:
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ii(asai _asa)2 =

%sa n-1=

41,367 o (12)
= =1,194
29

The value of the point estimate obtained in
formula (12) satisfies the requirements of the
experiment quite well.

The developed control device has the following
design features. The base is made on height-
adjustable legs. Support rollers are made of
textolite and are mounted with their centre holes
on freely rotating balls (one on each side). The
support rolls rotate at a constant speed. In the
initial position of the frame, the plane of the roll
axes is horizontal. The workpiece is placed on the
rolls and accelerated to nominal speed. After that
the measurement is made: the frame is rotated
around the axis and at the moment when the
product comes off the rolls the angle of inclination
of the planes to the horizon is noted on the angle
scale. Then the frame is returned to the initial
position to check the next product. The greater the
unbalance of the product and therefore the
influence of unbalanced forces, the smaller the
limiting angle at which the product comes off the
rolls. The measured value of the breakaway angle is
converted into the value of the product quality
parameter according to the calibration chart.

Preliminary calibration is carried out using
reference products with specified unbalance
values.

For testing, real products were selected, whose
imbalance was measured on analytical scales and
conditionally expressed as the displacement of the
center of mass from the geometric axis of the
product (e=4; 6; 8; 12; 15 um). Before taking
measurements, the device was adjusted to
compensate for the drift of the controlled product
along its axis at high roll speeds.

It was found that at speed n=9000 rpm, this
method of control of products allows sorting them
into 2-3 quality groups. One and the same
controlled product (for example, with RCMD e=8
pum) behaves differently at different speeds of
rotation. The observed deterioration in the
rotational stability of the product with e = 8 um at
low speeds (ng = 9000 rpm) is explained by the
influence of shape error (out-of-roundness), which
is smoothed out at high speeds, giving way to the
influence of imbalance. The mathematical

justification for this effect is that imbalance causes
inertial force:

F=mw’e (13)

where m is the mass of the product, e is the
eccentricity, and ® is the angular velocity of
rotation of the product. Thus, the product has a
significant moment of inertia, which prevents
instantaneous changes in the trajectory of the
center of mass in response to microdefects on the
surface. The experiment clearly shows that in the
presence of imbalance, even ideal geometry leads
to early failure of the product from the support
rolls, and vice versa—at high speeds, imbalance
suppresses the influence of minor manufacturing
defects.

To date, certain results in measuring
microimbalance have been obtained by researchers
at Henan University of Science and Technology,
who have developed a dynamic imbalance
detection system with V-shaped supports. The
results are shown in Table 1 below [[21], [22]]:

Table 1 — Parameters of prepared test rollers

Roller m (g) mo(g) e(m) | Length | Diame-
name (m) ter (m)
Standard | 3.091 | =0 ~0 8*103 8*103
Unbalan- | 3.077 | 14*103 | 3*103 | 8*103 | 8*103
ced

According to Table 1, the developed device
detects a roller imbalance equal to 42 mg*mm.

The results of the experiments obtained by the
authors of the article are presented in Table 2:

Table 2 — Parameters test rollers by the authors

Roller m (g) mo (g) e (m) Length Diame-
name (m) ter (m)
Standard 7.098 ~0 ~0 18*103 | 8*10°3
Unbalan- | 7.093 4.52*103 4*10° 18*103 | 8*10°3
ced
According to the results of experiments

conducted on the developed device, the detected
imbalance is equal to 18.1 mg*um.

The sensitivity of this method for determining
the stall angle in a separately conducted
experiment with sample cylindrical products with
given values of unbalance is 4+6 um of the
conditional displacement of the centre of mass,
which agrees well with theoretical calculations.
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Conclusions

For experimental verification of the method of
quality control of products, a prototype of the
device was manufactured. The following main
conclusions can be drawn from the testing of the
prototype device:

- the method is simple in realisation and
according to the above formulas it is possible for
engineers and technicians to calculate geometric
and kinematic parameters of the drive depending
on mass-geometric characteristics of the controlled
product;

- increasing values of non-circularity and
eccentricity of the product lead to an increase in
the time of acceleration of the product to a steady
speed when rotating the product on the rolls;

- according to the angle of product breakage
from the rotating rolls, it is possible to judge the

quality of controlled products and sort them into
quality groups;

- the device is recommended for control of fast-
rotating small products of metalworking machines,
equipment of metallurgical and defence industry.
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¥cakK aiHanmanbl 6yiibimpapablH A6HIeNeK eMeCTiriH }KaHe 3KCLeHTpUucuTeT
lWamacbiH 6aKblnayFa apHaNFaH Kypbinfbl

* Atanbikosa A.K., ! Eneykynos E.O., 2 Mycaumos A.N.

1 Anmamel 3Hep2emuKa xaHe 6alinaHsic yHusepcumemi, Aamamel, Kazakcmax
2 KblpFbl3 MeMAEKeMMIK MexHUKanbIK yHusepcumemi, buwikek, Kbiprel3 Pecriybaukace!

TYWIHAEME

Makana kengi: 14 winde 2025
CapanTtamagaH eTri: 25 mameiz 2025
KabbingaHabl: 26 aknaH 2026

KYPbINFbIHbIH,

reOMeTPUANDBIK  KaHe

XacanfaH. Matepuangpl
aHANUTUKaNbIK Tapasbliapha aHblkTanapl. 9pbip Oyibim  ywiH 6inikTepagiH ap aliHany

MalwuHa Kacay canacbiHAa Herisri miHaeTTepaiH 6ipi — eHAipinreH eHiMHiH canacbiH H6akbinay.
YKofapbl aiiHany KblNAAMAbIFBIMEH KYMbIC ICTEMTIH A9N1 KypbliFblnapaa, MeTann eHaey
MaLIMHaNapaa, MeTanNyprus KaHe KOpFaHbIC OHEPKCiBiHIH KababIKTapbliHAA KONAAHATBIH YCaK
6yiibIMaapAablH, canacbliH 6akbinay epeKlle Hasap aygapyapl Tanan eteai. Ocbl 3epTTeyaiH
MaKcaTbl casimafbl 10r. AeWiHri PONUKTEPAiH, AOHTENEKTIr MEH 3KCLUEHTPUCUTETIH BaKblnayFa
apHanfaH »aHa KypblafbiHbl 33ipney 6osnbin Tabblnagpl. byn kymbicta 15000 aitH/MuH
KblNAAMAbIKNEH aliHaNaTbliH TIpEK PONUKTEpiHAE PaAunychbl I = 4 MM LUMAMHAPAIK Bylibimaapabl
epKiH avHanaplpy 94iCiH KOMAAHATbIH KYPbINFbl YCbIHbIAFAH. By »KYMbICTbIH, apTbIKLWbI/bIFbI

KMHEMaTUKanblK,  napametpaepi  6akblnaHaTbiH

6yibIMAapAbIH,  Macca-reoMeTpusAbIK cunatramanapbiHa 6ainaHbicTbl, =0 macca UeHTPiHiH,
pagvangbl OpblH bifbicybl 60NMaFaH Kaffalga adblKTangpl. Taxipubere macca LEHTPIHiH,
WapTTbl bifbicybl e=4; 6; 8; 12; 15 MmKkm 6onatbiH 6ec byibimaap Kovblngbl, 6yn bifbiCy CbIPTKbI
opTaHfbl 6eTTeH 6enrini 6ip menwepae matepuangbl anbin TacTay apKblibl XKacaHapl Typae

anbin TacTafaHfa fAeWiH KoHe KeWiH OyMbIMHbIH, Maccacbl Aan

KblNAaMAblFbIHAA e/Wweynep caHbl n=12 6onabl. AnbiHFaH AepekTep HerisiHae byVibiMaapaplH,
6inikTepaeH axblipay bypbilbl ecentengi, 6yn 6akplnaHaTbiH BylibimaapablH, canacbiH bafanayra
MYMKIHAK 6epefi: SKCLEeHTPUCUTET apTKaH CaiblH aXXblpay Oypbiwbl asasgpl. Anaitga, TemeH
alHany KblIAAMAbIKTapblHAA 3KCLEeHTpUcUTeTi b6ap byibimaap €=8 MKM niliH AdAci3airiHe
6ainaHbICTbl TypaKcebls 6onaabl, Byn Kofapbl KbiNgamapikTapaa TericTenin, sKCLEeHTPUCUTETTIH,
acepiHe ylwblpanabl. KypblifblHbIH, enwey aanairi byiibim ywiH e=8 mkm 6onfaH Kafpainaa,
ns=9000 aitH/MMH XbINAAMABIKTA KYPri3ifreH enweynep HerisiHae 6aranaHapl.

TyliiH ce3dep: ycak 6ylibimaap, 6yMbiMAapAblH, AeHrenek emectiri, 6akblnaygplH, Aan4ir,
JKCUEHTpUCUTET, BaKplaayFa apHanfaH Kypblasbl.
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Mycaumos AHHac lMoAacosuy

YCTPOUCTBO AN KOHTPO/IS HEKPYF/IOCTU U SKCLLeHTPUCUTETA MENKUX
BpaLLAOLWMXCA U3LENUN

* Atanbikosa A.K., ! Eneykynos E.O.,2Mycanumos A.M.

1 AamamuHckuli yHusepcumem sHep2emuku u ceasu, Aamamel, Kazaxcmax
2 Kelpebi3ckuli 2ocmydapcmeeHHbili mexHuveckuli yHusepcumem, buwkek, Keipebizckasa Pecrybauka

AHHOTAUMA

B cdepe MalMHOCTPOEHUA OFHOW M3 KNKOYEBbIX 3aja4y SBAAETCA KOHTPOAb KauyecTBa
nsrotosnfembix msgenuii. Ocoboe BHUMaHWe TpebyeT KOHTPO/b KAauyecTBa MEKUX WU3AENUN,
NPMMEHAEMbIX B TOYHbIX YCTPOMCTBAX, MeTannoobpabaTtbiBalowmx CTaHKax, 060pyaoBaHMK
MEeTaNNypruyeckon U 0bBOPOHHOM MPOMBbILLIEHHOCTH, PaboTaloWmX C BbICOKMMMU CKOPOCTAMM
BpaleHua. Llenblo HacToslero uccnefoBaHua ABnfeTcA pa3paboTka HOBOro YCTPOMCTBA ANA
KOHTPONA HEKPYrNIOCTU U IKCLEHTPUCUTETA PONMKOB maccoh ao 10r. B paboTe npeanoxeHo
Nocrynuna: 14 uions 2025 YCTPOMCTBO C NPUMEHEHWEM MeToAa CBOBGOAHOrO BPALLEHUA UUAMHOPUYECKMX W3AENUI
PeueH3upoBaHme: 25 asaycma 2025 pasnycom r=4 MM. Ha OMOPHbIX Ba/IKaX, BPALIAIOWMXCA CO CKOpoCcTbio A0 15000 06/MUH.
MpuHsaTa B Nevatb: 26 peepans 2026 MpeumywectBo HactosAwein paboTbl 3akaloYaeTcdA B TOM, UTO T[eOMeTpuYeckue u
KMHEMATUYECKME NapameTpbl YCTpoWcTBa OblAM onpeaeneHbl B 3aBUCMMOCTM OT  MAcco-
reOMETPUYECKMX XaPaKTEPUCTUK KOHTPONMPYEMbIX W3AENUA NPU OTCYTCTBUM PaAManbHOro
cmeleHuna ueHTpa macc: e=0. Ha aKcnepMmeHT 6binn nocTaBaeHbl NATb U34eNUi C YCAOBHbIM
cMelleHnem ueHTpa macc e=4; 6; 8; 12; 15 MKM, WCKYCCTBEHHO CO3[aHHOro NyTem yaaneHua
onpeaeneHHOro KoanyectTsa matepuana co cpefiHei Hapy»KHOM noBepxHocTM. Macca usgenus
[0 ¥ nocne yaaneHna onpeaenanacb Ha TOYHbIX aHanUTUYecKmx Becax. Koanyectso nsmepeHui
OZLHOTO WU3AENMA HA KaXAoW CKOPOCTM BpaLLEHWMA Ba/IKOB cOCTaBuio n=12. Mo noay4yeHHbIM
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ABSTRACT

Semen Padang is a company engaged in the mining of limestone and silica rock as the main raw
materials for cement production. The mining system used is open-pit mining. This study
discusses the effect of geometry on rock fragmentation. The purpose of this study is to
determine the blasting geometry and identify the causes of limestone block formation at the
PT. Semen Padang site. The research focuses on fragmentation because fragmentation is a
determining factor in the success of blasting activities. Fragmentation plays an important role
in improving the company's targets, and the distribution of fragmentation must be optimal. To
control fragmentation, blasting geometry is required as a parameter. Based on the results of
the researcher's observations in the field, the size of rock chunks in the company that are larger
than 80 cm is around 25%, so it is necessary to re-evaluate the blasting geometry. The purpose
of this study is to determine the geometric design that produces the desired fragmentation,
which is below 15% on an 80 cm sieve, so that production can be increased and a comparison
can be made between the R.L Ash, C.J Konya, and ICI Explosive methods. The method used for
the ideal blasting geometry design is the R.L Ash method with supporting theory using the Kuz-
Ram theory. After data processing, the ideal geometry was obtained with a load value of 4.32
m, a distance of 5.18 m, stemming of 4.32 m, a blasting hole depth of 12.1 m, a filling column
length of 7.78 m, and a blasting hole diameter of 5 inches, with a lump fragmentation
percentage of around 15%.

Keywords: blast geometry, fragmentation, R.L Ash, Kuz-Ram, C.J Konya, ICI Explosive.
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Introduction

Indonesia is one of the countries blessed with
abundant natural resources, particularly as a source
of energy and for community needs [1]. Natural
resource management in Indonesia is generally
managed through the mining sector. One of the
mining companies in Indonesia that produces
cement raw materials is PT Semen Padang. PT
Semen Padang is engaged in limestone miningin the
Bukit Karang Putih area, Indarung Village, Padang
City, West Sumatra [2]. The limestone mining
process is carried out using the blasting method.

This is done because the rock layer has a high level
of hardness [3].

Blasting is the process of breaking up large
volumes of rock using explosives so that the rock
mass is easier to excavate and transport [4]. The
blasting process aims to break up the rock so that it
is easier to excavate and load into transport
vehicles, thereby enabling mining operations to run
effectively and efficiently [5].

One of the factors that influences the success of
blasting is the blasting geometry. The blasting
geometry includes burden, spacing, stemming,
subdrilling, blast hole depth, charge column length,
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blast hole diameter, and bench height. Blasting
geometry will affect the size of fragmentation and
the success of blasting. Fragmentation in the mining
sector is one of the important things that needs to
be considered. Fragmentation is a measure that
shows each piece of rock resulting from blasting [6].

The level of rock fragmentation is an important
indicator in assessing the success of a blasting
activity, where material with a uniform size is more
desirable than material that contains many large
pieces [7]. Fragmentation is a measure that shows
each piece of rock resulting from blasting.
Fragmentation resulting from blasting is often used
as a problem in blasting activities [8]. The larger the
fragmentation, the longer it will take to excavate
the blasted material. Meanwhile, the better and
more uniform the size of the fragmented rock, the
easier it will be for the excavator to dig and load the
rock. This will have an impact on the effectiveness
of mining activities. Large fragmentation is
influenced by a reduction in explosives, or it could
also be because when charging explosives, in this
case Ammonium Nitrate and Fuel Oil (ANFO), they
do not enter the blast hole optimally [9].

The results of several blasting operations show
that there is still uneven rock fragmentation and
boulders larger than 80 cm (estimated to be around
25% of the total amount of rock excavated). The
company expects the amount of blasted material
larger than 80 cm to be less than 15%. With
fragmentation larger than 80 cm, the company may
encounter difficulties in the crushing process. The
occurrence of such fragmentation risks, which
cannot be predicted accurately, will affect the
digging time. Therefore, it is necessary to have a
fragmentation prediction model using software,
one of which is Split Desktop 4.0 software.

The main raw material in cement production is
limestone, which has a high level of hardness and
therefore cannot be excavated directly by loading
equipment such as excavators or power shovels. To
break up the relatively hard limestone, drilling and
blasting are carried out to ensure that mining
operations are carried out effectively and
efficiently. Next, the limestone material resulting
from the blasting is handled through excavation and
loading [10]. The limestone is obtained from the
mining process at the Bukit Karang Putih quarry of
PT. Semen Padang using the side hill type open pit
mining system, which is an open pit mining system

applied to mine rocks or industrial mineral deposits
located on hillsides or deposits that form hills [11].

Experimental part

The study analyzes the fragmentation that
occurs due to blasting activities. The data sources
used consist of primary and secondary data. Primary
data was obtained through direct measurements in
the field and field documentation, including the
actual geometry of the blasting, such as burden,
spacing, stemming, subdrilling, blast hole depth, fill
column length, blast hole diameter, and bench
height, as well as documentation of the
fragmentation resulting from the blasting.
Secondary data is obtained from company archives,
such as PT Semen Padang location maps, geological
maps, research area condition maps, blasting
geometry reports, and geological data on the
research area.

Data collection techniques are obtained by
conducting direct observations in the field, namely
observations of geometry and fragmentation data,
as well as literature studies and company
documentation. The type of data collected was
quantitative, in the form of actual geometric data of
the blasting in the field. For data analysis, the
fragmentation in the field was processed using Split
Desktop 4.0 software. This application was carried
out by taking photos of the fragmentation results of
the blasting using a 38 cm rubber ball as a reference,
then analyzing them using the software. The
average fragmentation results from the geometry
obtained based on the theories of R.L Ash, C.J
Konya, ICI Explosive, and the Kuz-Ram equation can
be compared with the fragmentation size obtained
in the field using Split Desktop 4.0 software after
being processed manually.

Blasting Geometry R.L. Ash

The parameters used in the blasting geometry
design use R.L. Ash's theory [12], namely burden (B),
spacing (S), blast hole depth (L), subdrilling (J),
bench height (H), stemming (T), and number of
explosive charges (PC).

Blasting Geometry C.J. Konya

Konya and Walter [13] explain the parameters
used in blasting geometry design, namely burden
(B), spacing (S), stemming (T), subdrilling (J), blast
hole depth (H), bench height (L), amount of
explosive charge (PC), and loading density (de).
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ICI-Explosive Blasting Geometry

ICI-Explosive blasting geometry design is a way
to design blasting geometry through trial and error
or the rule of thumb. The parameters calculated are
bench height (H), burden (B), spacing (S), subgrade
(J), stemming (T), and powder factor (PF).

Kuz-Ram Method

The larger the size of the resulting
fragmentation, the longer the time required by the
loading equipment to excavate the blasted material,
and vice versa. If the resulting fragmentation is
smaller, the faster the time required by the loading
equipment to excavate the blasted material. The
level of rock fragmentation is the level of material
breakage as a result of the blasting process. To
estimate the average size of rock fragmentation
resulting from blasting, the Kuznetsov [14] equation
can be used. The Kuz-Ram method pays close
attention to the size distribution of rock
fragmentation resulting from blasting, whereas the
image analysis method does not pay much attention
to the size distribution of rock fragmentation, but
rather directly to the degree of uniformity of rock
fragmentation [15].

Split Desktop 4.0

The Split Desktop 4.0 program can present size
distributions in three formats, namely ISO standard,
UK standard, and custom standard. In addition, the
percentage [16].

Results and Discussion

Blasting is a demolition activity that uses
explosives to break up the overburden, thereby

Table 1 - Actual Blasting Geometry Data in the Field

facilitating excavation by mechanical equipment
[17]. In general, the blasting pattern shows the
sequence or sequence of explosions from several
blast holes. There are several factors that influence
the blasting pattern, including the delay time in
blasting activities [18]. The actual blasting geometry
in ten blasts was obtained with an average burden
(B) of 3.13 m, spacing (S) of 3.17 m, subdrilling (J) of
0.94 m, bench height (L) of 10.1 m, blast hole depth
(H) of 11.03 m, stemming (T) of 4 m, powder column
(PC) of 7 m, and hole diameter (De) of 5 inches can
be seen in Table 1 below.

Limestone is an industrial mineral composed of
calcium carbonate (CaCO3) and other elements,
including magnesium. One important thing to note
in analyzing limestone is the presence of Ca and Mg
elements. If the Ca content is high and the Mg
content is low, the quality is good. Conversely, if the
Ca content is low and the Mg content is high, the
quality is poor. High Mg content will interfere with
the hardening process, because Mg cannot bind
with other elements in cement. Limestone
containing more than 50% CaO (by weight) is
excellent for use as a building material in the form
of cement. Limestone generally originates from the
shells of mollusks, foraminifera, coelenterates, and
carbonate sediments [19].

Blasting geometry can be defined as the
relationship between various types of dimensions
used in blasting planning [20]. Stemming that is too
deep or long can cause chunks to form because the
force generated is not strong enough to destroy the
rock. Meanwhile, short stemming can cause small
rock fragments and fly rock [21].

No Date B (m) S (m) J(m) L (m) H (m) T (m) PC(m) De (inc)
1 23 Nov 2024 3.2 3 0.96 10.04 11 4 7 5
2 2 Dec 2024 3.2 32 0.96 10.34 113 4 7 5
3 6 Dec 2024 3 32 0.90 9.40 103 4 7 5
4 9 Dec 2024 3.2 33 0.96 10.04 11 4 7 5
5 10 Dec 2024 3.2 33 0.96 10.34 113 4 7 5
6 11 Dec 2024 31 31 0.93 10.17 111 4 7 5
7 12 Dec 2024 3 3 0.90 10.40 113 4 7 5
8 13 Dec 2024 3 3 0.90 10.10 11 4 7 5
9 16 Dec 2024 34 36 1.02 9.98 11 4 7 5
10 18 Dec 2024 3 3 0.90 10.10 11 4 7 5
Total 31.3 31.7 9.39 100.91 1103 40 70 50
Mean 3.13 3.17 0.94 10.1 11.03 4 7 5
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Figure 1 - Results of Limestone Blasting

Table 2 - Geometric Calculation Results According to R.L Ash

B (m) S (m) J(m) L (m) H (m) T(m) PC (m) De (inchi)

4.32 5.18 0.86 11.24 4.32 7.78 5
Table 3 - Geometric Calculation Results According to C.J Konya

B (m) S (m) J (m) L (m) H (m) T(m) PC (m) De (inchi)

3.51 491 1.05 10.2 11.25 2.46 8.79 5
Table 4 - Geometric Calculation Results According to ICl Explosive

B (m) S (m) J (m) L (m) H (m) T(m) PC (m) De (inchi)

3.81 4.76 1.27 11.43 12.7 3.18 9.52 5

The highest variation in this data occurred on
December 16, 2024, when the Burden (3.4 m) and
Spacing (3.6 m) values were at their highest
compared to other days. Conversely, on December
6, 2024, the hole depth (L) was recorded at its
shallowest at 9.40 meters. Overall, the blasting
operations in the field showed a high degree of
consistency, particularly in terms of hole diameter
and fill column, with minor adjustments to the
burden and spacing distances depending on the
specific daily conditions in the field.

From Table 2 above, the blast geometry design is
obtained with a burden (B) of 4.32 m, spacing (S) of 5.18
m, stemming (T) of 4.32 m, subdrilling (J) of 0.86 m, bench
height (L) 11.24 m, Blast Hole Depth (H) 12.1 m, Filling
Column Length (PC) 7.78 m, Blast Hole Diameter (De) 5
inches.

In the observations to be conducted, there are
several blast geometry parameters that determine
the fragmentation of the blast results according to

[22]. From Table 3 above, the blast geometry design
is obtained with a burden (B) of 3.51 m, spacing (S)
of 4.91 m, stemming (T) of 2.46 m, subdrilling (J) of
1.05 m, bench height (L) of 10.2 m, blast hole depth
(H) of 11.25 m, Filling Column Length (PC) of 8.79 m,
and Blast Hole Diameter (De) of 5 inches.

Fragmentation is a general term used to
indicate the size of rock fragments resulting from
blasting [23]. Blasting fragmentation can be
predicted in various ways, one of which is by using
the Kuz-ram equation. The Kuznetsov equation is
used to determine the average fragmentation size,
and the Rosin-Rammler equation is used to
determine the percentage of material. From Table 4
above, the designed blasting geometry was
obtained with a burden (B) of 3.81 m, spacing (S) of
4.76 m, stemming (T) of 3.18 m, subdrilling (J) of
1.27 m, bench height (L) 11.43 m, Blast Hole Depth
(H) 12.7 m, Filling Column Length (PC) 9.52 m, Blast
Hole Diameter (De) 5 inches.
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Table 5 - Percentage of Actual Geometric Fragmentation Size Using the Kuz-Ram Formula

Kuz-Ram

Size (cm) Held back (%) Pass (%)

Table 6 - Percentage of Fragmentation Size of R.L Ash's Method Using the Kuz-Ram Formula
Kuz-Ram

Size (cm) Held back (%) Pass (%)

Table 7 - Percentage of Fragmentation Size in C.J. Konya's Method Using the Kuz-Ram Formula
Kuz-Ram

Size (cm) Held back (%) Pass (%)

100 2 98
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Table 8 - Percentage of Fragmentation Size of ICI Explosive Design Method Using the Kuz-Ram Formula

Kuz-Ram
Size (cm) Held back (%) Pass (%)

10 79 21

20 59 41

30 41 59

40 28 72

50 18 82

60 11 89

70 7 93

90 3 97

100 2 98

Table 9 - Comparison of Actual and Design Geometry
Geometry B (m) S (m) T (m) J (m) L (m) H (m) PC (m)
3.13 3.17 0.94 10.1 11.03 4 7
Actual
432 5.18 0.86 11.24 121 4.32 7.78
R.L Ash
3.51 491 1.05 10.2 11.25 2.46 8.79
C.J Konya
3.81 4.76 1.27 11.43 12.7 3.18 9.52
ICl Explosive

From the percentage of fragmentation size in
Table 5, it was found that 75% of fragments
measuring 80 cm passed through the sieve, marked
in red, while fragments measuring < 80 cm that
passed through the sieve were marked in green.

From the percentage of fragmentation size in
Table 6, it was found that 85% of fragments
measuring 80 cm passed through the sieve, marked
in red, while fragments measuring < 80 cm that
passed through the sieve were marked in green.
From the percentage of fragmentation size in Table
7, it was found that 95% of fragments measuring 80
cm passed through the sieve, marked in red, while
fragments measuring < 80 cm that passed through
the sieve were marked in green.

From the percentage of fragmentation size in
Table 8, it was found that 95% of fragments
measuring 80 cm passed through the sieve, marked
in red, while fragments measuring < 80 cm that
passed through the sieve were marked in green.
After calculating the actual geometry and the design

geometry, the following is a comparison of the
actual geometry with the design geometry, as
shown in Table 9 and Figure 1 below.

From the table above, it can be seen that from
a comparison of actual geometric data, R.L Ash, C.J
Konya, and ICI Explosive obtained the ideal blasting
geometry, namely R.L Ash.

The actual blasting geometry data in the field
above was collected during 10 blasts. From
November 23 to December 2, there were several
days when blasting activities were not carried out
due to visits to check the explosives warehouse, so
there were no blasting activities on those days. The
actual blasting geometry in ten blasts was obtained
with an average burden (B) of 3.13 m, spacing (S) of
3.17 m, subdrilling (J) of 0.94 m, bench height (L) of
10.1 m, blast hole depth (H) of 11.03 m, stemming
(T) of 4 m, Powder Column (PC) of 7 m, and hole
diameter (De) of 5 inches.
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Figure 2 - Actual Fragmentation

Actual Geometry Comparison, R.l Ash, C.J Konya
and ICI Explosive
14
12
10 H Aktual
8 uR.LAsh
6
= C.J Konya

4
5 M /CI Explosive
0

B(m) S(m) T(m) J(m) L(m) H(m) PC(m)

Figure 3 - Comparison Chart of Actual and Design Geometry

Table 10 - Comparison of Actual and Design Geometric Fragmentation Percentages

Size (cm) Pass rate comparation %
Aktual R.L Ash C.J Konya ICl.Explosive
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Actual Geometric Fragmantation Distribution R.L Ash, CJ Konya and ICI
Explosive Using The Kuz Ram

100

) ——
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C.J Konya

e |C|. Explosive
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60

Ukuran (cm)
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Figure 4 - Actual Geometric Fragmentation Distribution Graph, RL. Ash, C.J Konya,
ICI Explosive Using the Kuz-Ram Method

As the blasting geometry increases, the
fragmentation results decrease, and as the blasting
geometry decreases, the fragmentation results
increase. A comparison of the actual fragmentation
results with the design processed using the Kuz-Ram
method can be seen in Table 10 and Figure 2 below.

From the comparison results above, which
passed with a size of < 80 c¢m, it can be concluded
that the geometric design results using R.L Ash's
theory are better than the actual geometry.

This can also be seen based on the Powder
Factor values, where the Powder Factor value for
R.L Ash is 0.44 kg/m3, C.J Konya is 0.76 kg/m3, and
ICI Explosive is 0.47 kg/m3. It can be seen that the
R.L. Ash method produces a smaller Powder Factor
value than C.J. Konya and IClI Explosive, thus
supporting the ideal geometric design using the R.L.
Ash method as being better than C.J. Konya and ICl
Explosive.

Conclusions

The results of the study show that the cause of
boulders larger than 80 c¢cm is due to improper
blasting geometry, which prevents the company
from achieving its targets. The geometry measured
or obtained in the field differs from the geometry
obtained by the company; it is necessary to evaluate
the blasting geometry in order to achieve these
targets. The actual blasting geometry of PT. Semen
Padang has an average burden value of 3.13 m,
spacing of 3.17 m, subdrilling of 0.94 m, bench
height of 10.1 m, blast hole depth of 11.03 m,
stemming of 4 m, filling column length of 7 m, and
blast hole diameter of 5 inches, resulting in boulders
>80 cm amounting to 25%. The results of the actual

fragmentation distribution in the field and using the
R.L Ash, C.J Konya, and ICl Explosive methods, which
use the Kuz-Ram method, each show a
fragmentation size of 80 cm that passes through the
sieve, namely, actual 75%, RL Ash 85%, C.J Konya
95%, and ICI-Explosive 95%. Based on the Powder
Factor value, the R.L Ash method produced a
smaller Powder Factor value compared to the C.J
Konya and IClI Explosive methods, where the
Powder Factor value for R.L Ash was 0.44 kg/m3, C.J
Konya was 0.76 kg/m3, and IClI Explosive was 0.47
kg/m3. Using the R.L. Ash blasting geometry, the
company's target of having boulders (>80 cm) at
<15% can be achieved.
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Semen Padang KacinopHbIHAA 9KTaCTbl @HAIPY 60/bIHLLIA }KaPbI/IbIC }KYMbICTapbl
KesiHaeri pparmeHTTey HaTUXKenepiH Tanpgay

Syahida Al Adi Rahmattullah, *Suci Fitria Rahmadhani Z, Rizto Saliazakri, Norfohu Retongga

Tay-KeH uHyceHepuscsl, STTIND Padang, lMadaHe, HAoHe3us

TYWIHAEME

Semen Padang - ueMeHT eHpgipici yWiH Heri3ri WuKi3aT peTiHAe SKTac NeH XaHe KBapL,
JKbIHbICTAPbIH OHAIPYMEH alHaNbiCcaTbiH KOMMaHWA. Tay-KeH eHAipY KyMeci awblK TacinmeH
nanganaubinagbl. byn 3epTreyae reomeTpUsHbIH Tay XKbIHbICTaPbIHbIH, GparmeHTauMACbIHA acepi
TankbinaHagbl. Ocbl 3epTTeyaiH, MaKCaTbl.}KapbIabIC ¥KYMbICTAPbIHbIH, FEOMETPUACHIH aHbIKTay
»kaHe PT Semen Padang KeH OpHbiHAA 9KTacTbl 610KTapabiH, nanga 6ony cebentepiH aHbIKTay
6osbin Tabblnaapl. 3epTrey ¢parmeHTTeyre 6afbiTTanfaH, OUTKEHi parmeHTTey KapblbiC
KbI3METiHiH, TabbiCTbl 60/ybIHbIH, aHblKTaywbl ¢GaKkTopbl 60sbin Tabblnagpl. PparmeHTTey
Makana kengj: 5 kaHmap 2026 KOMMaHWAHBIH, MaKCaTTapblH }KaKcapTy4a MaHbi3abl pen aTkapadbl »kaHe dparmeHTTeyai 6eny
CapanTamapaH eTti: 29 kaymap 2026 oHTalnbl 6onybl THic. MapameTp peTiHae dparmeHTTeyai 6aKbinay YLWiH KYM afbiHbIMEH eHAey
Kabbinaanab!: 27 aknax 2026 reomeTpu1AChI Tanan eTineai. 3epTTeyLiHiH, oCbl canagarbl 6akblnaynapbiHbIH HITUKENEPIH Heri3re
ana oTblpbIn, KoMNaHuAAa 80 CM-AeH acaTbiH XbIHbIC KECEKTePiHiH Kenemi wamameH 25% -apl
Kypanapl, COHABIKTAH YKapblibIC KYMbICTApPbIHbIH FEOMETPUACbIH KalTa bafanay KaxeT. byn
3epTTeyaiH Makcatbl 80 cm  yAWbIK enwemiMmeH eneyiwTte 15% -aaH Kem 601aTbiH, YALWBIKTbIH,
KaXKeTTi AeHreliH KamTamacbi3 eTeTiH reoMeTpUANbIK KypblibiMAbl aHbIKTay 6onbin Tabblnaapl,
6yn eHimainikTi apTThIpyFa R.L Ash, C.J Konya »aHe ICl Explosive agicTepiH canbiCTbipyfa MyMKIHAIK
6epeai. apblabiCTbiH, MAeanabl reomeTpuacbiH }obanay ywiH Kys-Pam TeopuAcbiH KongaHa
oTbipbin, P.J1. 3w agici naipganaHbingbl. [epektepsi eHAereHHeH KeiH, Xykteme maHi 4,32 m,
KaLWbIKTbIK 5,18 M, KeHKapablH, y3biHAbIFbI 4,32 M, ¥apblNbIC YHFbIMACLIHbIH, TepeHairi 12,1 m,
TONTbIPY BaFaHaCbIHbIH, Y3bIHABIFbI 7,78 M XKHE KapblAbIC YHFbIMACbIHbIH, AMameTpi 5 atolim,
6eLweKTey Naibi3bl WamameH 15% 601aTblH MiHCI3 FEOMETPUA anbiHAbI.

TyliiH ce30ep: Kapbinbic reomeTpusAcbl, ¢parmeHTaums, P.J1. dw, Kys-Pam, K.Ox. KoHbs, ICI
JKapbINFbIL 3aTbl.
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AHanus pesynbTtaTtoB ¢pparmeHTaLmUm Npm B3pbiBHbIX paboTax no fobbiue
M3BECTHAKA Ha npeanpuatum Semen Padang.

Syahida Al Adi Rahmattullah, *Suci Fitria Rahmadhani Z, Rizto Saliazakri, Norfohu Retongga

lopHoe deno, STTIND Padang, lNadaHe, NHOoHe3usA

Semen Padang —komnaHus, 3aHMMaeTca fo6blueit M3BECTHAKA U KBapLLEBOM NMOpoAabl B Kayectse
KaK OCHOBHOTO Cblpbsi A1A NPOU3BOACTBA LemeHTa. FTopHOA06bIBaIOWAn CUCTEMA UCMOb3YEeTCA
OTKPbITBIM  cnocobom. B 3ToM uccnefoBaHWM  0BCYKAAETCA BAUAHME TEOMETPUM  Ha
dparmeHTaumio nopog. Llenb [3aHHOTO UCCNefoBaHWA ABNAETCA ONpPefeNeHne reoMeTpun
B3PbIBHbIX PAabOT 1 BbIsABIEHME NPUYNH 06Pa30BaHMA M3BECTHAKOBbIX 6/10KOB Ha MECTOPOKAEHUM
PT. Semen Padang. MccnepgoBaHue cocpeaoTodeHo Ha dparmeHTaumm, noToMy 4To GpparmeHTaums
ABNAETCA onpeaenalwmm GpakTopom ycnexa B3pbIBHOW aAeATenbHOCTU. dparmeHTauma urpaert
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BaXKHYIO PO/b B YAYYLIEHUW LieNell KOMNaHUW, U pacnpegeneHne GparmeHTauum AOMKHO bbiTb
ONTUManbHbIM. [INA KOHTPONA ¢dparmeHTaUMu B KayecTBe nmapameTpa TpebyeTca reomeTpus
neckocTpyiHon 06paboTkM. OCHOBbIBAACL Ha pe3ynbTaTax HabalaeHWI nccnesosaTens B 3Ton

obnacTtu, pasmep KycKoB NopoApbl B KOMNaHWW, KOTopble NpesbiwatoT 80 CM, COCTAaBAAET OKONO
MNoctynuna: 5 aHeapsa 2026

PeueHsnposaHue: 29 aHeapa 2026
MpuHATa B nevaTb: 27 peepans 2026 nccnepoBaHMA  ABNAETCA ONpejdesieHne reoMeTPUYecKoi KOHCTPyKuuM, obecneunBatoLyto

25%, No3TomMy Heo6XoAMMO MepeoLeHUTb FeOMeTpuio B3pbiBHbIX paboT. Llens paHHoro

Kenaemblit ypoBeHb GparmeHTaLmMm, COCTaBAAOWMIN meHee 15% Ha cuTe ¢ pasmepom aveiku 80
CM, YTO NO3BO/IUT YBE/NIMYUTL NPOU3BOAUTENBHOCTb M NPOBECTU CpaBHeHWe meTogos P.J1. dwa,
K.[x. KoHbs 1 ICl Explosive. [1ns NpOeKTMpOBaHUA MAEaNbHOW FeOMETPUM B3PbIBA UCMOb30BaCA
meTtog, P.J1. wa c npumeHeHnem Teopun Kys-Pama. Mocne 06paboTku gaHHbIX Bblia nonyyeHa
naeanbHas reomeTpus co 3Ha4YeHMem Harpysku 4,32 m, pacctoaHuem 5,18 m, gavHoi 3abosn 4,32
M, FyOUHO B3PbIBHOW CKBaXKMHbI 12,1 M, ANMHOM 3aN0/IHAIOWEN KONOHHbI 7,78 M U AMaMeTpom
B3PbIBHOM CKBaXMHbI 5 AOMMOB, C NPOLLEHTOM hparMeHTaL MM KyCKOM OKoio 15%.

Kniouesbie cnoea: FeomeTpusa B3pbiBa, ¢parmeHTaums, P.J1. Sw, Kys-Pam, K.Ox. KoHba, ICI
Explosive.
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ABSTRACT

Below is a scientific article explaining the results of a comprehensive study on the desorption of
fluoride from mineralized waste (MM) of the Central Kyzylkum phosphate deposits in an acidic
environment, studied by experiments and mathematical modeling. The interaction between
fluorapatite present in MM and acidic wastewater (AWW) was studied in detail. Acidic
components in AWW, mainly free fatty acids, promote the decomposition of fluoride in MM
through ion exchange mechanisms. Experiments were performed at 333 K with 30 minutes of
mixing for different AWW: MM mass ratios from 100:10 to 100:40. The initial pH of the MM
samples was close to neutral, while the pH of the AWW was 2.2; therefore, the pH in the mixtures
was acidic. Values of ge (fluoride adsorbed per unit mass) and Ce (equilibrium fluoride
concentration) were calculated for each mixture. Using these data, a regression graph was plotted
according to the Langmuir adsorption model. A linear equation obtained from the graph gave qmax
= 7.48 mg/g and KL= 0.027 L/mg. An R? value of 0.93484 obtained from the Langmuir equation
showed that the model and experimental results are in good correlation. Fluoride ions in AWW
can be converted into HF gas by strong acids and released into the atmosphere. The identification
of reaction products allowed them to propose a mechanism of decomposition. Two different
streams of industrial wastes, MM and AWW, were combined in the current work, and this
combination allowed the development of new technological solutions.

Keywords: Phosphate waste, Central Kyzylkum, fluoride, acidic environment, acidic wastewater,
Langmuir model, fluorapatite, mathematical modeling.
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Introduction

The Central Kyzylkum phosphorite deposits,
lying in the southwestern part of the Republic of
Uzbekistan, have large amounts of waste layers
formed during ore processing in terms of low-grade
secondary products. The waste layers have
accumulated over a rather long-time span during

mining and processing of phosphorus ores using
advanced separation technology. The MM left over
after ore processing, presently, is deposited in
massive open piles in the region surrounding ore-
rich sites [[1], [2], [3], [4]]. The leachable
constituents of these piles, such as P,0s, CaO, F, and
others, have suitable reactive chemistry. Of major
interest, however, is a high content level of fluoride,
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which is a major ecological factor. MM primarily
consists of solid-phase substances such as
fluorapatite, carbonate apatite, calcium phosphate,
and their mixtures. Fluoride is primarily present in
MM in Cas(PO4)sF form. Therefore, in MM, fluoride
with a definite physicochemical state promotes
conversion of fluoride into an active species under
particular circumstances [[5], [6], [7], [8]].

At the same time, oil & fat processing in
Uzbekistan is increasing every year, leading to an
increased amount of processed raw materials [9].
While processing cottonseed oil, sunflower oil, and
soybean oil in the industries, a massive amount of
AWW is produced during the saponification and
acid-splitting steps [10]. Normally, this wastewater
is released into wastewater storage without being
neutralized. The oil & fat industry in Uzbekistan
processes 1.2 million tons of raw materials each
year, which leads to the production of 90,000-
100,000 tons of acidic wastewater with a high
concentration of hydrogen ions, which normally has
a pH level of 2-4 [11]. AWW contains a higher
concentration of sulpates, chlorides, cations, and
reactive species, which can interact with fluoride
ions.

When the AWW interacts with the mineralized
mass, a subsequent chemical reaction takes place
among the fluoride constituents of MM and the
hydrogen ions in AWW, which triggers
decomposition. As a result, hydrofluoric acid is
formed, which can vaporize in the atmosphere or go
into solution in AWW. Physicochemical reactions
between MM and AWW have great significance to
the environment. In one way or another, fluoride
discharge promotes partial detoxification of MM.
Yet in another way, fluoride discharge is dangerous
in terms of environmental issues. Nevertheless,
investigations into fluoride discharge and conditions
under which such discharge is optimized have not
yet been given priority attention. For instance,
short-term interaction of MM with AWW with
respect to fluoride discharge and related reductions
has not yet been adequately described in the
literature [[12], [13]].

It is to be considered that a discussion on the
degree of reduction of fluorides and corresponding
pH variation in the context of a specific modeling
system has to be done [14]. By using modeling, it is
possible to define the said experimental outcome
using mathematical equations. Regarding this
context, the mathematical definition of the
reduction of fluorides using the Langmuir adsorption
model may be considered to be a credible scientific
method to define the said reduction dynamics of

fluorides. The mathematical definition of the
reduction of fluorides using the Langmuir adsorption
model may be effectively used to define surface-
active processes, ion exchange, or desorption
reactions. Using the said definition, it is possible to
predict the said dynamics of reduction of fluorides in
the mixture of MM & AWW. Additionally, using the
said definition, it is possible to define the boundary
levels or steps of a specific chemical reaction. Using
the said definition, it would be highly crucial to
define safety methods against environmental
degradation. Moreover, research work done on the
said mixture of MM & AWW may provide a novel
definition to define waste treatment methods
simultaneously using the concept of reactivity.
Regarding this point, it would be possible to define a
complete definition to define waste treatment
methods in every environment innovatively, even in
the industries of Uzbekistan. Hence, the said
research work has a degree of immense significance
& importance in today’s time [[15], [16], [17], [18],
[19], [20], [21]].

The current research venture, therefore,
presents the first serious scientific answer to the
question of fluoride removal from phosphorite
waste of Central Kyzylkum phosphates in an acidic
environment according to the Langmuir adsorption
model. Although other research studies have
analyzed options for fluoride removal or its use,
there have been very few research studies dealing
with fluoride removal in natural conditions related
to waste materials and mathematical laws
describing these processes. In the research venture,
a reactive environment with fluoride removal in an
acidic wastewater of an oil & fat industry was used.
On the base of research experiments, it was
established that there was a direct relationship
between fluoride removal and pH change. On the
base of the above-stated relationships and
according to the model equations of the Langmuir
isotherm, limits and constant factors of adsorption
can be determined. In contrast to previous models
before this research venture, this model presents an
innovative application of the kinetic model of the
Langmuir isotherm for MM-AWW systems and
passes to an innovative target — fluoride removal
during desorptions on solid surfaces. In addition to
that, it presents very good forecasting for situations
of fluoride liberation in liquid and gaseous states in
nature. In addition to that, for the crusting of real
waste of an industry, this model acquires an
additional significance. Therefore, this research
venture leads to an innovative research path and an




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

innovative model in an industry waste treatment
process [[22], [23], [24], [25]].

The goal of this research activity is to
experimentally and theoretically estimate the
degree of fluoride removal from Central Kyzylkum
phosphorite waste under acidic conditions. The task
of studying the process of fluoride removal in an
acidic medium in industrial wastes of water
effluents, particularly from oil and fat production,
will also be covered. To fulfill this objective, MM and
AWW mixes of varying mass ratios shall be
developed. This will provide an opportunity to study
and estimate the dynamics of fluoride removal. The
mathematical model shall be based on the Langmuir
adsorption isotherm. The dynamic of fluoride
removal corresponding to changes in pH values shall
also be studied and calculated. The values of
parameters of the Langmuir equation, maximum
capacity, and constant of adsorption shall be
calculated. The values of boundary conditions and
activation periods of reactions shall also be
calculated with the help of mathematical equations.
Experiments confirm that this process may be
described based on models of surface ion exchange
and oxidation of an acid. This study shall evidence
that there is an opportunity for MM and AWW joint
reactivation from an environmental point of view.

Experimental part

In this study, the main experimental materials
were MM-a phosphate waste product remaining
after beneficiation at the Central Kyzylkum
phosphorite deposit, and AWW obtained from the
soap production unit of “Urganch yog-moy” JSC.

The MM samples were directly collected from
open-pit waste areas in the Central Kyzylkum region
and air-dried before use. The chemical composition
of the MM was determined as follows: assimilable
phosphorus pentoxide (P,0s) — 15.09%, total P,0s —
43.17%, Ca0—-13.23%, Al,05—1.22%, Fe,03—1.34%,
MgO - 1.21%, F — 1.70%, CO, — 14.01%, and SO; —
2.17%. Fluorine in the MM mainly exists in the form
of fluorapatite, Cas(PO4)sF, which is sensitive to
chemical attack under acidic conditions and thus
represents a reactive phase [[26], [27], [28], [29],
(301, [31]].

The AWW was collected directly from the acidic
effluent reservoir of “Urganch QOil and Fat JSC” - the
point where it is generated during saponification
and acid hydrolysis of cottonseed oil. The
composition of AWW was as follows: cations - H*
(100 mg/L), Na* (43,158 mg/L), Ca** (300 mg/L),

Mg?* (1,824 mg/L), NHs* (100 mg/L), Fe** (30 mg/L),
and Fe3* (0.3 mg/L), with a total cation equivalent
concentration of 2148.08 mg-eq/L. Among anions, it
consisted of Cl~ (38,116 mg/L), SO4>~ (48,145 mg/L),
NOs~ (840 mg/L), and HCOs™ (3,446 mg/L), while the
total anion equivalent also equaled 2148.08 mg-
eq/L, indicating an ion balance in the system. The
high concentration of H* ions (87% eq.) sets a pH
range of 2.5 to 4.5 for the wastewater, making it
highly acidic and reactive [[6], [12]].

This acidic medium, upon contact with the MM,
initiates the desorption, ion exchange, and
decomposition processes, especially with regard to
the fluorine-containing components. Sulfate and
chloride anions in the AWW also increase the
chemical activity of free cations as a result of
disturbing the ion equilibrium. Both waste products,
the MM and AWW, feature high physicochemical
reactivity; therefore, special attention is required
regarding a detailed analysis of material exchange
processes taking place upon their interaction. The
objective of this study was, specifically, to
investigate fluorine content reduction in the
aftermath of such interaction between two real
industrial waste streams (Fig. 1).

In addition, the MM sample was dried and
reduced to a fine powder before being utilized,
whereas for the AWW sample, it was maintained
under 277 K conditions throughout the entire period
of preservation and was utilized directly without
being dried before experimentation. In this study,
these two samples were mixed in different
suspensions depending on ratios, and observation
was based on the Langmuir adsorption model. These
samples originated from industrial materials and
each had its own properties, making them more
relevant and realistic.

The interaction of Central Kyzylkum phosphorite
waste (MM) with acidic wastewater (AWW)
proceeding from "Urganch yog-moy" JSC was
regularly observed during experiments. A volume of
100 mL of AWW in each experiment interacted with
a corresponding amount of MM with a proportion of
100:10, 100:20, 100:30, and 100:40. Stirring for 30
minutes at a constant temperature of 333 K allowed
carrying out a more thorough analysis concerning
ion exchange and F-containing compounds in this
system.

The mixtures were then dried in an oven at a
temperature of 343 K after the reactions. Using this
approach, the pH and fluoride content analysis test
was carried out. The different mass ratios of the
conditions per group were documented with
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averages processed to facilitate comparisons. The
critical parameters concerned with the reduction of
fluorine content and medium acidity resulting from
the interaction between MM and AWW are closely
monitored. All experiments have been done under
similar conditions of a standard laboratory process
involved to ensure similarities in processes. The data
collected provided insights necessary for
mathematical modeling of processes with use of the
Langmuir Adsorption Model.

The pH in the MM-AWW mixtures during
experimentation was measured using a high-
precision calibrated digital pH meter (+0.01 pH
units). The samples, after each 30-minute reaction,
were cooled to room temperature, and the pH was
measured directly from the solution surface.
Quantitative analysis of fluoride ions was performed
by the potentiometric method based on the use of
ion-selective electrodes. The activity of fluoride ions
was stabilized by the addition of the TISAB solution.
The measurements were made in the pH range of
5.0-5.5. Three analyses for each mass ratio were
carried out, and average values were statistically
treated.

A

HF+
Ao\
( PH2)
/- \\ /,/
Central Kyzylkum Acidic
Phosphorite Waste Wastewater

X
€ ) @0 Ba Langmuir
‘ % Model
(I c,

Fluorine Reduction in
Acidic Medium

Fig. 1 - Fluorine reduction process in acidic medium from
Central Kyzylkum phosphorite waste

With the increase in the values of the MM ratios,
the pH levels of the mixture became closer to the
neutral point, which indicated the neutralization of
the H* ions in the acid environment due to the basic
nature of the oxides of MM. With this approach, the
levels of the fluoride ions increased to a point to be
described by the conditions due to the interaction
between the fluorapatite in the MM and the H* ions
present in the solution, which resulted in the
desorption of the fluoride ions in the mixture. From
the experimental results obtained, the levels of the
fluoride ions described a highly saturated pattern,
which indicated that the conditions allowed the use
of the Langmuir adsorption isotherm.

Based on the levels of the pH to the
corresponding levels of the fluoride ions, there was
a certain physico-chemical point indicating the
conditions of the system to proceed to the next
stage in the mathematical description.

The reason for choosing the Langmuir model is
that it was selected due to its application as a
mathematical tool for quantitative assessment of
fluoride reduction from phosphorite waste. The
process considers monolayer adsorption of a solid
substance with one molecule per adsorption site per
solid surface. The potential of fluoride desorption
from MM into AWW, based on the Langmuir model
application, will be calculable. The amount of
maximum or saturated fluoride released and the
relative efficiency of fluoride release per MM
amount will also be possible through application of
the model. The basic formula of the mathematical
concept of the Langmuir model has been expressed
in the following mathematical formulae [[17], [18],
[19]]:

Frox K- x
1+K-x

Here, F(x) represents the amount of fluoride
(mg/L) dissolved at a given mass ratio, x is the mass
ratio of the AWW to MM in the mixture, Fax
denotes the maximum amount of fluoride that can
potentially be desorbed (mg/L), and K is the
characteristic constant of the sorption process.

For practical calculations, the linearized form of
this equation is often used, as it allows for a more
precise determination of the model parameters
through mathematical regression. The linearized
expression of the Langmuir model is presented as
follows:

F(x) =

1 _ 1 + 1
F(x) Fnax  Fmax 'K

1
x

This linear form facilitates plotting % against%

, from which the slope and intercept can be used to
determine both F,,.x and K values accurately. In the
corresponding linearized graph, the intercept

1 .
represents —, while the slope corresponds to

max

. Given the strong correlation between the

Frmax

experimental data and the Langmuir model, the
reduction of fluoride from the MM in the acidic
AWW environment was accurately described using
this model. The model provided a detailed analysis
of ion exchange, desorption, and acid-induced
decomposition processes occurring on the MM
surface.
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The derived model parameters-namely, the
maximum fluoride removal capacity (F,ax) and the
Langmuir constant (K)-served as a scientific basis for
developing environmentally sound
recommendations for the MM-AWW system.

Results of this work empirically model the
behavior of fluoride release from the mineralized
mass of the Central Kyzylkum phosphorite waste
into AWW using the Langmuir adsorption model.
Though the Langmuir equation was designed for the
surface adsorption process, in the given context, it
was used as a semi-empirical technique to describe
ion exchange and acid-activated desorption
phenomena dynamics [[32], [33]].

The mass ratios of AWW to MM ranged from
100:10 to 100:40, with all reactions conducted at
333 K for 30 minutes of continuous stirring. After
each run, the amount of fluoride released (mg/g)
and the remaining fluoride concentration in the
liquid phase (mg/L) were determined
experimentally.

The practical application of the Langmuir model
was implemented using the following linearized
equation:

1 1 1 1

+ .
de  Gmax Ki Gmax Ce

Here, q. is denoted as the quantity of fluoride
desorbed per gram of MM (mg/g), C, is referred to
as the concentration of fluoride in AWW at
equilibrium (mg/L), @max is termed as the maximum
quantity of fluoride possible for desorption (mg/g),
K_L is referred to as a constant of the Langmuir
model representing the affinity of fluoride for
desorption (L/mg).

Graph analysis involved plottingqie on the y-axis
and cl on the x-axis. Equations for the trend line

e

were used to establish values for the coefficients of

y and x:
1

= . K, =
Amax = Grersection point’ L
angle of deflection
intersection point
Computational approaches were used to

examine the sorption parameters quantitatively.
Data analysis was conducted using OriginPro 2021
software. Linear regression analysis was obtained
from charts, and it showed a good fit with an R? of
0.987 in both equations, establishing an accurate
relationship with experimental work. The sum of
Squared Error (SSE), Standard Error (SE), and F-test
statistics has ensured the accuracy of both
equations.

Therefore, using the Langmuir model, it became
possible to describe the course of fluoride ions
mathematically released from MM with an increase
in the mass of AWW. This model can be considered
a very important tool for precise calculation and
optimization of reagent consumption in future
research.

Results and Discussion

In this study, the decrease in fluoride content
(1.7%) present in the MM of the Central Kyzylkum
phosphorite deposit was experimentally
investigated by mixing it with soapstock by-
product—AWW —at various mass ratios (100:10 to
100:40) at 333 K for 30 minutes. The organic and
mineral acids contained in AWW acted as activating
agents for the fluoride present in MM. As a result,
fluoride desorption and decomposition occurred
from the MM surface. For each ratio, the initial
fluoride mass, the remaining fluoride content at the
end of the experiment (F;), the amount of fluoride
lost (AF), and the amount of fluoride lost per gram of
MM (g.) were calculated (Table 1).

Table 1 - Calculated experimental values of fluoride loss depending on AWW: MM mass ratios

AWW:MM MM (g) Fo (mg) Fi (mg) AF (mg) qe (mg/g)
100:10 10 170.00 107.00 63.00 6.30
100:15 15 255.00 174.00 81.00 5.40
100:20 20 340.00 253.00 87.00 4.35
100:25 25 425.00 355.00 70.00 2.80
100:30 30 510.00 417.00 93.00 3.10
100:35 35 595.00 491.50 103.50 2.96
100:40 40 680.00 544.00 136.00 3.40

*Note: Fo = 17 mg/g x MM (g); F = (Remaining fluoride, %) x MM x 10. For example: 1.07% x 10 g x 10 = 107.00 mg (for

the 100:10 ratio case).
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Table 2 - Values of ge and C. based on the Langmuir model and their linearized forms prepared for regression analysis

AWW:MM Fi (mg) C. (mg/L) e (mg/g) 1/9e. 1/c.
100:10 107.00 1070.0 6.30 0.1587 0.000935
100:15 174.00 1160.0 5.40 0.1852 0.000862
100:20 253.00 1265.0 4.35 0.2299 0.000791
100:25 355.00 1420.0 2.80 0.3571 0.000704
100:30 417.00 1390.0 3.10 0.3226 0.000719
100:35 491.50 1404.3 2.96 0.3378 0.000712
100:40 544.00 1360.0 3.40 0.2941 0.000735
Equation y=a+b'X
] Plot B
0,35 Weight No Weighting
. Intercept 0,93554 £ 0,07909
i Slope -854,41344 £ 100,
N Residual Sum of Sq 0,00239
0,30 ? Pearson's r -0,96687 [
R-Square (COD) 093484
i Adj. R-Square 092181

0,15

0,00070 0,00075 0,00080 0,00085 0,00090 0,00095
1/C, ,L/mg

Fig. 2 - Linear regression of fluoride loss based on the Langmuir model

To verify the Langmuir model, the
corresponding values were calculated. The results
are presented in Table 2 and Figure 2.

As a result of the graphical analysis, the
regression equation was derived in linear form, and
the main model parameters, gm« and b, were
determined. The R? value obtained was 0.93484,
which describes a reasonably good fit; the observed
deviations may be attributed to heterogeneity in the
MM surface, variations in acid species composition
in AWW, and also possibly kinetic or ion-exchange
limitations in the course of the reaction. In
particular, the presence of silicon, aluminum, and

iron oxides in the MM may have formed passive
surface zones that hindered fluoride desorption
under acidic conditions.

During the experiments, the pH values of the
AWW-MM mixtures significantly varied with the
mass ratio. The original pH of the AWW was around
2.2, determined by the free acids in the water
(mainly oleic, linoleic, palmitic acids, and sulfate
residues). When MM was added, neutralization
between those acids and basic oxides in the MM
(like CaO, MgO, and Al,0s) gradually raised the pH.
Experimental results can be seen in Table 3.
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Table 3 - Variation in solution pH values and fluoride loss per 1 g of MM (g.) depending on the mass ratios

of AWW to MM
AWW:MM pH de (mg/g)
100:10 4.10 6.30
100:15 4.81 6.09
100:20 5.62 5.83
100:25 5.90 5.35
100:30 6.33 4.80
100:35 6.74 4.25
100:40 7.30 3.97

As shown in Table 3, with an increase in pH, a
decrease in fluoride loss per gram of MM (ge) can be
observed. A negative relationship can be established
using the graph plotted on ge-pH co-ordinates,
which depicts a non-linear graph. However, it is
important to note that a higher fluoride loss
occurred in samples with a pH of <5.0, thus
establishing an active role of protons in an acidic
environment in decomposing fluoride phases in
MM.

The primary mechanism of this reaction is
illustrated in Figure 3:

CG5(PO4)3F + 10H* > 5C02+ + 3H>PO4 + HF

Ca5(PO4)3F

Fig. 3 - Decomposition of Cas(POa4)sF (fluorapatite) in an
acidic environment: mechanism of ion exchange and
hydrolysis reaction with fluorine release

When the concentration of H* ions is high (i.e.,
at low pH values), the kinetic activity that promotes
the release of fluoride in the form of HF into the
atmosphere increases. Conversely, at pH values
equal to or greater than 6.5, the reaction rate slows
down due to the lack of available protonsin a neutral
medium and the increased likelihood of passive
layer formation on the surface of the MM.

It is important to emphasize that fluoride ions in
the MM are present in the form of fluorapatite,
bonded with calcium and phosphorus, and this
compound is particularly prone to decomposition
only under acidic conditions. Experimental results
demonstrated that the maximum value of

equilibrium fluoride loss per gram of MM (g. = 6.30
mg/qg) occurred at pH 4.10, representing the most
active phase of desorption in a highly reactive
environment.

As a constant temperature of 333 K and a time
of 30 minutes were used in all of these experiments,
pH remained a dominant factor in the release of
fluoride ions. This can also clarify why deviations in
R2 exist in some of the results in the Langmuir model,
because this model solely considers parameters
based on concentration without taking into
consideration pH effects.

Therefore, the correlation noted between pH
and qg® in the experiments is a manifestation of the
sensitivity of fluoride ion release to ion exchange, as
well as hydrolytic reactions. The results reinforce the
need for pH to be considered a variable in modeling
studies.

Experiments conducted using mixtures of AWW
and MM proved that the regulation of fluoride
release can be obtained through manipulation of
mass ratios of AWW to MM. Mass ratios were
proven to be a very important factor. They
controlled, on one side, the decomposing activity of
the acid, and, on the other side, influenced the
concentration density of fluoride-containing phases
in MM.

During this study, AWW: MM ratios were varied
from 100:10 to 100:40. With an increase in MM, the
volume of acidic phase present in each gram of MM
will decrease. As a consequence, there will be a
reduction in fluoride release because the
degradation of fluoride-containing phases in MM is
a function of available acid, which is proportional to
hydrogen ions.

As already shown, with the increase in pH from
4.10 to 7.30, a corresponding decrease in g. from
6.30 mg/g to 3.97 mg/g occurred. The above can be
attributed to the direct effect of mass ratios or
rather related to the mechanism involved in pH
changes, which is exemplified by the capability of
the acid to interact with fluoride sites on the MM
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Table 4 - Parameters of the Langmuir model and their calculation basis

Ne Indicator Designation Value Calculation formula
Linear regression slope m 5.03 From the graph (slope)
-int t int h li
2 y-intercep (po_ln where a fine b 0.1337 From the graph (intercept)
crosses the y-axis)
. . 1 1
3 Maximum capacity Gmax 7.48 mg/g Qmax = 3 = 01337
1
4 Langmuir constant KL 0.027 L/mg K, =——
m - Qmax
5 Modeling compatibility coefficient R? 0.93484 From the graph (R?)

surface. When using lower concentrations of MM
(illustrated in a 100:10 mass ratio), it would be easy
for acid molecules to interact with fluoride sites.
However, when higher concentrations of MM were
used, this would not be the case.

Furthermore, at higher mass ratios of 100:35
and 100:40, a marked reduction in the activity of
proton exchange was noted because of the
increased pH being close to neutrality. The linear fit
function in the Langmuir model with an R? value of
0.93484 indicated a point of saturation in the
desorption stage, making it evident that fluoride
ions were liberated solely from the active surface of
MM.

Hence, it can be concluded that the mass ratio
of AWW: MM is a major controlling parameter in
fluoride release. These parameters control both the
density of the acidic medium and the interaction of
the fluoride-bearing phases in the MM. Both
parameters, mass ratio and pH, have been
considered important in defining the ion exchange
kinetics modelled by the Langmuir Equation.

On the basis of linear regression, a graph of 1/qe
vs 1/C. was plotted, which helped in finding the
Langmuir parameters. The basis of calculation of
these parameters, equations used for calculation,
and explanations are given in Table 4.

The work described in this thesis involved an in-
depth research study of fluoride removal in
phosphorite waste deposited in the Central
Kyzylkum area under an acidic environment and
concentrated in MM, which accumulated in large
guantities, and in AWW produced in the fat and oil
industry. The acidic substances in AWW interacted
with the fluorapatite in MM, leading to ion exchange
reactions and decomposition, with subsequent
fluoride emission into the atmosphere.

Experiments performed with varying AWW: MM
proportions proved that the level of fluoride loss is
indirectly proportional to the quantity of MM. That
is, both 100:10 and 100:15 proportions presented

higher ge values. The pH level of the solutions ranged
from 2.2 to 4.9, which indicated that it is mainly the
acidity of the environment that influenced the level
of fluoride ions released.

Modeling with the Langmuir Adsorption
Isotherm was carried out based on the experimental
data. Graphical analysis provided the parameters:
Omax = 7.48mg/g, KL=0.027L/mg, and R?=0.93484.
Modeling with the Langmuir Equation demonstrated
that Fluoride adsorption was due to a surface-
dependent monomolecular mechanism. Based on
this, an accurate calculation of Active Surface
Centers and their reactivity on MM was done.

The trend in the decrease of g. with an increase
in mass ratio was due to surface saturation.
Experimental and simulation results complement
each other and ensure consistent and accurate
results. This study makes it very clear that the use of
waste materials such as MM and AWW will go a long
way in minimizing environmental hazards. Besides,
this study has highlighted the application of AWW in
neutralizing phosphorite waste in order to save
natural resources.

The fact that the application of the Langmuir
model was effective in this situation proves that
these processes can be effectively controlled by
utilizing the surface adsorption principles. In the
future, adding similar types of waste to a processing
scheme may significantly decrease the harmful
effects on the environment. The results obtained
may form a basis for the development of innovative,
eco-friendly solutions aimed at effective utilization
of industrial waste.

Conclusion

The work described in this thesis involved an in-
depth research study of fluoride removal in
phosphorite waste deposited in the Central
Kyzylkum area under an acidic environment and
concentrated in MM, which accumulated in large
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qguantities, and in AWW produced in the fat and oil
industry. The acidic substances in AWW interacted
with the fluorapatite in MM, leading to ion exchange
reactions and decomposition, with subsequent
fluoride emission into the atmosphere.

Experiments performed with varying AWW: MM
proportions proved that the level of fluoride loss is
indirectly proportional to the quantity of MM. That
is, both 100:10 and 100:15 proportions presented
higher ge values. The pH level of the solutions ranged
from 2.2 to 4.9, which indicated that it is mainly the
acidity of the environment that influenced the level
of fluoride ions released.

From the experimental values, the Langmuir
Adsorption Isotherm Model was applied. The values
obtained from the graphical analysis for the
Isotherm Model were: gmax= 7.48mg/g, KL=
0.027L/mg, and R?= 0.93484. From the results, the
Langmuir Equation Model confirmed that Fluoride
was adsorbed on MM by means of the
monomolecular process that depended on the
Surface. For this purpose, the Active Surface Centers
were.

The trend of a decrease in g. with an increase in
mass ratio can be attributed to surface saturation.
The experimental and simulation results
complement each other in ensuring that the results
obtained are accurate. One thing this study confirms
clearly is that utilizing waste materials such as MM
and AWW will make a major contribution to

controlling environmental hazards. Furthermore,
this study affirms the utilization of AWW in
neutralizing phosphorite waste in an attempt to
conserve natural resources.

The efficacy of applying the Langmuir model in
the above case aptly supports the fact that the
effects can be efficiently controlled in the future by
being aided by the concepts associated with the
adsorption phenomenon on a surface. The
detrimental effects of the above types of wastes in
the future processing plan can be efficiently
eliminated if the wastes are considered in the
processing plan in the future. The above-outlined
experiment can be applied in generating innovative
ideas associated with the utilization of wastes in a
highly optimized manner, in a way that is
environmentally safe.
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AHHOTAUMA

AecopbunanaHyblH 3epTTeyre apHaafaH KeweHAi KYMbICTbIH, H3TUXKenepi 3KCNepUMEHTTIK
a4icTep MeH MaTemaTuKanblK MoAenbaey HerisiHae baaHaanfaH.

MM KypambliHAafbl GpTOPanaTUTTIH, KbllWKbIAAbI afblHAbl cynapmeH (AWW) esapa apeketrecyi
JKaH-KaKTbl 3eptrengi. AWW KypambiHAafbl KblWKbI1 KOMMNOHEHTTEP, HerisiHeH 6oc mak
KbILWKbIAAAPbI, MOH aNMacy MexaHu3maepi apkplabl MM-geri dTopabiH blablipaybliHa biIKknan etTesi.
dkcnepumeHTTep 333 K Temnepatypaga 30 muHyT apanactbipy pexxuminae, AWW:MM maccanbik,
KaTblHacTapbl 100:10-100:40 apanbifbiHAA XKyprisingi. MM ynarinepiniH 6actankbl pH KepceTkilui
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beviTapanka akblH 6onapl, an AWW-giH pH MaHi 2,2 6onfaHAbIKTaH, Kocnanapaafbl opTa
KbILWKbIN cunaTTa 6onapl. 9pbip Kocna ywiH ge (Macca bipairiHe agcopbumnananfan GTop menwepi)
»aHe Ce (GTOPAbIH Tene-TeHAIK KOHUEHTpauMAchbl) MaHaepi ecentenai. Ocbl gepeKkTep HerisiHae

JleHrmiop aacopbumsa moaeniHe calikec perpeccuanbik rpaduk Typfbidbingpl. FpaduKTeH anbiHFaH
Makana kengi: 15 »eenmokcaH 2025

CapanTtamagaH eTTi: 25 xceamokcaH 2025
Kabbinganapl: 3 Haypei3 2026

CbI3bIKTbIK TEHAEY MaKCMMan afcopbLmaAIbIK ChlAbIMAbIIbIKTEI Omax = 7,48 Mr/r xaHe JleHrmiop
KOHCcTaHTacbIH Ki = 0,027 n/Mr gen aHbIKTayFa MyMKiHAIK 6epai. JleHrmiop TeHaeyiHeH anbiHFaH R?
= 0,93484 petepmunHaumA KOIODOUUMEHTIHIH MIHI MOAENb MEH IKCMEPUMEHTTIK HITUMKENepAiH,
MKaKCbl CAMKecTiriH Kepcetedi. AWW KypambiHAaFbl GTOP MOHAAPbI KYLWTi KbIWKbINAAPAbIH,
acepiHeH ra3 Topisai HF-ke aWiHanbin, atmocdepara 6eniHyi MyMKiH. Peakuus eHimaepiH
COKeCTeHAIpY blAblpay MeXaHW3MIH YCbIHYFa MyYMKIHAIK 6epai. Ocbl skymbicTa MM aHe AWW
aTTbl eKi TypAi eHEepKaCinTiK KangblK afbiHAAPbIH BipiKTipy KaHa TEXHONOTUANbIK, WewiMmaepai
93ipsieyre Xon alwTbl.

Tyiiin ce30ep: ®ocdaT KanapikTapbl, OpTanbiK Kbi3blAKym, GTOPUA, KbIWKbIAABI OPTA, KblLUKbIIAbI
afblHApI Cy, JleHrmiop moaeni, dTopanaTut, MaTeMaTUKabik MOAebaeY.
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CHMXKeHue copeprKaHua propa B pocPatHbix oTxoaax LieHTpanbHOro KbisbiiKyma
B KMUC/IOM cpeAae: IKCNepMMeHTa/ibHOe U MaTemaTUyYecKoe uccieoBaHue Ha
ocHoBe moaenu JleHrmiopa

1Kypasnsos 3., '0nnabepraHosa A., 2>kab6apos M., 3 MaTHasapos Y., 'babaxkaHosa P.
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2yHusepcumem MamyH, Y3bekucmar
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AHHOTALUMUA

B AaHHOM Hay4YHOU CTaTbe M3N0XKEHbI Pe3y/bTaTbl KOMMNJIEKCHOTO UCC/eA0BaHNA, NOCBALLEHHOTO
Jecopbumn  ¢Topa M3 MUHEPanM30BaHHbIX 0TXoZos (MM) docdaTHbIX MECTOPOXKAEHMUI
LieHTpanbHOro Kbi3blIKyMa B KUC/IOM cpefie, U3YYEHHON C MPUMEHEHUEM SKCMEPUMEHTANbHbIX
MeTOA0B M MaTeMaTUYeCKOro MOAENNPOBaHUA. BaumogelicTBme ¢pTopanatuta, cogeprrallerocs
B MM, C KMCNOTHbIMM CTOYHbIMM Bogamu (AWW) 6b110 noapobHo uccnenoBaHo. KUCNOTHble
KOmnoHeHTbl AWW, rnaBHbim o06pa3om cBo6OAHbIE JKMPHbIE KUCAOTbI, CNocobCTBYOT
Moctynuna: 15 dekabps 2025 pasnoxeHuto ¢pTopa B MM 3a CHET MIOHHO-OOMEHHbBIX MEXaHW3MOB. DKCNEPUMEHTbI NPOBOANINCH
PeueH3upoBaHue: 25 dexabpa 2025 npu Temnepatype 333 K B TeueHne 30 MMHYT nepemelnBaHUA NPU PasINYHbIX MaCCOBbIX
MpuHAaTa B NeyaTb: 3 mapma 2026 cooTHoweHuax AWW:MM B ananasoHe 100:10-100:40. HayanbHoe 3HaveHue pH obpasuos MM
6b110 6M3KUM K HelTpanbHOMy, Toraa Kak pH AWW cocTtasnsan 2,2, BCheACTBME Yero cpesa B
cmecsax 6blna Kucnoi. Ana Kaxaon cmecu Bbiav paccuuTaHbl 3HaYeHus de (Konmuectso ¢Topa,
apcopbvpoBaHHOro Ha eauHULY maccbl) U C. (paBHOBecHas KoHLeHTpauua ¢Topa). Ha ocHose
NOMIYYEHHbIX AaHHbIX Bblna NOCTPOEHa perpeccMoHHan 3aBUCMMOCTb B COOTBETCTBUM C MOAENbIO
aacopbuun JleHrmiopa. JiuHeliHoe ypaBHeHWe, NoaydeHHoe 13 rpadurKa, No3BOANAO ONpeaenvTb
MaKCUMa/bHYI0 aaCcoPBLMOHHYIO EMKOCTb Qmax = 7,48 Mr/T v KOHCTaHTY SleHrmiopa K = 0,027 n/mr.
3HaueHune KoadduumeHTa aetepmmHaummn R? = 0,93484, nonyyeHHoe No ypaBHEHUIO JleHrMiopa,
CBMAETENbCTBYET O XOPOLUIEM COOTBETCTBUM MOAENN IKCMEPUMEHTANbHbIM pe3yabTatam. MoHbI
¢dTopa B AWW nofa geiictBuem CUAbHbIX KUCIOT MOTYT MpeBpalaTbca B razoobpasHbiii HF m
BblAeNATbCA B aTmocdepy. MaeHTUPMKauMA NpPOAYKTOB peakuuu Mo3BOMAA NPensioNUTb
MeXaHW3M pasfioKeHuA. B pamKkax HacTosAwel paboTbl 6bliv 06beanHEHbI ABa PA3INYHbIX NOTOKA
NPOMbIWAEHHbIX 0TX04808 — MM 1 AWW, 4T0o c0343/10 NPeanocbIKM ANA pa3paboTKM HOBbIX
TEXHONIOTUYECKUX PeLleHNi.
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ABSTRACT

Humus-containing organic and organo-mineral fertilizers play a key role in increasing soil fertility
due to their high water-holding capacity, improved water permeability, and ability to reduce
phosphorus fixation by calcium and magnesium ions in calcareous soils and by sesquioxides in
acidic soils. Organic matter from livestock waste, peat, and brown coal can enrich fertilizers with
humus. However, plant residues such as aspen bark, agricultural husks, and licorice root meal are
among the most effective additives to produce organic fertilizers. The present study evaluates the
synthesis of phosphorus-humus fertilizers in grain form using indicator phosphate rocks
discovered in the Kyzylkum deposit, Turkmenistan, and oxidized licorice paste, treated with
hydrogen peroxide and acetic acid. The methodology lab experiment consisted of three steps. In
the first step, the oxidation behavior of finely ground licorice meal (particle size < 0.1 mm) was
investigated using an aqueous hydrogen peroxide solution and acetic acid at mass ratios relative
to the organic fraction of the licorice meal in the range of H,0,: CH3COOH = 100 : (10-20) : (0.1-
1). In the second step, the phosphate rock was decomposed by 92% sulfuric acid, requiring 30-80%
equivalent amounts for monocalcium phosphate. In the third step, the resulting products were
mixed with the oxidized licorice paste at a ratio of 100:10:1. This paper evaluates the optimal
conditions for processing the phosphorus-humus fertilizer, also producing flowcharts for
processing, such as phosphate, provided by each resource. The efficiency of this new technology
is presented. The results suggest that low rock phosphate and waste licorice root are
environmentally friendly and can be recommended as an alternate tool to reduce the use of high-
consumption chemical fertilizers or time consuming conventional composting process.

Keywords: licorice meal, hydrogen peroxide, phosphorite, extractive substances, sulfuric acid,
oxidation.
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Introduction

Worldwide experience in sustainable agriculture
development and agro-chemical research proves
the efficacy of organic and organo-mineral fertilizer
use for maintaining soil fertility and obtaining higher
plant yields. Thus, for example, organo-mineral
fertilizer application was proven to enhance the
efficiency of nitrogen use, soil, and corn yield [1].
Also, the prolonged use of organic manure along
with mineral fertilizer increased soil organic carbon,
availability of nutrients, and crop yield under the
pearl-millet/wheat rotation system [2]. Therefore,
the production and usage of such fertilizers from
organic materials, phosphate materials, and
agricultural ores, providing all essential nutrients for
plant development, play an important role in
improving agricultural productivity and
sustainability.

In worldwide agricultural practices, soil fertility
is assessed on the basis of three large categories of
indicators:  agrophysical, agrochemical, and
biological. These components are intricately
interlinked and contribute significantly to the ability
of the soil to support the growth of plants in the
surrounding environment. Agrophysical indicators
are used to describe the physical state of the soil and
consist of structure, particle size distribution,
mineralogical constitution, porosity, air and water-
holding capacity, and water permeability. These
properties are generally much slower to change and
can only be restored to their former state after a
significant amount of time and difficult efforts when
degraded [3]. The agrochemical component is used
to describe the quantity and availability of vital
nutrients like nitrogen, phosphorus, potassium, and
other macronutrients and micronutrients. This
property plays a pivotal role in defining the
availability of nutrients for plants and directly affects
the productivity of crops and their growth rate [4].
Biological components can be associated with the
guantity, quality, and type of soil organic matter and
microbial activity, along with the general
phytosanitary status of the soil. However, in a large
number of cases, the general standard of soil fertility
can be attributed to the quality and quantity of the
existing organic matter. Organic matter plays a
highly significant role in defining the distinct
characteristics of the soil, acting as the principal
connecting link that defines the general state of soil
fertility. Moreover, acting as a reservoir of carbon,
nitrogen, phosphorus, potassium, and other
nutrients, the role of soil organic matter can help
ensure optimal fertility for plant development and
can counterbalance the effects of toxic substances

present in the surrounding soil and environment
[[5], [6]].

Humification and mineralization of residue C in
the soil by the microflora result in nutrient release.
Data indicate that residue addition augments the
concentration of C by 10-12% and that of N by 7-9%
compared to fertilizer addition alone [[7], [8]]. Long-
term studies indicate that when residue addition is
coupled with the addition of mineral nutrients,
about 5.5 t of C/ha carbon sequestration is possible
in five years [[7], [8], [9]]. Moreover, residue
addition to soils and subsequent microbial
decomposition have been found to enhance carbon
and nutrient cycling [[9], [10]]. It has been found that
a meta-analysis of residue addition is effective in
augmenting soil organic carbon concentration [[7],
[11]]. Thus, organic matter addition to soils through
residue addition is essential to maintain soil fertility
and nutrient cycles [11].

According to [11], organomineral fertilizers
promoted considerable increases in vyield. The
greatest values in terms of grain, straw, and sheaf
weights were recorded with dung-lignin mixture at
60 t/ha, reaching 20.04, 23.60, and 43.89 g/vessel,
respectively; this is a significant increase by 65-79%
compared with the control. More or less similar
yields (44-46 g/vessel) were recorded with semi-
rotted manure at 60-80 t/ha and with dung-lignin
mixture at 40 t/ha. At higher doses (80 t/ha), dung-
lignin mixture and lignin-sludge mixture at 40 t/ha
slightly lowered the oat grain yield, while straw and
sheaf weight increased by 28-62%; thus, there is a
tendency towards vegetative development. A
limitation of this method is that the large volumes of
fertilizer produced lead to substantial transportation
costs.

The use of humic substances (HS) together with
mineral fertilizers improves soil agrochemical
properties and helps maintain long-term fertility. HS
interacts with mineral particles to form stable
organomineral complexes that effectively absorb
moisture and dissolved nutrients. By binding soil
particles, HS promotes the development of a water-
resistant, loose, granular structure, which enhances
both water infiltration and nutrient retention. As a
result, nutrients remain available to plants rather
than becoming fixed by soil minerals or lost through
leaching [[12], [13]].

Paper [14] presents a method for producing
phosphorus organomineral fertilizers with high
resistance to nutrient leaching. Aspen bark is
impregnated with KH,PO, and converted into
Ca(H2PQO4),, resulting in a water-resistant product
that can also be enriched with microelements. The
improved resistance ensures a prolonged fertilizer
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effect, and pot experiments confirmed its positive
influence on plant growth. The preparation process
has multiple stages, and generating effluent is not a
term of an environmentally friendly approach.

In [15], phosphorus biocomposite fertilizers
were produced by impregnating porous birch bast
and bark with aqueous K;HPO,4. The most effective
conditions for reducing phosphate leaching were
heating at 100 °C for 2 h, drying at 200 °C, and
treating with 0.1 N HNOs. The resulting materials,
containing 3.5-4.0 wt.% P, released only ~35% of
their phosphorus over 72 h, demonstrating
prolonged nutrient release. Phosphorus loadings
above 4 wt.% decreased water resistance. Overall,
these birch-based biocomposites showed much
higher resistance to leaching than standard granular
fertilizers. Low concentration and time-consuming
processing restrict the product’s application on a
wider scale.

Phosphorus has long been a key focus in
agricultural chemistry because most soils contain
little of it and its low mobility makes it poorly
available to plants. At the same time, global reserves
of phosphate raw materials are limited, and many
are unsuitable for producing water-soluble
fertilizers. Ensuring future food security requires
more efficient phosphorus use and better
understanding of its cycling in soil-plant systems,
including the interactions between soil physics,
chemistry, biology, and plant traits [[16], [17]].

Phosphate fertilizers are derived from natural
phosphate ores—primarily phosphorites (=85%),
while apatite accounts for only about 6% of the
estimated 75.1 billion tonnes of global proven
reserves. In both ore types, the principal
phosphorus-bearing mineral is calcium fluorapatite
(Cas(PQa)sF), occurring mainly as fluorapatite and
hydroxyapatite. The physical and chemical
characteristics of phosphate ores vary depending on
their mineral composition and impurity levels. One
of the world’s richest and most industrially
significant apatite—nepheline deposits is located on
the Kola Peninsula [[18], [19]].

Ten countries, such as Morocco, the United
States, China, Russia, Mexico, Kazakhstan, Peru,
South Africa, Western Sahara, and Tunisia, hold
around 61,015.4 million tonnes of P,Os, or 87% of
global phosphate reserves. Significant additional
deposits have also been identified on the seabed
and continental shelves [20].

The Kyzylkum phosphorite basin covers an
estimated 65,000 km?2. Assuming that only 5% of this
area contains industrially significant phosphorite
beds, and using an average ore layer thickness of 2.5
m, the predicted geological reserves would amount

to approximately 16.25  billion tonnes of
phosphorite, or about 1.95 billion tonnes of P,0s
(based on an average P,Os content of 12%) [68].
Phosphorite deposits occur in several regions of
Uzbekistan, with the Central Kyzylkum area
considered the most promising for industrial
development. Four deposits have been identified:
Jeroy-Sardara, Jetymtau, Tashkurin, and Karakatin.
The best-studied is the Jeroy-Sardara deposit, which
includes the Jeroy South, Kurukkuduk, and Tashkura
sites. Total reserves are estimated at 384.4 million
tonnes of ore, containing about 73.9 million tonnes
of P,0s [[21], [22]].

The most widely used phosphorus fertilizer
globally is simple superphosphate (SSP), which
consists  primarily of water-soluble calcium
dihydrogen phosphate, Ca(H2POa4),. It is produced by
treating phosphate rock with sulfuric acid.

2C35(PO4)3F(5) + 7H3S0q4) = 3C3(H2PO4)z(aq) +
7CaSO4(S) + 2H F(g) 1

However, after application SSP to neutral or
calcareous soils, the readily soluble Ca(H,POQ.) is
rapidly transformed into less soluble forms such as
CaHPO, and Cas(P04);, which gradually supply
phosphorus to plants as follows:

Ca(H2P04)2(aq+Ca(HCO3)2(aq) =
2C3HPO4'2H20(5)+2C02(g) 2

Ca(H2P04)2(aq)+2Ca(HCOg)z(aq) - Ca3(PO4)2(S) +4H20(|)
+ 4C02(g) 3

In that case, poorly soluble minerals such as
hydroxyapatite or fluorapatite may form in the soil,
making phosphorus unavailable for plant uptake
[23].

In acidic soils (pH < 5.5), AI*" is released from
aluminosilicate minerals (e.g., clay minerals like
kaolinite, gibbsite). Ferric iron (Fe3*) released from
geotite is the dominant form in well-drained acidic
soils. Ferrous iron (Fe?) occurs in reducing or
waterlogged conditions (wdstite, olivine, pyroxene,
and troilite) and is more soluble [[24], [25]].

Therefore, in acidic soils rich in sesquioxides
such as AP* and Fe?/Fe®*, poorly soluble and
difficult-to-utilize phosphorus compounds can form,
reducing phosphorus availability to plants.

A simplified overall reaction:
Ca(H2P04)z(aq) + AP* > 2H* + Ca®* + AIPO, | 4

Ca(H2P04)2(aq) + FE** - 2H* + Ca** + FeHPOs |, 5
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Ca(H2PO04)y(aq) + FE** > 2H* + Ca** + FePO4 |, 6

Consequently, the application of phosphate
rarely exceeds ~ 10-25 % efficiency, leading to the
consumption of water-soluble phosphate fertilizers
at rates significantly higher than the actual
phosphorus demand [[26], [27]].

The significance and mode of action of
organomineral fertilizers in agricultural production
have been extensively discussed [[28], [29], [30],
[31]]. Humic substances present in these fertilizers
enhance the uptake of essential nutrients by plants.
They prevent the retrogradation of readily
assimilable phosphates, provide microelements and
physiologically active compounds, improve soil
structure, create favorable conditions for beneficial
microorganisms, and ultimately stimulate plant
growth and development. Organic and/or
organomineral fertilizer raw materials may comprise
manure, peat, lignin, sapropel, brown coal, and/or
various plant organic materials. Composted
agricultural by-products, including olive waste
sludge compost, humic-rich organic materials,
and/or other stabilized organic by-product
materials, are also used extensively, besides being
productive additives in the formulation of
organomineral fertilizers [[28], [29], [30], [31]].

Naked licorice meal is a potential raw material
for the production of humic fertilizers due to its high
concentration of biologically active compounds.
Licorice refers to a Glycyrrhiza species that is an
herbaceous perennial and a legume family member.
The licorice leaf is recognized for making medicinal
preparations and decompositions, and the licorice
hay, which has high protein nutrients, is used as
animal feed [[32], [33]]. However, the root is
considered the most pharmacologically significant
part of the plant. Licorice root contains organic acids
(malic, citric, and succinic), B-carotene, a broad
spectrum of vitamins, and essential macro- and
microelements including potassium, calcium, iron,
phosphorus, and magnesium. The principal
biologically active constituents are triterpenoid
compounds, notably glycyrrhizic acid, along with a
diverse group of flavonoids, which may constitute up
to 25% of the root’s chemical composition.

In Uzbekistan, more than thirty enterprises of
various ownership types are involved in the
procurement and processing of licorice root,
primarily in the Khorezm and Bukhara regions and
the Republic of Karakalpakstan. Licorice naturally
grows in the Amu Darya and Syr Darya river deltas,
where it thrives in tugai forest ecosystems, along
irrigation networks, and on saline soils and fallow
lands [34].

Turkmenistan is also a significant regional
producer. In 2021, the country produced 680 tons of
dry licorice extract; the Buyan agro-industrial
complex alone generated 680 tons of dry and 610
tons of thick extract from 2,960 tons of purified
licorice root. According to ‘Turkmenistan: Golden
Age,’ the enterprise exceeded its production plan by
118.7%. Buyan is located in Turkmenabat and is
involved in making licorice-based teas, extracts,
balms, and capsules. It has been processing 17,500
tons of licorice root annually as of 2020 and 19,000
tons in 2022. These figures show enhanced
processing capacities and their significance for the
economy.

It is worth mentioning that after industrial
processing of licorice root, a significant amount of
licorice meal is obtained, namely, over 80% of raw
material, with a yearly output exceeding 100,000
tons in Karakalpakstan alone, which is actually
treated as industrial waste. Also, during the process,
a liquid ammonium sulphate solution with a
concentration of (0.5-1%) of 400,000 tons is
obtained, with a significant amount of
physiologically active compounds [[35], [36], [37],
[38]].

The above-mentioned methods for producing
organic and organo-mineral humus and/or humic-
containing fertilizers based on composting are time-
consuming and limited in their applicability to large-
scale agricultural production. Moreover, the use of
commercial fertilizers such as mono- and
diammonium phosphate and triple superphosphate
increases the final product cost. In contrast, the use
of an aqueous hydrogen peroxide solution in the
presence of acetic acid to accelerate the
humification of licorice meal waste, combined with
low sulfuric acid consumption for processing low-
grade phosphate rock, has both academic and
practical significance for applied chemistry and
agrochemistry.

It has been found that the available literature
provides no effective means to date to utilize the
insoluble part of the licorice meal to produce
valuable compounds like Humic Acids, Fulvic Acids,
or Humic-Like Substances, the role of which is very
important in increasing the fertility of the soil. It is
important to note that no other similar work has
been carried out on the licorice-root meal, the
largest solid waste generated in the pharmaceutical
industries, for the extraction of glycyrrhizic acid or
other biologically active compounds.

Within this framework, the purpose of this study
is to find and introduce a new method involving the
oxidation of licorice meal by hydrogen peroxide in
acetic acid solution and to make use of the resultant




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

oxidation substance in conjunction with the by-
product derived from the decomposition of
phosphate raw material with sulfuric acid for
phosphorus-humus fertilizer production.

Experimental part

Licorice root meal served as the primary raw
material for the study. The material was air-dried
and subsequently ground to a particle size of 0.25
mm. Following drying and grinding, a composite
representative sample exceeding 10 kg was
prepared for analytical characterization and
experimental work. Subsamples were collected to
determine moisture content, ash content, and the
amounts of water-soluble and alkali-soluble
extractives.

The extractable organic fraction (EOF) of the
initial and oxidized meal was determined using a
procedure analogous to the standard method for
isolating humic substances. Weighed sample of the
meal was placed in a 250-mL flask A. 100 mL of a 1%
alkaline sodium hydroxide solution is added, and the
mixture is heated for 2 hours in a boiling water bath.
After cooling, the contents of Flask A are centrifuged
for 15 minutes at 210 s and the supernatant is
decanted. The residue was washed twice with 100
mL NaOH; all alkaline extracts were combined and
filtered into a 500-mL volumetric flask B and made
up to volume.

A 100-mL aliquot of this extract was acidified
with 60 mL of HCl to precipitate high-molecular-
weight organic acids. The precipitate was
centrifuged, washed with water to the onset of
peptization, and treated with an additional 5 mL of
HCl to ensure complete precipitation. The
precipitate was collected on a pre-dried ashless filter
and dried to constant mass at 90 £ 5°C. The filter was
then transferred to a crucible, ignited at 600 + 25°C
to constant mass, and weighed to determine both
organic and ash fractions.

The mass fraction of soluble organic acids (SOA),
recalculated to a dry ash-free basis, was calculated
as:

100'V(m1—m2)
Vim

SOA =

where m; and m; are the masses of the dried
and ashed precipitate of SOA, respectively, g; Vis the
total extract volume, mL; Vi is the volume of an
aliquot of the alkaline solution taken for SOA
precipitation, mL; m is the mass of the meal sample
on a dry ash-free basis, g, calculated using the
formula:

100—(W+A4)

m=ms 100

where ms is the mass of the meal sample, g, W,
and A are the moisture and ash contents of the meal.

The organic portion (substance) (OS) of both
liquid and solid phases represents the oxidized meal.
Its yield was calculated from the organic content of
the initial raw meal [[39], [40]].

The total content of phenolic and carboxyl
functional groups in high-molecular-weight organic
acids isolated from oxidized meal (0-0.25 mm
fraction) was determined by alkalimetric titration. A
0.5 g sample was weighed with an accuracy of
+0.0002 g and treated with 50 mL of 0.1 N NaOH. The
suspension was kept for 24 h with intermittent
shaking, after which the solid phase was separated
using paper filtration. An aliquot of the filtrate was
transferred to a conical titration flask and titrated
with 0.1 N HCI in the presence of phenolphthalein
until the disappearance of the crimson color. A blank
test (without oxidized meal) was performed under
identical conditions.

The total acidity (phenolic + carboxyl groups) in
mg-eq/g was calculated using:

_ (V=V1)VaNyc)
Nonscoow = —— 9

GV,

where: Vis volume of HCl used for the blank, mL;
V1 is volume of HCl used for the sample of SOA, mL;
V. is aliquot volume, mL; Vs is volume of 0.1 N NaOH
added to the sample, mL; NHCl is normality of HCI; G
is sample mass of SOA, g.

Determination of carboxyl groups was
performed analogously. A 0.5 g sample was treated
with 0.1 N NaHCOs, kept for 24 h, filtered, and an
aliquot was titrated with 0.1 N HCl using methyl
orange (yellow = crimson). Carboxyl group content
was calculated using the formula above. The
concentration of phenolic hydroxyl groups was
determined as the difference between total acidity
and carboxyl group content.

For the determination of carbonyl groups, a 0.5
g sample was treated with 50 mL of 0.1 N
hydroxylamine hydrochloride, mixed, and left for 24
h. After filtration, an aliquot was titrated with 0.1 N
NaOH in the presence of phenolphthalein until a
stable crimson color appeared. Carbonyl group
content was calculated as:

_ (V-V1)VzsNNaoH
Nc—o = G—Vz 10
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where: V is NaOH volume for blank, mL; V; is
VNaOH volume for used for titration of the solution
with SOA, mL; V3 is aliquot volume, mL; V3 is volume
of 0.1 N hydroxylamine hydrochloride added to the
test sample, mL; Nnaou is normality of NaOH; G is
sample mass, g.

Phosphorite raw materials from Uzbekistan
(Kyzylkum) and Turkmenistan (Durnals) were used in
this study. The first sample was phosphate rock from
the Kyzylkum deposit (Uzbekistan), characterized by
the following chemical composition (%, by mass):
P,Os — 17.54; citric-acid-soluble P,0s — 3.15; Trilon-
B-soluble P,0s — 3.76; CaO — 47.75; Mg0O — 1.79;
Al,03 —0.90; Fe;03—0.73; F—1.70; CO, —16.50; SOs;
—4.06.

The proportion of plant-available phosphorus
relative to total P,Os amounted to 17.96% (citric
acid) and 21.44% (Trilon-B).

The second raw material was phosphate rock
from the Durnals deposit (Turkmenistan), with the
following composition (%, by mass): P,Os — 13.73;
citric-acid-soluble P,0s — 6.18; Trilon-B-soluble P,0s
—2.96; Ca0 —28.21; MgO — 1.10; Al,0; — 1.10; Fe;03
- 9.01; F - 1.08; CO, — 1.70; SO; — 21.55. Plant-
available P,0s relative to total P,0s was 45.04%
(citric acid) and 21.58% (Trilon-B or EDTA).

At the initial stage of the study, the oxidation
behavior of finely ground licorice meal (particle size
<0.1 mm) was investigated using an aqueous
hydrogen peroxide solution in the presence of acetic
acid. The reagents were applied in the following
mass ratios relative to the organic fraction of the
licorice meal:

H,0,: CH3COOH = 100: (10-20): (0.1-1).

The experiments were performed in a cylindrical
glass reactor with a thermostatic jacket and
equipped with mechanical stirring. The oxidizing
solution was first fed into the reactor, the set
temperature was reached, and the stirrer was
switched on. A weighed amount of the crushed
licorice meal was then introduced to start the
oxidation process.

After the reaction was complete, the mixture
was dried to an air-dry condition. The obtained
material was tested for ash content, moisture,
organic matter, and extractable substances yield by
1% solution of sodium hydroxide. All analytical
procedures were carried out by the methodologies
given in references [[39], [40]].

The subsequent stage of the research was
devoted to the preparation of phosphorus-humus

fertilizers by decomposing phosphate rock of
Uzbekistan and Turkmenistan with sulfuric acid. To
activate the phosphate raw material, 92% sulfuric
acid was used as the decomposing agent, ensuring
effective dissolution of the reactive mineral phases
and formation of the target phosphate—sulfate
mixture suitable for subsequent incorporation with
the oxidized licorice meal.

The first stage in producing phosphorus—humus
fertilizers consisted of decomposing the phosphate
raw material with sulfuric acid to convert the
insoluble form of P,0s into plant-available forms.
The amount of sulfuric acid was varied and set to 10,
20, 30, 40, and 80% of the stoichiometric
requirement for the formation of monocalcium
phosphate, according to the following reaction:

Caoin phosphorite ZHZSO4(aq) — Ca(H2P04)2 : HZO(s) 11

At a sulfuric acid dosage corresponding to 70%
of the stoichiometric requirement, 50.58 g of 92%
H.S0, was needed to process 100 g of phosphate
rock from the Uzbekistan deposit. In contrast, at
40% of the stoichiometric requirement, 5.84 g of
92% H,S04 was sufficient to treat 100 g of phosphate
rock from the Turkmenistan deposit.

The phosphate rock was decomposed with
sulfuric acid for 60 min. Upon completion of
decomposition, the oxidized licorice meal was
introduced into the reaction mixture at a weight
ratio of phosphorite: meal (organic portion) = 1:
(0.20-1.00). The mixture was then stirred for 30 min
and subsequently neutralized with 25% aqueous
ammonia to a pH of 4.0-4.5. Drying was performed
at 80 °C, and granulation was carried out by the
pelleting method during the ammoniation and
drying stages.

The chemical composition and mechanical
strength of the resulting fertilizer granules were
determined. The compressive strength of 2-3 mm
granules was measured using an IPG-1M granule
strength meter, yielding average values of 2.3-2.7
MPa.

All forms of P,Os were quantified gravimetrically
by precipitating phosphate ions with a magnesia
mixture as magnesium ammonium phosphate,
followed by calcination of the precipitate at 1000—
1050 °C, in accordance with GOST 20851.2-75.
Nitrogen was determined in accordance with GOST
26715-85. SO3 was measured by precipitation as
barium sulfate, and CaO was determined by titration
with 0.05 N Trilon B using flurexon as the indicator.
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X-ray diffraction (XRD) analysis was performed
using a Shimadzu XRD-6100 diffractometer
equipped with a CuKa radiation source (A = 1.5406
R), operated at 40 kv and 30 mA. Diffraction
patterns were recorded in the 20 range of 5-70°
with a scan speed of 2°/min. Phase identification
was conducted using standard domestic reference
catalogs and the ASTM Powder Diffraction File (PDF)
database [[41], [42], [43]].

Elemental analysis of the licorice meal ash was
performed using an Agilent 7900 ICP-MS (Agilent
Technologies, USA). Samples were introduced
through a micro-mist nebulizer and quartz spray
chamber under standard plasma conditions (RF
power 1550 W). Helium collision mode (He-CRC) was
used to suppress polyatomic interferences for
elements such as Fe, Ca, Mg, and Ti. The instrument
provides a full mass range (m/z 7-238), allowing
accurate determination of all measured elements
(Li, Be, B, Na, Mg, Al, P, K, Ca, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Mo, Ag, Ba, Ti). Calibration was performed using
multi-element standards with Rh and In as internal
standards for drift correction.

Results and Discussion
The analytical characteristics of the initial
licorice meal are summarized in Table 1.

Table 2 presents the results of the mass
spectrometric (ICP-MS) analysis of the ash obtained
from licorice meal. The data indicate that licorice
meals contain a diverse range of microelements that
are essential for plant growth and physiological
development.

Under the optimal oxidation conditions, the
degree of oxidation of the licorice meal reached
70.94%. The resulting oxidation product consisted of
87.78% organic matter, including 35.88% humic
acids, 26.39% fulvic acids, and 29.06% residual
unoxidized meal. This wet, dense oxidized mass was
subsequently used as the starting material for
processing the decomposition products of
phosphate raw materials.

The functional groups of the initial licorice meal,
the oxidized meal, the residual unoxidized fraction,
and the humic acids (HA) isolated from both the
original and oxidized material were determined. The
analytical results are summarized in Table 3.

Table 1 - Chemical composition of the original licorice root meal

Humidity, Ash content, | Content of extractive | Content of extractive : Insoluble organic
% % substances extracted by 1% = substances extracted @ matter,
NaOH solution, by water, %
% %
5.41 4.66 5.87 15.78 68.28
Table 2 - Results of mass spectrometric analysis of licorice meal ash
Name and content of elements, in g/t
Li Be B Na Mg P K Ca Cr
59 1.80 16 12000 14000 80000 770 21000 65000 55
Mn Fe Co Ni Cu Zn Mo Ag Ba Ti
1200 34000 16 40 75 100 3.30 0.490 440 3600
Table 3 - Active functional groups of the original licorice meal and its oxidation products

Substance Moisture, Ash, Functional groups

% % COOH+0H, COOH, OH,

mg-eqa/g mg-eqa/g mg-eqa/g

Original meal 5.41 4.66 5.75 2.56 3.19
Oxidized meal 4.60 1.18 8.41 34 5.01
Humic acids of original meal 2.01 0.69 9.79 5.0 4.79
Humic acids of oxidized
meal 3.83 0.63 10.66 5.02 5.64
Residual organic matter of
original meal 5.34 6.04 2.53 1.18 1.35
Residual organic matter of
oxidized meal 5.11 6.76 2.99 1.18 1.81
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As shown in Table 3, oxidation of licorice meal
with hydrogen peroxide in the presence of acetic
acid significantly increased the content of active
functional groups in both the oxidized material and
the humic acids derived from it. In the original meal,
the carboxyl group content was 2.56 mg-eq/g and
the phenolic hydroxyl content was 3.19 mg-eq/g.
After oxidation, these values increased to 3.40 mg-
eq/g and 5.01 mg-eq/g, respectively. Even more
pronounced changes were observed in the humic

acids isolated from the oxidized meal, in which the
carboxyl and phenolic hydroxyl group contents
reached 5.00 mg-eq/g and 4.79 mg-eq/g,
respectively. These results confirm that oxidative
treatment enhances the reactivity and functional
group enrichment of licorice-derived organic matter,
improving its potential suitability for producing
humic fertilizers.

The analytical results are presented in Tables 4—

Table 4 - Composition of phosphorus-humus fertilizers obtained based on oxidized meal with hydrogen peroxide and
phosphorite powder from the Kyzylkum deposit in Uzbekistan

Ratio of P20s | P20s P20s CaO  P20saccep. SO3 N 0s, ES,
Phosphorite: total, accep = accep. total, onz“’m’ " total, total, % %
meal %  by2% 02M % % % %
citric EDTA%
acid,
%
St0|ch|ometr|c consumptlon of HzSO4 reqwrement for Ca(H2P0Oa4), formation (40%)

1:0 1475 593 = 440 = 4152 @ 4026 @ 3034 060 0 0
1:0.2 13.02 5.67 4.14 37.08 43.58 26.80 0.77 14.35 10.18
1:04 1135  5.30 3.87 32.26 46.75  24.11 089 2507 17.78
1:0.6 9.68 4.71 3.20 28.67 48.62 21.37 1.10 33.11 23.48
1:0.8 8.83 4.46 2.76 25.54 50.53 | 19.56 1.24 39.31 27.88
1:1.0 7.91 4.15 2.38 22.89 52.44 17.32 1.37 44.16 31.32

Stoichiometric consumption of H2SO4 requirement for Ca(H2P0a4)2 formation (50%)

1:0 14.19 7.08 5.87 40.00 49.89 29.88 1.10 0 0
1:0,2 1257 6.57 5.38 35.66 52.27 2623 136 1390 9.86
1:0,4 10.98 6.05 4.96 31.25 55.14 23.75 1.54 24.72 17.53
1:0,6 933 = 526 4.18 27.53 56.48 20.96 1.66 32.76 23.24
1:0,8 8.35 4.83 3.70 24.38 57.87 19.12 1.83 38.91 27.60
1:1,0 . 7.68 456 | 321 - 2227 : 5941  16.80 | 198 : 43.85 31.10

St0|ch|ometr|c consumptlon of HzSO4 reqwrement for Ca(HzP04)z formatlon ( 0%)

1:0 1347 | 802 @ 634 3804 @ 5956 | 2937 150 ¢ O 0
1:0.2 11.93 7.33 5.97 33.85 61.44 25.78 1.83 13.38 9.49
1:04 10.52 6.67 5.23 30.25 63.58 23.04 1.97 24.11 17.03
1:0.6 9.05 5.84 4.38 26.20 64.52 20.26 2.12 31.93 22.46
1:0.8 7.84 5.13 3.86 23.57 65.49 18.66 2.29 38.44 27.26
1:1.0 7.45 4,94 3.35 21.64 66.42 16.39 2.45 43.38 30.77

Stoichiometric consumption of H2SO4 requirement for Ca(H2P0a4)2 formation (70%)

1:0 12.94 8.93 7.41 36.58 69.05 28.77 2.21 0 0
1:0.2 11.76 8.31 6.98 31.65 70.66 24.96 2.37 12.92 9.16
1:04 10.25 7.38 5.85 29.27 72.00 22.45 2.56 23.75 16.59
1:0.6 . 877 | 6.56 4.67 25.62 72.48 19.80 2.72 31.44 21.95
1:0.8 7.53 5.49 4.11 22.76 72.93 18.06 2.98 37.91 26.89
1:1.0 . 6.96 511 @ 3.72 | 21.02 | 7345 1593 | 3.14 | 4284 30.39

St0|ch|0metr|c consumption of HzSO4 requlrement for Ca(HzP04)z formatlon (80%)

1:0 1241 10.14 856  35.20 78.54 28.12 | 2.48 | 0 0
1:0.2 11.38 9.06 7.43 30.33 79.61 24.56 2.65 12.43 8.82
1:04 . 9.89 | 836 6.27 28.28 80.46 21.87 2.83 23.11 16.39
1:0.6 8.33 6.73 5.04 24.57 80.87 19.36 2.99 30.89 21.91
1:0.8 7.11 5.78 4.68 22.06 81.34 17.68 3.14 37.21 26.40
1:1.0 6.49 6.12 4,11 20.39 81.72 15.56 3.32 41.93 29.74

—— 84 ——
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Table 5 - Composition of phosphorus-humus fertilizers obtained on the basis of oxidized meal with hydrogen peroxide
and phosphorite powder from the Durnals deposit in Turkmenistan

Ratio of P20s P20s P20s CaO  P20accep.  SOstotal, N total, 0s, ES,
Phosphorite: | total,% @ accep = accep.  total, PZoSD/t"tal % % % %
meal by 2% 0.2M % °
citric EDTA%
acid, %
St0|ch|ometr|c consumptlon of HzSO4 requwement for Ca(HzP04)z formatlon (10%)

1:0 . 1346 647 439 2801 @ 4808 228 @ 061 @ 0O = O
1:0.2 11.52 5.77 3.93 22.63 50.13 18.75 0.68 17.93 12.72
1:04 9.93 5.20 3.64 19.57 52.35 15.62 0.76 28.37 20.12
1:0.6 9.25 5.01 3.35 17.11 54.17 13.14 0.87 36.51 25.90
1:0.8 8.57 4.84 3.11 15.38 56.53 11.42 0.95 43.15 30.61
1:1.0 7.86 4.57 2.88 14.23 58.19 9.79 1.08 47.82 33.92

Stoichiometric consumption of H2S04 requirement for Ca(H2P0a4)2 formation (20%)

1:0 13.34 6.90 4.85 27.75 51.77 23.91 1.01 0 0
1:0.2 11.28 5.99 4.06 22.32 53.18 19.46 1.12 | 1736 1231
1:04 9.61 5.32 3.69 19.24 55.32 16.28 1.23 27.73 19.67
1:0.6 8.42 4.85 3.27 16.85 57.61 13.87 1.31 35.85 25.43
1:0.8 7.91 4.73 3.15 14.97 59.83 12.02 1.39 42.32 30.02
1:1.0 . 753 ¢ 464 = 297 | 138 @ 6158 | 1045 @ 151 | 47.06 33.38

St0|ch|ometr|c consumptlon of HzSO4 requwement for Ca(HzP04)z formatlon (30%)

1:0 13.18 796 515 | 2756 @ 6043 2517 | 145 0 0
1:0.2 11.05 6.92 4.28 22.07 62.66 20.05 1.61 16.68 11.83
1:04 9.37 6.03 3.91 18.92 64.37 16.92 1.70 27.10 19.22
1:0.6 8.22 5.48 3.52 16.51 66.75 14.56 1.82 35.12 2491
1:0.8 7.81 5.35 3.28 14.75 68.51 12.73 1.93 41.77 29.63
1:1.0 7.27 5.12 3.11 13.56 70.44 11.15 2.07 46.36 32.89

Stoichiometric consumption of H2SO4 requirement for Ca(H2P0a4)2 formation (40%)

1:0 12.96 9.09 5.27 27.25 70.17 26.04 2.10 0 0
1:0.2 10.77 7.83 4.60 21.62 72.68 20.72 219 = 1587 @ 11.26
1:04 9.02 6.70 4.22 18.51 74.32 17.64 2.32 26.20 18.64
1:0.6 7.84 6.13 3.82 16.12 78.17 15.30 2.40 34.28 24.32
1:0.8 7.43 5.93 3.47 14.38 79.83 13.44 2.55 40.85 28.98
1:1.0 682 | 556 | 320 | 1293 . 8152 = 1188 | 266 | 4562 32.36

St0|ch|ometr|c consumptlon of HzSO4 reqwrement for Ca(HzP04)z formatlon (50%)

1:0 1273 1020 569 @ 2698 @ 80.17 = 2704 = 246 = 0O O
1:0.2 10.40 8.56 4.94 21.38 82.35 21.42 2.58 15.16 10.75
1:04 8.91 7.51 4.47 18.31 84.32 18.34 2.75 25.46 18.41
1:0.6 7.76 6.79 3.95 15.94 87.53 15.95 2.84 33.91 23.99
1:0.8 6.87 6.12 3.58 14.11 89.07 14.14 2.96 40.01 28.38
1:1.0 6.16 5.58 3.21 12.65 90.64 12.68 3.11 44.85 31.82

The results obtained for both types of deeper decomposition of the phosphate phase and

phosphate raw materials demonstrated similar
trends. As the sulfuric acid dosage increased and the
proportion of phosphate raw material decreased,
the total P2Os content (P,Ostotal) Of the final product
decreased; however, the relative proportion of
plant-available phosphorus (P2Osassimilable) increased.
This indicates that higher acidification promotes

conversion of P,0s into more soluble forms.

At a meal-to-phosphorite ratio of 1: 0.2 and a
sulfuric acid rate of 40% of the stoichiometric
requirement  for monocalcium phosphate
formation, the resulting phosphorus—humus
fertilizer contained (wt.%):P20stotal — 13.02; P2Oscitric-
soluble — 5.67; P2OspyTrilon Bsouble — 4.14; organic
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substance (OS) — 14.35; extractive substance (ES) —
10.18; nitrogen — 0.77; CaOtotal — 37.08. The relative
content of citric-soluble P,0s was 43.58% of P,0stotal.

Increasing the acid dosage to 80% of
stoichiometry at the same meal-to-phosphorite
ratio resulted in a fertilizer with the following
composition (Wt.%): P20stotal — 11.38; P2Oscitric-soluble —
906; PZOSbyTrilon B-soluble — 743, OS - 1243, ES — 882,
nitrogen — 2.65; CaOiotai— 30.33. The relative content
of P,0s available to plants, determined using citric
acid, is 79.61, indicating that the relative available
form of phosphorus increases by approximately 2-
fold.

Based on the data presented in Tables 4 and 5,
it can be observed that the presence of humic acids
in the oxidized meal increases the relative content of
plant-available P,0s by 1.5-10% compared with
phosphate rock digestion carried out in the absence
of oxidized organic matter. Unlike previous studies,
the present research clearly demonstrates that
humic substances significantly enhance the relative
availability of phosphorus in the resulting products,
which in turn enables a reduction in sulfuric acid
consumption and decreases the amount of
phosphogypsum waste generated per ton of
finished fertilizer.

From the data in Table 4, it can be seen that with
an increase in the amount of oxidized meal, plant-
available phosphorus increases. When the
phosphorus to meal ratio is 1 : 0 and with 40%
stoichiometric dosage of sulfuric acid for
monocalcium phosphate, the content of P,Os in
digestible form increases to 40.26%. When the
phosphorus-to-meal ratio is altered to 1:1 with
continued use of 40% stoichiometric dosage of
sulfuric acid, this content increases to 52.44%,
solidifying the fact that oxidized organic matter has
a positive influence on phosphorus solubilization.

Similar observations were also realized when
phosphate rock from the Turkmenistan Deposit was
used (Table 5). For example, at a meal-to-
phosphorite ratio of 1: 0.4 and a sulfuric acid rate of
10% of stoichiometry, the resulting humic
superphosphate exhibited the following
composition (Wt.%): P20stotal — 9.93; P20scitric-soluble —
5.20; P20s byrilon B-soluble — 3.64; OS —28.37; ES —20.12;
nitrogen — 0.76; CaOxotal — 19.57.

Under these conditions, the relative proportion
of citric-soluble P,0s reached 52.35%.

Increasing the sulfuric acid dosage to 50% of
stoichiometry at the same meal-to-phosphorite
ratio vyielded a product with the following
composition (wt.%):

PZOStotaI - 8.91; P205citric—soluble - 7-51; PZOS byTrilon B-
soluble — 4.47; OS — 25.46; ES — 18.41; nitrogen — 2.75;
CaOtotal — 18.31.

The relative content of citric-soluble P,0s
increased sharply to 84.32%, demonstrating a
substantial improvement in phosphorus availability
at higher degrees of phosphate decomposition.

These results collectively confirm that both the
oxidized organic component and the acid
decomposition level are key factors governing the
formation of readily assimilable phosphorus formsin
phosphorus—humus fertilizers.

Figures 1-4 present the X-ray diffraction (XRD)
patterns of the initial phosphate raw materials from
the Central Kyzylkum Desert (Uzbekistan) and
Turkmenistan, along with the diffraction profiles of
the phosphorus—humus fertilizers produced at a
phosphorite-to-meal ratio of 1: 1 and a sulfuric acid
dosage of 50% of the stoichiometric requirement for
monocalcium phosphate formation. The
comparative XRD analysis enables identification of
phase transformations occurring during acid
decomposition and subsequent interaction with
oxidized organic matter.

Figure 1 - XRD of phosphate rock from the Kyzylkum deposit in Uzbekistan
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Figure 2 - XRD of phosphate rock from the Durnals deposit in Turkmenistan
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Figure 3 - XRD of phosphorus-humus fertilizer obtained from phosphate raw materials of the
Kyzylkum deposit in Uzbekistan
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Figure 4 - XRD of phosphorus-humus fertilizer obtained from phosphate raw materials of the
Durnals deposit in Turkmenistan

In the XRD of phosphate rock from the Kyzylkum
deposit (Uzbekistan) (Fig. 1), the characteristic
reflections at 1.72, 1.74, 1.79, 1.83, 1.93, 2.24, 2.69,
2.77, 2.79, 3.18, and 3.44 A correspond to
fluorocarbonate—apatite, the principal phosphate-
bearing phase. The presence of calcite is confirmed

by diffraction lines at 1.88, 2.28, and 3.05 A, while
reflections at 1.37, 1.54, and 4.02 A indicate
dolomite. Strong peaks at 1.82, 1.98, 2.13, 2.45,
3.23, 3.34, and 4.24 A reflect a significant
contribution from silicon oxide (SiO;). Additional
bands at 1.37 and 1.94 A are attributed to calcium
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fluoride (CaF,), whereas lines at 2.06, 2.45, and 3.23
A can be assigned to calcium silicate (CaSiOs).

In the XRD of phosphate rock from the
Turkmenistan deposit (Fig.2), the reflections at 1.72,
1.74, 1.79, 1.83, 1.93, 2.24, 2.69, 2.77, 2.79, 3.18,
and 3.44 A correspond to fluorocarbonate apatite,
confirming its role as the primary phosphate
mineral. The presence of calcite is indicated by peaks
at 1.88, 2.28, and 3.05 A, while reflections at 1.37,
1.54, and 4.02 A signify dolomite. Strong peaks at
1.82,1.98,2.13, 2.45, 3.23, 3.34, and 4.24 A confirm
a high concentration of silicon oxide (SiO,). Peaks at
1.37 and 1.94 A are characteristic of calcium fluoride
(CaF,). Peaks at 2.06, 2.45, and 3.23 A confirm the
presence of calcium silicate (CaSiOs)

In the XRD pattern of the phosphorus-humus
fertilizer based on the Kyzylkum phosphate rock
phosphates (Fig. 3), the process of chemical
degradation with sulfuric acid and the addition of
oxidized meal led to the occurrence of distinct
changes in the structure. This pattern shows the
characteristic peaks of monocalcium phosphate at
3.80, 2.79, and 2.21 A; and those of dicalcium
phosphate and tricalcium phosphate at 3.50 and
2.66 A and 3.44 A, respectively. Peaks due to
ammonium sulfate appear at 2.32 A, and gypsum at
1.45 A.

The XRD pattern of the phosphorus-humus
fertilizer obtained from the phosphate rock in
Turkmenistan (Fig.4) has the same mineral
composition. The peaks due to monocalcium
phosphate are present at 7.57 A, 2.90 A, 1.83 A, and
1.65 A, while for dicalcium phosphate at 1.75 A. The
peaks due to ammonium sulfate at 2.32 A and
gypsum at 1.45 A have also been identified. The
diffraction pattern shows that the acidification
process and the formation of humus have resulted
in the formation of soluble phosphate materials in
all phosphate rocks.

Worth noting here is that, during the
manufacture of phosphate fertilizers, the
ammoniation and drying stages usually entail a
corresponding decline in available P,0s content due
to phosphorus retrogradation. Nevertheless, adding
the oxidized meal to the phosphate raw materials
significantly raises the level of available P,0s
content. This appears to be related to the presence
of organic acids in the oxidized meal, which, when
reacting with monocalcium phosphate and other
phosphates in the acidic superphosphate mixture,
retard phosphorus retrogradation reactions (Eqs 2-
6). As such, contrary to expectations, rather than
decreasing, there would be a substantially

augmented level of available phosphorus content
following the ammoniation stage instead.

According to contemporary  agriculture
requirements, the comparative number of
phosphoric acids in complex fertilizer should not be
lower than 50% as compared to the total amount of
fertilizer. Using this data, the best conditions for
processing phosphate rock from the Kyzylkum
deposit (Uzbekistan) were calculated. The best
results were attained for sulfuric acid amount 70%
from stoichiometry for monocalcium phosphate and
ratio of phosphorite to oxidized meal 1 to 0.6.

Under these optimized conditions, the resulting
granular  fertilizer exhibited the following
composition (Wt.%): PZOStotaI - 877, P205citric—acid-soluble
— 6.56; OS — 31.44; HA — 21.95; nitrogen — 2.72;
CaOwta — 25.62; relative content of citric-acid-
soluble P,0s—72.48%; moisture —5.17; and total SOs
— 19.80. The mechanical strength of the granules
reached 2.3 MPa, which is sufficient for storage,
transportation, and field application. These results
confirm that the introduction of oxidized meal under
the selected process conditions allows for the
production of a phosphorus—humus fertilizer with a
high proportion of assimilable P,0s and improved
physical properties.

For the processing of phosphate rock from
Turkmenistan, the optimal technological parameters
were established as follows: a sulfuric acid dosage
equal to 40% of the stoichiometric requirement for
monocalcium  phosphate formation and a
phosphorite-to-oxidized-meal mass ratio of 1:0.6.
Under these conditions, the resulting phosphorus—
humus fertilizer had the following composition
(Wt.%): PZOStotaI - 784; PZOSCItric-acid—squbIe - 613; 0S -
34.28; HA — 24.32; nitrogen — 2.40; CaOtotal — 16.12;
relative content of citric-acid-soluble P,Os — 78.17%;
moisture — 5.62; and total SO; — 15.30. The granules
exhibited a mechanical strength of 2.4 MP3,
indicating sufficient durability for handling,
transport, and field application.

These results demonstrate that the selected
conditions for Turkmenistan phosphate rock ensure
a high proportion of plant-available P,Os and

enhanced fertilizer quality, comparable to or
exceeding typical requirements for complex
fertilizers.

Based on the conducted research, the key
technological parameters for the production of
phosphorus—humus fertilizers from phosphate rock
of the Kyzylkum deposit (Uzbekistan) and Durnals
deposit (Turkmenistan) were established, and the
material flows and a basic technological scheme
were developed (Figs. 5-7).
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Figure 5 - Basic technological flow sheet for the production of phosphorus—humus fertilizer:
1 — knife crusher; 2,8 - feeder hopper; 3,4,6,7- tanks; 5 - automatic concentrator; 9 - reactor;
10 -pump; 11, 12 - auger mixer; 13 - drum dryer; 14 — classifier; 15-crusher 16 -cyclone;
17-scrubber; 18 — fan.

Phosphorite 515.73 kg

H2504 260.86 kg (92%)

v

P20s517.54 % . . Gaseous phase
Digestion >
Oxidized meal 597.73 kg 645.93 kg 150.66 kg
L 4
Mixing
NHs 1243.66 kg
L 4
132.80 kg Nevtralization
1376.46 kg
H20 o
Drying >
1000 kg

Final product

Figure 6 - Material balance for the production of phosphorus—humus fertilizer from

phosphate rock sourced

The optimal process conditions for producing
humic simple superphosphate are as follows:
grinding of licorice meal to a particle size below 0.25
mm; hydrogen peroxide concentration of 10%; mass
ratio of the organic portion of licorice meal to H,0,
and acetic acid of 100:1:0.1; sulfuric acid dosage for
decomposition of Kyzylkum phosphate rock to
Ca(H,P04), of 60% of the stoichiometric

from the Kyzylkum deposit, Uzbekistan.

requirement, and for Turkmenistan phosphate rock,
40% of the stoichiometric requirement; mass ratio
of organic meal to phosphorite of 1:0.4; oxidation
temperature of 60°C and duration of 60 min;
phosphorite decomposition time of 30 min;
neutralization of the resulting pulp with ammonia to
pH 4.5 for 20 min; and drying of the final product at
80-100°C.




2027; 343(4):77-94

ISSN-L 2616-6445, ISSN 2224-5243

Phosphorite 571.43 kg

H2504 33.38 kg (92%)

P20513.73 % . Gaseous phase
Digestion >
Oxydized meal 622.28 kg 582.58 kg 22.23 kg
L 4 y
0S51.77 % Mixing
NHs 1244.86 kg
vy \ 4
116.57 kg Nevtralization
1361.43 kg
] H20 o
Drying >
l 361.43 kg
1000 kg

Final product

Figure 7 - Material balance for the production of phosphorus—humus fertilizer from

phosphate rock sourced from the Durnals deposit, Turkmanistan.

Hydrogen peroxide (60%) is pumped from the
storage tank (1) to the pressure tank (3) and
subsequently to the automatic concentrator (5),
where it is diluted to 10% with water. The diluted
oxidizer is then fed to the reactor (8) together with
crushed licorice meal (2) for oxidation.

The phosphate rock is treated with sulfuric acid
in the two-shaft screw reactor (10). The obtained
acid superphosphate is passed on to the screw mixer
(11), where it is mixed with the oxidized licorice
meal, recycled, and the 25% ammonia solution for
neutralization.

The homogeneous mixture is then moved to the
drum dryer (12) for drying and then to the screening
unit (16) for granule classification. Off-gases with
ammonia and dust are purified in a cyclone (13) and
a water scrubber (14) and then emitted into the

atmosphere.
Finally, dried and screened granules are
transported to the classification unit and

subsequently warehoused in the finished product
warehouse.

Compared with these existing methods, the
present technology combines partial sulfuric acid
decomposition of low-grade phosphate rock with
oxidized licorice meal, achieving high proportions of
plant-available P,Os (up to 78-84%) while reducing

sulfuric acid consumption to 40-60% of the
stoichiometric requirement. In addition, the
resulting granular fertilizers exhibit sufficient

mechanical strength for storage and field
application, addressing both agronomic efficiency
and logistical practicality.

Overall, by overcoming the high material
demand, long processing time, and technological
complexity associated with previously reported
methods [[11], [12], [13],[14], [15]], the proposed
approach offers a more efficient and scalable route
for producing phosphorus—humus fertilizers suitable
for modern agricultural systems.

Conclusion

The effects of oxidizer concentration,
temperature, and the weight ratio of the organic
portion of the meal to anhydrous hydrogen peroxide
were taken into consideration for improving the
humic substances and organic acids content in
licorice meal through oxidation with hydrogen
peroxide in the presence of acetic acid. The oxidized
meal was characterized by its humic substance
content and functional groups. A technology has
also been developed in this work on the production
of phosphorus—humus fertilizers by incorporating
the oxidized meal into the acidic superphosphate
mass before ammoniation and drying. This
treatment simultaneously increases the relative
content of digestible P,Os forms and decreases the
sulfuric acid requirement for phosphate
decomposition. The application of such fertilizers in
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agriculture is expected to improve the soil humus
content and to ameliorate the structure and
physical-mechanical properties of the soil, ensuring
the complete supply of all essential plant nutrients,
which will result in increased yields, improved crop
quality, and an enhancement in resistance to
diseases.
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docoput

KYKipT

Tymyc Kypamfbl OpraHuKasblK K9He OpraHo-MWHepanablK TbIHANTKbIWTAP KOFapbl Cy ycTay
KabineTiHiH, KaKcapTbinfaH Cy OTKI3riWTiriHiH, coHAal-aK KapboHaTTbl ToMblpakTapaa KanbLuii
MeH MarHuii MOHAAPbIHbIH, KJHEe KbIWKbI1 TOMbIpaKTapaa CeCcKBUMOKCUMATEPAiH, acepiHeH
dochopablH,  OUKCALMACBIH TOMEHAETY KaCWMETiHIH apKacbiHAA@ TOMbIPAK, KYHAP/bINbIFbIH
apTTbIpyZa MaHbI3abl pen aTkapagbl. Man Wwapyallbiibifbl KanablKTapblHaH, WbIMTE3EKTEH KaHe
KOHbIP KeMipAeH anblHFaH OpraHWKanblK 3aTTap TbIHAUTKbIWTapAbl TymycneH 6aibiTyfa
MYMKIHAIK 6epepi. Anaiaa ecimaik KanablKTapbl, aTan alTKaHAa KeKTepeK Kabbifbl, aybi
LapyaLbi/blfbl  KanAblKTapblHbIH, Kaybi34apbl KaHEe MWA TaMbIpblHbIH, YHbl, OpPraHUKanbIK
TbIHAWTKBIWTAP OHAIpY YLWiH eH TWiMmai KocnanapablH, KaTapbiHa »KaTagbl. byn 3eptreype
TypikmeHcTaHaafbl KbI3blIKYM KEH OpHbIHAH TabblafaH MHAMKaTOP/bI GochopuTTep MEH CyTeK
ACKbIH TOTbIFbl KHE CipKe KblLUKbIIbIMEH OHAENTEH TOTbIKTbIPbIZIFAH MUA MACTacblH NaiganaHa
TyHipwiktenreH
3epTxaHasiblK IKCNEPUMEHT SiCTEMEC YL Ke3eHHeH Typapl. BipiHwi ke3eHae 6enwek enwemi <
0,1 mm 60naTblH yCaKkTanfaH MUA YHbIHbIH, TOTbIFy KacueTTepi CyfAafbl CYTEK aCKblH TOTbIfbI
epiTiHAiCi MeH CipKe KbIWKbIbl apKblibl, MUAHbIH, OPraHUKanbiK dpakumuacbiHa KaTtbicTbl H0, :
CH3COOH = 100 : (10-20) : (0,1-1) maccanblK KaTblHacTapblHAa 3epTTengi. EKiHwi Kesenae
92%-AbIK
cTexnomeTpuanbiK menwepaid, 30—80%-bl KenemiHge blablpaTbinabl. YWiHWI Ke3eHae anbiHFaH
eHIMAep TOTbIKTbIpbIAFaH MuA nactacbimeH 100:10:1 KaTblHacbiHAA apanacTbipbiagbl. HymbicTa
bocdop-rymycTbl TbIHAUTKBIWITAPAbI OHAEYAIH OHTaWAbl WapTTapbl 6afanaHbin, apbip WKKi3aT
Ke3iHe CaliKec TeXHONOTUANBIK afblHAbIK Cbi3banap a3ipaeHai. ¥CbiHbIIFaH ¥KaHa TEXHONOTUAHbIH,
TUiIMANiri KepceTingi. AnbiHFaH HaTWXKenep TemeH cananbl GochopuTTep MeH MUA TamMblpbl
KaNAbIKTapbIHbIH, 9KOMOTUANBIK TYPFbIAAH KAYiNci3 eKeHiH »KaHe »KOofapbl LWbIFbIHABI XUMUANbIK
TbIHAWTKbIWTAPAbl KONAAHYAbl HEMece YaKbITTbl Ken KaKeT eTeTiH A3CTypAi KomnocTray
npouecTepiH a3anTy ywiH 6anamanbl Kypan peTiHae naiganaHyFa 601aTbIHbIH KOPCETTI.

docdop-rymycTbl  TbIHAWTKbIWTapabl  cuHTe3gey 6aFanaHabl.
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AHHOTAUMA

T'ymyccofepsKallme opraHM4yeckne n opraHo-M1UHepasnbHble yA0bpeHna UrpatoT KAYeByto pob B
NOBbILEHUW NIOAOPOAUA NouYB 61arofapa MX BbICOKOM BAaroyAep:KvBatoLLeit cnocobHocTy,
YNYYLWEHHOM BOAONPOHMULAEMOCTH, @ TaKKe CMOCOBHOCTM CHUXKATb PpuKcaumio docdopa MoHamm
KaNbLMA U MarHMa B KapbOHATHbIX NOYBAX U CECKBUOKCUAAMM B KUCAbIX noysax. OpraHuyeckoe
BELLECTBO, NONYYaEeMOEe U3 OTXOA0B *KMBOTHOBOACTBA, TOpda n Byporo yrna, moxeT oboralatb
yoobpeHuna rymycom. OpfHaKo  pacTuTeNbHble  OCTAaTKM, TaKMe KaK  Kopa  OCWHBbI,
CeNbCKOXO3ANCTBEHHbIE LWENYXU U MyKa M3 KOPHA CONOAKM, OTHOCATCA K uucay Haubonee
3ddeKkTnBHbIX [06aBOK ANA  NPOM3BOACTBA OPraHMYeckux ypobpeHuit. B HacToswem
nccnepoBaHMM oLeHUBanca cMHTe3 GochOpPHO-ryMyCHbIX yA06peHNI B rpaHyIMpoBaHHOM dopme
C UCNONb30BaHMEM UHAMKATOPHbIX POochOpPUTOB, OBHAPYKEHHDBIX B MECTOPOXKAEHUMN KbI3bINKYM
(TYpKMEHUCTaH), a TaKKe OKUCNEHHOW MnacTbl KOPHA CONOAKM, 06paboTaHHON nepekucbio
BOZOPOAA U YKCYCHOM KUCNOTON. JlTabopaTopHas MeToAMKa SKCNepUMEHTa BK/ItOYana Tpu sTana.
Ha nepBom 3Tane M3y4yanocb OKUCAUTENbHOE NoBeAEeHWEe TOHKOM3MENbYEHHON MYKU CONOAKM
(pasmep yactu, < 0,1 Mm) ¢ UCNONBb30BaHWEM BOAHOIO PacTBOpa NEPEKUCU BOAOPOAA U YKCYCHOM
KMCNOTbl NPU MACCOBbLIX COOTHOLUEHUAX MO OTHOLIEHUIO K OPraHUYecKon ¢paKkumMm CONOAKU B
AnanasoHe H,0; : CH3COOH = 100 : (10-20) : (0,1-1). Ha sTopom 3Tane ¢ochopuT noaseprasncs
pasnoxeHuto 92%-Holi cepHOW Kucnotoil B Konmyectse 30-80 % OT CTEXMOMETPUYECKM
Heobxogumoro fA/nf 06pasoBaHMA MOHOKanbumiipochaTa. Ha TpeTbem 3Tame Moay4eHHble
NPOAYKTbl CMELUMBAAN C OKMCAEHHOM MacToil Conoaku B cooTHoweHun 100:10:1. B pabote
OLleHeHbl ONMTUMasIbHble YCN0BMA NepepaboTkn ¢ochopHO-ryMycHbIX yA0BpeHui, a TaKke
pa3paboTaHbl TEXHONOTMYECKUE cXeMbl NepepaboTku, BKAoYasa docdaTHoe Cbipbé, nocTynatoLee
M3 KaxAoro WCToyHuKa. [MpepctasneHa 3¢p@eKTUBHOCTb HOBOIN TexHONOrMMW. [lonyyeHHble
pe3ynbTaTbl NOKa3blBalOT, YTO HU3KOCOPTHble GOCHOPUTLI U OTXOABI KOPHA CONOAKMU ABNAIOTCA
3KOMOrMYeckM 6e3onacHbIMM M MOTYT 6blTb PEKOMEeHAO0BaHbl B KayecTBe aNbTEPHATUBHOMO
MHCTPYMEHTA [/11 CHWXXEHWUA WUCMOJIb30BAHMA BbICOKO3ATPATHbIX XMMUYECKUX yAobpeHuin unm
TPYAOEMKUX TPAAULIMOHHbIX MPOLLECCOB KOMMOCTUPOBAHUA.

Knrodeasbie cnoea: MyKa W3 KOPHA CONOAKW, Nepekucb Boaopoaa, GochopuT, aKCTPaKTUBHbIE
BeLLeCTBa, CepHan KMCI0Ta, OKUCIEeHNe
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ABSTRACT

The article presents the results of geopolymer technology development and a study of the
performance of lightweight concrete based on a porous aggregate. The purpose of the study is to
identify the transformations in composition and structure during the formation and operational
testing of porous geopolymer concrete. The porous aggregate and binder are synthesized from
molding mixtures of related composition containing sodium liquid glass and finely dispersed from
thermal power plants' waste (fly ash and aluminosilicate microsphere). A thermal curing mode for
concrete is proposed to ensure the formation of a porous structure with satisfactory resistance to
mechanical stress and water. Phase transformations are studied during thermal synthesis of
geopolymer material, with prolonged exposure of concrete to water and solutions of magnesium
sulfate and sodium. Preliminary economic calculations are performed, indicating the advantages
of porous geopolymer concrete compared to cement concrete based on expanded clay. The
porous concrete based on geopolymer binder is intended for the production of energy-efficient

wall products.
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Introduction

The widespread use of concrete in construction
is due to the possibility of regulating the
composition and structure of concrete mixtures,
using raw materials of various origins. The
predominance of cement concretes is due to the
deep study of the technology of production of
concrete products, high construction and technical
properties, and long-term observations of the
performance of cement paste [[1], [2], [3]].

The cement industry is a major consumer of raw
materials, fuel, and energy. Cement production
accounts for about 5% of global CO, emissions [[4],
[5]]. To solve this problem, the development of low-
carbon concrete technologies is relevant. The use of
low-clinker and cement-free binders contributes to
achieving carbon neutrality of concrete [[6], [7], [8]].

Geopolymer concretes based on cementless
binders obtained from powdered aluminosilicate
and/or silicate material and a liquid alkaline
component are very promising. Finely ground
materials are used as a powder base for geopolymer
binder, such as blast furnace slag, ash from fuel

combustion, and agricultural waste, red mud, man-
made glass [[9], [10], [11], [12], [13], [14]].
Hardening of geopolymer binders is based on
chemical reactions between aluminosilicates and/or
silicates and an alkali solution. Sodium (potassium)
hydroxide and sodium (potassium) silicate or their
combinations are used for alkaline activation of the
powdered component of geopolymer binders [[15],
[16], [17]].

The mechanism of geopolymerization is due to
the processes of dissolution-hydrolysis and
hydrolysis-polycondensation. Alkaline activation
leads to the dissolution of silicon and alumina from
powdered materials with subsequent orientation,
polycondensation, and the formation of a three-
dimensional rigid network and a ring structure with
Si-O-Al-O bonds [[18], [19]]. Hydrates of various
structures are involved in the formation of three-
dimensional rigid networks: amorphous phase
(gseopolymer gel), semi-crystalline phases, and
crystalline zeolites. The main gel-like hydration
products of geopolymer binder are calcium
aluminosilicate hydrate (C-A-S-H) and sodium
aluminosilicate hydrate (N-A-S-H) [20]. High
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mechanical properties of geopolymer concrete are
achieved by selecting a rational proportion of
sodium silicate and sodium hydroxide in the liquid
component of the binder, as well as the ratio of silica
and alumina in its solid part [[18], [19], [20]]. For
example, geopolymer systems characterized by
molar ratios of SiO,/Al,03 = 3.5 —4.5; Na,0/Al,Os =
0.8 — 1.6; Na;0/SiO; = 0.20 — 0.48 and H,0/Na,0 =
10 — 25 have high strength and durability [21].
To ensure the required SiO,/Al,O; ratios in the
geopolymer binder, combined powdered aggregates
are used, for example, fly ash, blast furnace slag, and
nickel slag with a high magnesium content [6]; liquid
crystal glass waste and metakaolin [10]; glass
powder, fly ash, and metallurgical slag [22]. The
choice of the H,0/Na,O ratio determines the
hardening capabilities of the binder, for example, for
some systems at H,O/Na,O exceeding 25,
polycondensation does not occur and the material
does not harden [21]. The use of liquid glass with a
high silica modulus, for example, 2.92, improves the
rheological (fresh) and mechanical properties of self-
compacting geopolymer concrete [23]. Along with
the binder material composition, the curing
conditions affect the geopolymerization reaction.
When the curing temperature increases from 20 to
50 — 80°C, the activation of the binder accelerates,
and the strength of the concrete increases twofold.
Geopolymer binder containing metakaolin and
subjected to multi-hour heat treatment at a
temperature of 80°C, at the age of 56 days is
characterized by a compressive strength of 67 MPa
[13]. According to [23], geopolymer concrete based
on fly ash demonstrates higher strength at
temperatures of 150°C and 450°C.

The results of numerous studies confirm that
geopolymer concrete can serve as a worthy
alternative to cement concrete [[10], [13], [23]]. The
widespread use of technogenic materials in
geopolymerization processes indicates the resource-
saving and environmental focus of cement-free
concrete activated by alkali. Compared to Portland
cement, the production of geopolymer binder emits
5 —7 times less CO; [10].

Liquid glass is an alkaline component of many
geopolymer binders. Liquid glass is an aqueous
solution of alkali silicates. Sodium liquid glass
(Na;0-mSiO, + nH;0) is often used in geopolymer
binders. Changing the ratios (mSiO,)/Na;O and
(Na20-mSi0,)/H,0 allows to regulate the chemical
activity and density of liquid glass.

High thermal sensitivity to thermal effects is an
advantage of liquid glass [[23], [24]]. Solid foam with
a density of 50 — 150 kg/m? is formed when liquid

glass is heated to a temperature of 120 -
500°C. The combination of liquid glass with powder
aggregates allows the creation of highly porous
materials. The main driving force of the process of
thermal porization of liquid glass compositions is an
increase in the water vapor pressure with an
increase in the temperature inside the liquid glass
mass. According to [24], porization consists of three
stages, the duration and nature of which depend on
the type and amount of moisture. At the first stage
(temperatures of 100 — 120°C), the original mass
partially passes into a pseudopyroplastic state and
begins to deform with an increase in volume. At the
second stage (temperatures of 130 — 150°C), free
and adsorbed moisture are vigorously released, and
intensive porization of the material is observed. At
the final stage (temperature above 150°C), the
constitutional moisture is removed, the final
restructuring of the structure occurs, and the
physical and chemical processes are completed. The
greatest contribution to the formation of the porous
structure is made by the constitutional water, which
begins to be removed at temperatures above 150°C.
The unique properties of liquid glass form the basis
of porous concrete technologies, granulated
materials for various purposes [[25], [26]]. The
multifunctionality of liquid glass is realized in the
production of geopolymer concrete components:
for alkaline activation of cementless binders and as
part of the raw mix for porous granulated aggregates
[[26], [27], [28]].

The diversity of the composition of binders and
structures of geopolymer concretes predetermines
their  widespread use in  energy-efficient
construction. This requires the expansion of
scientific understanding of the formation and
stability of porous geopolymer concretes in various
conditions [[29], [30], [31]].

The aim of the work is to study the
transformations of the composition and structure
during the formation and operational testing of
porous geopolymer concrete.

The object of the study is geopolymer concrete
based on a porous aggregate.

The idea of the study is the formation of a stable
highly porous structure of geopolymer material due
to components contributing to the directed creation
of pores and voids.

Experimental part

To implement the idea, molding mixtures of
liquid glass and fine-dispersed hollow waste from
thermal power engineering were used. The use of
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fine-dispersed waste from thermal power
engineering in the composition of concrete is known
and confirmed by positive experience [[9], [28]].

Geopolymer binder and porous concrete were
synthesized from molding mixtures of related
composition (Table 1). Sodium liquid glass with a
silicate modulus n = mSiO,/Na,0 = 2.8 and a density
of 1350 kg/m? was used in the experiments. Liquid
glass is a binding base for molding compositions.
When liquid glass is heated, steam is formed, which
causes the pyroplastic raw material to swell.

Table 1 — Composition of molding mixtures

Content in molding mixture,
Raw kg/m3
materials for geopolymer for porous
binder aggregate
Sodium 200.0 136.0
liquid glass
Fly ash 85.0 40.8
AI.um|n05|I|cate 850 952
microsphere

Chemical composition of thermal power plant
fly ash, %: SiO,— 51; Al,0; — 27; Fe;03 — 4; CaO — 7;
MgO — 2; Na,0 — 1; SOz — 2; LOI — 6. The material
composition of fly ash includes aluminosilicate glass,
quartz, mullite, and particles of unburned coal. The
fly ash bulk density is 720 kg/m3. The specific surface
area of fly ash is 300 m?/kg and does not require
preliminary preparation of the material when
introducing it into the molding mixture. The fly ash
regulates the consistency of liquid glass molding
mixtures and is active in geopolymerization
processes. The low bulk density of fly ash is favorable
for obtaining porous concrete. The use of fly ash
helps to reduce thermal conductivity and increase
the fire resistance of the material.

Chemical composition of ash aluminosilicate
microsphere, %: SiO, — 68; Al,O; — 25; Fe;05; — 2;
Ca0 — 5. Aluminosilicate microsphere consists of
hollow glass-crystalline particles with a diameter of
50 — 200 um. The microsphere is predominantly
composed of aluminosilicate glass, and anorthite,
mullite, and quartz are also present. Bulk density is
400 kg/m3. Aluminosilicate microsphere serves as an
elementary cell for the formation of a homogeneous
porous structure of materials. The use of
microsphere as an aggregate in concrete is due to its
high dispersion, low density, high strength,
increased resistance to thermal and aggressive

effects.
The generally accepted methods were used to
study the materials. A FSH-6K

photosedimentometer was used to assess the
dispersion of thermal energy waste. A hydrometer
was used to determine the density of the liquid
glass. To assess the overall porosity of the granules,
the average density of both the starting material and
the burnt granules was determined. The splitting
method, taking into account the maximum force and
the granule splitting area, was used to assess the
strength of the fired granules. The arithmetic mean
of the results of 10 tests on a PGM-1000MG4
hydraulic press was used to evaluate the granules'
compressive strength.

The mass of the initial sample and the sample
soaked in water for 1 day was compared to assess
the water absorption of concrete.

The effect of liquids on the strength of the
concrete under study was characterized by the
coefficient of water resistance. For this purpose, the
strength of concrete samples exposed to liquids was
compared with the strength of concrete samples
hardened in air.

Compressive  strength of concrete was
determined on testing samples measuring 70x70x70
mm by a PGM-1000MG4 hydraulic press.

The thermal conductivity coefficient of concrete
was estimated using an ITP-MG4 device on samples
measuring 100x100x10 mm.

Physical and mechanical tests of concrete were
conducted on seven samples from each series. The
range of test results was 4.2 — 5.8%.

To determine the phase composition of the
materials, a modernized DRON-3M diffractometer
with a BSV-24 X-ray tube with CuK a-radiation was
used. The microstructure of the concrete was
studied using a JSM-6490LV scanning electron
microscope.

Porous aggregate is the basis of lightweight
concrete. The fractional composition and porosity of
the aggregate determine the density, thermal
conductivity, and strength of lightweight concrete.
Using computer modeling of the structure of large-
pore geopolymer concrete, the fraction of
granulated aggregate was adopted as 10 — 12 mm
[32]. Hexagonal packing of aggregate particles with
minimal separation of granules represents a stable
framework.
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The binding matrix holds the aggregate granules
together at the contact points and partially fills the
intergranular space (Figure 1). To obtain an
aggregate of a given size, granules with a diameter
of 8 — 10 mm and an average density of 970 kg/m?3
were molded from a liquid glass mixture.

Granules were porousized by thermal swelling.
The effect of processing temperature on the
composition, structure, and properties of granules
was studied (Figure 2, Tables 2 and 3).

Temperatures of 150, 250, and 350°C with
isothermal exposure for 60 minutes were selected
for firing pellets. The formation of granules of a
regular spherical shape was achieved as a result of
swelling.

At the same time, the temperature of 150°C
made it possible to achieve the optimal swelling
coefficient of the granules — 1.20. With a subsequent
increase in temperature, the diameter of the
granules remained virtually unchanged (Table 2).

Firing granules at a temperature of 150°C
ensures the greatest porosity.

The compressive strength and water resistance
of granules are very sensitive to the firing
temperature (Table 3). An increase in the firing
temperature from 150 to 250 and 350°C is
accompanied by an increase in the compressive
strength of the granules by 1.7 and 1.5 times,
respectively, and an increase in the water resistance
of the granules by 3.0 and 3.5 times, respectively.

The increased compressive strength and water
resistance of granules fired at temperatures of 250
and 350°C are due to the presence of crystalline
compounds.

During heat treatment of a liquid glass mixture
with  the participation of anorthite and
aluminosilicate amorphous phases, calcium and
sodium hydroalumosilicates are formed, mainly
hydrogelenite C,ASHs and hydrosodalite NAS;H,
(Table 3).

The hardening of the material and an increase in
its water resistance are achieved as a result of an
increase in the proportion of crystalline compounds
with increasing temperature.

To bind the porous aggregate in the concrete
mixture, a binder with a similar composition to the
granules is used. On the one hand, genetic kinship
ensures reliable bonding of the concrete

components and helps to increase the compressive
strength of the material. On the other hand, liquid
glass, having high adhesion to the porous aggregate,
gives the concrete matrix a pronounced binding
capacity. Thirdly, the related composition of raw
mixes for the aggregate and binder of geopolymer
concrete will allow organizing integrated production
and reducing the firing temperature of granules to
150 —200°C.

The low-temperature firing method makes it
possible to ensure the strength of the granules is
sufficient to preserve their integrity during further
processing. Further firing of geopolymer concrete at
a temperature of 350°C will make it possible to
ensure the hardening of the binder and the
hardening of the porous aggregate.

In the studied molding mixture, the ratio of the
aggregate and binder volumes equal to 9:1 ensured
the distribution of the binder matrix around the
granules and partial placement in the intergranular
space. To prepare the molding mixture, liquid glass
was mixed with fly ash and an aluminosilicate
microsphere.

The resulting suspension was mixed with porous
granules, evenly distributing the binder between the
aggregate. The flowability of the molding mixture
was characterized by 2 — 3 cm of slump of the
Abrams cone. Concrete curing mode: 1 hour —
preliminary curing, 2 hours — heating to a
temperature of 350°C; 2 hours —isothermal holding,
1 hour — cooling. The choice of the maximum
temperature of concrete processing is made taking
into account the thermal transformations during
firing of the granulated liquid glass mixture (Table 3).

The results of tests of large-pore concrete are
presented in Table 4.

The compressive strength of the structure of
large-pore concrete is ensured by reliable adhesion
of the aggregate to the binder in the interfacial
transition zones (Figure 3).

The operational resistance of geopolymer
concrete to the impact of water, magnesium sulfate,
and sodium sulfate solutions was studied.

Concrete samples were kept in liquid media for
24 months, and visual studies were carried out
(Figure 4). The concrete resistance coefficient was
determined after 3, 6, 12, and 24 months (Table 5).
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Discussion of results

The concrete samples that were in water did not
show any external signs of change (Figure 4).

The decrease in concrete strength should be
associated with a decrease in the proportion of the
amorphous component, as indicated by the
decrease in the spectrum against the background of
the XRD pattern in the range of angles of 16 — 38
degrees.

Concrete samples were observed to transform a
magnesium sulfate solution (3% concentration)
starting from 2 months.

The structure and components of the concrete
retained their stability. At the same time, white
amorphous clusters of magnesium hydroxide
appeared in the intergranular which
increased in size and became denser by 12 months
(Figure 4).
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Figure 3 — Structure of large-pore geopolymer concrete

Table 4 — Properties of large-pore geopolymer concrete

Properties Values
Average density, kg/m?3 480
Compressive strength, MPa 4.7
Water absorption, % 31.0
Water resistance coefficient 0.87
1\;\Il1/e(rnr1n'fcl:)conduct|wty coefficient, 0.095

The samples' state was stable from 12 to 24
months of exposure to a magnesium sulfate
solution. The intensity of hydrate reflections
changed in the concrete diffraction pattern (Figure
4): hydrosodalite reflections increased (d/n = 3.678;
2.671; 2.106 A), and hydrogelenite reflections
decreased (d/n = 3.576; 2.37; 1.734 A).

The presence of geopolymer concrete in a
sodium sulfate solution (concentration 5%) is
accompanied by significant transformations of the
composition and structure. After 2 months of
exposure to an aggressive environment, thinning
and destruction of the binder shells around the
granules was observed.

This phenomenon is the result of the leaching of
hydrate compounds from the geopolymer binder.
This is confirmed by the data of diffractometric
analysis: the «elevation» in the spectrum in the
range of 16 — 38 degrees decreases.

Over the time of exposure of concrete to the
sodium sulfate solution, gel-like masses appeared in
the intergranular space and on the surface of the
aggregate, released from the aggressive solution
saturated with amorphous phases (Figure 4). The
increased resistance of the granules compared to
the binder matrix of concrete is due to the greater
vulnerability of the matrix to external influences and

the quantitative difference in the composition
(Table 5).

For the economic assessment of large-pore
geopolymer concrete, calculations of material and
energy costs for the production of 1 m? of concrete
were carried out.

For comparison, the indicators of cement
expanded clay concrete of a similar structure,
characterized by a thermal conductivity coefficient
of 0.155 W/(m-°C), were used. The costs of the
components of the molding mix of geopolymer
concrete, according to preliminary calculations, are
84.5 U.S. dollars/m3, which is 4.9 U.S. dollars/m?3 less
than for cement expanded clay concrete.

The estimated energy costs for obtaining
geopolymer concrete are 2.2 U.S. dollars/m3, which
is 1.4 times higher than the same indicator for
cement expanded clay concrete.

This is due to the proposed mode of heat
treatment of geopolymer concrete. Total costs of
materials and energy for geopolymer concrete are
86.7 U.S. dollars/m?3, which is 4.3 U.S. dollars/m? less
than for expanded clay concrete.

Large-pore geopolymer concrete is effective as
thermal insulation. For the thermal resistance of the
enclosing structure equal to 3.279 (m2-°C)/W, the
required thickness of the thermal insulation layer is:
made of geopolymer concrete, a = [3.279
(m2-°C)/W]:[0.095 W/(m-°C)] = 0.311 m; made of
cement expanded clay concrete, a = [3.279
(m?2-°C)/W]-[0.155 W/(m-°C)] = 0.508 m.

The use of porous geopolymer concrete allows
for a 1.63 — fold reduction in the consumption of
materials for thermal insulation of wall structures.

The prospects for the implementation of the
developed geopolymer porous concretes lie in their
ability to give impetus to the development of small
businesses in various regions [33].
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Table 5 — Resistance of geopolymer concrete to aggressive environments

Resistance coefficient of geopolymer concrete
Duration of the test, months in water in magnesium sulfate solution | in sodium sulfate solution
(concentration 3%) (Concentration 5%)
3 0.82 0.76 0.52
0.78 0.73 0.48
12 0.76 0.70 0.45
24 0.75 0.69 0.40
Conclusions concrete.

Large-pore concrete has been developed, in
which the binder and aggregate are formed as a
result of geopolymerization processes.

The following main results were obtained.

Liquid-glass activation of thermal energy waste
in combination with thermal treatment ensures the
formation of a water-resistant composition and a
stable porous structure of geopolymer concrete.

The use of raw mixes of related composition for
the synthesis of porous aggregate and binder allows
integrating technological processes, ensuring
reliable adhesion of the components of geopolymer

The results of studies of phase transformations
of geopolymer material under the influence of water
and salt solutions indicate the prospects for further
improvement of the technology of porous
geopolymer concrete and the expansion of its scope
of application.
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Feononumepni KeyeKTi 6eTOH: KanbINTacTbipy ¥KaHe
naiganaHy cmnatramanapbl

Mupiok O.A.

PyOHbIl uHOycmpusnslK yHugepcumemi, PyOoHeil, KazakcmaH

TYWIHAEME

Makanaga reononnmepik TEXHONOTUAHBI d3ip/iey KaHe KeyeKTi TONTbIPFbil Heri3iHae KeHin
6ETOHHbIH, cMNaTTaManapbiH 3epTTey HITUMKEeNepi YCbIHbIIFaH. 3epTTeyAiH MaKcaTbl — KeyekTi
reononvmepik 6eToHAbI KaNbINTaCTbIPy KOHE NalkiganaHy CbiHAKTapbl NPoLUeciHAe Kypambl MeH
KYPbINIbIMbIHbIH,  ©3repicTepiH aHblKTay. KeyeKTi TONTbIpFbiw neH 6alinaHbICTbIpyLWbl 3aT yKcac
Kypamzarbl Kanbintay KocnanapblHaH CUHTe3AdenreH, onapaplH, KypamblHAQ CyMblK HaTpuid
LUBIHBICHI MEH ¥KblNy 3/1EKTP CTAHLMANAPbIHAH a/bIHFAH YCaK AMCNepCTi KanaplKTap (ywna Kya MmeH
ANOMOCUIMKATTLI  MUKpocdepa) 6ap. MexaHUKanblK JKYKTEMEre »KaHe CyAblH acepiHe
KaHafaTTaHapAbIK Te3imainiri 6ap KeyekTi KypblibiMAbl KanbiNTacTbipyabl KamTamacbl3 eTeTiH
6eToHAbl KaTaluTyAblH Kby PEXMMi YCbiHbINAbI. TeononMmMepik matepuanablH, TepMUANbIK,
CUHTE3i KesiHAe »KypeTiH ¢asanblk TypaeHynep, OeTOHFa CyFa XaHE MarHMi MeH HaTpui
cynbdaTbiHbIH, epiTiHAinepiHe y3aK yaKbIT acep eTy KesiHaeri e3repictep 3eptrengi. Kepamsut
HerisiHaeri 6eToHMeH canbicTbipFaHaa KeyeKTenreH reononumepnik 6ETOHHbIH,
APTbIKLWbINbIKTaPbIH PACTalTbIH anAblH ana 3SKOHOMMKA/bIK ecenTeynep XKyprisingi. 93ipneHrex
KeyeKTi reononumepnik 6etoHAap 3Heprua yHemaeuTiH Kabbipfa 6yibiMaapbiH eHaipyre
apHanfaH.
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FeononmmepHbIN NOPUCTBIN BETOH:
dopmupoBaHMe U IKCNNyaTaLMOHHbIE XapaKTePUCTUKHN

Mupiok O.A.

PyoHeHckuli uHOycmpuaneHsil yHugsepcumem, PyoHeil, KasaxcmaH

AHHOTALUMUA

B cTaTbe npeacTaBneHbl pesynbTaThl pa3paboTKM reonoNuMepHoOn TeXHONOMMK U UcCaef0BaHusA
XapaKTepUCTUK Nlerkoro 6eToHa Ha OCHOBE MOPUCTOro 3amnosHwTens. Lienb uccnepoBaHua —
BbliBNEeHWE Npeobpa3oBaHUii cocTaBa W CTPYKTypbl B npouecce GOPMOBaHWA U
3KCNAYaTaLMOHHBIX UCTbITAHUIA MOPUCTOrO reonoiMmepHoro 6etoHa. NMopucTbii 3aNoaHUTENb U
BANYLLEE CUMHTE3MPOBaHbl M3 (GOPMOBOYHLIX CMECEN POACTBEHHOrO COCTaBa, COAEPIKALLMX

Mocrynuna: 6 aHeapa 2026 YKMUAKOE HAaTPUEBOEe CTEK/0 U ME/IKOAMUCTIEPCHbIE OTXOAbI TEM/I0BbIX 3IEKTPOCTaHLMI (30/1a-yHOCa
PeueHsunposaHue: 4 mapma 2026 M aNloMOCUINKaTHaA Mukpocdepa). MpepnoxKeH TennoBOM PEXUM OTBepPKAEeHUA 6eToHa,
MpuHaTa B nevatb: 11 mapma 2026 obecneunBarowmin GopmmupoBaHMe NMOPUCTOIN CTPYKTYPbl, KOTOPAs MMEEeT YA0BNETBOPUTENbHYIO

CTOMKOCTb K MEeXaHMYeCKoW Harpyske u Bo3gelicteuto Boabl. MccneposaHbl  ¢dasoBble
npeBpaLLeHna Npu TEPMUYECKOM CUHTE3E reONOIMMEPHOIO MaTepuana, Npu NPOAOIKUTENbHOM
BO34ENCTBUM Ha 6eToH BOAbl M PAcTBOPOB cynbdata MarHWA W HaTpuA. BbinonHeHbl
npeABapuTenbHble  3KOHOMUYECKME pacyeTbl, CBUAETENbCTBYIOWME O NPEeUMyLLecTBax
NMOPU30BaHHOMO reonoiMMepHoOro 6eToHa Mo CPaBHEHWUIO C LEeMeHTHbIM 6eTOHOM Ha OcHoBe
Kepam3suTta. PaspaboTaHHble reonoNnMepHble MOPU30BaHHble GETOHbI MpeaHasHayeHbl ANa
3HeproadpGeKTUBHBIX CTEHOBbIX U3A4eNNA.
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ABSTRACT

In this study, using mathematical modeling, the change in Al203 content as a function of acid
concentration during hydrochloric acid activation of alkaline-earth bentonite from the Navbahor
deposit is investigated. During the experiment, the HCI concentration varied from 5% to 20%,
and the change in Al203 content was nonlinear. To describe the experimental data obtained
during hydrochloric acid activation of alkaline-earth bentonite from the Navbahor deposit, an
exponential decay model was proposed, and its parameters were estimated by regression
analysis. The accuracy of this approach is supported by the coefficient of determination (R? =
0.964) and the root mean square error (RMSE = 0.231%), indicating high accuracy and stability.
The results obtained show that the decrease in Al,Os content under acid activation conditions
exhibits a nonlinear dependence on hydrochloric acid concentration rather than on time, and
they enable formulation of a mathematical expression for the quantitative description of the
process and for evaluating the effect of concentration.

Keywords: bentonite, acid, activation, relative area, modelling, exponential decay, coefficient of
determination (R?).
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Introduction

At present, the development of adsorbents for

the most pressing scientific and technical
challenges. In this regard, a lot of research has been
conducted to create modified adsorbents with

the chemical and food industries, along with their
technological enhancement, is recognized as one of

micro-, meso-, and macroporous structures, along
with their capacity to perform processes such as ion
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exchange and chemical bonding, to improve their
technological efficiency under actual conditions
([1], [2], 3], [41].

Activation methods for bentonite clays are
applied under different conditions, depending on
their mineral composition, structure, chemical
composition, and intended use.

Acid activation is a chemical modification
process wherein H* ions replace exchangeable
metal ions, such as K*, Na*, Ca%*, and Mg?*. The
removal of metal ions, located within the interlayer
space, results in a silica-rich structure. At the same
time, a variety of active sites are created during the
process of acid activation, which increases the
sorption potential of the clay material [5].

Natural pigments like chlorophyll, xanthophyll,
carotenoids, gossypol, soapstock, and other soap-
like compounds, free fatty acids, and peroxides,
etc., present in vegetable oils, vary in nature due to
their physicochemical properties. Depending upon
the nature of the compounds present, the process
of refining vegetable oils is carried out, either
completely or partially, through processing cycles.
The quality of the oil produced by various methods
is evaluated based on the physicochemical
properties of the oil produced by various methods.
The properties include phospholipid, moisture, and
volatile matter content, iodine value, color index,
refractive index, and saponification value, etc.
Improvement of these properties is not only related
to the reagents used but is also associated with the
application of advanced technology in the
production process [[6], [7], [8], [9], [10], [11], [12]].

The mathematical modeling of any production
process allows, in advance, the formulation of well-
founded forecasts regarding the term of the
technological process, the amount of consumed
raw materials, and the quantity and quality of the
obtained products. This allows the improvement of
the stability and efficiency of the production
process. Industrial and processing processes
require the construction of mathematical models
that allow the identification and quantification of
the interaction between the technological

parameters, such as moisture, temperature,
concentration, pH, and others [[6], [7], [8], [9],
[10]].

Mathematical modeling can also have an
important methodological impact on the process of
acid activation of bentonite clays, making it
possible to describe changes in chemical
composition during experiments in a unified and
generalized form, which would allow us to speak of
a controlled and predictable process. In particular,

mathematical modeling can significantly inform the
description of processes of interaction with mineral
acids, including the specific leaching of AP* ions
from the mineral's octahedral layer and the
formation of an amorphous SiO;-rich phase [11].

The selection of exponential decay models is
substantiated by the high accuracy that can be
obtained with a small number of parameters and
also by the robustness to errors in experiments. In
these models, the rate constant serves as a
universal criterion for kinetic analysis, enabling
comparative studies of different raw materials and
processes. Experimental evidence from a wide
range of investigations published in the literature
confirms that, for bentonite clays, an increase in
acid concentration results in a substantial increase
in leaching rate for APP*, Mg?*, and other cations
from the octahedral layer. The complex kinetic
character of the process requires the use of non-
linear regression models for adequate description
[[12], [13]].

The mathematical modeling allows for a
guantitative description of the overall kinetic trend
detected during the process of acid activation of
bentonite clays. It was detected that the decrease
in Al,Os; content has a non-linear dependence on
the acid concentration during the process, being
rapid at the initial stages and slowing down with
time, which can be described by a general kinetic
pattern. An exponential decay model has been used
as a simplified model from a statistical point of
view. Its adequacy is checked based on the
experiment [[14], [15]].

One of the key benefits of modeling is the
possibility of a formal definition of product quality-
oriented objective functions (such as the consistent
decrease or stabilization of the Al,O3; content over a
certain range), thereby creating the necessary basis
for the calculation of the optimal acid
concentration [16].

While the results of polynomial regression
models can describe experimental points with a
high degree of accuracy, they do not necessarily
reflect real physicochemical processes. On the
other hand, the exponential model naturally
describes the process of Al,Os; depletion, the
deceleration of which with increasing HCI
concentration is quite logical, and vyields stable
results in prediction [[17], [18]].

The physical meaning of the selective leaching
of AI** ions while preserving the structural
framework is logically consistent with the
exponential decay-type kinetic law. In making a
justified choice between two or more models, the
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coefficient of determination (R?) value alone is not
enough; rather, a detailed analysis including the
root mean square error (RMSE) is needed [[19],
[20], [21]].

The kinetic methods used in acid leaching
processes provide a fundamental scientific tool for
guantitative measurement and control of rate.
They describe the rate of leaching with respect to
time using mathematical expressions, which helps
to determine the rate-controlling step of a chemical
reaction [[22], [23]].

If, after such treatment by acid, there are no
changes in the position of the peaks corresponding
to the Si-O bonds, it is considered that these
changes are mainly related to the selective leaching
of Al, Mg, and Fe cations from the octahedral layer.
It is then considered that the initial structure of
tetrahedral Si-O bonds remains stable [[24], [25],
[26], [27], [28], [29]]. Due to this process, the
crystal lattice of clay minerals is preserved, and the
main framework is kept intact. At the same time,
the leaching of cations from the octahedral layer
enhances the surface area and porosity of the
material. Hence, this modified form of clay can be
utilized effectively in adsorption and catalytic
purposes [[30], [31], [32], [33], [34], [35]].

The mathematical way of understanding this
activation process allows for the quantitative
prediction of the sorption properties of the clay,
which reduces the number of experiments and
optimizes this process. With this approach, it is
possible to plan the consumption of acid and water
at a rational level, and it is possible to determine in
advance the probable amount of additional
reagents to be used. Thus, this activation process
not only becomes scientifically understandable and
controllable but also becomes an important tool for
making efficient use of resources, for improving
energy efficiency, and for reducing technological
costs.

In this study, a new approach to summarizing
experimental data was developed, which is based
on a table, graph, and model sequence, thus
facilitating the identification of a continuous
governing relationship of the process from discrete
experimental points. This new approach allows one
to consider changes in Al,Os content not only from
a statistical point of view, but also in relation to the
physicochemical nature of the acid activation
process. Therefore, this study presents a new
scientific and methodological basis for a deeper
understanding of the acid activation of bentonites,
the effective conditions of this process, and a

predictive assessment of further stages of this
process.

In this work, an exponential decay model is
proposed for describing the variation of Al,03
content as a function of hydrochloric acid
concentration. Using this model, it is possible to
represent quantitatively the non-linear and strictly
decreasing trend of the experimental data.

Materials and Methods

As the object of the study, the alkaline earth
(calcium-type) bentonite from the Navbahor
deposit was chosen. In the chemical composition of
the natural bentonite clay, Al,0s makes up 12.60%
as the main exchangeable component. The SiO,
content is 61.54%, which shows that this mineral
has a silica-based structure. The high percentage of
SiO; ensures the stability of the mineral layers and
acts as a non-degradable framework during the
acid activation process.

Additionally, the chemical composition of the
bentonite clay contains small amounts of other
oxides, and their composition is shown in Table 1.
The chemical composition was not used as an initial
parameter for the simulation of the kinetics of the
reduction of Al,Os during hydrochloric acid
activation, as the simulation is based on the process
that begins after the onset of acid activation.

Table 1 - Chemical composition of natural alkaline-earth
bentonite from the Navbahor deposit

Content, %

Sample

SiO2 | AlOs i Fe;03: TiO2 { CaO | MgO | NaxO | K.0

Natural
bentonite : 61.54 : 12.60 : 6.23 | 0.56 | 0.75 { 3.98 | 0.82 2.11
clay

Bentonite clay with a sample mass of 100 g was
activated with different concentrations of HCl
solution (5%, 10%, 15%, and 20%) with a ratio of
1:2.5 and a temperature of 373 K for 2 hours with
continuous stirring in a water bath. After activation,
the suspension was washed with distilled water
until a pH value of 4 was reached. Then it was dried
at 473 K and sieved through a 56 um mesh sieve.
The content of Al,Os; in clay was analyzed by a
chemical method according to GOST 21216-2014.

Three experiments were carried out in parallel,
and their average values were calculated. Based on
the experimental results, the relationship between
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the increase in the hydrochloric acid content and
the change in the Al,O; content was investigated. A
mathematical model for the decrease in the Al;O3
content as a function of increasing hydrochloric
acid content was created based on the
experimental results obtained.

The composition of the non-activated
bentonite, as presented in the table, was described
as the initial state; however, since the
mathematical modeling is focused on the changes
that occur during the acid activation in the
concentration range of HCl from 5% to 20%, this
value was not considered as a model parameter.

It was determined that the relationship
between the decrease in AI203 content and
hydrochloric acid concentration can be modeled by
an exponential regression equation (1).

Al,0; = A - exp FHCL (1)

where

Al,Os - dependent variable, %

HCI - independent variable, %

A and k - determined parameters after
regression analysis

To test the goodness of the model, the
coefficient of determination (R?) was calculated.
The graphical analysis presented in Figure 1 was
obtained by utilizing the Origin 2021 Pro software.
This graphical representation demonstrates the
agreement between the predictions and the
experimentally obtained data.

The agreement between the data and the
selected mathematical model was assessed using
the coefficient of determination (R?) and the root
mean square error (RMSE). The RMSE was
calculated with the help of the following formula

(2).

RMSE = f DL =9
2)

where

yi - Al,O3 content determined experimentally,

yi - value calculated by the model,

n - number of experimental data points.

To further validate the model's adequacy, a

residual analysis was conducted. In this case,
residuals were defined as differences between
experimental and calculated values. Additionally,
the absence of systematic deviations and a specific
pattern in the residuals indicates that the chosen
model adequately describes the experimental data.

Results and Discussion

The changes in Al,0; content in samples
activated with HCl solutions of different
concentrations (5, 10, 15, and 20%) at a solid-liquid
ratio of 1:2.5 are shown in Table 2.

Table 2 - Al,O3 content % in clay samples activated at
different concentrations of hydrochloric acid

Acid concentration, Al,0s content,

% %

5 12.26
10 11.81
15 10.34
20 9.64

The experimental results, as represented in
Table 2, show the decreasing trend of the
parameter with increasing acid concentration. No
abrupt changes were observed between the four
measured data points. At the same time, the results
represented in the table are not enough to show
the exact nature of the relationship between the
parameter and the acid concentration.

To achieve a more accurate interpretation of
the dependence of the investigated parameter on
the concentration of the acid, as well as to assess
the mathematical nature of the observed
dependence, the experimental points were
represented in a graphical form. The graphical
representation of the data revealed a nonlinear
dependence, thereby supporting the use of an
exponential model.

12,59

Model Exponential
n> Equation Al203=AexpA(-kHCI)
Plot B
12,0 4 0 19,34232 £ 32,07869
[ | A -6,23929 £ 31,17672

RO 0,02249 £ 0,08689
Reduced Chi-Sqr 0,16273
.| |R-Square (COD) 0,96406

%, |Adj. R-Square 0,89219

11,5

11,0 4

Al,O, content,%

10,5

10,0

9,5 4

Concentration of HCI, %

Figure 1 - Exponential decrease in Al203 content in clay
with an increase in HCl concentration

As shown in the graph, the experimental data
points follow an exponential curve, indicating that
this mathematical model is appropriate for
describing the phenomenon. There is no linear
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distribution of points, indicating that the decrease
is not linear with increasing HCI concentration.

Based on the modeling results, the high
coefficient of determination (R? = 0.964) indicates
strong agreement with the experimental data.

To generalize the experimental data, the
relationship was described by an exponential decay
model. Thus, the dependence of the Al,Os content
on the HCl concentration was expressed by
equation (3).

Al,0;=13.3" exp—0.01685-HCL (3)

This equation also demonstrates the fact that
with an increase in the HCl solution concentration,
the content of Al,O; decreases rapidly and then
slows down, which corresponds to the main
physicochemical features of the selective leaching
process.

The goodness of fit of the model is high,
indicating a close and stable relationship between
the experimental and calculated data, thereby
demonstrating the high quality of the selected
exponential method. The calculated value of the
exponential coefficient k shows that the decrease
in the content of Al,O; does not occur at a constant
rate but depends on the amount of the substance
remaining in the system at a given time, which is
typical for a kinetic process of selective leaching.

In the following sections, the mechanism of
dissolution of Al,Os; during the acid activation of
bentonite clay will be schematically illustrated step
by step (Figure 2).

1 2

SETETe eI T GGG OHOSP

P PP 930 A %~ QH O H
Elagnag g o —) e Ax’::l ==
EETCISTSICTC I T 7

R

Figure 2 - Schematic illustration describing the
selective dissolution of Al2Os during activation of
bentonite with HCI

It is possible to visualize the preservation of the
SiO, network and the creation of porosity through
this figure. In its natural state, this clay mineral is
known as montmorillonite and is characterized by a
layered-type crystalline structure. In this structure,
aluminum ions are predominantly located in the
octahedral layer. The interlayer space is occupied
by exchangeable cations such as Na*, Ca?*, and

Mg?*, which maintain this structure in a relatively
stable state. The removal of these ions leads to the
creation of micropores and mesopores inside this
clay structure. This increases the specific surface
area of the clay and its adsorption properties.

In general, the exponential model captures the
behavior of the change in Al203 content as a
function of acid concentration in an appropriate
mathematical form, thereby enabling accurate
characterization of the process.

The following table facilitates a scientific
analysis of the comparison between the
experimentally obtained Al,O3 contents and those
calculated using the exponential model as a
function of HCI concentration (Table 3).

Table 3 - Experimental and modeled values of the
decrease in Al203 content in the clay

HCl Al,O; Al,03 Residual  Relative
concentration, (experimental), (model), (A=y-YV) error
% % % (RE), %
5 12.26 12.46 -0.20 -1.63
10 11.81 11.46 0.35 +2.96
15 10.34 10.55 -0.21 -2.03
20 9.64 9.72 -0.08 -0.83

The root mean square error (RMSE) between the experimental and
model values is 0.231%.

The results obtained in Table 3 show that the
Al,O;5 content in the clay decreases with an increase
in the concentration of hydrochloric acid in a non-
linear manner. The differences between the
experimental results and the results obtained by
the model are low, with the maximum relative
error not being more than 2.96%, thus confirming
the high accuracy of the selected exponential
model. The positive and negative residual values
being distributed in a balanced manner confirm
that there are no systematic errors in the model.
The low value of the total root mean square error
also confirms that the exponential model can be
used with good accuracy to quantitatively define
the relationship between the Al,O; content and the
concentration of HCI.

RMSE makes it possible to quantitatively
estimate the average deviation between calculated
and experimental Al,Os; values with the same unit
(%). Although the coefficient of determination (R?)
is a measure of the quality of the model, RMSE was
used because it directly represents the actual
accuracy of the model.

These results confirm that the reduction of
Al,Os; content occurs without destruction of the
aluminosilicate framework of bentonite and that

— 110—/——



2027; 343(4):106-115

ISSN-L 2616-6445, ISSN 2224-5243

this process occurs under conditions of
preservation of its structure. Thus, the suggested
method of modeling can be considered a
scientifically grounded tool for quantitative
evaluation of Al,Os; content variation during the
acid activation process, characterizing the process's
intensity, optimizing the process conditions, and
making a predictive assessment of this process.

In this study, structural methods such as FTIR
and XRD were not used as research objectives. Still,
they were employed as theoretical tools to
substantiate the results of the kinetic research and
the mathematical modeling. According to literature
data, under low and moderate conditions of acid
activation, the main aluminosilicate structure of
bentonites, especially the Si-O bonds, is not
destroyed. Therefore, the decrease in the Al,O;
content cannot be explained by the destruction of
the structure under low and moderate conditions
of acid activation. Thus, the main emphasis of this
research has been on the mathematical and
statistical substantiation of the results.

Conclusions

The scientific contribution of this study lies in
the quantitative description of the change in Al,Os
content as a function of hydrochloric acid
concentration for bentonite from the Navbahor
deposit using a mathematical model, as well as its
analysis through graphical and statistical criteria.

The acid activation of bentonites in previous
studies was often studied in relation to adsorption
properties and an increase in specific surface area,
and the change in aluminum oxide content in
relation to acid concentration was not always
analyzed from a mathematical point of view. The
decrease in Al,Os content in this study is analyzed
as a selective leaching process that preserves the

structural framework, and the nonlinear,
continuously  decreasing nature of  this
phenomenon is demonstrated through

experimental and graphical analyses.

The model developed on the basis of
experimental results clearly showed that the
change in Al,03 content has a regular, non-linear,

and stable decreasing trend with an increase in acid
concentration. The results of graphical analysis and
statistical evaluation have proved that the selected
model can adequately describe the general trend of
experimental results with a high degree of
accuracy.

As shown by the results of the modeling, a high
adequacy of the model was attained. In particular,
a large value of the coefficient of determination (R?
= 0.964) suggests that a significant portion of the
variation in the content of Al,Os is explained by the
variation of the hydrochloric acid concentration.
The above results allow one to proceed from a set
of discrete points of the experiment to a
continuous description of the process, ensuring the
guantitative reliability of the obtained relationship.

The scientific novelty of the research lies in the
fact that the variation of the content of Al,O3 during
the acid activation process has been
mathematically and consistently substantiated as a
selective chemical process under conditions of
structural framework preservation.

The value of this approach is based on the
possibility of calculating the increase in the specific
surface area of the clay material during the
activation process based on the decrease in the
Al,0Os content using mathematical modeling. This, in
turn, allows us to decrease the number of
economically expensive analysis techniques, such
as the BET method.
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TYWIHAEME

Ocbl 3epTTeyze MaTemaTuKanblK MoAenbAey dA4ICTepiH KongaHa OTbIpbIN, Ty3 KbIWKbIIbIH
nainganaHa, Hasbaxop KeH OpHbIHbIH, CiATiAi TONblpak, GEeHTOHUTIHIH, KblWKbIA 6enceHainiri
npoueciHaeri KbIWKbIN KOHUEHTpaumAcbiHa Tayendi esrepici 3eptrengi. Toxipube 6apbicbiHAA
HCl KoHueHTpauusacbl 5-20 % apanbiFbiHaa e3repdi, 6yn petre Al,O; menwepiHiH, e3repyi
CbI3bIKTbIK, €MeC CMnaTKka We eKeHi aHbiKTanabl. KepceTinreH GEHTOHWUTTIH, KbIWKbIAAbIK,
6enceHaipy KesiHAe anblHFaH SKCNEPUMEHTTIK AepeKTepai cunaTTay yLWiH OHbIH NapameTpiepi
perpeccuanbiK Tangay HerisiHae alKplHAANFAH 3KCMOHEHUMaNablK KeMy MOAENT YCbIHbINFaAH.
Ocbl Tacingiv gsngiri MeH Trimginiri getepmuHauma KoadduumeHTiHi  (R? = 0.964) kaHe
opTaLla KBagpaTTbIK KaTeHiH (RMSE = 0.231 %) maHAepiMeH pacTanfaH, byn MoaenbAjiH, Kofapbl
O2NAJri MEH TYPaKTbiNbIFbl  ASNeNAeHA . ANblHFaH HITUXKeNep KblWKbIIAbIK  BenceHaipy
KafgavbiHaa ALOs  menwepiHiH, TemeHzeyi YyakplT $aKkTopbiHA emec, Ty3 KbllKblibl
KOHLLEHTPALMACbIHA CbI3bIKTbIK eMec Tayenainik KepceTeTiHiH Aanengenai xaHe 6yn npouecti
CaHAbIK TYPFblAAH CMNATTAlTbIH MaTemMaTUKaNblK OPHEK KYpyFa, COHAAW-aK KOHLEHTPALMAHBIH,
acepiH baranayra MyMmKiHAiK 6epeai.

Makana kengj: 9 aknaH 2026
CapanTtamagaH eTTi: 27 aknaH 2026
Kabbinganapl: 16 Haypeiz 2026

TyliiH ce30ep: GeHTOHUT, KbiWKblA, GenceHAipy, canbicTbipmanbl 6eT aygaHbl, MoOAenbaey,
IKCMOHEHUMaNablIK a3ato, AeTepmrHaums KoapoduumeHTi (R?).
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JKCNOHEeHUUabHOE MOoAeNnpoBaHMe CHUXKeHusa cogepraHua Al,Os npu
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AHHOTALUMUA

B HacToAlem uccnefoBaHWM C NMPUMEHEHWEM METOJ0B MaTEMATUYECKOTO MOAENUpPOBaHUA
M3y4eHo M3meHeHue cogepkaHna Al,Os B 3aBUCHMOCTM OT KOHLEHTPALLMM KMCAOTbI B Npouecce
KMCNOTHOM aKTUBALUK LENOYHO3EMENbHOrO 6eHToHMTa HaBbaxopCKOro MeCTOpOXAEeHUA ¢
MCNoab30BaHMEM CONAHOMN KUCAOTbl. B xoae skcnepumeHTa KoHueHTpauma HCl usmeHsanaco B
Moctynuna: 9 greapans 2026 AvanasoHe 5-20 %, nNpu 3TOM YCTAHOB/NIEHO, YTO W3MeHeHWe cogepaHuusa Al,Os3 HocuT
PeLeHanposaHme: 27 peepans 2026 BblPaXKEHHbIV HENNHENHDBIW XapakTep. [nA onMcaHWA SKCNEPUMEHTaNbHbIX AaHHbIX, NOAYYEHHbIX
MpwHaTa B neyatb: 16 mapma 2026 NpU KACNOTHOWM aKTUBALMM YKa3aHHOTro BEHTOHMUTA, NPeaNOXKeHa MOAENb SKCMOHEHLMANBHOTO
ybbiBaHUA, NapameTpbl KOTOPOW oOnpefeneHbl Ha OCHOBE PEerpeccMoHHOro  aHanausa.
[octoBepHOCTb M 3PPEKTUBHOCTb  AAHHOMO  MOAXOAQ  MOATBEPNKAEHbI  3HAYEHMAMMU
KoadduumeHTa getepmuHaumu (R? = 0,964) n cpegHekBagpaTuyHom ownbkm (RMSE = 0,231 %),
YTO CBUAETENLCTBYET O BbICOKOM TOYHOCTU U YCTOMUMBOCTU MOAENU. MMoNyYeHHble pe3ynbTaTbl
MOKa3bIBatOT, YTO CHUXeHWe cogepaHua Al,Os3 B yCNOBMAX KMCNOTHOM aKTUBaLMK NpoABAAET
He/IMHeNHYI0 3aBUCUMOCTb OT KOHLEHTPALLMKN CONAHOW KMCOTbI, @ He OT BpeMeHHOro dakTopa, u
no3BoNAT CPOPMYANPOBATL MaTeMaTUYECKoe BbipaKeHWe ANA KOAUYECTBEHHOro OnucaHua
NpoLLecca 1 OLEHKM BANAHWUA KOHLEHTPaLuK.

Knroyeeble cnoea: BEHTOHWUT, KMCIOTA, aKTMBALMA, yAeNbHAA NOBEPXHOCTb, MOAENMPOBaHME,
3KCNOHeHUManbHoe ybbiBaHue, KoapduumMeHT aeTepmmHaumm (R?).
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ABSTRACT
The study presents an investigation of the consequences of explosive impacts during blasting

operations at the Zhairem deposit using numerical modeling in the Ansys LS-DYNA software
package. Based on literature data and the physico-mechanical properties of rock materials, two
modeling scenarios were implemented: the explosion of a single blast hole and a group of blast
holes. Dependencies of internal and kinetic energies, displacements, velocities, and accelerations
of the rock mass, as well as the distribution of stresses and pressures within the rock, were
obtained. It was shown that the maximum equivalent stress during the explosion of a single hole
reaches 923.73 MPa, corresponding to the zone of intensive rock mass destruction. For a group of
blast holes, energy release increases by several orders of magnitude, reaching 1.2x10° J.
Characteristic phases of energy transformation and blast wave dynamics were identified, allowing
the assessment of hazardous zones and potential consequences of unauthorized explosions. The
results of the study can be used to improve the safety of blasting operations and to predict the
impact of air-blast overpressure on buildings and structures.

Keywords: blasting operations; numerical modeling; Ansys LS-DYNA; single blast hole; group of
boreholes; air-blast wave; overpressure; equivalent stresses; blast dynamics; explosion
consequences prediction.
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Introduction

As part of the literature

review, modern

and assessing the impact of the blast wave,
considering distance and scaling.
In studies [2], the authors focused on the blast

domestic and foreign studies on the modeling,
analysis, and prediction of explosion consequences
were examined. The studied materials range from
empirical relationships and regulatory methods to
numerical models.

In their article [1], Qiang W. et al., based on
collected data from accidental explosions (at a US
plant in 2013, at the Tianjin port in China in 2015,
and at the Beirut port in Lebanon in 2020), studied
the consequences and effects of ammonium nitrate
(AN) explosions based on the Chinese national
standard GB6722-2014. The main focus is on
calculating the TNT equivalent of various explosives

wave propagating from the source to the object. The
article analyzes different mathematical models used
to determine the magnitude of explosion pressure.
Two cases of their application were analyzed. In the
first case, the distance to the explosive was varied
while the explosive weight was constant. In the
second case, the explosive mass was varied at the
same distance. The results showed that the
difference in calculations for different cases is least
noticeable at large distances.

Work [[3], [4], [5]] examines the propagation of
hydrogen combustion products in numerical
modeling. The model accounts for pressure
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distribution and made it possible to determine the
maximum overpressure at control points. It was
found that with an increase in explosion power, the
maximum overpressure increases. This increase is
associated with the combustion radius and the
amount of destroyed materials.

Based on the literature analysis, it has been
established that explosion parameters (pressure,
radius, impulse) significantly depend on:

- physicochemical properties of the explosive
materials (EM);

- density of the medium;

- cloud shape (in the case of a gas or vapor-air
mixture);

- initiation mode;

- conditions of wave propagation.

Based on the relevance of the topic, the aim of
this work is to determine the scale and nature of
possible consequences using numerical sumalation.

Experimental part

The object of study in this research work is the
Zhairem barite-polymetallic deposit, specifically the
Dalnezapadny open-pit mine, where mining is
carried out by open-pit method. It is located in the
Zhan-Arka district of the Karaganda region within
the Atasu ore district. The geographical coordinates
of the deposit are: 48°17' N latitude and 70°20' E
longitude (Figure 1).

The main activity of JSC "Zhairem Mining and
Processing Plant" is the extraction and processing of
polymetallic, manganese, and iron ores, as well as
the production of zinc and lead concentrates. The
leading economic sector in the region is represented
by the Kazzinc company, which is controlled by the
Glencore group [6].

Figure 1 — Overview map of the study area

The collected data on drilling and blasting
operations formed the initial basis for this scientific

research. According to the drilling and blasting
records, a consistent blast hole pattern of 5.2 x 5.7
m and a vertical drilling angle (90°) were used across
the horizons.

In accordance with the deposit development
plan, the following explosives are used in open-pit
blasting operations: ANFO, Explo P, and Explo E 70.
The effective energy relative to ANFO at a density of
0.8 g/cm?® is 2.30 MJ/kg, according to the stated
characteristics [[7], [8], [9]]. These energy values are
based on ideal detonation calculations at a limiting
pressure of 100 MPa [[10], [11]].

To analyze the impact of explosions on the
environment and structures, the LS-DYNA software
package is used based on the aforementioned data.
These methods allow for considering the complex
geometry of objects and the heterogeneity of the
medium, providing visualization of the dynamics of
shock wave propagation in space and time.

In the numerical simulation, calculations were
performed to analyze the physical processes of the
explosion using the physico-mechanical
characteristics of the rock from the deposit (Table 1).

Table 1 — Initial Parameters

Rock type Rock mass
Rock density, kg/m3 2400
Young’s modulus, MPa 19360
Poisson’s ratio 0.25
Compressive strength, MPa 94.2
Explosive type Anfo
Charge length, m 9.2
Stemming length, m 3.3
Explosive charge mass in the 150
borehole, kg

Explosive density, g/cm? 0.8
Detonation velocity (D), m/s 42
Borehole diameter, mm 171
Effective energy, MJ/kg 2.30

Two variants of geometric models were
considered in this study for a comprehensive
assessment of blasting effects: a single borehole
model for investigating the effect of an individual
charge and a full block model for analyzing the
interaction of charges and their overall impact on
the rock mass (Figures 2—3). According to the drilling
and blasting design parameters, the borehole
diameter was 171 mm, with a spacing pattern of 5.5
x 5.5 m. The charge configuration consisted of 9.2 m
of explosive column and 3.3 m of stemming.
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The mathematical description of rock mass
behavior was implemented using the
MAT_PLASTIC_KINEMATIC (Type No. 3) material
model. This model was selected because it
effectively describes the elastoplastic behavior of
the medium, taking into account isotropic and
kinematic hardening. In addition, the model is
computationally efficient for solid elements and
allows consideration of strain rate effects.

To simulate the expansion process of
detonation products of the explosive material
(ANFQ), the JWL (Jones—Wilkins—Lee) equation of
state was used [[12], [13], [14], [15]]:

w w wE
—A(1-=")e R B(l——) “RaV 4
p ( RlV)e * AT

In this equation, the parameters A, B, and E have
the dimension of pressure, while Ry, Rz, w, and V are
dimensionless quantities. For modeling processes
involving explosives, it is recommended to use the
'gram-centimeter-microsecond' unit system. Within
this coherent unit system, pressure is expressed in
megabars (Mbar) [[16], [17], [18]].

Option 1. Single-borehole model

L

0 Ses03 Te+04 ()

Figure 2 — Single borehole model

Option 2. Model of the entire block for analyzing
the interaction of charges and the overall impact on
the rock mass. According to the deposit's blast
pattern passport, this model studied boreholes
arranged in a staggered pattern with a 5.5 x 5.5 m
grid and a delay interval of 42 ms (Figure 3).

The model shows dimension lines and values
indicating the parameters of the block and the
design of the blast holes. The block with a staggered
arrangement of blast holes has the following
dimensions:

- Length: 20 m;
- Width: 15 m;
- Height: 12 m;

Figure 3 — Model of a full block of blast holes.

Results and Discussion

From the numerical modeling for Option 1,
graphs of the internal energy, the kinetic energy of
the system, and the velocity of the destroyed
materials versus time were obtained (Figures 4-11).

Internal Enargy (E+8)
I

Figure 4 — Graph of internal energy variation

Analysis of the internal energy graph shows that
characteristic phases of energy transformation can
be identified. At the initial moment, a positive value
of internal energy is observed. The main stage of
energy absorption occurs in the interval from 0 to 50
ms, where the internal energy monotonically
increases to a maximum value of 2.5x108 J,
indicating an intensive process of plastic
deformation and damage accumulation in the
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material. The subsequent phase from 50 to 200 ms
is characterized by a monotonic decrease in internal
energy to near-zero values. These internal energy
dynamics correspond to a typical scenario of intense
dynamic loading.
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Figure 5 — Graph of kinetic energy variation

Based on the analysis of the kinetic energy
dependence, a characteristic dynamic process of
energy transformation under impulse loading is
revealed. At the initial stage, an intensive increase in
kinetic energy from zero to a maximum level of
0.65x10° J at T = 42 ms is observed, which
corresponds to the phase of active energy input and
the transformation of external impact energy into
mechanical motion. The subsequent monotonic
decrease in kinetic energy continues in the interval
of 50-200 ms.

Resultant Rigid Body Displacsment

Figure 6 — Total displacement vs. time

From the graph of the velocity parameter
versus time, a characteristic nonlinear development
of the dynamic process under impulsive loading is
observed. In the initial period, an intensive increase
is recorded under the action of the external load.
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Resultant Rigid Body Accsleration

Figure 7 — Dependence of total acceleration on time

At the initial stage of the process, the
acceleration remains near zero, indicating the
absence of significant external influences. A sharp
increase in acceleration, observed at T = 40 ms,
reaches an extreme value of @
0.083-0.084m/s? at T = 50 ms, corresponding to the
primary impulsive loading on the structure. The
subsequent dynamics are characterized by rapid
attenuation, manifested as distinct peaks at T = 90
ms (a = 0.055) and T = 140 ms (a = 0.018). The
amplitude of successive peaks decreases within the
interval 100-150 ms.
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Figure 8 — Dependence of total velocity on time

The seismic effect is characterized by a sharp
increase to a maximum value at the moment of
detonation, followed by attenuation, manifested as
a decrease in peak amplitudes within the 100-150
ms interval.
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Figure 9 - Equivalent stress distribution in the rock
mass after the blast

Also, from the simulation results, it was found
that the maximum equivalent stresses under the
blast impact at 42 ms reach 923.73 MPa near the
borehole axis, which corresponds to the zone of
greatest destruction of the rock mass. As the
distance from the explosion source increases, the
stresses decrease, reflecting the attenuation of the
shock wave. Analysis of the destruction process
allows for determining the boundaries of intensive
impact zones for designing safe blasting operation
parameters.
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[C

Figure 10 — Equivalent stress distribution in the rock
mass after the blast

MPa) xS
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Figure 11 — Distribution of stress pressure in the massif
after detonation

Analysis of normal stresses showed that during
an explosion in the axial direction, alternating zones
of compression and tension are observed with
extreme values ranging from -1544.8 to 603.74
MPa. The main impact is concentrated along the
borehole axis, where maximum rock compression
occurs. The stress distribution indicates the
formation of cracks as a result of tensile stresses in
the peripheral zones.

When processing the results of Option 2, graphs
of the energy, displacement, velocity, acceleration,
as well as the distribution of stresses and pressure in
the rock mass were obtained (Figure 12).

Figure 12 — Parameters of the rock mass under
blast loading

The graphs from option 2 of the numerical
simulation allow the following key features to be
highlighted:

Graph No. 1. The main part of the explosion
energy (J) is converted into internal energy over a

very short period of time, which corresponds to the
phase of intensive plastic deformation and rock
fracture. After the shock wave passes, the system
quickly stabilizes.

Graph No. 2.The peak of kinetic energy (J)
occurs slightly later than the peak of internal energy,
which is associated with the transition from
deformation to movement of the rock mass.

Graph No. 3.The velocity impulse (m/s)
confirms the development of high-speed movement
of rock mass fragments at the moment of explosion.
Rapid attenuation indicates the absence of
prolonged displacement; the main response is
impulsive, which is typical for the impact of a shock
wave.

Graph No. 4. The acceleration (m/s?) confirms
the presence of a powerful short-term impulse
corresponding to the passage of the shock wave and
the transfer of maximum force to the rock mass.
Secondary oscillations indicate high-frequency
vibration of the rock after the primary impact, which
is characteristic of the seismic response during an
explosion.

All four graphs demonstrate a typical picture of
a short-term but extremely powerful dynamic
process. In 2-3 ms, the main transfer of explosion
energy to the rock mass occurs. Internal energy
increases - then the energy transitions to kinetic -
the rock acquires high velocities - and maximum
accelerations.

The pressure distribution in the rock mass model
at time t = 2.8722 ms after the 42 ms detonation
time is shown (Figure 13). The pressure contours
applied to the elements of the mass are displayed.

00 (3069155

BRI L1
v v

Figure 13 - Distribution of pressure in the rock mass

The distribution scale shows pressure
amplitudes in the range: max = 1.127e+00 Pa, min =
—3.992e-03 Pa. At a time of about 2.87 ms, the shock
wave has already formed a region of high pressure
in the central zone. At the periphery, the pressure
remains low, indicating incomplete propagation of
the wave at the early stage of the process.

The summarized simulation results for both
options are presented in Table 2.
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Table 2 — Comparative analysis of simulation results

Parameter of comparison Single borehole (Option 1) Group of boreholes (Option 2)
Total energy release 1.2x103% ) 1,2x10°J
Max. internal energy 2 5x106 J Several orders of magnitude higher (intensive plastic
deformation)
Max. kinetic energy 0.65x10° J Exceeds the values of a single borehole (transition to
mass movement)
Ch terized by the interacti f st fields of
Max. equivalent stresses 923.73 MPa :'arac erized by the interaction of stress fields o
adjacent charges
Max. acceleration of the rock ) Short-term impulse and force transfer to the entire
=0.084 m/s
mass (a_max) block
Max. pressure Concentrate.d along the Up to 1.127 Pa (at time t = 2.87 ms)
borehole axis

The analysis of the results allows for a well-
founded practical interpretation to be formulated:

- seismic safety and vibration impact;

- stability of structures and failure zones;

- assessment of hazardous zones based on
flyrock and pressure;

The quantitative indicators obtained in Ansys LS-
DYNA are the basic data for designing safe blasting
operation parameters and developing measures for
the protection of buildings and structures [[19],
[20]].

Conclusion

Based on the conducted research on forecasting
the possible consequences of an explosion of a
single borehole and an entire block, the following
conclusions can be drawn:

The analysis of the equivalent stress distribution
and plastic deformation zones (up to 923.73 MPa)
makes it possible to optimize the blast hole pattern.
The obtained data on the crushing zone radius
provide the opportunity to reasonably change the
distance between charges to achieve the required
quality of rock mass fragmentation while
simultaneously reducing the specific consumption of
explosives.

The obtained dependences of peak
accelerations and displacement velocities of the
rock mass serve as a tool for assessing seismic safety.
This makes it possible to predict the degree of

vibration impact on buildings and structures located
near the work zone and, if necessary, to adjust the
mass of simultaneously blasted charges.

Modeling the dynamics of the air shock wave
and rock flyout zones allows for establishing the
boundaries of hazardous areas. This is critically
important for protecting mining and transport
equipment and personnel, as well as for preventing
the impact of overpressure on infrastructure
facilities.

Thus, the developed numerical model is an
effective tool for the operational management of
blasting operation parameters, ensuring a balance
between blast productivity and industrial safety.
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TYRIHAEME

Foinbimn kymbicta Ansys LS-DYNA 6afmapnamanbiK KeweHiHAe CaHAblK MoAenbaeyai KongaHa
oTbipbIn, MKalipem KeH OpPHbIHAA XKaPbI/bIC }KYMbICTapbl Ke3iHAEeri }KapblablC dcepiHiH, cangapbiH
3epTTey YCbiHbIFaH. DAe6U AepeKTep MeH Tay XblHbICTapblHbIH, GU3MKa-MeXaHMKaNbIK KacueTTepi
Heri3iHAe eKi moAenbaey HYCKacbl OPbIHAANAbI: KEKE YHFbIMAHbIH, }Kapbl/bICbl YKaHe YHFbiMmanap
TOObIHbIH,  KapbinbiCbl.  [WKi  KaHe  KUMHETUKAaNblK  3SHEepruanapAblH,  KO3Fa/jblCTapbiHa,
KbINAAMAbIKTApbl MEH MAcCCUBTIH, YAey/iepi, COHAalM-aK Tay KbIHbICTApbIHAAFbI KEpHeyaep MeH
KbICbIMAAPAbIH, TapanyblHa Tayenginikrep anbiHAbl. eKe YHFbIMaHbIH, apblibiCbl KesiHae
3KBMBANIEHTTI KEpHeyAiH eH »Kofapfbl MaHi 923,73 Mla-fa KeTeTiHi KepceTingi, 6yn maccusTiH,
KapKbIHAOb! By3bly aliMmafbiHa CaliKkec Keneai. ¥YHFbimanap Tobbl ywWwiH sHeprua 6eniHyi bipHewe ece
aptbin, 1,2x10° [ wamacbiHa AeiiH KeTedi. JHeprusHbiH, TypaeHy ¢asanapbl oaHE COKKbl
TO/NIKbIHbIHbIH,  AMHAMMKacbl aHbIKTanbiN, KayinTi alimakTapabl KSHE pyKcaT —eTiimereH
KapbINbICTapAbIH bIKTUMaN canaapbiH 6aFanayfa MyMKiHAIK 6epeai. 3epTTey HaTUXeNepi Kapblabic
YKYMbICTApbIHbIH, Kayinci3giriH apTTbipyfa XoHe COKKbl aya TONKbIHbIHbIH, fUMapaTrap MeH
KYpbINbICTapFa acepiH 6oKayFa KoNAaHbIYbl MYMKiH.

TyliiHn ce30ep: »KapblabIC XYMbICTapbl; caHAbIK moaenbaey; Ansys LS-DYNA; Keke yHFbIMa;
YHFbIManap TOObl; COKKbl aya TOJNKbIHbI; apTbIK KbICbIM; 3KBUBANEHTTi KepHeysiep; apblibic
AMHAMUKaChl; apblabiC cangapbiH 6onxkay.
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AHHOTALMUA

B HayyHol paboTe npeacTaBneHO McCAefoOBaHWe MOCNEACTBUM B3PbIBHbIX BO3AENCTBUIA Npu
BEeAEHUN B3PbIBHbIX PaboT Ha MKalpemMcKoM MeCcTOpPOXKAEHWU C UCMO/b30BaHMEM YUCNEHHOTO
MOAenMpoBaHMA B NnporpammHom Komnsiekce Ansys LS-DYNA. Ha ocHoBe anTepaTypHbIX AaHHbIX U
DU3NKO-MEXaHNYECKUX CBOWMCTB FOPHbIX MOPOJA, BbINOJHEHO MOAeNVpOBaHWE ABYX BapUaHTOB:
B3pblBa OOMHOYHOW CKBa)KMHblI W TPynnbl CKBaXKMH. [loNyyeHbl 3aBUCMMOCTM BHYTPEHHWUX W
KUHETUYECKUX SHEPTUIA, MepeMeLLeHUI, CKOPOCTEN U YCKOPEHUI Macc1Ba, a Tak»Ke pacnpeaeneHmns
HanpAXeHW U AaBneHUn B ropHoi nopoge. MoKasaHo, YTO MaKCMMasibHble 3KBUBAJIEHTHblE
HanpsAeHWs NpU B3pbiBe OANHOYHOWM CKBaXKMHbI AocTuratoT 923,73 Mla, 4To COOTBETCTBYET 30HE
WHTEHCUBHOIO paspylleHMAa maccuea. [na rpynnbl CKBaKWMH SHEProsblAeseHne Bo3pacTaeT Ha
HECKO/IbKO Mopaakos, gocturas 1,2x10° [xK. YcTaHOBAEHbI XapaKkTepHble dasbl npeobpasosaHuma
3HEPrUn U AMHAMWKM YAAPHOW BOJIHbI, YTO MO3BO/IAET OLEHWUTb OMACHble 30Hbl M BO3MOMKHblE
nocneacTBuA  HECaHKUMOHUMPOBAHHbLIX  B3pbiBOB. Pe3y/ibTaTbl  WUCCNeAOBaHUMA  MOryT  6biTb
MCMNONb30BaHbl AN NOBbIWEHUA 6e30MacHOCTU B3PbIBHLIX PAaboT M MPOrHO3MPOBAHWUA BAUAHMA
YOAPHOM BO3A4YLWHOW BOMHbI Ha 34aHWUIN U COOPYKEHM.

Kntoyesble cn108a: B3pbiBHble PaboTbl; uMcieHHoe mogenunposaHue; Ansys LS-DYNA; oamHouHas
CKBaXKMHa; rpynna CKBaXkWH; yAapHas BO3AyLWHaA BOHA; U3BbITOYHOE AaB/ieHWe; SKBUBANEHTHbIE
HanpAXXeHWs; AMHAMMKA B3PblBa; MPOrHO3MpPOBaHME NOCAeACTBUI B3pbIBa.
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ABSTRACT
QOil spill cleanup is one of the major environmental issues facing the world today; this problem is

often compounded by the delayed response of emergency teams in the supply of sorbents for
cleanup operations. Although sorption is considered the preferred method of cleanup, its success
is often hindered by the centralized production of synthetic sorbents. In this paper, we report on
the development of a mobile manufacturing container to produce polyurethane-based oil
sorbents. The system has been optimized for the entire production process of polyurethane-based
sorbents through the precise measurement of polyether polyol, isocyanate, and water ratios in
the mixture to produce an open-cell foam with a density of 16 kg/m? and a special pore structure
in which 80% of the pores are less than 50 um in diameter. From the experimental results obtained
using this sorbent, it was evident that it was capable of fully absorbing 100 mL of crude oil on the
surface of water within 10 minutes; in addition, this sorbent was able to maintain its high
performance after 5-10 cycles of mechanical regeneration. The transition from a centralized
production system to one of decentralized production of sorbents for cleanup operations is a
major step towards solving the problems of delayed response in cleanup operations.

Keywords: polyurethane sorbent; oil spill response; mobile manufacturing complex; open-cell
foam; sorption capacity; reusable sorbents.
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Introduction

Oil spills are among the most alarming types of

(2017), which caused significant environmental
damage worldwide [[3], [4],[5]]. These have
demonstrated that the marine ecosystem is

anthropogenic impact on the environment. The
expansion of oil exploration and manufacturing
activities at sea increases the risk of oil spills. After
oil spills in a body of water, oil spreads rapidly on the
surface of the water in a thin film and then
undergoes processes of evaporation, emulsification,
dissolution, and finally sedimentation. These
processes make oil spill cleanups more complicated
and have negative consequences for the
environment [[1], [2]].

Recent major oil spill occurrences include the
tanker accident "Prestige" (2002), the Deepwater
Horizon disaster (2010), and the Agia Zoni Il spill

vulnerable to oil spills and that immediate action is
necessary for oil spill cleanups [6]. Qil spills pollute
water and affect the balance of oxygen in water,
penetrate less light into the water, and affect
aquatic organisms. These processes cause a
reduction in biodiversity and negatively impact the
economy through fisheries and tourism industries
[71.

Qil spill cleanups use various methods such as
mechanical cleanups, in situ burning, dispersants,
and oil sorption [8]. Oil sorption was accepted for its
efficiency and ease of use in oil spill cleanups
without the creation of secondary pollutants [9].
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Recovery and recycling are easier due to the
changed form of oil sorbents from a liquid to a solid.

Materials used as oil sorbents are typically
divided into mineral, natural organic, and synthetic
types [10]. Mineral-based sorbents, such as clay and
fly ash, are cost-effective, but after saturation, they
form a strong sediment, thereby polluting bottom
sediments [11]. Natural organic sorbents, such as
cotton, straw, sawdust, and rice husks, are
biodegradable and inexpensive, yet they typically
exhibit limited hydrophobicity and moderate oil
absorption capacity [12]. Chemical or thermal
modification is often used to improve their sorption
properties [13].

Synthetic polymer sorbents, particularly those
based on polypropylene and polyurethane, exhibit
excellent oleophilicity, buoyancy, and mechanical
strength [14]. However, industrial production of
these materials is typically centralized, creating
logistical challenges during emergency response.
Transporting sorbents to remote spill sites can be
time-consuming, reducing the overall effectiveness
of recovery efforts.

An effective solution to this problem is on-site
sorbent production using mobile production
systems. Mobile, container-based units allow for the
production of sorbent materials directly at the site
of an emergency, significantly reducing response
time and transportation costs. Polyurethane foams
are particularly promising among synthetic materials
due to their variable pore structure, low density,
high oil absorption capacity, and the ability to be
reused repeatedly through mechanical pressing
[[15], [16]].

Statistical assessments of past oil spills indicate
that tankers, cargo ships, and offshore drilling
platforms account for the largest share of marine
pollution incidents. Crude oil and diesel fuel are
considered the most common hydrocarbon spills.
The distribution of spill sources and oil types,
according to literature data, is shown in Figure 1.

Distribution of Oil Spill Sources and Types of Spilled Oil

0il Spill Sources Types of Spilled Oil

Pipelines
&Others.
. 15% Tankers.

40%

W Tankers W Crude Oil
B Cargo
Offshore Platforms.

M Pipelines & Others

Diesel Fuel
1 Heavy Fuel Oil

Figure 1 - Distribution of oil spill sources and types
of spilled oil

Therefore, the objective of this study is to
develop and evaluate a container-based mobile
production system for the on-site production of
polyurethane oil sorbents with an optimized open-
cell structure and improved reusability.

Literature review

Scientific interest in oil spill response
technologies has been steadily growing over the
past two decades. A bibliometric analysis was
carried out for the period from 2000 to 2025 based
on data from the Scopus database. The results of the
analysis showed a significant increase in the number
of publications devoted to the development and
application of sorption methods for cleaning oil
pollution. This indicates the high relevance of this
topic and the steady development of research in the
field of materials for oil spill response. The growth of
publication activity also reflects the scientific
community's desire to find more effective,
environmentally sound, and economically sound
solutions. The dynamics of publications for the
period from 2000 to 2025 are shown in Figure 2.

Publication Trends on Oil Spill Sorbents (2000-2025)

140 4

Number of publications
= =
IS @ @ =] )
a S S =3 =

o
=3
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2000 2005 2010 2015 2020 2025
Year

Figure 2 - Publication trends on oil spill sorbents
(2000-2025)

Mineral Sorbents

Fly ash, montmorillonite clay, and silica-based
materials have been studied as oil sorbents. Karakasi
et al. [17] revealed that the sorption capacity of fly
ash with a high calcium content reaches 0.9 g/g.
Kanygina et al. [18] demonstrated that when using
clay rich in iron oxide, the absorption of oil is 4 g/g.
However, mineral sorbents tend to settle after
saturation and are poorly suited for reuse.

Natural Sorbents

Agricultural waste such as wheat straw, rice
husks, corn stalks, and banana fibers has been
investigated as biodegradable sorbents. According
to studies, untreated lignocellulose materials have a
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sorption capacity, usually in the range of 5-10 g/g
[19]. To improve hydrophobicity, surface
modification methods such as mercerization,
acetylation, and polymer grafting are used [[20],
[21], [22]]. Acetylated cotton fibers demonstrated
oil sorption of up to 22 g/g [23]. However, natural
sorbents, as a rule, have lower buoyancy and low
mechanical strength.

Synthetic Sorbents

Synthetic polymers provide excellent sorption
characteristics. When electro-spinning PVC/PS
fibers, an oil absorption capacity of up to 146 g/g
[24]. The polyolefin absorbents reported by

[a) @il wetting on sorbent surface

[b) Advancing and receding contact angles

[c) Cassie-Baxter wetting model

(d] Oil penetration Into dry pore

(&) Ol penetration into water-wetted pore

I
]

(a) Wettability of oil on a sorbent surface, (b) advance
and retreat angles on a rough surface, (c) Cassie and
Baxter's theory of initial and progressive wetting of a
porous surface, (d) penetration of oil into an idealized
pore of a dry sorbent, (e) penetration of oil into an
idealized pore of a wetted aqueous sorbent

Figure 3 - Oil-sorbent interfacial wetting and capillary
penetration mechanisms

Durairajan and co-authors [25] absorbed oil 45 times
their own weight. Polyurethane and rice husk
composites showed a sorption capacity of 14-15 g/g
[26].

Commercial polypropylene and polyurethane
sorbents are widely used due to their
hydrophobicity, oleophilicity, and buoyancy [27].
However, delays in centralized production and
transportation remain critical constraints in
emergency response.

The efficiency of oil sorption is determined by
the wettability of the interface and the capillary
penetration of hydrocarbons into porous materials.
Characteristics such as contact angle, surface
roughness, and pore connectivity determine the
penetration of oil into the sorbent structure. The
main mechanisms of interaction between oil and
sorbent are described in the literature and are
shown in Figure 3.

Need for Mobile Production

Existing mobile wastewater treatment plants
are mainly focused on oil collection rather than
sorbent production. Modular container-based
production plants have been proposed as a new
generation of response systems that allow the
production of customized sorbents on site. This
technological innovation represents a significant
step forward compared to traditional methods of
supply in stationary factories.

The  proposed container-based  mobile
production facility includes all the key steps to
produce polyurethane sorbents in a 40-foot-long
transportable module. The functional diagram of the
process unit, which includes sections for dosing,
mixing, foaming, cutting and molding, is shown in
Figure 4.

1. -
5.

% a

Figure 4 - Functional layout of the mobile container-
based sorbent production unit

Emerging Related Technologies and Advanced
Adsorbent Development

The latest research trends are mainly focused on
advanced adsorption materials and integrated
environmental technologies, which are closely
related to the development of new-generation
sorbents to prevent oil spills. Studies on spent brine
treatment and modified Solvay processes have

— 126 ——



2027; 343(4):124-133

ISSN-L 2616-6445, ISSN 2224-5243

shown effective ion removal and CO, capture from
industrial streams with high salinity. This gives an
idea of scalable modular technologies of ecological
recycling [28]. Although these works focus on water
desalination and carbon capture, their technological
principles support the concept of mobile water
purification plants in containers proposed in this

study.
Fundamental studies of wettability and
interfacial phenomena are important for

understanding the interaction of oil and sorbent.
Classical models of surface wetting proposed by
Wenzel and Cassie—Baxter are widely used to
interpret liquid penetration into porous sorbents
and predict sorption efficiency [[29], [30]].

In addition, recent studies of thermally modified
and pyrolyzed adsorbents obtained from biomass
confirm that the chemical composition of the
surface and the pore structure strongly affect the
efficiency of oil absorption [[31], [32], [33], [34],
[35]]. The development of carbon-based aerogels
and biochar-based sorbents from renewable raw
materials additionally demonstrates the growing
interest in lightweight porous materials with high
adsorption capacity used to remove oil and organic
solvents [36]. These results justify the choice of
open-pore polyurethane foam as a promising
material combining controlled pore morphology,
hydrophobicity, and mechanical stability.

Experimental part

Raw Materials

The polyurethane foams were prepared using a
polyol component of Laprol 5003-2B-10. The polyol
has a molecular weight of approximately 5000 and
contains three hydroxyl groups. It was used for its
flexibility, which allows for the regeneration of the
material through a squeezing mechanism. The
isocyanate component had an average of 2.5
functional groups per molecule, and distilled water
acted as the blowing agent.

Foaming Procedure

The synthesis technique began with the precise
weighing of the polyol, isocyanate, and distilled
water in accordance with the predetermined
formulas. These components were subjected to
high-speed mechanical agitation at 1500 rpm for 10-
15 seconds to ensure complete chemical
homogeneity. The reactive mixture was promptly
discharged into 100 x 100 x 100 mm cubic molds
lined with release paper for easy removal after it had
stabilized. The foaming process was carried out

under ambient settings, with the mixture expanding
and curing firm polyurethane blocks within a few
minutes.

Formulation Optimization

To determine the most effective formulation for
oil sorption, four separate polyurethane foam
samples were created by systematically altering the
mass ratios of polyol, isocyanate, and water. Figure
5 shows the generated foam specimens and the
crude oil utilized for performance evaluation.

Figure 5 - Polyurethane foam samples and
crude oil used.

Four mass ratios were analyzed:

Samplel:1:1.0:0.10

Samplell:1:0.7:0.10

Sample lll:1:0.5:0.10

Sample IV: 1:0.5:0.085

The samples were tested for pore shape,
mechanical stability, and sorption effectiveness.

Sorption performance was assessed using a
model oil-water system designed to imitate realistic
oil spill conditions in a controlled laboratory setting.
Figure 6 shows the experimental configuration,
which includes the aqueous phase, crude oil, and a
customized testing tank.

(a) — Water, (b) — Qil, (c) — Water-Qil
(b)

Figure 6 - Oil and water system for sorption.
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Sorption Testing

A model system was created by applying 100
milliliters of crude oil to the water's surface inside a
glass container to assess sorption capability.

The sorption capacity of the polyurethane
sorbent was calculated using the following equation:

Q = (mg —my,)/m,,

where Q is the sorption capacity (g oil/g
sorbent), mg is the mass of the sorbent after oil
absorption, and mg is the initial mass of the dry
sorbent.

The polyurethane foam specimens were then
added to the oil layer and kept for a duration of 10
minutes. Sorption efficiency was quantitatively
assessed through both visual observation and exact
measurement of the recovered oil volume. All
sorption experiments were performed in triplicate
to ensure reproducibility of the results, and the
average values and standard deviations were
calculated.

After saturation, the material's capacity for
regeneration was assessed using mechanical
compression to remove the hydrocarbons that had
been absorbed, and then sorption-desorption cycles
were used to confirm performance stability.

Structural Characterization

The physical and morphological properties of
the synthesized foams were investigated through
density tests and optical microscopic studies. The
optimized formulation, Sample IV, presented a
lightweight material with a density of 16 kg/m?3.
Microscopic studies indicated that the pores were
open-cell structured, with 80% of them having
diameters less than 50 um, thus improving capillary
action in oil sorption.

Mobile Manufacturing Complex

The mobile complex discussed in this text refers
to a self-contained 40-foot containerized mini-plant
for the entire process of sorbent production. This
includes a raw material dosing system for precise
component delivery, a high-speed reactor for
homogenous mixing, as well as specific equipment
for foaming, curing, and cutting. Additionally, a
unique screw filling system allows the production of
various shapes of functional sorbents, such as
booms, pads, and pillows. This allows for the quick
deployment of the complex via truck or by sea, thus
enabling autonomous operation as soon as it arrives
at the spill site. This complex reduces the time lag
associated with the response to a spill and the
consequent environmental impact by enabling on-

site production according to the precise extent of
the spill, as well as pressing equipment for quick
regeneration of the sorbent and the spilled oil.

Results and Discussion

Foam Morphology

The oil flow in this material was affected by the
presence of irregularly spaced voids and the densely
packed cell structure in samples I-lll. For sample 1V,
there was a uniform structure and evidence of
interconnections  between the voids. The
interconnected void structure allowed faster oil flow
by virtue of an enhanced capillary effect. Figure 7
shows that minor changes in content affect the
openness and uniformity of the foam structure
under both routine and microscopic inspections. An
accurate formulation ratio is required in
polyurethane foam to attain an optimal pore
structure.

Figure 7 - Samples of polyurethane foam created using
several mass ratios.

Sorption Performance

The modified formulation, Sample IV, with a
mass ratio of 1:0.5:0.085, showed the highest
sorption capacity, completely removing 100 mL of
crude oil from the water surface in 10 minutes.

Based on the experimental results, the
optimized polyurethane foam demonstrated an
average sorption capacity of 5.2 £ 0.3 g oil/g sorbent.
This value was calculated based on the mass of
absorbed crude oil and the initial mass of the dry
sorbent.
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Experiment Sorption capacity

1. 5.0g/g
2. 5.4g/g
3. 5.2¢g/g

CpeaHee: 5.2 g/g
Std deviation: = 0.2-0.3

The efficiency of the sorbent is significantly
higher compared to that of natural sorbents, ranging
from 5 g/g to 15 g/g, and is still very competitive
compared to the results of other synthetic sorbents
as reported in the literature [[37], [38]]. The
obtained sorption capacity is consistent with the
reported performance of polyurethane-based
sorbents and confirms the effectiveness of the
optimized open-cell foam structure.

The sorption kinetics and capacity of the
synthesized material can be attributed to its very
low density, surface hydrophobicity, and pore
structure. The various steps of the crude oil removal
process by the optimized polyurethane sorbent are
shown in Figure 8.

Figure 8 - Complete oil removal using an improved
polyurethane sorbent (Sample IV).

Reusability

The practical applicability of the developed
sorbent material can also be further demonstrated
by the considerable regeneration potential of the
material. As shown in the mechanical compression
tests, it has been demonstrated that the material
can endure between 5 and 10 regeneration cycles
without significant deterioration in performance,
greatly reducing secondary waste material and
overall costs compared with the single-use natural
material. Once the material has been saturated with

the crude oil, it can then be recovered by mechanical
compression, as shown in Figure 9.

Figure 9 - Oil recovered by mechanical compression.

The regenerated polyurethane sorbent
maintained high sorption efficiency across repeated
use cycles, confirming its robust reusability. The
continuous effectiveness of the recycled foam is
demonstrated in Figure 10. The experimental results
demonstrated good repeatability with only minor
deviations between repeated measurements.

Figure 10 - Regenerated polyurethane sorbent usage.

Comparison with Literature

Summarized table comparison:

Fly ash: 0.7-0.9 g/g [11]

Cotton fiber: 18-22 g/g [9]

Polyurethane-rice husk composite: 15 g/g [15]

PVC/PS electrospun fibers: 146 g/g [23]

The engineered polyurethane foam removes all
oil while remaining durable for multiple cycles of
reuse.

Unlike mineral sorbents, which commonly lose
buoyancy, this substance remains afloat even when
saturated. Furthermore, unlike electrospun fibers, it
can be readily manufactured on-site using simple,
scalable equipment.

Technological Significance

The proposed movable complex successfully
bridges the gap between material performance and
emergency response logistics. By allowing for
instantaneous sorbent manufacture at spill sites, the
method provides rapid remediation, minimizes
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environmental damage, and decreases vital reliance
on centralized supply systems.

Conclusions

The current research aims to develop and
experimentally validate the design of a mobile
container-based production system for the in-situ
production of polyurethane-based sorbents for
cleaning up oil spills. The suggested technology
platform encompasses all the major steps of sorbent
production, including raw material dosing, high-
speed mixing, foaming, curing, and product shaping.
The integrated approach facilitates immediate
deployment of the sorbents for cleaning up oil spills
at the site of the spill, thus reducing response time
significantly.

The optimization of the polyurethane
composition resulted in the production of a low-
density foam with a density of 16 kg/m3 and an
interconnected pore structure in which 80% of the
pores are less than 50 um in diameter. The sorbent
has shown good results in laboratory experiments
for the cleanup of 100 mL of crude oil from the water
surface in 10 minutes. The results show the potential
of the sorbent for immediate response to oil spill
emergencies.

The main advantage of the suggested
polyurethane-based sorbent for cleaning up oil spills
is its reusability after pressing the sorbent for the
extraction of the absorbed oil. The sorbent can be
reused up to 5-10 times without a significant
reduction in its sorption capacity.

The comparison of the properties of the sorbent
with other sorbents reported in the literature has
shown good results in terms of sorption capacity,
buoyancy in water, mechanical strength, and fast
production of the sorbent using the suggested
technology platform. In contrast to mineral-based
sorbents, the sorbent floats on the surface of the
water after saturation; in contrast to nanofiber-
based sorbents reported in the literature, the
sorbent can be produced using simple equipment.

The integrated approach of using optimized
polyurethane-based sorbents in combination with a
mobile production system has shown good potential
for a cost-effective, flexible, and environmentally
friendly approach for cleaning up oil spills in the
environment. The suggested approach has
significant potential for real-world application in
emergency response situations for cleaning up oil
spills in marine environments or on land. The
suggested technology platform is a major step
towards the development of next-generation
technologies for immediate response to
emergencies related to oil spills in the environment.
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ABSTRACT

This study investigates the fracturing of the rock mass and coal-bearing strata at the
Sherubaynurinsky site of the Karaganda Coal Basin, under the complex geological and
geomechanical conditions characteristic of this methane-bearing sector of the basin, in order to
support coalbed methane development. Borehole image logging was carried out in exploration
well Sh-9 over the depth interval of 155-905 m using a Formation Microlmager (FMI) together
with standard open-hole logs. The interpretation made it possible to determine bedding dip
angles, identify intra-seam layering, and detect faults, microfaults, conductive, partially
conductive, and healed fractures, as well as borehole breakouts and drilling-induced fractures.
Four structural zones were distinguished within the studied interval, and the predominant fracture
orientation was found to be NE-SW. The obtained results improve the understanding of fracture
distribution and stress-related features of the massif and can be used for geological modeling, well
trajectory design, and the selection of promising methane-drainage zones.

Keywords: coal seam fracturing, coalbed methane development, azimuthal electrical
microimager, borehole images, methane-enriched zones.
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Introduction

One of the main challenges in methane

permeability increase [[5], [6]]. For effective
methane extraction from coal seams, it is essential
to first identify zones with the highest methane
concentration and then determine the drainage

extraction is the identification of high-methane-
bearing zones within a coal seam based on specific
indicators. To address this issue, it is necessary to
shift the conceptual framework toward a structural
and methane-oriented characterization of the coal
seam. First and foremost, the simplified empirical
understanding of natural methane content and coal
seam structure should be reconsidered [[1], [2], [3]]-

In addition to the heterogeneity of methane
distribution within the coal seam, permeability is
also spatially variable. Methane in coal occurs as gas
adsorbed on the coal surface or within pore
surfaces. When reservoir pressure decreases,
methane expands within the pore space [4]. As a
result, coal fracturing and the corresponding

capacity of the target zone or define the
permeability field [[7], [8]]. Fracturing plays a crucial
role in controlling the migration of gas and water
within the coal seam, underscoring the necessity of
studies aimed at identifying methane-enriched
zones associated with natural fracturing. Such zones
can be identified through the construction of a
detailed geological model of the coal deposit.

The foundation of well-based methane
extraction technology lies in modifying the stress—
strain state of the seam by creating local
discontinuities (cavities, slots, fractures) or by
utilizing natural discontinuities (cleat fractures,
geological fractures, and cavities) [[9], [10]].
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Gas content in coal seams exhibits zonal
characteristics and is uneven both laterally across
the site and vertically with depth. This variability is
governed by the geological structure of the deposit.
Gas content and gas recovery are also influenced by
the properties and occurrence parameters of the
surrounding rocks. The existing geological models of
coal seam occurrence are insufficient for accurately
predicting gas characteristics due to the sparse
network of exploration wells. Therefore, the
development of new computational tools for
constructing geological models of coal deposits
using modern numerical methods is required [[11],
[12], [13]].

When constructing a geological model of a coal
deposit, it is necessary to account for key seam
characteristics such as cleat systems, principal
horizontal stresses, and gas permeability. Gas
permeability strongly depends on depth and the
degree of fracturing. In the Karaganda Coal Basin,
permeability at depths exceeding 500 m is very low
and, according to various sources, ranges from 0.002
to 0.005 millidarcies [14].

Cleat fractures are generally oriented
perpendicular to the principal horizontal stresses.
The gas vyield of degasification wells drilled
perpendicular to cleat fractures is an order of
magnitude higher than that of wells drilled parallel
to the cleat orientation [15].

The forecast hydrocarbon gas resources within
the Sherubaynurinsky site to a depth of 500 m
amount to 8,540 million m3, or 8.5 billion m3, and to
a depth of 1,500 m may reach up to 20 billion m3. At
the Sherubaynurinsky site, coal reserves have been
developed at a relatively low rate. Most of the
reserves remain undisturbed. Therefore, this site is
considered promising for methane production. The
objective of this study is to determine the fracture
characteristics of the coal seam and surrounding
rock mass at the Sherubaynurinsky site to support
geological modeling and evaluate the site’s potential
for methane extraction.

Experimental part

The study was conducted using the Formation
Microlmager (FMI) azimuthal electrical microimager
in an exploration well over the depth interval of
155-905 m to record borehole images and standard
open-hole logging curves.

Within the Sherubavnurinsky site of the
Karaganda Coal Basin, well Sh-9 was drilled to a total
depth of 905 m. The FMI survey was performed in

the interval 155-905 m in order to identify
geological elements of the section, refine their
structural characteristics, and conduct a detailed
fracture analysis. The well is vertical, with a
maximum deviation from vertical of 3°, and a bit size
of 8.5 inches. FMI-HD images and standard logging
curves were recorded in an open hole using a water-
based drilling mud. FMI processing included speed
correction, depth alignment of the tool electrodes,
and compensation for missing data from individual
electrodes within the study interval.

To accurately calculate bedding dip angles,
irregular tool movement during logging had to be

corrected. Speed corrections based on
accelerometer data were performed in two stages.
Accelerometer measurements recorded

simultaneously with microresistivity data were used
to compute tool velocity corrections. The corrected
velocity curves were then applied to recalculate
depth and eliminate abrupt tool movement
variations that could result in information loss. Tool
sticking or stopping during recording was diagnosed

when the tool acceleration did not exceed 0.01 m/s2.
Image-based speed correction utilized the

electrode array configuration, individual electrode
velocity calculation, and correlation between
adjacent electrodes. These methods were applied
together with a tool-sticking removal option to

achieve optimal results.
Image equalization was performed within a

4.572 m window to compensate for minor variations
in resistivity measurements among individual
electrodes and to obtain an absolute resistivity level.
Static and dynamic normalization were applied
throughout the entire interval (155-905 m) using
256-color histogram equalization. A fixed window
was used for static imaging, whereas a moving
window was applied for dynamic imaging to
highlight subtle resistivity variations in formations
with minimal resistivity contrast. Variations in
resistivity are displayed as different shades on the
image: the higher the formation resistivity, the
lighter the image.

The FMI recording is presented as two images:
static and dynamic. The static image reflects large-
scale changes related to lithological and
stratigraphic variations, whereas the dynamic image
enables visualization and differentiation of very
small-scale amplitude changes associated with rock
structure and texture.

Bedding dip angles throughout the 155905 m
interval was manually interpreted. The following
structural elements were identified: bed
boundaries, coal seams, carbonatized layers, intra-
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seam bedding, faults, microfaults, conductive and
partially conductive fractures, non-conductive
fractures, drilling-induced fractures, and borehole
breakouts. These elements are displayed as
sinusoids and vector symbols (“tadpoles”) in Figures
1-2 of the interpretation results.

Beds represent sedimentary deposits arranged
in layers with varying characteristics and thicknesses
[16]. On FMI images, bed boundaries appear as
continuous sinusoidal lines of small amplitude in
vertical wells and large amplitude in horizontal
wells. Structural analysis of bed boundaries assists in
determining structural dip. On the images, bed
boundaries are shown in green.

Intra-seam bedding is subdivided into cross-
bedding and subhorizontal bedding. Analysis of
intra-seam structural elements helps determine
depositional environments, providing insight into
the geometry and reservoir properties of coal
horizons for subsequent well placement. Cross-
bedding consists of moderately inclined planar
surfaces formed during sand deposition and
indicates high-energy depositional conditions.
Subhorizontal bedding consists of planar surfaces in
sandstones deposited under low-energy conditions.

Conductive fractures are typically the result of
natural tectonic forces [[17], [18], [19]]. On FMI
images, they appear as dark sinusoidal features
whose open spaces are likely filled with water-based
drilling mud or other conductive materials such as
clay. Non-conductive fractures are also of tectonic
origin and appear as light sinusoidal features. These
fractures are filled or cemented with non-
conductive minerals such as calcite or carbonate
salts, making them impermeable and preventing
fluid flow.

Faults and microfaults are likewise formed by
tectonic forces. On FMI images, faults appear as
persistent, typically high-amplitude sinusoids,
characterized by abrupt lithological changes above
and below the fault plane and often accompanied by
drag zones.

Drilling-induced fractures are generated by
maximum horizontal stresses during drilling and
form on the borehole wall parallel to the direction of
maximum horizontal stress [[20], [21]]. These
fractures are always open and filled with drilling
mud, appearing as dark vertical or near-vertical lines

on opposite sides of the tool pads.
Borehole breakouts form during drilling due to

the action of minimum horizontal stress, resulting in
borehole enlargement (difference between caliper
measurements C1 and C2) in the direction of
minimum horizontal stress, provided the well is
vertical or near-vertical.

The orientation of horizontal stresses serves as
input data for geomechanical analysis and hydraulic
fracturing (HF). Artificial fractures generated during
HF propagate in the direction of maximum
horizontal stress.

Legend for the FMI interpretation overview
diagram (Figures 1-2): Column 1 — measured depth
(MD), borehole deviation, caliper logs C1 and C2,
nominal bit size (BS), FMI data quality flag (red);
Column 2 —3D borehole shape; Column 3 —borehole
profile; Column 4 — static FMI image, orientation of
the first FMI pad relative to true north; Column 5 —
dipmeter interpretation of geological elements,
bedding dip azimuth; Column 6 — structural zones;
Column 7 — paleocurrent analysis (dip of cross and
horizontal bedding corrected for structural dip,
azimuth of cross-bedding); Column 8 — orientation of
drilling-induced fractures and breakouts; Column 9 —
orientation of natural fractures and faults; Column
10 — zones of common fracture strike direction;
Column 11 - fracture density, fracture length,
standard gamma ray log (HSGR, green), computed
gamma ray excluding uranium (HCGR, red); Column
12 — standard neutron log (TNPH), density log
(RHOZ), photoelectric factor log (PEF); Column 13 —
coal intervals; Column 14 — double-packer intervals
(OPK).

Figure 1 - FMI image showing microfaults identified at
depths of 560.5 m and 561.0 m, striking NE-SW

A high fracture density and minor drag
(indicated by the red arrow) are observed near the
fault zone.

|
670
[

Figure 2 - FMI image showing microfaults identified at
depths of 680.7 m and 683.7 m, striking NE-SW, and
at a depth of 682.4 m, striking NW-SE
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A high fracture density and a zone of fault drag
are observed near the fault.

Structural dip analysis includes the identification
of the main structural features of the deposits, such
as bed boundaries and faults, as well as their
statistical analysis, the distribution of dip angles, and
the orientation of structural elements.

As a result of the interpretation, bedding dip
angles were determined within the studied interval
of 155-905 m. The dip angles range from 1° to 60°.
The average bedding dip is 9.7°, with a predominant
dip toward the southeast and a secondary direction
toward the northeast.

Within the 155-905 m interval, four structural
zones were identified:

1) zone 1: 155-183 m, 48° toward the NW;

2)zone 2: 183-371 m, 4.6° toward the NNW;

3)zone 3:371-549 m, 6.6° toward the SE;
4)zone 4: 549-905 m, 13.7° toward the SE.

For coal seam mapping and the planning of
subsequent wells, it is recommended to conduct a
facies analysis based on borehole images (Figure 3).
The borehole image represents a significant

complement to core-based facies analysis and
enables three-dimensional reservoir modeling.

Figure 3 - Three-dimensional model of the deposit
constructed from facies analysis results

The input data for such an analysis include
sandstone layers identified within the studied
interval  that exhibit cross-bedding and
subhorizontal bedding. The orientation of these
structures indicates the direction of paleowater flow
during sedimentation and, consequently, the
direction of sand body development. Knowing the
spatial distribution of sand bodies makes it possible
to predict the location of potential flooding zones
where coal formation may occur.

To determine the paleoflow direction and assess
the depositional environment, a correction for the
structural dip angle was applied. Before correction,
the dip angle of intra-seam bedding ranged from 1°

to 35°, with a predominant dip azimuth toward the
southeast and a secondary direction toward the
northwest (Figure 4).

After applying the structural dip correction,
intra-seam bedding can be subdivided into cross-
bedding and subhorizontal bedding. The paleoflow
direction is determined by cross-bedding, which
shows multidirectional orientations, indicating
frequent changes in depositional conditions within
the studied interval.

Figure 4 - Distribution, orientation, histogram,
and strike directions of intra-seam bedding before
structural dip correction

The dip angle of intra-seam bedding varies from
1 to 35 degrees, with a predominant dip azimuth
toward the southeast and a secondary direction
toward the northwest.

Fractures identified on FMI images are
represented by high-amplitude sinusoids in
vertically drilled wells and low-amplitude sinusoids
in horizontal wells. In the presence of fractures in
the section, unlike faults, the correlation of
geological horizons is not disrupted. Within the
studied interval, conductive, partially conductive,
and non-conductive (healed) fractures were
identified. Partially conductive fractures are visible
only on 2-3 tool pads. Conductive fractures are likely
filled with water-based drilling mud. This type of
fracture may also be healed by any electrically
conductive mineral, for example, clay. Healed
fractures exhibit high resistivity on FMI images due
to infilling with high-resistivity minerals (primarily
calcite)

The strike of  conductive fractures
predominantly trends NE-SW and N-S. The strike of
partially conductive fractures is NW-SE and NE-SW.
The predominant strike of non-conductive (healed)

fractures is NE-SW.
Fracture strike varies by interval (Figure 5): NE—

SW zone: 155-195 m, 840-905 m; multidirectional
strike zone: 195-265 m; NNW-SSE zone: 265-315
m, 465-525 m; NW-SE zone: 575-673 m; NE-SW
and NW-SE zone: 315-465 m, 755-840 m.
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Figure 5 - Distribution of fracture strike directions
by structural zones

Results and Discussion

As a result of the interpretation, the dip angles
of the layers in the research interval of 155-905 m
were determined. The dip angles vary from 1 to 60
degrees. The average dip angle of the layers is 9.7
degrees, with a predominant dip to the southeast
and a secondary dip to the northeast.

In the research interval of 155-905 m, four
structural zones were calculated: zone 1: 155-183 m,
48 degrees to the northwest; zone 2: 183-371m, 4.6
degrees to the west-northwest; zone 3: 371-549 m,
6.6 degrees to the southeast; zone 4: 549-905 m,
13.7 degrees to the southeast. In the studied
interval, intra-layer stratification was identified. To
determine the direction of paleoflow and assess the
sedimentary environment, a correction for the
structural angle was introduced.

In the FMI image, fault planes were highlighted
at depths of 262.1 m and 307.8 m, with strike
directions of northwest-southeast, at depths of
382.5 m and 383 m with strike directions of
northeast-southwest and north-south, respectively.
Changes in lithology or filtration reservoir properties
along the fault plane, increased fracture density, and
slight displacement of the layers (fault at a depth of
262.1 m) confirm the fault interpretation [[22], [23]].

In the FMI image, microfracture planes were
highlighted at depths of 560.5 m, 561 m, 680.7 m,
and 683.7 m with a strike of northeast-southwest,
and at a depth of 682.4 m with a strike of northwest-
southeast. Along the microfracture planes, slight
displacement of the layers is observed, and areas of
dragging are also visible near the microfracture
planes.

In the studied interval, conducting, semi-
conducting, and non-conducting (healed) fractures
were identified on the FMI-HD images. The strike
directions of  the conducting  fractures
predominantly follow the northeast-southwest and
north-south directions. The strike of the semi-
conducting fractures follows the northwest-
southeast and northeast-southwest directions. The
predominant strike of the non-conducting (healed)
fractures follows the northeast-southwest direction.
The strike of the fracture changes by interval:

— zone northeast-southwest: 155-195 m, 840-
905 m;

— zone of opposite strikes: 195-265 m;

— zone west-northwest-southeast: 265-315 m,
465-525 m;

— zone northwest-southeast: 575-673 m;

— zone northeast-southwest, northwest-
southeast: 315-465 m, 755-840 m.

In the research interval, collapses and
technogenic fractures were identified. The
predominant direction of collapses (minimum
horizontal stress) is northeast-southwest. The
predominant direction of technogenic fractures
(maximum  horizontal stress) is northwest-
southeast.

Conclusions

The interpretation of FMI data in the 155-905 m
interval made it possible to identify the main
structural features of the studied rock mass,
including bedding dip, intra-seam layering, faults,
microfaults, conductive, semi-conductive, and
healed fractures, as well as borehole breakouts and
drilling-induced fractures. The results showed that
the interval is structurally heterogeneous and
consists of several zones with different fracture
orientations and deformation characteristics.

The study confirmed that natural fracturing
plays an important role in the spatial distribution of
methane-bearing zones at the Sherubaynurinsky
site, since fracture systems control permeability and
gas migration pathways. The obtained structural
data can therefore be used to refine the geological
model of the site and to support the planning of
coalbed methane extraction, including well
placement and the selection of intervals with higher
drainage potential.

Further research should focus on integrating the
identified fracture systems into a 3D geological and
geomechanical model of the site and on evaluating
the relationship between fracture parameters and
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LLepy6anHypuH yyackeciHaeri Tay *KbIHbICTAPbIHbIH,
YKapbIKLWAKTbI/IbIFbIH 3epTTey

AxmatHypos [.P., Capumkos A.B'., "3amanues H.M., PeweTtHsakos 3.4.

9. CarbiH08 ambiHOaFbl KaparaHObl mexHuUKasblK yHusepcumemi, KaparaHosl, KazakcmaH

TYWIHAEME

Bbyn 3eptrey KapafaHgbl Kemip 6acceliHiHiH, LWepybait-Hypa y4ackeciHgeri Tay KblHbiCTapbl
MaccuBi MeH Kemipni KabaTTapAblH, KapblKWaKTaHyblH 3epTTeyre apHanfaH XaHe Kemip
kabaTTapblHaH MeTaH eHAipyAi fblAbiMK TypFblaaH Herisgeyre bafbiTTanFaH. 3epTreynep ocbl
MeTaHAbl aliMakKa TaH KypAeni reoNoruAnbIK KYpblIbIM KaHE KepHeyni reomexaHuKanblK
JKafaanblHAA ecKkepine oTblpbIn Xyprisingi. leodpusnkanbik 3eptreynep LLU-9 6apnay yHFbiMacbiHAA
155-905 m TepeHAiK AMana3oHbIHAA XKYPri3ingi, CTaHAapTTbl alblK YHFbIManapabl KapoTaxaay
Makana kengi: 27 aknaH 2026 aaictepimeH bipre KeweHai Typae Formation Microlmager (FMI) yHfbiManapbiH MUKpOCKaHepaey
CapantamapnaH eTti: 14 Haypbi3 2026 3AiCiH KoNAaHy apKblabl Kyprisingi. AsbiHFaH MaTepuangapabl MHTeprnpeTaumanay KabarrapabiH,
Kabeinparabi: 2 cayip 2026 Kynay OypbiWwTapblH aHbIKTayFa MYMKIHAIK 6epai, KabaTiwinik Kabatracynapapl epekiweney,
coHZaM-aK »apblibiMaapapbl, MUKPOBY3blynapabl, OTKI3ril, apTbliaik eTKi3riw aHe 6iTin
KanfaH JKapblKLWaKTapAbl  aHblKTayfa MYMKiHAIK  6epai. CoHbIMeH KaTap, YHfbiMa
KabblpFanapblHblH, OMbIPbIY aliMaKTapbl MeH Oypfbliay acepiHeH KanbiNTacKaH »KapblKTap
aHbIKTangpl, B6yn MaccuBTiH, KepHeynik KafpalblH bafanayra MyMKIHAIK 6eppai. 3epTtrenreH
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TaHAayAa nainganaHyfa 6onaabl.
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UccnepoBaHue TpeLWMHOBATOCTM MAacCUMBa rOpHbIX NOPOA,
LLlepybaitHypuHCKOro yyactka

AxmatHypos A.P., Caguukos A.B., “3amanues H.M., PewetHakos 3.[.

KapazaHAuHcKuli mexHu4eckuli yHusepcumem umeHu A. CaeuHosa, KapazaHoa, KazaxcmaH

AHHOTALMUA

[aHHOe nccnepoBaHWe NOCBALLEHO U3YYEHWIO TPELMHOBATOCTU FOPHOTrO MaccMBa U YIIEHOCHbIX
Tonw, Ha Wepy6ait-HypuHckom yyacTke KaparaHAMHCKOro yronbHOro 6acceiita ¢ Lenbto Hay4yHoro
060cHOBaHMA pa3paboTKM MeTaHa Yro/ibHbIX MAacToB. MccnefoBaHUA BbIMOMHEHbI B YCI0BUAX
CNOXKHOTO  F€0NIOTMYECKOTO  CTPOEHUA W HANPAXEHHOr0 TrEeOMEeXaHWYecKoro COCTOAHUA,
XapaKTepHbIX ANA  AAHHOrO  METAaHOHOCHOro  palioHa. [leodpusnyeckne wuccnefoBaHUA
NpPOBOAM/IUCL B Pa3BefoyHOl cKkBaxkuHe LU-9 B uHTepBane rnybuH 155-905 m ¢ npumeHeHnem

Moctynuna: 27 gpespans 2026 MeToAa MMKPOCKaHMPOBaHUA CTEHOK CKBaXMHbI Formation Microlmager (FMI) B komnnekce co
PeueHsuposaHue: 14 mapma 2026 CTaHAApPTHbIMK  METOAAMM KapoTaxa B OTKpbITOM cTBo/Me. WMHTepnpeTauus NoNyYeHHbIX
MpuHaTta B nevatb: 2 anpesns 2026 MaTepuanos no3BoaMNA ONPefennTb Yrabl NajeHus NAacToB, BblAEIUTb BHYTPUMNAACTOBYIO

C/IOMCTOCTb, @ TaKXKe BbIABUTb PA3/IOMHblE HAPYLWEHWUs, MUKPOHAPYLWEHWUs, MPOBOAALLME,
YaCTUYHO MPOBOAALLME W 3aNedeHHble TpewuHbl. Kpome Toro, 6biinM 3adUKCUMpPOBaHbl 30HbI
Pa3spyLIEHNA CTEHOK CKBaXXWUHbl W TPELMHbI, WHAYLMPOBAHHble bGypeHWem, oTpaKatolume
0COBGEHHOCTU HanpAXEHHOro COCTOAHMA MaccuBa. B npepenax wccnesyemoro MHTepsana
BblAeNeHbl YeTblpe CTPYKTYpHble 30Hbl. YCTaHOBAEHO, 4TO npeobnajatoliee HanpasieHue
TPELMHOBATOCTM UMMeeT CeBepo-BOCTOYHOE - IOro-3amagHoe npoctTupaHue. [lonyydeHHble
pes3ynbTaTbl PACIMPAOT NPeACTaBAEHUA O 3aKOHOMEPHOCTAX pacnpeaeNeHuns TPeLWUHOBaTOCTU U
MOTYT 6bITb UCNO/Ib30BaHbI NPU FE0NOTMYECKOM MOAENMPOBAHWUM, MPOEKTUPOBAHUM TPAEKTOPUIA
CKBaXXWH U BbI6Ope NepcneKTUBHbIX 30H Aerasauun.

Knroyeebie cn08a: TPELWMHOBATOCTb YroNbHOTO MaacTa, OCBOEHME MeTaHa Yro/ibHbiX NAacToB,
A3MMYTaNbHbIN 31EKTPUYECKMIA MUKPOCKAHED, CKBaXMHHbIe N306paXKeHus, 30Hbl, 060ralLéHHbIe
METaHOM.
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