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ENERGY EVOLUTION EQUATION IN A NONLINEAR SPIN SYSTEM:
DERIVATION AND NUMERICAL MODELING
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Abstract. This study investigates the numerical modeling of local energy evolution
in a spin system governed by a dissipative generalization of the Landau—Lifshitz-type
equation. Starting from a vector formulation that describes the dynamics of the spin field
5(x, t), werigorously derive a corresponding scalar equation for the local energy density,

-

expressed as E(x, t) = % | 5 1%, This scalar representation proves to be a convenient
analytical tool, as it effectively captures the spatiotemporal dynamics of the energy
associated with evolving spin configurations while incorporating nonlinear interactions
and dissipative mechanisms. The resulting equation reflects the interplay of multiple
physical processes, including the contribution of an external scalar potential u(x, t),
convective energy transport, viscous-type diffusion, and curvature-induced dissipation
modeled through the higher-order term | Sy 1%. Emphasis is placed on examining how
variations in the dissipation coefficient and the structural properties of the external
potential influence the qualitative and quantitative features of the energy distribution. To
achieve this, we propose a scalar-field-based framework that enables direct observation
of local energy evolution without resorting to solving the full nonlinear spin dynamics.
Numerical simulations validate the approach, illustrating its effectiveness in identifying
localized energy concentrations, tracing their propagation, and monitoring the decay of
dissipative spin waves over time.

Keywords: soliton, local energy evolution equation, dissipative dynamics,
nonlinear spin system, energy transport
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IBOJIIOLUSICBIHBIH TEHJIEYI: IIBIFAPBLTYDBI )KOHE CAHJBIK
MOJIEJBIEY
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AnHoramus. byn sxkymeicta Jlanmay—JIugmmin THOTI TEHACYNIH TUCCHIIATHUBTIK
JKaJbUTay BIMEH CUTIATTalIaThIH CIIMHTIK XK Y He 1eT1 3HEPrHsTHBIHIOKAI IBIK SBOITFOIIHSICHIH
CaHIBIK MOIENbAEY KapacTelpeiiaael. CHHH  epiciHiH auHaMuKaceiH  S(x, t)
CHUIATTaWTBHIH BEKTOPIIBIK TEHJIEYJCH OacTarl, 613 JIOKAJIJIBIK SHEPTHUS THIFbI3/IbIFbIHBIH
CKaJISIPIIBIK TEHJEYyiH anambi3, on E(x,t) == IS 1> Typinne epuektenemi. Mynmaii
CKAISIPIIBIK  (opMa SHEPrUSHBIH YaKbIT TEH KEHICTIKTEri MiHe3-KYJIKbIH THIMII
OciiHeneii >koHe OCHMCBHI3BIK ocepiep MEH AWCCHIIATHBTIK e3apa opeKeTTecyiepai
KaMTHIbl. KOpBITBIHABI TeHAey OipHemie (U3MKaIbIK NPOLECTEpHi CHIATTAHIbL:
CBIPTKbI CKAIISIPIIBIK MOTEHIMATIBIH 14 (x, £ )bIKIIAIbI, KOHBEKTHBTIK SHEPIUsl TAChIMAJIBI,
TYTKBIPIBIKKA YKcac nuddy3usi KoHE CIUH OPICiHIH KUCBHIKTBHIFBIMEH OaliIaHBICTHI
sHeprus xoFanty, on | S, 1% Mymeci apksUIBI MOTEIbIEHEI. 3€pTTEY e AMCCHTIAIINS
K03(UIMEHTIHIH XOHE CHIPTKbI MOTCHUHMAJABIH MiLIiHIHIH ©3repicTepi dHEePrusiHbIH
KEHICTIKTIK TapalyblHa >KOHE YaKbITTHIK TUHAMUKACBIHA KaJlail ocep eTeTiHIHE epeKIIe
Hasap ayznapbuiaabl. By Tangaynel sKEHITAETY YINIH TOJBIK CIHMHAIK AMHAMHKAHBI
9HEPTHUS IBOJIIOLUSICHIH KalaFaiayFa MyMKIHIIK OepeTiH CKaJsIpIIbIK ©picKe HeTi3AereH
TOC1 yChIHBIIAABL. JKYPri3iired canablK MOAENbACYIEP 9MICTIH THIMIUTITIH KOpCeTil,
JIOKAJIJaHFaH SHEPIUs MIOFBIPIIAPbIH aHBIKTAYFa, ONapIblH TapalyblH OaKplIayFra KoHe
JOUCCUIIATUBTIK TONKBIHIAPIBIH JICIpEyiH CHIATTayFa MYMKIHAIK Oepai.

Tyiiin ce3aep: COTUTOH, JTOKAIABIK YHEPTUS IBOJIIOLUSICH TEHACY1, TUCCUTIATUBTIK
JUHAMUKa, OCHCHI3BIK CIMHIIK KY€, SHEPTHs TachIMabl
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AuHoTanus. B 1aHHOM paboTe TNpEnCTaBIeHO HCCIEIOBAHUE YHCICHHOTO
MOJICTTUPOBaHUsI JIOKAJILHOWH HBOJIONMK HYHEPTUU B CIIMHOBOW CHCTEME, KOTOpas
OTHCHIBAETCSA JWCCHUIIATUBHBIM 0000menneM ypaBHeHus Tuna Jlannmay—Jludmmia.
OTTaNKMBasCh OT BEKTOPHOTO YPaBHEHHS, 3a/IalOIIETO JAMHAMUKY CITUHOBOTO TIOJS
S5(x,t), MBl mOCTeIOBATENHHO BHLIBOAMM CKAIADHOE VDABHEHME sl JIOKAJIbHOM
IUIOTHOCTH SHEPIHH, onpexaesieMoi kak E(x, £) = % | §, 12. Takast mocTaHOBKa 3a1a41
MO3BOJISIET MEPEUTH OT CJIOKHOM MHOTOMEPHOW IWHAMHMKH K 0OJie€ KOMIIAKTHOMY
OIHMCaHUIO, YIOOHOMY /sl aHanu3a. [lonydeHHoe ypaBHEHHE OTpakaeT COBOKYITHOCTh
KITIOUEBBIX (PU3UUECKUX MPOLECCOB: BO3ACHCTBHE BHEUIHETO CKAJIIPHOTO MOTEHIMAa
u{x,t], MEePEeHOC PHEPTHH 32 CYET KOHBEKTUBHBIX WICHOB, MU(Qy3HI0 BI3KOCTHOTO
TUTA, a TaK)Ke TIOTEPU YHEPTHH. CBA3aHHBIE C KPUBHU3HON CIIHMHOBOTO IIOJS, KOTOPHIE
MOJENHUPYIOTCS  depe3 wieH | Sxx 2. OcoBoe BHUMaHUE VIENSETCS  BIMSTHHIO
ko3¢ dunmenTa auccunanuu U (OPMbI BHEITHETO MMOTCHIIMANIA HA MPOCTPAHCTBEHHO-
BpeMEHHOE pacnpe/eneHue sueprun. s yrnpoleHus aHann3a pa3paboTaH CKaJIsipHbIH
ITOIXO/, KOTOPBIH TIO3BOJISICT HAOMIOMATH DBOJIIOIMIO DHEPTUU 0e3 HEOOXOTUMOCTH
MIOJTHOTO pEIIeHHWS HEeIMHEHHOW CHUHOBOW muHamuku. [IpoBenéHHBIE dYHCIICHHBIE
9KCIIEPUMEHTHI TOATBEPKIAIOT 3(PPEKTUBHOCTE MeToda: OH JaéT BO3MOXKHOCTD
BbBISABJIATH  JIOKAJIM30BAHHLIC JSHCPIETUYCCKUC KOHICHTPALUH, IMPOCICIKHUBATE UX
pacrpocTpaHeHrne U (PUKCUPOBATh 3aTyXaHHUE AVCCHUIIATUBHBIX BONH. TakuMm oOpazoM,
paboTa JeMOHCTPUPYET MOTEHIHA MPEIJIOKEHHOTO TOAX0/Ia KaK MHCTPYMEHTa st
JABHEHIIINX MCCIIeIOBAHUN HEIMHEHHBIX CITMHOBBIX CUCTEM.

KiroueBple ciioBa: COJIMTOH, YPaBHCHHUEC DSBOJIOIMU SHEPrur, SHCPrusd, CIIUH,
HeJIMHEHHAas CIIMHOBAs CUCTEMa

Introduction. Solitons are a remarkable class of nonlinear wave solutions that
maintain their shape and speed over long distances and periods of time, despite the
presence of dispersion and nonlinearity. Originally discovered in shallow water wave
systems by John Scott Russell in the 19th century, solitons have since been identified in
a wide range of physical systems, including optical fibers, plasmas, condensed matter,
and spin chains, as demonstrated in the works of Ablowitz, M. J., Segur, H. (1981)
and Dauxois, T., Peyrard, M. (2006). Unlike ordinary wave packets, which typically
spread out and dissipate, solitons exhibit particle-like behavior - they can collide, pass
through each other, and re-emerge without loss of identity. In this sense, solitons share
striking similarities with real physical particles, particularly in their ability to preserve
structural integrity over time and space, as discussed in the investigations of Manton, N.,
Sutcliffe, P. (2004).

The study of solitons is important not only from a theoretical standpoint but also
due to their wide range of applications. In nonlinear optics, solitons enable robust data
transmission in optical fibers which is shown in Agrawal, G. P. (2019), in condensed
matter physics, they model topological excitations in spin systems in Lakshmanan, M.
(1977) and in cosmology, they appear in models of domain walls and early-
universe defects Vilenkin, A., Shellard, E. P. S. (1994). The ability to describe long-

13




ISSN 2224-5227 3.2025

lived, localized energy transport makes solitons a powerful tool for understanding and
controlling complex dynamical systems.

In this work, we investigate soliton-like energy behavior within a one-dimensional
spin field governed by a nonlinear, dissipative evolution equation. Rather than tracking
the full vector field S(x,t), we focus on the evolution of the local energy density

E(x,t) = % |S«|2, derived from the underlying spin dynamics. To analyze this energy
flow, we introduce a framework that allows us to study how energy propagates,
dissipates, and localizes without solving the full vector system.

This method is particularly useful in systems with dissipation or external interactions,
where direct interpretation of the vector field becomes challenging. By analyzing the
scalar energy profile, we gain intuitive and quantitative insight into how energy packets
evolve over time, whether they spread out like diffusive waves or retain localized
features resembling solitons. Studying such behavior helps identify stable, particle-like
energy modes in nonlinear media and improves our understanding of energy transport
mechanisms in spin-based systems.

Materials and methods. In this work, we define the local energy density of a spin
field as

1 1
E(x,t) == IS, ]2 == (S.§
(x,t) > 18:] 2(,”(}

Here, S(x,t) is a unit vector field representing spin orientation, and S_is its spatial
derivative. This formulation describes how strongly the field configuration changes
across space and is widely used in the physics of magnetism and nonlinear field theory.

Such an energy density naturally arises in the nonlinear sigma model (NLoM), a
widely studied framework for modeling continuous spin fields. In these models, the
Lagrangian typically takes the form

1 p
L=20,04s

where the dynamics of the spin field are constrained by the condition |S| = 1. The
spatial part of this Lagrangian corresponds directly to the energy density we use, and
this form has become a standard in continuum spin models. This approach is supported
by foundational studies, such as those by Assa Auerbach (1988), which highlight the
role of spatial gradients of spin fields in determining energetic and dynamical properties
of magnetic systems. Focusing on the scalar energy density rather than the full vector
field provides clearer insight into dissipation, localization, and transport mechanisms in
nonlinear spin environments.

We consider our modified model in the following form:

S, — SAS.. —uS, = V5. (1)

ue+3(52), = —yu @

In this system, the first equation governs the dynamics of the spin vector field S(x,t),
where v is the dissipation coefficient and /A wedge denotes the vector product. This
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equation describes how the spin field evolves in both space and time under the influence
of external interactions and internal curvature. While the second equation is a scalar
equation that models the evolution of the auxiliary field u(x,t), which interacts with the
spin field through its spatial gradient and energy density.

We introduced a definition for the local energy density and then aimed to derive an
equation describing its time evolution, specifically the partial derivative E, based on
our system. The motivation behind this step is to study how the energy associated with
the spin field changes over time and to better understand the behavior of wave-like
structures within the system. By tracking the evolution of the local energy density, we
can analyze where and when energy tends to increase, and in which regions it dissipates
or decays. This information is crucial for identifying zones of wave amplification versus
attenuation, especially in nonlinear and dissipative media. Solving this scalar equation
rather than the full vector field equations provides a clearer and more intuitive picture
of the underlying energy transport processes. It simplifies the analysis while preserving
essential features of the original spin system. It allows us to follow the dynamics of
energy concentration, recognize patterns of dissipation, and detect localized structures
that may behave like solitons. Thus, the evolution equation for E(x,t) becomes a
powerful tool for understanding how energy flows through the system and how different
parameters influence this process.

E(rt) =3 (5.S,) ®
It follows from equation (3) that

% = 8.5, {4}
We can represent our system (1) in the following explicit form:
S.=SAS..+uS,.+1S8,. (5)
We begin by substituting equation (5) into equation (4),

dE

E =uS§. S5, +tus. 5.+ v5.5...

while expressing all scalar products in terms of the energy density E(x,t). The
following identities are used to rewrite the nonlinear terms:

5.5.="2E,
S5 — dE
x e =
d*E
550 = e Sxxsxx‘

These relationships allow us to express the scalar projections of the spin derivatives
purely in terms of the energy density and its spatial derivatives. As a result, we obtain
equation (3) in a new form, which we refer to as equation (6).

dE_ p1us %, (FE s (6)
dr  m T Wa g TV g T Ve
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This equation describes the time evolution of the energy density E(x,t) for the spin
system originally given in system (1). The reformulated version isolates the effects of
the external field, convective transport, diffusion, and dissipation in a scalar framework,
making it significantly more convenient for analysis and numerical simulation.

Results

The model successfully captures the behavior of energy in a nonlinear spin system:
local wave structures dissipate and decay over time, as expected from the governing
equation. The applied approach allows for precise tracking of where and when energy
vanishes, without the need to solve the full vector equation for S(x,t)

Koz 2: Honrm Ges saryxammn

Figure 1. Nearly No Dissipation

Figure 1 illustrates the scenario “ Nearly No Dissipation”, in which the system pa-
rameters are specifically chosen to eliminate energy loss. With zero viscosity ¥ = 0 and
| 5| = 0., no external potential field, and no curvature-induced dissipation, the energy
distribution remains unchanged over time. The complete overlap of the energy profiles
E(x,0) and E(x,T) demonstrates the stationarity of the solution, making this regime an
idealized analog of a non-interacting soliton. we consider a regime in which energy is
preserved over time without significant dissipation. The system parameters are chosen
specifically to eliminate the influence of dissipative mechanisms and to demonstrate the
quasi-stationary behavior of the energy profile.

Koa 3: 3aryxanue no xpass

0.8
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B

Figure 2. Dissipation near the boundaries

Figure 2 illustrates the results of modeling local energy density in a spin system
under the condition that dissipation is spatially dependent and primarily concentrated
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near the boundaries of the domain. The parameters were chosen to ensure that energy
remains preserved in the central region while gradually decaying at the edges. The cur-
vature-dependent dissipation term is defined as |Sz| = § iﬂz(?} which stretched over
an interval of length L and vanishes near the center and increases toward the boundar-
ies. The viscosity coefficient is set to ¥ = 0.1, and the external field is absent, u(x) = 0.

i =
The initial energy profile is given by E (x,0) = cos z(?}, which has a maximum at the
center and zeros at the domain edges. As the simulation progresses, the energy profile
maintains its shape near the center while diminishing at the boundaries, as evidenced by
the comparison between the curves at t = 0 (blue) and t =T (red). This behavior reflects
localized dissipation and demonstrates how energy becomes concentrated in the interior
of the domain, forming a quasi-stable structure while energy is lost near the periphery.

Figure 3. Strong Dissipation

The graph presents the behavior of local energy density in the numerical experiment
titled ““ Strong Dissipation”. The goal of this scenario is to investigate how energy rap-
idly dissipates throughout the domain under the influence of pronounced dissipative
mechanisms. The system parameters were chosen as follows: the viscosity coefficient
was set to ¥ = (.5, which is relatively high to ensure significant energy loss, and the
curvature-related dissipation term was defined as |5 4| = const, meaning dissipation
is uniform across the entire spatial domain. The initial energy profile was defined by a
Gaussian function: E{x, 0) = exp (—x?)localized around the center and decaying to-

. X,
ward the edges. The external scalar field was set as #(¥) =5 m(j}, with its deriva-

tive given by u(x) = E cos (?} However, instead of the expected decay, the numerical
simulation displays an unexpected and unphysical exponential growth in the energy
profile. The initially smooth and localized distribution remains near zero at t = 0 (blue
curve), while the final state at t =T (red curve) rises sharply and forms a jagged, spike-
like structure. This behavior is a clear indication of numerical instability, most likely
resulting from an inappropriate balance between the spatial and temporal resolution in
relation to the chosen viscosity. Such an outcome emphasizes the necessity of careful-
ly selecting discretization parameters and employing stable numerical schemes when
modeling nonlinear dissipative systems.
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Discussion

The numerical results obtained in this study provide valuable insight into the behav-
ior of energy in a one-dimensional spin system under different dissipation conditions.
The approach proved effective for monitoring the evolution of energy density without
solving the full vector equation for the spin field S(x,t). This simplifies the computation-
al process and allows for clearer interpretation of the system’s dynamics.

By analyzing different dissipation patterns including uniform dissipation across the
domain, dissipation localized near the boundaries, and minimal or no dissipation it be-
comes evident that each configuration leads to distinct energy dynamics. Uniform dis-
sipation results in rapid energy decay throughout the entire region. When dissipation is
spatially localized at the boundaries, the system exhibits stable energy retention in the
center while losing energy at the edges. In the absence of dissipation, the energy profile
remains quasi-stationary, with minimal changes over time.

One of the strengths of this approach lies in its generality and flexibility. The meth-
od can be adapted to other field models and extended to higher-dimensional systems.
However, the study also has limitations: the model is restricted to one spatial dimension
and does not account for stochastic effects or microscopic interactions that may be sig-
nificant in real physical systems. Moreover, cases with high dissipation levels require
special attention to numerical stability, and may benefit from more advanced time-step-
ping methods.

Overall, the findings show that spatially controlled dissipation has a significant im-
pact on how energy moves and concentrates in a system. The simplified scalar model
used in this study proves to be a useful tool for gaining insights into the behavior of
more complex nonlinear systems.

Solitons, in general, are a key concept in physics. They describe how energy can
remain stable and localized while moving through a nonlinear medium, which is im-
portant for understanding both classical and quantum systems.

These stable, nonlinear waves are interesting because they behave like both waves
and particles. That unique dual nature makes them a promising model for describing
elementary particles. For example, in Boris Slavin’s article Soliton Interpretation of
Quantum Theory, he suggests that particles like the electron might actually be soliton
solutions of nonlinear equations.In particular, these are the Maxwell equations, where
the charge and current densities are expressed through quadratic combinations of elec-
tric and magnetic field strengths.

Unlike the traditional approach, where the wave function is treated merely as a tool
for calculating probabilities, the soliton interpretation assigns it a physical meaning. In
this view, the complex wave function represents an electromagnetic wave: the real part
corresponds to the electric field, and the imaginary part to the magnetic field. This con-
cept allows for a synthesis between the Copenhagen interpretation and Bohm’s hidden
variable theory.

A defining feature of solitons is their ability to maintain shape while propagating and
interacting, due to their "transparency" to specific waveforms. Using the inverse scatter-
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ing transform (IST) method, analytical soliton solutions can be obtained-much like how
eigenfunctions are used in quantum theory to describe particle states.

Thus, in this framework, quantum equations are interpreted not as governing the
dynamics of particles directly, but as boundary conditions that determine the existence
of soliton solutions. This perspective provides a new understanding of wave-particle
duality and offers a way to connect quantum mechanics with classical electrodynamics
in its nonlinear form.

Conclusion

This study presents a comparative analysis of energy evolution under three distinct
dissipative regimes in a one-dimensional spin system: strong dissipation, boundary-lo-
calized dissipation, and near-zero dissipation. Each scenario demonstrates a unique
pattern of energy decay or persistence, governed by the choice of parameters such as
viscosity, curvature-related loss, and external field structure u(x). The strong dissipation
case exhibits rapid, uniform energy decay across the domain, while the boundary-local-
ized model reveals sustained energy in the center and loss at the edges. In contrast, the
near-zero dissipation regime maintains a quasi-stationary energy profile throughout the
simulation time.

The ability to selectively control dissipation both spatially and temporally enables
the modeling of various physical systems in which long-lived localized excitations or
wave decay play a critical role. For example, such mechanisms are relevant in mag-
netic materials (Auerbach, 1994), optical solitons in fiber networks (Agrawal, 2019),
and condensed matter systems with topological structures that resist decay (Manton
& Sutcliffe, 2004). Furthermore, the proposed way of solving the problem provides
an efficient means of tracking energy redistribution without the need to solve the full
vector dynamics. This makes it a valuable tool for modeling nonlinear spin systems,
metamaterials, and even theoretical models in cosmology and field theory (Vilenkin &
Shellard, 1994).

Overall, the results highlight the importance of controlling and understanding dis-
sipative behavior in nonlinear media, and provide a computational framework that can
be extended to explore soliton stability, energy trapping, and engineered wave decay in
various applications.
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Abstract. This work presents a comprehensive study of the structural, optical, and
morphological properties of zinc oxide (ZnO) thin films synthesized by the sol—gel
method from zinc acetate solutions with different precursor concentrations (0.1-0.7
mol/L). It was established that varying the precursor concentration significantly affects
the formation of the crystal structure, preferred orientation, crystallite size, and surface
roughness. X-ray diffraction analysis revealed that films prepared at low concentration
(0.1 mol/L) exhibit a pronounced [002] texture, indicative of a high degree of structural
ordering, whereas films obtained at 0.5-0.7 mol/L demonstrate reduced orientation and
increased crystallite size and surface roughness. Photoluminescence spectra showed
stronger near-band-edge emission in the range of 3.14-3.18 eV for films synthesized at
lower concentrations, which may be associated with a lower density of recombination
defects and improved crystal quality. Atomic force microscopy confirmed the increase
in surface roughness with precursor concentration. Fabricated ZnO-Si heterostructures
demonstrated pronounced photosensitivity in the 500-1100 nm spectral range. The
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highest photoresponse was observed for structures prepared at 0.7 mol/L, which can
be attributed to a more pronounced built-in electric field and efficient charge carrier
separation. The results highlight the potential of such ZnO films for applications in
optoelectronics, photodetectors, and solar energy conversion devices.

Keywords: zinc oxide, photosensitivity, luminescence, volt-ampere characteristics,
sol-gel method
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Annorauus. by sxymeicta opTypii koHueHtpauusgars (0,1-0,7 MOIb/1) MBIPBILI
aleTarbl epiTiHAIepiHEeH 30JIb-TeNlb 9ICIMEH ajJbIHFaH MBIPHI OoKkcuAdl (ZnO) xyka
KaOBIHAAPBIHBIH ~KYPBUIBIMIBIK, ONTHUKAIBIK >KOHE MOP(OIOTHIIBIK KacueTTepi
KelleHai Typae 3eprrengi. IIpekypcop KOHLEHTPaUUsCHIHBIH ©3repyi KpPHCTaJJIBIK,
KYpPBUTBIMHBIH TY3i1yiHe, OaraapiaHyblHa, KPUCTAIIIUT OJIIeMiHe KoHe OeTKi Keaip-
OyAbIpIBIFBIHA ~ AUTApIBIKTall ocep eTEeTiHI aHBIKTaAbl. PeHTTeHKYpBUIBIMIBIK
tannay TemeH koHueHTpauusaa (0,1 monb/n) nadeiHganFaH yariiepaid aikeiH [002]
OarapiaHybIlH KOPCETil, KOFapsl Aopeskeni perrenyai panenaeni, an 0,5-0,7 mons/n
KOHIEHTPALUSChIH/A aJIbIHFaH KaOblHAapaa OaFaapiany JIciper, KpUCTAUIUT eIIeMi
MeH OeTKi Kelip-OyAbIpIIbIFEl apTaThIHbI OaliKasbl. DOTOTIOMUHECIICHINS CIIEKTPIIEPi
TOMEH KOHIIEHTpAIUsIa albiHFaH yiriiep yurd 3,14-3,18 3B alimarbiHia KapKbIHIbI
coyne IublFapy OalKaiabl, Oyl pPEeKOMOMHALMSUIBIK aKayJlapblH a3IbIFbIMEH >KOHE
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KPUCTAJIJI TOPBIHBIH CallachIHBIH >KOFapbl OOJybIMEH OallaHbICTBI OOJYBI MYMKIH.
ATOMJIBIK-KYIITIK MHUKPOCKOIHS TMPEKYpPCOp KOHIEHTPALMSCHIHBIH apTybIMEH OCTKi
Keip-OyAbIPIBIKTEIH eceTiHiH pactaabl. ZnO—-Si retepokypbsuibiMaaps S00—-1100 am
JIMara3oHbIHAa alKbIH (OTOCE3IMTAIBIK KepceTTi. EH skoFaprel (orokadbuimay 0,7
MOJIb/J1 KOHIIEHTPAIIUSChIH/IA AIBIHFaH YIriiepae 0alKamabl, Oyl ilIKi AJIeKTP epiciMeH
KOHE 3apsa] TachIMalJaylIbUIapablH THIMAI OeniHyiMeH TyciHZAipineni. AJbIHFaH
HOTIDKEIep MyHJal jXKaObIHAAPIbIH OINTOICKTPOHUKAA, (DOTOACTEKTOpIapAa JKOHE
KYH 3JICMEHTTEPiH/Ie KOJJIaHyFa asiChl KeH €KCHIH JQJCIICH L.

Tyiiin ce3maep: MBIPBIII OKCHJIi, POTOCE3IMTAIIBIK, TIOMUHECICHIINS, BonbT-AMITep
cUnarTamMaliapbl, 30J1b-T'ellb JJIiCi

3epmmey Kazaxcman Pecnybnuxacel Foinvlm dicane aco2apol OLNiM MUHUCTPLICT
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AunHorauus. B nmaHHON paboTe NpencTaBIeHO KOMIUIEKCHOE HCCIIEIOBaHUE
CTPYKTYPHBIX, ONTHYECKMX M MOP(OIOTHYECKHX CBOMCTB TOHKHX IUICHOK OKCHAA
uuHKa (ZnO), CHHTE3MPOBAHHBIX 30Jb-T€lb METOJOM H3 PAcTBOPOB alerara
nuHKa paszaunyHoil koHnentpauuu (0,1-0,7 monb/im). YcTaHOBIEHO, YTO M3MEHEHHE
KOHIEHTPALUU MPEKypcopa OKa3bIBaeT CYLIECTBEHHOE BIHMSIHUE Ha (DOpPMHpOBAHHE
KPUCTAJIIIMYECKON CTPYKTYpBI, OPUEHTALMIO, pa3MepPbl KPUCTAJUIUTOB U IIEPOXOBATOCTh
MIOBEPXHOCTU. PEHTTEHOCTPYKTYpHBIN aHAIN3 OKa3aJl, YTO MPU HU3KOH KOHLIEHTPALUN
(0,1 monp/n) HabmOmaeTcsl BeIpaskeHHast TekeTypa o ocu [002], cBHAETENbCTBYIOMIAS
O BBICOKOW CTeNeHHW YMOpsAoYeHHOCTH, Toraa kak mpu 0,5-0,7 Momws/m cTpyKTypa
CTaHOBUTCS MEHEE YIOpAJAOYEHHOW, a pa3Mep KpPUCTAUIUTOB M IIEPOXOBATOCTb
MOBEPXHOCTH yBennunBaroTca. CHekTpel (HOTOTIOMHUHECICHIUH I0Ka3anu Oojee
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WHTEHCUBHOE H3Ty4yeHue B obnactu 3,14-3,18 3B ans mieHoK, MONyYeHHBIX MPH
HU3KAX KOHLEHTpAUHMSAX, YTO MOXET OBITh CBA3aHO C MEHBIIMM KOJIMYECTBOM
neeKToB peKoMOMHALMN B 00Jiee BHICOKUM Ka4eCTBOM KPHCTAIMUECKON PEIIeTKH.
ATOMHO-CHUJIOBass MUKPOCKOIUSI MOATBEPAMIIA POCT IIEPOXOBATOCTH MOBEPXHOCTH C
YBEJIIMYEHUEM COfIepKaHUsA MpeKkypcopa. M3rotoBneHHble rerepocTpykTypsl ZnO—
Si mpomeMOHCTPUPOBANK BBIPAKEHHYIO (OTOUYBCTBUTEIBHOCTh B Auamnazone 500—
1100 aM. MakcuManbHbIii (DOTOOTKIIMK HAOMIOAAJNCS y CTPYKTYP, CHHTE3UPOBAHHBIX
npu koHueHTpauuu 0,7 MOJIB/1, YTO OOBSACHsSETCS Oosiee BBIPAKEHHBIM BCTPOSHHBIM
ANEKTPUIECKUM NosieM U 3(h(HeKTHBHBIM pa3iesieHeM HocuTene 3apsaa. [lonyueHnsie
pe3yabTaThl  MOATBEPKAAIOT TMEPCHEKTUBHOCTh TMPUMEHEHHS TaKUX IUIEHOK B
OIITORNIEKTPOHHUKE, (POTOAETEKTOPAX U COIHEYHBIX DJIEMEHTAaX.

KiioueBble ciioBa: OKcHJ LWHKA, (DOTOYYBCTBHTEIBHOCTB, JIOMHHECHCHLUS,
BOJIBT-aMIIEPHBIE XapaKTEPUCTUKH, 301b-TelIb METOJ

Paboma noodepoicana Komumemom Hnayku Munucmepcmea Hayku u ebicuie2o
obpaszoeanusi Pecnyonuku Kazaxcman (epanm No BR2 1881954 Pazpabomka mexuonocuti
CUHME3a HAHOCMPYKMYPUPOBAHHBIX MAMEPUAN08 Ol  CO30AHUL  IPheKmueHbix
pomoxamanumuseckux 31eKkmpooos, Gomo u 2az04yECmeumenbHuX CEHCOPOs)

Beenenue. [loBbilieHHOE BHUMaHKE K TUIEHKaM Ha OCHOBE OKCH/[IA IIMHKA BBI3BAHO
HaJU4YUEM MHTEPECHBIX CBOWCTB 3TOr0 Marepuana, TakKMX Kak, JOMHHECIEHLHS,
Halmpyue 1be30- U  nuppodddexra, ampoTepHble XHUMHYECKHE  CBOICTBa,
KaTaJUTUYeCKas AaKTUBHOCTh, (DOTOINEKTPUUYECKHE CBOMCTBA M OMOJIOrHYecKas
aktuBHOCTh (Kusaiin, 1987; 3unoBbeB, 1974; Pasysaes, 1972). Okcua 1uHKa HaIieml
MIPUMEHEHHUE B CBETOANOAX 1 Jla3epax, B COJIHEUHBIX OaTapesiX, B KayecTBE PO3pauHbIX
MPOBOJAIIMX IEKTPOAOB, KaK MaTepuang JUis Ta304yBCTBUTEIBHBIX JAaTYUKOB, B
AQHTUOJIHMKOBBIX MOKPBHITUSX U ONTUYECKUX (QUIIBTPaxX, a TAKKE B MbE303TEKTPHUECKUX
npeoOpasoBarensix u Bapucrtopax (Ilomoraitno, 2000; Anmcumor, 2007, Cumaxos,
2009). YHHBepCcaIbHOCTH 3TOTO MOIYPOBOJHUKOBOTO MaTepHaia CBs3aHa C IIUPOKOH
LIIMPUHOM 3amperieHHol 3088 (3,37 3B), Oonbiuoii sHeprueit cBsazu sxkcutoHa (60 M3B
IIpY KOMHATHOHM TeMIlepaType), XUMU4Yeckol ctabuinbHOCThIO K Biare (Pembesa, 2006;
Cynura, 2002; Pa6res, 2008).

Oco0bl1if HHTEpEC BHI3BIBAIOT TOHKHE MIEHKN ZnO, MOTy4YeHHBIE 30Jb-TelIb METOAOM,
MTOCKOJIBKY 9TOT METOJI SIBJISIETCS] SKOHOMUYECKH (P (PEKTHBHBIM, U IPH HEOOXOAUMOCTH,
JIETKO MacIiTabupyercsi O MPOMBIIIICHHOTO Mpou3BozacTBa. IlyTém BapeupoBaHuUs
MapaMeTpoB 30J1b-TeJb Mpollecca — TAKUX KaK COCTaB MPEKypcopa, TUIT JETUPYIOLINX
N00aBOK M YCIOBHS TEPMOOOpPaOOTKM — MOMKHO YIPaBISTh KPHCTAIIIMYHOCTBIO,
ypoBHeM aedexktHocTH u Mopdonorueit mnénok (Croit, 1991; Anmamsa, 2006;
Myxamemna, 2007; Kapamataunkuii, 2000)

Kax mpasuno, nmnéuku ZnO, noiyuyeHHbIE 30J1b-T€llb METOAOM, AEMOHCTPUPYIOT
MpSIMO30HHYIO MMpuHY 3anpeuiéHHol 30ubl (Eg) B nmamazone ~3,2-3,3 B, uro
COOTBETCTBYeT 3HaueHHt0 Eg o00bémHOro kpucrammyeckoro ZnO (LlpuBacraga,
1998). Ha BenuuuHy MIMPUHBI 3anpeliEHHON 30HBI MOTYT OKa3blBaTh BIMSHHE
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MHUKPOCTPYKTYpHBIE OCOOEHHOCTM M JierupoBaHue. Hampumep, THpu TNOSBICHUH
pacTATMBAIOIIMX HAlpsKEHWH, OOYCIOBICHHBIX JIETHPOBAHMEM, HAOMIOAAIOTCs
HEe3HauMTeNbHblE KpacHble caBuru Eg: mpu serupoBannun ZnO Meapl0 LIMpUHA
3arnpeiméHHON 30Hbl YMEHbIanach ¢ ~3,14 3B (mi1s HenerupoBanHoro 0opasia) 10 ~3,07
3B npu conepxanuu 6% Cu, 9T0 0OBIICHAETCS paCIIMPEHUEM PEIIETKH U MOSBICHUEM
9HEPreTHYECKNX «XBOCTOBY (Myxamenmmuna, 2006; Myxamenmmuna, 2008).

Hanportus, cinaBnenue ¢ okCuaaMu, o0a aloMu Oosee IUPOKOH 3anperéHHON
30HOH, Hanpumep, MgO, TPUBOANT K €€ YBEINYECHHUIO, YTO MOKET OBITh MOJIE3HO MPH
cozgannu YO-punsTpoB u ontuueckux 6apsepos (Kum, 2005)

dotomomunecuenTHele cBolicTBa (PL) minénok ZnO, Tak ke 4yBCTBUTENBHBI K
KaueCTBY KPHCTAJNTMYECKOH CTPYKTYpbl M Hanuuuio nedextoB. Ha maHHBIE MOMEHT
yAaJoch AOOWUTBHCS 3HAYUTENFHOTO YHpaBieHUs QoTomoMuHecueHuueii ZnO 3a
Cu€T JIerMpoBaHMsA M MOAWM(UKALMK YCIOBUH cUHTE3a. BBeneHue ompenenéHHbBIX
9IIEMEHTOB MO3BOJISIET JMOO MacCHUBUPOBATh AC(EKTh, JTHOO (OPMHUPOBATH HOBBIE
JIFOMUHECIIEHTHBIE LIEHTPBI.

HecMoTpss Ha NOCTUTHYTBIE yCEXH B CHHTE3€ IUIEHOK OKCHJA LIMHKA METOAOM
30J1b-T€JIb, OCTAETCA PsIl HEPEIIEHHBIX 3a/1a4, CBSI3aHHBIX C BIMUSHUEM KOHLIEHTPALUU
npekypcopa Ha GopMUpoBaHUE JePEKTOB B CTPYKTYPE MJIICHOK U UX KPUCTAIITHYHOCTb.
OcoOblif MHTEpeC NPEeACTAaBISCT HM3yYEHHE 3aBHCUMOCTH MEXKAY KOHIEHTpanuen
npekypcopa u 00pa3oBaHKEM JIIOMHHECLEHTHBIX IIEHTPOB, a TAKXKe OLICHKA BIIMSHHS
9TOTO0 TmapaMeTpa Ha (OTOTOK CHHTE3UPOBAHHBIX CTPYKTyp. Hactosimas pabota
HampaBjeHa Ha BbBIABIEHHE 3aKOHOMEPHOCTEH, CBA3BIBAIOUINX KOHIEHTPALUIO
MpeKypcopa B MPOLIECCE 30JIb-Tellb CUHTE3a ¢ MOP(OIOTrHYECKUMH, CTPYKTYPHBIMU H
OITO3JIEKTPOHHBIMU CBOMCTBAMU IMOJYUYEHHBIX IUIEHOK OKCHJA LMHKA.CKaHUpYIOLIEeH
3JIEKTPOHHOU MUKPOCKOIIUEN.

MarepuaJibl M MeTOABL. [[onyuenue kpucmannos. B mpouecce BbIIIOTHEHNS JaHHOU
paboThl MIEHKH OKCHJA IMHKa OBbUIM TMOJNYYEHbl METOAOM LeHTpu¢yrupoBaHus. B
KauecTBe HCXOJHOTO Marepuana Ajsl MOJy4eHHUs OKCHIa HUHKAa ObUT HCIONb30BaH
maruapar anerara uunka (Zn(CH,COO),-2H,0) (99,999% Sigma Aldrich) ¢
KOHIleHTpanued anerara nuaka 0,1, 0,3, 0,5 uw 0,7 Monp/nm ¢ UCHOJIB30BAHUEM
uzonponarnona (99, 97%, I'OCT 9805-84) u monosranonamuna (C,H NO, CAS
#141-43-5) B KauecTBE paCTBOPUTENS U CTAOMIM3UPYIOIIETO areHTa COOTBETCTBEHHO.
Hcnonezyemblie pacTBOphl TOTOBHJIMCH Ha IIelkepe opOuTaibHOro BpamieHus JIAB-
[1Y-01 (cxopoctp Bpamenust 150 o6/muH). PacTBOpeHHme NpOBOAMIOCH, Kak IpH
KOMHATHOM Temreparype, Tak U npu HarpeBe 10 50°C, 4To B HEKOTOPBIX CIydasx
SIBISUIOCH HanOoJiee 3HAYMMBIM YCIIOBHEM TOMOT€HHU3AMH MOTy4aeMbIX PacTBOPOB.
Bpems npuroroBnenus pacTBOpoB BapbHpoBanoch oT 20 MuHyT a0 1 yaca. Ocaxaenue
mwieHok ZnO Ha MOAJIOKKY HAuMHAIOCh HE MO3Xke | yYaca mocie MPUTrOTOBJIEHUS
pactBopoB. B KkadyecTBe mnomnokeK OBUIM BBIOpaHbI MHMKPOCKOIHBIC CIaWAbI C
pasmepamu 75x25x1MM. PacTBop HaHOCWIM Ha NOIJIOKKY, PAacHoOJOKEHHYIO Ha
CHeLHAIbHO Pa3paboTaHHOM CTOJHMKE POTOpa CTaHAApTHOW LeHTpHdyru. CKopocTb
BpameHus: HeHTpudyru cocrapisia 3600 006/MuH, BpeMsl BpalleHUS! BapbUPOBAIOChH
oT 3 10 5 cexynn. [locne ocaxxaeHus mpoBOAWIIACH MPEABAPUTENIbHAS CYIIKA TJIEHOK
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nH}pakpacHbIM H3iydareneM npu Temmeparype 80°C B TeueHue 2 MHUHYT, 3aTeM
MoJy4YeHHble 00pa3npl HoMemanuch B MydenbHyo meds Ha 10 - 15 MuHyT npm
temreparype 300°C st ycTpaHEHHUS] OCTaTKOB OPraHUYECKUX COCIUHEHUHN, CITUPTOB
1 Bozbl. OKOHUATENbHBINA OTXKUT TpoBoAuics npu Temneparype 400°C B TeueHue vaca.

Xapaxmepucmuxa cmpykmypul obpasyos. VcciaenoBaHsl cOCTaB, CTPYKTypa H
ONTUYECKUE CBOMCTBA CO3/aHHBIX IUIEHOK. CTPYKTypa M COCTaB OCAKJIEHHBIX TJIEHOK
M3y4YaJguch Ha aHAJIUTUYECKOM CKAaHUPYIOIIEM 3JIEKTPOHHOM Mukpockone JSM-6490
LA (JEOL, Snonus). PeHTTeHOCTPYKTYPHBIE HCCIIEIOBAHUS TNICHOK OBUIN TPOBEICHBI
Ha nudpakromerpe IPOH-6. MccnenoBanue Tonorpaduu IIIEHOK MPOBOAMIOCH Ha
aTOMHO-CHJIOBOM MHKpockorne JSPM-5200, J (SImoHus) mOTyKOHTaKTHBIM METOIOM.
CrexTpbl MPOMYCKaHMs H3MEpPEHbl Ha MABYIYYEBBIX crekTpodoromerpax CD-256
YBHU (190 — 1200) am u CD-256 BUK (1100 —2500) am. Crnekrpsr OJI mienok ZnO,
H3MepeHHbIe TPH KOMHATHOM Temneparype npu Bo30yxaeann HeCd Ha myimHe BONHBI
325 um

Pasmep uactun (D) MoxxkHO paccuutath ¢ nomousio (opmynsr lebas-Lleppepa:

0.9 )
Bcos@ » TA€ A — IIMHA BOIHBI PEHTICHOBCKOro u3iy4erus (1,5405 A), 0 —
yron audpaxaun bparra, a B — nosiHas muprHa Ha MOJOBUHE MAKCHMYyMa.

Hnst uccnenoBanust Gpororoka OBUTH CAETAaHBI CTPYKTYpHI Ha KpemHue. st Toro
9T00BI CHOPMUPOBATH PN - IEpeX0/1 OBLIN UCIIOIB30BAHBI TNIACTUHBI KPEMHHS P-THIIA C
yAeAbHBIM corpoTuBieHueM 10 OM - M M OpHEHTUPOBAHHON KpHUCTAILIOTpaduyecKom
mwiockocTbto (111). TeiibHas cTOpoHAa KPEMHUEBOW IIACTUHBI ObLIa TOKPHITA
CIUIOIIHBIM CJIOEM QJIOMHUHUS TOMIIMHON ~ 0,5 MKM M Ha JIMIEBYIO CTOPOHY METOAOM
TEPMHUYECKOTO HaNbUICHNs ObllIa HAHECEHA KOHTAKTHAsI CeTKa U3 30J10Ta.

Pesyabratsl n o0cyxnenne. Ha pucynke 1 npusenens! pesynsratel XRD ananusa
mieHok ZnO, ocakIEHHBIX U3 paCTBOPOB C BapbUPYEMON KOHLIEHTpaLel HOHOB IIMHKA.
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Pucynok 1 - PeHTreHocTpyKTypHBLI aHau3 mIeHOK ZnO, OCaXICHHBIX U3 PaCTBOPOB C BapbUPyEMOH
KOHILIGHTpalel HOHOB LIMHKA
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[Inenka, mokpeitTas u3 pactBopuress npu C=0,7 Monb/1, TOKa3biBaeT pedaeKchl
(100), (002), (101), (102), (110), (103), (112) ZnO. Penrrenosckas audpakrorpamma
wieHkn ZnO, HaHeceHHOW u3 pactBopuTens npu C=0,5 MOnb/l, TakkKe MOKa3bIBaeT
aHaJIOTHYHbIe pe3yabTarbl. OprHeHTHPOBaHHbIH 10 ocH ¢ peduekc (002) uieHok ZnO,
HaHeceHHBIX U3 pactBopureineid ¢ C=0,3 monb/a1 u 0,1 MoNb/1, OYeHb UHTEHCUBEH MO
CPaBHEHHUIO C ApYruMH IuieHKkaMu. Pesynsrarsl XRD nokassiBatot, uto miuenku C=0,5 u
0,7 Monb/1 1 B MeHblIeH cTenienu tieHka C=0,3 MoJIb/1T COCTOAT U3 HEYNOPSA0UEHHBIX
KpUCTAJTUTOB, Torna kak rwieHka C=0,1 monw/nm umeer mHTeHCcHBHBIN muk (002),
MOKa3bIBAIOLINIA OoJiee 04eBHIHYIO MPEeUMYIIeCTBeHHYI0 opueHTauuto [002]. Cpennue
pa3Mepbl KpPUCTAUIUTOB IUIEHOK ZnO, OCAXKACHHBIX C Pa3IUYHOM KOHIEHTpauuen
arerara [HKa, oOKa3aHbl B Tabnuue 1.

Tabmuma 1. Cpennuii pa3Mep KpUCTAJUTUTOB (HM) JUIs TIeHOK ZnO, OLICHEHHBIH 110 peHTIeHOTpaMMaM.

C, Monb/1 A,

’ (100) | (002) (101) ] (102) (110)  [(103) |(112) (004)
0.1 ; 24 ; - ; - - 29
0.3 19 29 16 - - - - -
0,5 31 44 35 17 27 21 22 -
0,7 38 45 37 20 32 18 21 -

Ha pucynke 2 (a, 0) moka3aHsl CHEKTPBl (POTONIOMHUHECLUEHIIMN U TMPOIYCKAHHS
TOHKHUX IIeHOK ZnO. J[aHHbIE 110 ONTHYECKOMY POITYCKaHUIO OBLTH UCIIOIb30BaHbI IS
OLIEHKH IIUPHUHBI 3alpelieHHON 30HbI ieHku ZnO E . E , OLCHUBAIIOCH 110 rpaduky
( ahv ) >nporus hv , npeanonaras, aro ( ahv ) >~ (hv - E 2) 2, e o - K03 GUIUEHT
agcopOuu, a hv - sHeprus ¢oroHa. BecraBka Ha pucyHke 2 0 mpeacraBisieT coOoit
coorBercTByiommii rpadguk Tayma. beuto oGnapyxkeno, uro E s Beex o0pasuos
cocrasiseT 3,37 + 0,05 5B u He u3MeHseTCs ¢ yBeIMUEHHEM KOHLEHTPALUN pacTBOPA.

100
a 6 0.3 monsin 0.7 sorsin
g = By 5 Mo
&0 07 woredn
- 015 mormin
s ]
03 marmin
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20 —]
F T TR TR T I
e, o
v r 0
15 20 25 3.0 35 500 1000 1500 2000 2500
3uepnn, 3B A Hm

Pucynok 2 - Crniextp ¢oTonmoMuHeceHnns (a) u nponyckanus (0) TOHKHX ieHOK ZnO, BBIPAIIEHHBIX

Ha CTEKJIE B paCTBOPHUTENIE C PA3JIMUHON KOHIIEHTpAlMeH alerara UHKa (CIeKTPbl TOHKUX IIEHOK ZnO

3aperucTpUpOBaHbI MPU KOMHATHOI TeMneparype). Ha BcTaBke npe/cTaBieH COOTBETCTBYIOMINI IpaduK
Tayua
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Cuextpsl OJI mneHok ZnO, NOKa3bIBAIOT, UTO IICHKH, TOKPBITHIE U3 PACTBOPUTEIS
C=0,5 u 0,7 MOnB/11, JEMOHCTPUPYIOT C1a00€ CIIOHTAaHHOE M3NyueHHue mpu 3,26 3B,
KOTOPOE COOTBETCTBYET MEPEXOAy W3 30HBI B 30HY (puc. 2 a). [l1eHku, moKpbIThIe
pactBoputenem ¢ korneHnTpanuei C=0,3 u 0,1 MoJb/1, UMeroT 04eHb UHTEHCHBHY O DJI,
cMmemaronryrocs Ha 3,18 u 3,14 5B cooTBeTCTBEHHO. ITO MOXKET YKa3bIBaTh HA BKJIAL
CTUMYJIUPOBAHHOTO U3JTYYCHHS SKCUTOH-3KCUTOHHOTO PACCESIHUS U CBUJICTEILCTBOBATh
O HU3KOW KOHIIEHTpAaluu Je(heKTOB PeKOMOMHAIMK U 0O0Jiee BBICOKOM CTPYKTYPHOM
COBEPIIICHCTBE IJICHOK.

Ha pucysnke 3 (a, 0, B, T') IpeACTaBICHbI W300paKEHUS, MOJIyYCHHBIC C TIOMOIIHIO
ATOMHO-CHJIOBOH MHKPOCKOITHH.

PucyHok 3 - ACM-1300paeHust P CKaHUPOBaHUH 00macT 6X6 MKM? IIeHOK ZnO ' HAHECEHHBIX
Ha CTEKJISTHHYIO TIO/UIOKKY P KOHILICHTPAIMY alleTara [HKa B pactBopurene: a) 0,1 momns/1; 6) 0,3
MoJb/11; B) 0,5 Monb/m; T) 0,7 MOMB/.

Jlimst 067acTi CKaHUPOBaHUS 6X6 MKM? IIFIEHOK CpeaHee 3HAYEHHE MIEPOXOBATOCTH
IUICHOK, BbIpamieHHbix npu 0,1 momw/i, cocranser 3,42 um, 0,3 mons/a - 9,53, 0,5
MOn/T - 30,4 um u 48,5 um st C=0,7 MOJIB/JI COOTBETCTBEHHO. YBEIMUECHHE TTIAKOCTH
mwieHoK ZnO ¢ yBeNMWYeHWEM KOHIICHTPAIMM areTrara IHHKAa MOXKHO OOBSICHUTH
YBEITMUCHUEM pa3Mepa 3€pHa, T€ K€ Pe3ylIbTaThl OBUTH TIONYYEHBI C IIOMOIIBIO
HM3MEPEHHUI PEHTICHOBCKON qudpakinu. Ha pucyHke 4 npeicTaBieHbI BOJIbT-aMIICPHBIC
XapaKTepUCTUKH KPEMHHUEBBIX CTPYKTYp Ha OCHOBe IUICHOK ZnO B pacTBOpax C
KOHIIeHTpanuel noHoB nuHka 0,1 u 0,7 Mosb/m.
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PucyHok 4 - BonbT-amiepHble XapaKTepUCTUKH KPEMHUEBBIX CTPYKTYP Ha OCHOBE IUIEHOK ZnO

O06e KOHIEHTpAlMU MOHOB IIMHKAa 00J7a/lal0T OMpPEeNeHHBIMU BBITPSIMIISIONIMHU
cBoiictBamu. [IpsiMoii TOk mpeBbIIIaeT OOpaTHBIM Ooee 4YeM Ha MOPSJIOK IpH
Hanpsokeann U ~ 5 B. OOparHble TOKM NPH HAMpspKeHUH 10 5 B He mpeBblmaior
10-2 MA/cm? ipu koMHaTHOU Temneparype. OfHAKO CTPYKTYpbI o0safanu OOIbIIM
mocyenoBaTeNIbHBIM conpoTuBieHueM (okoo 300-500 Om Q ) u3-3a Majoil TOIIIMHBI
cnoes ZnO.

Ha pucynke 5 mpencrapieHa cnekTpaibHas (POTOUYBCTBUTEIBHOCTH CTPYKTYD ,
W3TOTOBJIICHHBIX ITPY KOHIIEHTparyuy noHOB IiHKa 0,1 1 0,7 MOJIB/1 B ceAMMEHTAMOHHBIX
IUIeHKooOpasyromux pacteopax ZnO . YcraHoBieHO , 4To cTpykrypa ZnO-Si ¢
KOHIEHTpanuei nonos nuHkKa 0,7 MoJIb/1 0011a1a51a 3aMeTHOH (POTOUYBCTBUTEIBHOCTEIO
B nuanasoHe aiauH BoiaH ot 600 mo 1100 HM. Drta obmacTh sIBISETCS OCHOBHOM
TIOJIOCOH TIOTJIOMICHUS ISl KPEeMHHSI M IIPUMECHOU TMoIocoi momtomieHus s ZnO.
Takum 00pa3oM, (POTOUYBCTBUTEIBLHOCTh 00CCIICUYMBACTCS 3a CUST I'CHEPAIlMA CBETOM
3JIEKTPOHHO-JBIPOYHBIX Map B KPEMHMH M WX TMPOCTPAHCTBEHHOTO pa3leieHHA B
rereporepexoqHoii obmactn ZnO-Si M3-32 CHIIBHOTO BCTPOSHHOTO 3JEKTPHUYECKOTO
OIS,
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Pucynok 5 - CnexrpanbHble XapaKTepHCTHKH CTPYKTYp ¢ HOHaMu IUHKa KoHneHTpanuu 0,1 u 0,7 Moms/1.

29




ISSN 2224-5227 3.2025

Kak BuaHO M3 pUCYHKa 5, B CIIEKTPalbHBIX XapaKTepUCTUKAX CTPYKTypbl ZnO-Si
[IPY CHIKEHUH KOHLEHTPaLWU HOHOB IMHKa B TuieHke ZnO 1o 0,1 Moss/n HabmonaeTcs
CABUT JJMHHOBOJIHOBOM TpaHuibl (orodddexkrta B KOPOTKOBOIHOBYIO OONACTb.
VYMmenbuienne kodpduuuenta codupanus (GpOTOreHepUpOBAHHBIX HOCHTENCH B 3TOM
ciryyae OOBSCHSIETCS YMEHBLUICHUEM BCTPOCHHOTO 3JMEKTPUYECKOTO MOJIS M3-3a Majon
TOJNIIMHBI IUIEHKK ZnO, a TakkKe, BO3MOXHO, ¢ 00Jee BBICOKMM COMPOTHUBICHUEM.

OtmeTrnM, 4To K03(h(UIHEHT coOupanus GOTOreHepUPOBaHHBIX HOCHUTENEH 3apsiaa
cTpyktypsl ZnO-Si 0,1 Monb/n B kopoTkoBoaHOBOH (500-600 HM) MoJI0CE 3HAYUTEIEHO
BBIILIE, YeM T CTPYKTYPbI 0,7 MOJIB/11. DTO O0BSCHIETCS HU3KUMH PEKOMOMHATOHHBIMH
MOTEPSIMU Ha pn- TIEPEXOJIe U YKa3bIBaeT Ha Ooliee KauecTBeHHBIN uHTepdeiic ZnO-Si.

3akmiouenne. B paboTe mpoBeneHO KOMIUIEKCHOE HCCIEJOBAHHE ONTUYECKHX,
CTPYKTYPHBIX H MOP(OJIIOTHUECKUX CBOHCTB TOHKHUX MJIEHOK ZnO, CHHTE3UPOBAaHHBIX
30/1b-T€JIb METOJIOM W3 pacTBOPOB aleTara IUHKA pPa3IU4HOM KOHIEHTpalHH.
YcTaHOBNEHO, UTO BapbUPOBAHNE KOHIIEHT ALK IPEKYPCOPa OKa3bIBAET CYLIECTBEHHOE
BIMSHUE Ha KPUCTAUNIMYHOCTh, MOP(OIOTHIO TOBEPXHOCTH, JIIOMHUHECLEHTHBIC
CBOMCTBa U (POTOUYBCTBUTEIBHOCTD TIIEHOK.

PentrenonndpakroHHbIH aHATH3 [TOKa3aJl, YTO IPH HU3KOH KoHIeHTpaunu Zn* (0.1
MOJIb/1T) GOPMUPYIOTCS IVIEHKHU C BEIPAKEHHOM TeKCTypoii o ocu [002], B TO BpeMst Kak
yBEJIMYEHHE KOHLEHTPALUHU PUBOIUT K CHUKEHUIO KPUCTAIUIMYHOCTH U YKPYITHEHHUIO
KpUCTaMUTOB. CHEKTphl (OTONOMUHECLUEHINH IOATBEPIMIN BBICOKYIO CTEIECHb
CTPYKTYPHOI'O COBEpIIEHCTBA MJEHOK, MOJYYEHHBIX MPU HU3KUX KOHIIEHTpAIUsX,
U BBIBWIN KOPPEJAILMIO MEXIY H3MEHEHHEM CTPYKTYphl U JIFOMHUHECLEHTHBIMU
XapakTepUCTUKaMHU. ATOMHO-CHJIOBAas MUKPOCKOIUS TOKa3aja pOCT IIE€pPOXOBATOCTH
MTOBEPXHOCTH C YBEJIIMYEHUEM COAEPKAHUA ITPEKypcopa.

IerepocTpyktypsl ZnO-Si mposiBHIN (OTOUYBCTBUTEIBHOCTh B Auanazone 500—
1100 aM, npuuém obpasubl ¢ KoHueHTpanuel 0.7 Moib/1 AeMOHCTpUpoBaiu Oojee
BBIpQKEHHBIH (POTOOTKIIMK B JUIMHHOBOJIHOBOW 00nacTu. Pe3ynbraThl MOATBEPKIAIOT
BBICOKYI0 3] (eKTUBHOCTH 30i5b-TeNib MeToaa ais (opmupoBanus ZnO-maEHOK ¢
peryaupyeMbIMU CBOMCTBAMH U TEPCIIEKTUBHOCTH MX TPUMEHEHUS B ONITO3JIEKTPOHUKE.
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Abstract. This article presents the results of kinetic property prediction for low-
density polyethylene using the Netzsch Kinetics Neo software, based on differential
scanning calorimetry (DSC) data. The kinetic prediction includes a review of
thermoanalytical data for chemical processes, process behavior, and temperature
optimization. A multi-reaction model approach was applied, incorporating several types
of reactions: an n™-order reaction, a diffusion-controlled reaction, an autocatalytic model,
and the Avrami-Erofeev model. For each reaction, the activation energy and reaction
order were determined, which define the heat flow under specific conditions. The DSC
curve shows an endothermic peak at 118 °C, corresponding to the melting point of low-
density polyethylene. The prediction of isothermal curves revealed behavior typical
of processes governed by an autocatalytic or reaction-diffusion mechanism, where an
initial induction period is followed by an increasing reaction rate, rapid heat release, and
reaction completion. Isothermal lifetime simulations were conducted at temperatures
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ranging from 10 to 160 °C for conversion degrees (o) from 0.02 to 0.8. Additionally,
modeling of DSC curves under dynamic conditions at different heating rates (1-16 °C/
min) produced DSC peaks that demonstrate the dependence of heat flow on heating
rate. Analyzing adiabatic curves at different initial heating temperatures offers insights
into the thermal runaway temperature and time, which are vital for assessing material
performance in environments without heat loss.

Keywords: differential scanning calorimetry, Netzsch Kinetics Neo, reaction,
activation energy, isothermal lifetime, adiabatic curves
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Annoranusi. by makanaza TOMEH THIFBI3ABIKTaFbl TOMUATHICHHIH KHHETHKAIBIK
kacuertepin Netzsch Kinetics Neo Oarmapmamackl apKbUibl OOJDKay HOTHIXKENIEpi
YCBHIHBUIFAH, O YIIiH OacTamkel AepeKk peTiHae audQepeHuranpl CKaHUpIeyi
kajopumetpus (DSC) monimerTepi naigananbuiasl. KuHETHKAIBIK O0JIKAY XUMUSITBIK,
MPOLECTEPAiH TEPMOAHATUTUKANBIK JIEPEKTEePiH, TPOLECC MiHE3-KYJIKbIH >KOHE
TEeMIIepaTypaHbl OHTAWIAaHABIPYIbl KaMTHABL. bipHemie peakuusi TYpiHEH TypaTbiH
MOJICTIB/IIK TOCLT: N-TOPTINTI KapanaibiM peakuus, Auddy3usMeH meKTelres peakuus,
ABTOKATAINTHKAIBIK MOAENb *oHe ABpamu—EpodeeB Moneni KonmaHbULABL. OpOip
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peaxiys yIliH aKkTHBALMsI SHEPTHACHl MEH PEaKUusl TOPTiOl HAKTBUIAHbIN, OYJ1 MOHAEP
Oenrini Oip *araiap/a *bUly aFbIHBIH CUIIATTAHTHIHBI aHBIKTAIBI. DSC KUCHIFBIHIA
118 °C temneparypana SHAOTEPMHUSUIBIK LIOKbEI OaliKasa bl, Oy TOMEH THIFbI3IBIKTAFbI
MOJMATHIICHHIH 0aJKy TeMIlepaTypachiHa colikec Keieni. 30TepMUsUIbIK KUCHIKTap bl
Ooinkay aBTOKATAIUTHKAIBIK HeMece peakuus-Iu(Qy3usuiblK MEXaHU3MIe ToH
MIHE3-KYJIBIKThI KOPCETTi: OacTamnKpla MHIYKIMs Ke3eHI OalKabll, KeHiH peakius
KBUIJAMIBIFBI apTaJIbl, KBIIIAM KbLTY 001y KYpeadl KoHe PeakL s TOJBIK asKTalaabl.
WzoTepMusIbIK KaFaaiiia MaTepuaiabiH eMip cypy yakbiTel 10—160 °C temneparypa
apanbpIFbIHAa, TypieHy aspexenepi (o) 0.02-gen 0.8-re neifiHri MoHAep YIIiH
MozenbaeHai. COHbIMEH Karap, opTYpil KbI3AbIpy >KbuimamuabirbiHaa (1-16 °C/mun)
DSC kuchIKTapbIH MOJEIBACY OAPBICHIH/IA YKBLUTY aFbIHBIHBIH KbI3ABIPY KbUIIaM/IBIFbIHA
TOYENIUNrT KepiHic TanTbl. OpTypii OacTamnkbl KbI3ABIPY TeMIIEpaTypaiapblHAAFbl
annadaTanblK KUCBIKTapIbl TAAAY TEPMUSLIIBIK TYPAKCHI3ABIKTHIH TEMIIEPAaTypachl MeH
YaKbITHl J)KOHIHAE akmapar Oeperdi. byn martepuanmapipl *KbUly >KOFalybl OonMaraH
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Netzsch Kinetics Neo, mpu 3ToM B KadecTBE HMCXOAHBIX JaHHBIX HMCIOJIb30BAINCDH
pe3yabraThl uddepeHuanbpHoi ckanupyroiei kanopumerpuu (DSC). Kunernueckoe
MOJICTTMIPOBAaHHUE BKIIIOUAET B ce0sl aHAU3 TEPMOAHATUTUICCKUX TaHHBIX XUMHUYECKUX
MIpPOLIECCOB, MOBEAEHHE MpoIEecca M ONTUMHU3ALUI0 TEMIIEPaTypHOrO pPeXHMA.
IIpuMeHEH MOAENBHBINA MOAXOJ, BKIIOYAOIIMNA HECKOJIBKO THUIIOB PEaKLUW: IPpOCTast
peaxknys n-ro mopsiaKa, peakuusi C OrpaHnIeHUEM 10 TUQQy3UH, aBTOKaTATUTHYECKAs
Mozenb M moxenb ABpamu—EpodeeBa. Jlns kakmod peakuu ObUTM ONpPEAETICHBI
SHEpPrusl aKTHBALMHU M MOPSIOK PEaKIMH, YTO IMO3BOJIIET ONUCATh TEIUIOBOW MOTOK
B ompenenéHublx ycnouax. Ha kpusoit DSC nabirogaercsi SHAOTEPMUYECKUN MHK
npu temneparype 118 °C, 4To cOOTBETCTBYET TeMIepaType IUIaBIeHUs MOIUITHIIEHA
HU3KOM moTHOCTH. [IporHo3upoBanne n30TepMUUYECKUX KPUBBIX TIOKA3aJ10 TIOBEACHNE,
XapaKkTepHOE [UIs aBTOKATAIUTHYECKOTO WIIH PEaKUUOHHO-IU((PY3MOHHOTO MEXaHU3Ma:
MEePBOHAYATBHO HAOMIOAACTCS WHAYKIHMOHHBIN IIEPHO, 3aTeM MIPOMCXOJUT YCKOpEHHE
peakLuu, MHTEHCUBHOE BBIJIENIEHUE TEIUIa U 3aBeplIeHNe peakuu. B n3orepmudeckux
YCIIOBHSIX CMOJIETMPOBAHO BpeMs JKU3HU MaTepuasa B TeMIeparypHoM auamnazone 10—
160 °C npu crenensix mpespamieHwst (o) ot 0.02 1o 0.8. Kpome Toro, npu MoaenpoBaHuN
kpuBbix DSC mpu pasnnusbix ckopocTsx HarpeBa (1—16 °C/muH) Oblia BBISIBIEHA
3aBHCUMOCTb TEIJIOBOTO TIOTOKA OT CKOPOCTH HarpeBa. AHaIN3 ainabaTuIeCKUX KPUBBIX
[PU pa3IWYHBIX HAadaJbHBIX TeMIlepaTypax HarpeBa MpenocTaBiIseT WHPOPMALHIO O
TEeMIepaType U BPEMEHH TEIUIOBOTO PAa3rOHA, YTO SIBJISETCS BaKHBIM MOKa3aTeseM Ipu
HCIIOJIb30BAHUN MAaTe€pHUAJIOB B YCIOBUSAX OTCYTCTBHS TEIUIOOTAAYH.

KioueBblie cioBa: nuddepeHnmanbHas ckaHUpyIomas kajgopumerpusi, Netzsch
Kinetics Neo, peaxuus, 3HEprusi akTHUBAalMH, H30TEPMHUYECKOE BpEMsS >KU3HH,
annabaTHYecKre KPUBbIE

Introduction. Polyethylene, as one of the most widely used thermoplastics, plays a
critical role across a broad range of industries due to its favorable mechanical properties
and chemical stability. However, its thermal decomposition behavior under different
heating regimes remains a key concern, particularly in safety-critical applications
such as polymer processing, transportation, and storage (Hong et al., 2022). A detailed
understanding of its decomposition kinetics is essential for predicting behavior under
thermal stress and for designing appropriate thermal hazard mitigation strategies (Li et
al., 2012).

Many works are devoted to the investigation of polyethylene. The complex
morphology of low-density polyethylene influences the crystallization kinetics and
dynamic mechanical properties of the polymers, which are key to the processability
and applications (Saalwéchter et al., 2023). It is very important to conduct research
in the field of crystallization kinetics, crystallinity, lifetime, and thermal properties of
this polymer (Poh et al., 2022). Understanding the thermal stability and decomposition
mechanisms of polyethylene is essential not only for optimizing manufacturing
conditions but also for ensuring safe application in environments where heat exposure is
inevitable. Thermal analysis methods play a critical role in this context, with Differential
Scanning Calorimetry (DSC) being one of the most widely used techniques. DSC

36




ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

provides insights into thermal transitions, such as melting and crystallization, as well as
more complex phenomena like exothermic degradation reactions. By tracking heat flow
as a function of temperature or time, DSC enables the investigation of polymer stability
and decomposition kinetics (Alonso et al., 2022).

A particularly powerful application of DSC is under adiabatic conditions, where no
heat is lost to the environment. This setup closely simulates real-life scenarios where
heat generated by an exothermic reaction is retained within the system, potentially
leading to thermal runaway. Adiabatic DSC curves are valuable for identifying key
safety parameters, such as the Self-Accelerating Decomposition Temperature (SADT)
and the induction time before decomposition onset (Lynch et al., 2024).

In addition to thermal profiling, kinetic analysis is critical for modeling the complex
reaction pathways involved in polymer decomposition. Multistep kinetic models,
incorporating various reaction mechanisms such as nth-order reactions, diffusion-
limited steps, autocatalytic processes, and phase transformations, offer a comprehensive
approach to describing the thermal degradation behavior of polyethylene. These models
help in quantifying important parameters like activation energy, reaction order, and rate
constants, providing deeper insight into the material's thermal response under different
heating regimes.

Kinetic analysis helps to improve safety standards for handling and storage of
energetic materials, predict the behavior of materials under influence of different
conditions. Sufficient longevity and good thermal stability are therefore essential
(Harter et al., 2022). One of the key importances of this method is the prediction of the
material degradation for specific temperature and time conditions. Knowledge of the
thermal stability and understanding the decomposition process in the solid state allows
for optimizing its storage conditions (Manic et al., 2020)

The study of the kinetics of isothermal crystallization of polyethylene is an active
area of research. Numerous studies have been devoted to determining the kinetic
characteristics of various types of polyethylene. For example, Patel conducted an
extensive investigation of the crystallization kinetics of high-density and linear low-
density polyethylene, analyzing changes in the obtained kinetic data depending on the
conditions (Patel et al., 2012). These studies showed that the rate and mechanism of
polyethylene crystallization strongly depend on temperature, molecular structure, and
the presence of comonomers.

Modern methods of thermokinetic analysis not only make it possible to study thermal
decomposition and oxidative degradation processes but also to predict the behavior of
materials under various temperature conditions. One of the effective tools in this area
is the Netzsch Kinetics Neo software, which enables the modeling of reaction kinetics
based on thermogravimetric analysis (TGA) data.

The application of kinetic analysis using software such as Kinetics Neo allows
researchers not only to explore the fundamental aspects of polyethylene (PE)
crystallization but also to address practical challenges. For instance, the work (Harter at
al., 2022) demonstrates how isothermal crystallization data of high-density polyethylene
(HDPE), obtained via DSC and analyzed using Kinetics Neo, can be employed to
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optimize injection molding parameters, highlighting the practical relevance of such
analyses (Harter et al., 2022; Manic et al., 2020).

In addition to studies on neat polyethylene, considerable attention is given to
modified systems, such as PE-based nanocomposites (Khan et al., 2023). For example,
the study (Kourtidou et al., 2021) investigated short-chain branched polyethylene (SCB-
PE) modified with graphene nanoplatelets (GNPs). In this work, the (non-isothermal)
crystallization behavior and nanomechanical properties of these nanocomposites were
examined using DSC. The authors demonstrated that pre-treatment by ball milling
improves filler dispersion, significantly affecting the crystallization process and leading
to substantial enhancement of the mechanical properties of the composites. This example
emphasizes how various factors, including composition and processing methods, can
influence the crystallization behavior of polyethylene-based materials.

In another study (Tarani et al., 2024), HDPE-based composites containing tannic
acid (TA) were developed. The authors employed DSC to investigate the non-isothermal
crystallization kinetics using the Friedman and Vyazovkin methods, as well as the
Sbirrazzuoli model. It was shown that the addition of TA influences the crystallization
behavior of HDPE: lower TA concentrations promote nucleation, while excessive
TA disrupts the ordering of polymer chains and reduces the degree of crystallinity.
Furthermore, the addition of TA was found to accelerate the crystallization process of
HDPE, as evidenced by a decrease in activation energy values. This study highlights the
importance of examining the impact of various additives on the crystallization kinetics
of polyethylene and demonstrates the applicability of non-isothermal analytical methods
for understanding complex mechanisms.

The decomposition behavior of the polymer was also studied using isothermal
and dynamic methods. The isothermal method involves maintaining the sample at a
constant temperature over time, allowing precise observation of reaction kinetics under
stable thermal conditions. This approach is particularly effective for studying long-
term stability, slow degradation processes, and reaction mechanisms with minimal
interference from temperature gradients. In contrast, the dynamic method is applied
at a controlled heating rate to the sample, capturing the material’s thermal response as
temperature increases continuously.

This study aims to characterize the thermal decomposition behavior of polyethylene
using a combination of the above-mentioned modeling methods. The goal is to better
understand the mechanisms governing its thermal degradation and to assess the
implications for safety and process control in thermal environments.

Materials and methods

Dynamic Differential Scanning Calorimetry (DSC) analysis was performed using
a DSC 300 Caliris® Classic instrument (NETZSCH, Germany) under a nitrogen
atmosphere with a flow rate of 40 mL/min to prevent oxidative degradation.

Low-density polyethylene (LDPE) grains supplied by Kazanorgsintez (Russia) were
used as the test material. Samples were accurately weighed using a RADWAG® five-
digit analytical balance and sealed in NETZSCH Aluminum Concavus® pans using a
NETZSCH sealing press. To prevent pressure buildup during heating, a small pinhole
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was made in each pan lid. An empty aluminum pan of the same type was used as a
reference.

Samples were heated from 30°C to 300°C at a scanning rate of 8K/min. All
measurements were conducted under consistent conditions, and thermal events such
as melting, crystallization, and degradation were recorded during the heating cycle.
NETZSCH Proteus -80(Germany) and NETZSCH kinetics-Neo software (Germany)
were used to analyze the collected data and thermal behavior prediction.

Results and discussion

The following graph presents the prediction result using the Multiple Step method,
where the X-axis represents DSC (mW/mg) and the Y-axis represents time (minutes)

Prediction
9:; i MultipleStep

DSC / mW/mg

=

0 20 40 60 80 100 120
Time / min

Figure 1. Time-dependent behavior of DSC

The presented graph shows the predicted thermal behavior of the sample using the
Multiple Step kinetic model based on DSC data. A sharp exothermic peak is observed at
approximately 20 minutes, indicating a rapid and intense reaction phase. The steep rise
and immediate drop in the DSC signal suggest that the primary reaction occurs quickly
and is highly exothermic, followed by a gradual decline in the DSC signal, suggesting
the presence of slower secondary processes such as residue decomposition or delayed
structural relaxation.

The shape of the curve aligns well with a reaction mechanism involving multiple
overlapping stages, such as initial n-th order reaction kinetics (F, ), diffusion-limited steps
(D,), autocatalytic effects (A ), and phase transformation processes (C)). This supports
the application of a multistep kinetic model to accurately describe the material’s thermal
decomposition behavior.
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The shape of the curve corresponds to the multi-step reaction model consisting of
reactions of F,D,,A ,and C .

1. F, — ann-is order reaction, where the reaction rate is proportional to the degree
of conversion.

The reaction corresponds to the formula.

do/dt = k-(1—a)"

Where a is the degree of conversion, k is the rate constant, and n is the reaction order.
According to the selected model, the reaction order corresponds to 4.3.

2. D3 — Diffusion model (3D: Jander model).

This model describes diffusion-controlled processes in solid materials (Wang et al.,
2022). The reaction equation is:

[1—(1—a)"] =kt

Diffusion  of reactants  occurs  through  the  reaction  product.
This stage indicates that the reaction proceeds with the formation of a product that slows
down further reaction progress (e.g., hydroperoxides or stable radicals).

3. A, — Autocatalytic reaction model (Zhao et al., 2023)

do/dt = k-a™(1—a)"

According to the equation, the reaction starts slowly, then accelerates sharply, and
finally slows down.

4. C_ — Phase growth model (Avrami-Erofeev) (Duan et al., 2022)

Ultimately, new phases may form in solid materials.

a=1— el (@n

Structured domains may form in the process. The reaction follows a complex
mechanism that may involve diffusion limitations, an autocatalytic effect, and phase
transformations.

Kinetic parameters of the DSC of polyethylene for each step (reaction) are presented
in the following table.

Table 1. Kinetic parameters derived from DSC measurements of polyethylene

A—B(F) C—D (D,) E—F(A) G—H(C )
Activation energy (kcal/mole) 26.416 79.144 20.434 88.554
Pre-exponential factor 1.185 3.69 -0.788 9.7
Reaction order 42 1.032 1.522
Contribution 0.48 0.211 0.219 0.09
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Each step is characterized by its activation energy, pre-exponential factor, and
reaction order, indicating the complexity of the overall thermal degradation process.
The activation energies range from 20.434 kcal/mol (E—F) to 88.554 kcal/mol (G—H),
suggesting varying energy barriers associated with different decomposition mechanisms.
The highest contribution to the overall process (48%) comes from the A—B (F))
step, which also exhibits the highest reaction order (4.2), indicative of a complex,
multi-molecular reaction. The total apparent activation energy for the polyethylene
decomposition is calculated as 41.82 kcal/mol (174.97 kJ/mol), reflecting the weighted
contribution of all reaction steps.

Forecast by isothermal curves

On the DSC isothermal curves taken at temperatures from 10 to 160 degrees (Figure
2), different process intensities are observed in the first 3 minutes.

90
F-F-—-— T - """+ """ "-""—--"\—-—""-"\F—"—"—"—""—""—"—"—"—"—"—"— ' —-— - — 80
77777777777777777777777777777777777777 70

_______________________________________ 50

DSC / mW/mg
o
/

Time / min

Figure 2. Isothermal curves at various temperatures

As can be seen from the program data, the lower the temperature, the faster the
reaction. At temperatures from 10 to 100 degrees Celsius, the DSC isothermal curves do
not demonstrate a pronounced exothermic peak, which indicates a slow or insignificant
reaction or the reaction rate is so low that it cannot be recorded. Thus, to select the mode
of heat treatment of the polymer, polyethylene, you should select temperature values
from 100 degrees.

Sharp exothermic peaks appear from 110 degrees. The maximum value of the thermal
effect is observed at 160 degrees and is equal to 12.3 mW/mg 0.1 minutes after the start
of the reaction, respectively, for the peaks at 150, 140, 130, 120 and 110 degrees these
values are equal to - 7.4 mW/mg, 0.3 min., 4.6 mW/mg, 06 min., 2.5 mW/mg, 1.4 min.,
1.3 mW/mg, 2.2 min., 0.67 mW/mg, 4.6 min.
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That is the time of completion of the complete melting of the sample at 160 degrees.
At a temperature of 130 °C, a pronounced exothermic peak is observed with a maximum
at 2.5 minutes after reaching isothermal conditions. The maximum thermal power is
1.143 mW/mg, which indicates a high intensity of the ongoing exothermic process
(probably a chemical reaction or curing).

The higher the temperature, the faster the crystallization process.

After the peak, the DSC signal drops sharply and reaches a minimum value of 3
minutes, which indicates a rapid progression of the main stage of the reaction. Then the
curve gradually levels out, which indicates a slowdown in the reaction and reaching a
state close to completion.

Such kinetics is typical for processes occurring by an autocatalytic or reaction-
diffusion mechanism, where at the initial stage an induction period with an increasing
rate is observed, followed by rapid heat release and completion of the reaction.

Isothermal lifetime

Based on the kinetic model developed using the NETZSCH Kinetics Neo software, an
isothermal simulation of the material’s lifetime was conducted at various temperatures
ranging from 10 °C to 160 °C, for degrees of conversion from a = 0.02 to 0.8 (Figure 3).

Prediction Legend
q:; : IsothermalLifetime All Curves
A 0,02

100

0,001

0.0001
22 24 26 28 3 32 34 36
1000/T / 1/K

Figure 3. Lifetime curves of polyethylene at different degradation degrees and various temperatures

Here, a = 0.02 corresponds to the onset of material degradation, o = 0.05 to the loss
of functional properties, and o = 0.8 to the complete degradation of the material.

The following table shows the time required (in hours) to reach each degree of
conversion at different temperatures.
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Table 2. Time required to reach the degree of conversion at different temperatures

Temp/°C/ 0,02 0,05 {0,110 (0,20 |0,30 [0,40 |0,50 [0,60 |0,70 [0,80

Conversion

degree (a)

160,0 0,001 {0,001 {0,003 {0,010 |0,035 {0,099 |0,236 {0,496 |1,086 |4,561
150,0 0,001 {0,002 {0,004 (0,012 0,042 {0,119 |0,282 {0,595 |1,349 |6,723
140,0 0,001 {0,003 {0,006 0,015 0,051 {0,143 10,339 {0,717 |1,691 | 10,116
130,0 0,001 {0,004 {0,009 {0,021 0,062 [0,173 0,409 [ 0,868 |2,139 | 15,561
120,0 0,002 {0,005 {0,012 0,033 /0,076 {0,210 |0,495 [ 1,057 |2,734

110,0 0,003 {0,007 {0,017 {0,049 0,097 {0,258 |0,604 | 1,293 |3,535

100,0 0,004 10,010 {0,024 {0,071 0,151 {0,320 [0,742 | 1,593 |4,626

90,0 0,005 10,013 {0,032 {0,100 (0,233 {0,419 (0,921 | 1,978 | 6,138

80,0 0,006 {0,017 {0,043 (0,139 0,337 {0,672 | 1,163 |2,479 |8,261

The thermal stability of the material was evaluated through isothermal lifetime
simulations across a wide temperature range (10°C to 160°C), and the results
demonstrate a pronounced temperature dependence of the degradation kinetics. As
shown in the figure, the lifetime of the material decreases exponentially with increasing
temperature, confirming the Arrhenius-type behavior typically observed in thermally
induced degradation processes.

At low temperatures (10-50 °C), the material exhibits relatively long lifetimes for
low degrees of conversion. For example, at 10°C, the time required to reach a = 0.02
is 0.059 hours, and for o = 0.05, it is 0.166 hours. These values correspond to the early
onset of degradation and the point at which material properties are notably diminished.
The time required for these transitions rapidly decreases as temperature increases: from
9 minutes to 2.5 minutes between 10-50 °C, and further down to 3—25 seconds in the
110-160 °C range. Full degradation (o = 0.8) is achieved in just 4.5 hours at 160 °C,
while significantly longer times are observed at lower temperatures—15 hours at 130
°C, 10 hours at 140 °C, and 6 hours at 150 °C.

The isothermal lifetime prediction curves in the figure confirm the strong temperature—
time correlation. Each curve corresponds to a specific degree of conversion (from o =
0.02 to a = 0.98), and all show a steep decline in lifetime with increasing temperature.
This trend is consistent with the kinetic model's prediction of exponential degradation
behavior: the higher the temperature, the faster the degradation occurs.

An especially notable feature in the figure is the appearance of a lifetime minimum of
around 640 °C, observed when projecting a total exposure time of 500,000 minutes. This
anomaly may suggest a secondary degradation mechanism, such as thermal breakdown
with the formation of volatile compounds or pyrolysis, leading to an endothermic effect
in the material. As the predicted exposure time is reduced to 100 minutes, this minimum
shifts to around 590 °C, reinforcing the concept of temperature-time coupling, where
shorter desired lifespans shift thermal instability to lower temperatures.

This behavior exemplifies a fundamental principle in decomposition kinetics:

The longer a material is expected to remain stable, the lower the temperature must
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be to ensure its structural integrity. Conversely, even slight temperature increases can
dramatically reduce material lifespan if long-term stability is not managed.

Isothermal modulated

The following graph illustrates a modulated isothermal DSC prediction in the
temperature range of approximately 119.1 °C to 121 °C.

1HE LLE T LT 13 13

The data reveal distinct oscillatory patterns characteristic of modulated DSC,
capturing the dynamic thermal behavior of the material under tightly controlled
isothermal conditions.

At lower temperatures (up to ~50 °C), the response remains sinusoidal with low-
amplitude fluctuations in the DSC signal (0.08-0.45 mW/mg), indicating relatively
stable, reversible thermal processes. However, around 100 °C, this regularity is disrupted,
and the heat flow range broadens to approximately 2 mW/mg, suggesting the onset of
slower kinetic activity or overlapping transitions. At temperatures beyond 150 °C (not
shown here), the amplitude of temperature modulation reportedly decreases, while the
DSC response may reach values as high as 18 mW/mg, indicating more intense thermal
activity such as degradation.

Within the displayed temperature window (119.1-121 °C), the widening of curves
and increasing amplitude, up to ~1.6 mW/mg, suggest nonlinear behavior, possibly due
to structural changes or relaxation phase. In contrast, the dense clustering of lower-
amplitude curves (~0.2 mW/mg) reflects thermally stable regions with minimal energy
exchange.

At lower temperatures (up to ~50 °C), the response remains sinusoidal with low-
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amplitude fluctuations in the DSC signal (0.08-0.45 mW/mg), indicating relatively
stable, reversible thermal processes. However, around 100 °C, this regularity is disrupted,
and the heat flow range broadens to approximately 2 mW/mg, suggesting the onset of
slower kinetic activity or overlapping transitions. At temperatures beyond 150 °C (not
shown here), the amplitude of temperature modulation reportedly decreases, while the
DSC response may reach values as high as 18 mW/mg, indicating more intense thermal
activity such as degradation.

Within the displayed temperature window (119.1-121 °C), the widening of curves
and increasing amplitude, up to ~1.6 mW/mg, suggest nonlinear behavior, possibly due
to structural changes or relaxation phase. In contrast, the dense clustering of lower-
amplitude curves (~0.2 mW/mg) reflects thermally stable regions with minimal energy
exchange.

Forecast by dynamic curves

The presented DSC data (Figure 5) illustrate the thermal decomposition behavior
of polyethylene under dynamic heating conditions, with heating rates ranging from 1
to 16 K/min. The results demonstrate a strong dependence of thermal reactivity on the
applied heating rate.

Prediction
a:; = Dynamic

DSC / mW/mg

[ 50 100 150 200 250
Time / min

Figure 5. DSC data in the dynamic regime

As the heating rate increases, a shift in peak position and amplitude is observed.

At the lowest heating rate of 1 K/min, the decomposition peak appears at 87 minutes
with a relatively low heat flow of 0.19 mW/mg. In contrast, at the highest heating rate
of 16 K/min, the peak shifts dramatically to 7.7 minutes, with a significantly higher
amplitude of 2.3 mW/mg.

This pronounced shift highlights the kinetic nature of the decomposition process,
where increased heating rates lead to a more rapid accumulation of thermal energy, thus
accelerating the reaction onset and intensifying the exothermic response.
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The table data confirm the thermal shift as the onset temperature increases from
83.7 K at 1 K/min to 99 K at 8 K/min and drops slightly at 16 K/min to 78.4 K, possibly
due to overlapping processes or heat transfer limitations. Similarly, the end temperature
of the decomposition reaction expands significantly at higher heating rates, from 91.3 K
at 1 K/min to 140.8 K at 16 K/min. These changes reflect the non-equilibrium nature of
dynamic heating and the limited time for heat dissipation, leading to apparent shifts in
the reaction interval with increasing B (heating rate).

Table 2. Onset and end temperatures of reactions

Heating rate (K/min) | Reaction Onset temperature (K) | Reaction End temperature (K)
16 78,4 140,8
8 99 123
4 90,4 110,8
2 91,6 100,8
1 83,7 91,3
Adiabatic prediction

Prediction

— 1500
160 °C

DSC / mW/mg
2

01
D &«TL
50
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Figure 6. Adiabatic DSC Curves at Varying Initial Temperatures (10°C to 160°C)

The graph shows that as the initial temperature increases, the induction time — the
period before observable heat release begins — decreases significantly. This suggests that
higher temperatures lower the activation energy barrier for the decomposition reaction,
accelerating the onset of self-heating. This behavior is in agreement with autocatalytic
thermal decomposition, where the reaction products or intermediates enhance the rate
of further reaction.

The system exhibits a strong temperature dependence, indicative of Arrhenius-type
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kinetics. The exothermic reaction, likely involving radical chain mechanisms common
in polymeric oxidation, becomes increasingly vigorous with temperature, resulting in
earlier and sharper heat evolution peaks.

As temperature increases, the rate of heat generation surpasses the rate of heat
loss, leading to an uncontrolled temperature rise in an adiabatic environment. This
phenomenon poses a serious safety hazard, particularly in industrial-scale polymer
processing or storage.

From the adiabatic temperature-time profiles, a critical threshold is evident:
around 80°C, a rapid rise in heat flux initiates, marking the onset of self-accelerating
decomposition. This aligns with the concept of the Self-Accelerating Decomposition
Temperature (SADT), which is a key parameter in the hazard evaluation of reactive
materials.

Furthermore, starting from an initial temperature of 120°C, the curves show a
plateau or diminished change in thermal behavior, suggesting that the major exothermic
reactions have been completed. Beyond this point, thermal stability is regained, and no
further chemical transformations significantly contribute to the heat output. This can be
interpreted as the system reaching thermal and chemical exhaustion — the depletion of
reactive species or the formation of a thermally stable residue.

Conclusion. The complex morphology of low-density polyethylene affects the
crystallization kinetics and the dynamic mechanical properties of the polymer, which
are important for its processability and applications. Therefore, it is very important
to conduct research in the field of crystallization kinetics, crystallinity, lifetime, and
thermal properties of this polymer. A multi-reaction model approach was applied to
DSC data in the Netzsch Kinetics Neo program, incorporating several types of reactions:
an nth-order reaction, a diffusion-controlled reaction, an autocatalytic model, and the
Avrami—Erofeev model. The total activation energy obtained from the simulation is
41.82 kcal/mol or 174.97 kJ/mol. The DSC curve shows an endothermic peak at 118 °C,
corresponding to the melting point of low-density polyethylene.

The prediction of isothermal curves revealed behavior typical for processes governed
by autocatalytic or reaction-diffusion mechanisms, where an initial induction period is
followed by an increase in the reaction rate, rapid heat release, and completion of the
reaction. The isothermal calculation showed that complete degradation of the material
is reached in 4.5 hours at 160 °C. At 130, 140, and 150 °C, the corresponding times are
15, 10, and 6 hours. At 10 °C, the material reaches a conversion degree of 0.02 in 0.059
hours and 0.05 in 0.166 hours. This confirms an exponential dependence of the reaction
rate on temperature. Modeling of DSC curves at different heating rates (1-16 °C/
min) under dynamic conditions showed that the decomposition reaction accelerates
with increasing temperature, which is consistent with the mechanism of autocatalytic
degradation of polyethylene.

According to the adiabatic prediction, it was found that the higher the starting
temperature, the less time is required for the system to reach the maximum heat release
— that is, the beginning of decomposition under adiabatic conditions. The maximum
power (heat flow) shifts toward higher temperatures. The starting temperature of
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thermal runaway was shown to be around 800 °C. These findings highlight the practical
value of kinetic modeling and prediction, as they provide critical insights into the
thermal behavior and stability of polymers. Such information is essential for optimizing
processing conditions, enhancing material safety, and extending the service life of
polymer-based products in thermal environments.
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Abstract. The article examines the modeling of the electronic properties of a
graphene sheet modified with alkali halide crystals, including Nal, KI, Rbl, and Lil.
The main objective of the study is to identify the influence of alkali metal and halogen
incorporation on the electronic structure of graphene and to assess the prospects of
using the resulting composites in nanoelectronics. The density functional theory method
implemented in the Atomistix ToolKit software package was applied for the calculations.
This approach ensures high accuracy in describing interatomic interactions and makes
it possible to analyze both the energetic and structural characteristics of the material.
During the simulations, changes in the density of states spectrum, the Fermi level, and
the band structure were investigated. The results revealed that the incorporation of
alkali metal and halogen ions leads to local symmetry breaking of the graphene lattice,
resulting in the formation of additional energy levels near the conduction and valence
bands. These effects indicate the possibility of targeted control over the electronic
properties of graphene through chemical modification. In particular, the emergence of a
band gap, absent in pristine graphene, was observed, which is of significant importance
for expanding the scope of its practical applications. It should be noted that the obtained
results are consistent with current studies in the field of functional materials and confirm
the high sensitivity of graphene to external influences, including doping and surface
adsorption. The conducted modeling thus demonstrates the potential of graphene as
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a platform for creating new materials with tunable properties and opens avenues for
further research in the field of two-dimensional systems.

Key words: carbon sheet, graphene, graphene modification, Nal, KI, Lil, and RbI
nanocrystals, density of states, total energy
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Anborauus. Maxkamaga Nal, KI, Rbl xine Lil CHAKTBI CIATIIITAJIOUITHI
KpHUCTajIapMeH MoauuKanusIanFal rpadeH KadaTbIHBIH AIEKTPOHIBIK KAaCHETTEPIH
MOJIETIb/ICY KapacThIpaiagsl. 3epTTEydiH HEeri3ri MakcaThl — CUATUIIK MeTanjap MeH
rajJoreHiepiiH eHyiHiH rpadeHHIH 271eKTPOHABIK KYPBUIBIMBIHA 9CEPiH alKbIH/AY JKOHE
QJIBIHFaH KOMITO3UTTEPiH HAHOZJIEKTPOHHUKAJaFbl KOJAaHYy MYMKIHAIKTEpiH Oaranay
Oonbin TaObuTanpl. Ecenteynepni xkyprizy yuin Atomistx ToolKit Garmapmamaibik
OpTachIHAA KY3€re achIPbUIFaH THIFBI3IABIK (YHKIHMOHAIBI OMici KONTAHBUIABL. by
TOCUT aroMapaiblK ©3apa JpeKeTTeCyJepHi KOFapbl IONIIKICH CHUIATTayFa >KoHE
MaTepUaIbIH YHEPIreTUKANIBIK 9p1 KYPBUIBIMBIK CUITaTTaMalIapblH TaljayFa MyMKIHIIK
Oepeni. Monenb/iey OapbIChIHIA KYH THIFBI3IBIFBI CHICKTpiHaeri, @epmu neHreiinmeri
JKOHE 30HANBIK KYPBUIBIMIAFBI e3repictep 3eprreneni. HoTwkenep kepceTkeHnaeH,
CUITINIK MeTajap MEH rajloreH HOHIAPBIHBIH €HYyl Ipad)eH TOPBIHBIH CUMMETPHSCHIH
JKEPrUTIKTI Typae OY3bIll, OTKI3TIIITIK XOHE BaJCHTTIK 30HAJIAp MaHBIHIA KOCHIMIIA
SHEPTeTHKAJBIK ACHTEHIepAiH Ty3llyiHe anbll Keneni. bakpulaHFaH KyObUIbICTap
rpad)eHHIH 3JEKTPOHABIK KACHETTEPIH XMMHSUIBIK MOJU(HKALUSI apKbUIbl MaKCaTThI
Typze Oackapy MYMKIHZITIH KepceTeni. ATam ailTKaHza, Ta3a rpadeHne OOnMalThIH
TBIHBIM CaJIBIHFaH 30HAHBIH AIIbUTYbl aHBIKTAJAbI, OYJ1 OHBIH NMPaKTHKAJIBIK KOJIAaHy
callalapblH KEHEHTy VINiH MaHbI3Abl. AMTa KeTepiiri, ajlblHFaH  HOTHXKENep
(yHKIMOHANIABI —MaTepHajjap calachlHAAFbl  Kas3ipri 3aMaHfbl  3epTTeyliepre
colikec KeJeni oHe rpadeHHIH CBIPTKBI ocepiiepre, COHBIH IIIiHAE JeTupiey MeH
OeTki ajcopOnusra >KOFapbl CEe3IMTANJIBIFBIH Honeneiini. byn rpaden Herizinmeri
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MoauUKanysIaHFaH KYPBUIBIMIApAbl HaHOZJIEKTPOHHUKA SJIEMEHTTEPiH, CEHCOPIBIK
KYPBUIFBUTAPABI  JKOHE OJJIEKTPOHABIK OTKI3TIITIK OaKplIaHATBIH ©3TepTy KaKeT
OonarbiH 0acka Aa TeXHOJOTHsIIApAbl d3ipieyne Oonamarsl 30p ereai. JKypriziireHn
MoJienbiey rpa)eHHIH peTTeNIeTiH KacueTTepi 0ap kaHa MarepuangapAbl skacay YLIiH
aTopma peTiHAeri oJieyeTiH KopceTe i )KoHe eKioImeM/ i JKyHesep canacbiHia OJaH
opi 3epTTeynepre MyMKIH/IIK amabl.

Tyiiin ce3nepi: kemiprek Kabatbl, rpaden, rpadenni moaguduranusiiay, Nal, KI, Lil
xoHe Rbl HaHOKpHUCTaNnaphl, KYH THIFBI3ABIFBI, TONBIK SHEPTHs
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AnHoraums. B cratbe paccmarpuBaeTcs MOACIUPOBAHUE ICKTPOHHBIX CBONCTB
rpad)eHOBOTO JIMCTa, MOJU(PUIIMPOBAHHOTO IIEIOYHOTATOUAHBIMU KPUCTAJUIAMH,
pxirouast Nal, KI, Rbl u Lil. OcHOBHOM LE€JIBIO UCCIIEIOBAHUS SIBISIETCS BBLISBICHUS
BJIUSIHUSL BHEAPEHUS ILLIEJIOYHBIX METAJUIOB U TaJIOTEHOB HA JIEKTPOHHYIO CTPYKTYPY
rpadeHa ¥ OIICHKA TMEPCIEKTUB WCIOJIb30BAHUS TIOJIYYCHHBIX KOMIIO3UTOB B
HAHOYJICKTpOHMKe. J[s1 TpOBeJCHHS pPACYeTOB MPUMEHEH MeTol (PyHKIHMOHAA
IJIOTHOCTH, PealIn30BaHHbIN B porpaMMHOit cpese Atomistx ToolKit. JlanHbIN momxo
00eCneunBaeT BEICOKYIO TOYHOCTh OTICAHUS MEKATOMHBIX B3aUMOJICHTCBUH HITO3BOJISIET
AHAIIM3UPOBATh YHEPIETUUECKUE, TAK U CTYPKTYpHBIE XapaKTepUCTUKN Marepuaia. B
XO0JIe MOJICIIMPOBAHUS OBUIM MCCIICAOBAHBI B CIIEKTPE TUIOTHOCTH COCTOSIHUM, YPOBHE
@epMu 1 30HHOU CTPYKTYpeE. Pe3ynbrarsl NoKa3aiu, 4YTO BHEAPEHNUE HOHOB LIEJTOYHBIX
METAJJIOB U TaJIOTCHOB BBI3BIBACT JIOKAIBHOE HAPYIICHHWE CUMMETPUHU Ipad)eHOBON
PEUIeTKH, YTO MPUBOIAUT K POPMUPOBAHUIO JOTIOTHUTEIBHBIX SJHEPTETHUECKUX YPOBHEH
BOJIM3H 30HBI TPOBOJIMMOCTH U BaJICHTHOM 30HbI. Habmromaemblie 3eKThl yKa3bIBatOT
Ha BO3MOXKHOCTbH LIEJICHAIPABICHHOTO YIPaBIEHUS 3JEKTPOHHBIMH CBOWTCBAMU
rpadeHa 3a c4eT XUMUYECKO MomuduKauu. B 4acTHOCTH, ObLIO BBISIBIIEHO OTKPBITHE
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3alpelleHHON 30HbI, OTCYTBYIOIIEH Y YUCTOTO Tpad)eHa, YTO UMEET BaXKHOE 3HAYCHUE
JUTSL paclIupeHusi 00JIacTell ero MpakTU4ecKoro npuMeHeHus. Cienyer OTMETHUTh, YTO
MOJTyYEHHBIE PE3YJIbTAaThl COTNIACYIOTCS C COBPEMEHHBIMU MCCIICIOBAHUSIMH B 001aCTH
(byHKIIMOHAJIBHBIX MaTEPHAJIOB H MTOJITBEPKIAIOT BEICOKYIO YyBCTBUTEIHLHOCTD rpad)eHa
K BHEIIIHUM BO3JICWCTBUSM, BKIIIOYas JISTUPOBAHUE M TIOBEPXHOCTHYIO aJICOPOIHIO.
Orto nenaeT MOIU(MUIMPOBAHHBIE CTPYKTYpPhI HA OCHOBE Ipa)eHa MEepCICKTHBHBIMU
JUIST Pa3pabOTKU 3JIEMEHTOB HAaHOXJCKTPOHUKH, CEHCOPHBIX YCTPOMCTB W JPYTHX
TEXHOJIOTUH, IJie TpeOyeTCss KOHTPOIUPYMOE U3MEHEHHUE AIEKTPOHHOM ITPOBOIUMOCTH.
[IpoBeneHHOE MOAECTUPOBAHKE JEMOHCTPUPYET MOTEHIMAN TpadeHa Kak IUIaThopMbl
JJI CO3JlaHMsl HOBBIX MAaTEpUalOB C PETYIUPYEMBIMU CBOMCTBAMH M OTKPBIBAET
BO3MOYKHOCTH JIJIsl TATbHEHIIIUX UCCIICAOBAHUI B 00JaCTH JBYMEPHBIX CHCTEM.
KamoueBbie ciaoBa: yrmiepoanbelii smct, rpadeH, wmoauduranus rpadeHa,
Hanokpuctauiel Nal, KI, Lil u Rbl, mioTHOCTh cOCTOSIHUS, MTOJTHAS SHEPTUS

Kipicne. Kazipri 3amanayn HaHOTEXHOJIOTHS JKOHE MaTepHalTaHy CallaChbIHIAFbI
3eprreyaep TYpil KeMipTeKTI HAaHOKYPBUIBIMAAPIABIH 3JICKTPIIK KOHE KYPBUIBIMIIBIK,
KacHeTTepiH 3epaenieyre OarbITTaiFaH. bysl KypeUIbIMAapAblH ilmiHAe Trpadenre
epeK1Ie Ha3ap ayaapbuiaabl. [ paden — KoMipTeKTiH eKi eeM i alIoTPONTHIK TYPi, OJ1
Oipereil QpU3MKa-XUMUSIIBIK KaCUETTEPIMEH: 3apsi] TachIMalJayIbUIapBIHBIH JKOFaphl
KO3FaJIFBIIUTHIFBI, OCPIKTIri, )KbITy MEH XUMHSJIBIK TYPAKTBUIBIFBIMEH €pEKIIeICHE .
Ocpl KacHeTTepiHiH apKacbiHIa Tpad)eH MUKPOAIIEKTPOHUKAAA, CeHCOpIap/a, SHeprus
KMHAKTAy KYPBUIFBUIAPBIHIA KOHE KBAaHTTHIK KYPBUIFbUIApa KOJJaHyFa OoJaliarbl
30p MaTepual perinje Kapactoeipbuiael (Castro Neto et.al., 2009; Zhang et al., 2012)

I'padenni dyHKIMOHANIAYABIH THIMJI TOCULNEPiIHIH Oipi — OHBIH TaJOTCHJCHYI,
Oy kezae ranoren aromaapsiabiH (F, Cl, Br, 1) KocbuTybl apKblIbl OHBIH 3JEKTPOHIBIK
KacuerTepi e3repeni. Mynnaii rpadeH TysiHABUIAPEI — pTOpOrpadeH MeH xyoporpadex
— KEeH THIMbIM CaJbIHFaH aliMaKKa, >KOFapbl XMMUSUIBIK TYPAaKTBUIBIKKA KoHE Oipereit
ONTHKANBIK cunarramanapra ue Oombim keneni (Karlicky etal., 2013 a; Zboril
et al, 2010). Aran aiiTkanma, ¢roporpadeH AMAIEKTPIIK OTIMIUIINIMEH >KoHE
(doTonmoMuHecIeHIUAChIMEH rpadeHIiK KBAHTTBIK HYKTEJIEpre YKcac KacueT KepceTei
(Robinson et.al., 2010; Feng et al., 2013), an oHbIH cUIaTTaMaNapblH eHAIPLUITeH GTOP
Hemece 0acka rajJoreH aToMAapbIHbIH MeJIIepi apKbUIbl 4971 Kenrtipyre Oonansl (Poh
et.al., 2013; Karlicky et al., 2013 b; Takagi et al., 2002).

['paden KyppIIbIMBIHA CLITLN TaTOUATH KOchuTbicTapabl, Mbicansl Nal, KI, Rbl, Lil
€HTi3y — TaFbl Oip MaHBI3bI OaFBIT OOJBIN TaObLIAABL. by KpucTanaap xorapbl HOHIBIK
KO3FaJIFBIIUTHIKKA JKOHE SHEPrHs JCHIeHIEePiHiH KeH Iuana3oHblHa ue 00ja OTBHIPHII,
KYHEHIH 3IEKTPOHIBIK KYH THIFBI3ABIFBIH (DOS) oHE TOJBIK SHEPTHACKHIH €19y ip ©3repTe
anaznsl (Han et.al., 2010; Osuna et al., 2010). Byran neifin rpadeHHiH agcopOuMsIaHFan
MoJIeKyJaJlapMeH HeMece HaHOKpHCTalJapMeH e3apa apekerrecyi depmu AeHreriHig
BIFBICYBIH, TBHIABIM CallbIHFaH aiiMakTa KOCBIMIIA DHEPrusl JACHreiNiepiHiH maiaa
OONIlybIH  KOHE OJEKTPOHABIK  KYHJIEpIiH JIOKAINW3ALMSICHIH  TYIbIPATHIHIBIFBI
kepcertinren OonareiH (Chang et.al., 2011; Li et al., 2011; Zheng et al., 2012). Mynnaii
KyHenepai TIFBIBABIK QyHKIHoHab! Teopusickl (DFT) omicTepi apKbUIbl MOIAENIBACY
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epeKlIe KbI3bIFYUIBUIBIK TyABIpaabl. by amicrep rpadeH MeH eHriziireH Oesiekrep
apachIHAAFbl ©3apa OPEKETTECYl, TYPAKTBUIBIFBIH KOHE JIEKTPOHIBIK KYPBUIBIMBIH
KBaHTTBHIK-MEXaHUKAJBIK JeHreine 0omkayra Mmymkinaik oepeni (Istlyaup et.al., 2024
a; Istlyaup et al., 2024 b). Mpicanbl, ranouaTapMeH Moau(UKaLUsIIaHFaH TpadeH
KYpPBUTBIMAAPBIH MOJIENIBACY apKbUIbl allbIHFaH KOMIIO3UTTEPIiH HaHOAIEKTPOHIBIK
KYPBUIFbIIAp MEH CEHCOPJIBIK MaTdopMaiap dJIeMEeHTTepl peTiHAe KONJaHy dJeyeTiH
Oaranayra Oomnansl (Gopalakrishnan et.al., 2012).

Ocnr 3eprreyae Nal, KI, Lil sxone Rbl kpucranmapbin eHridy apKpUibl rpaden
KaOaThIHBIH JJIEKTPIIK KACHETTEPl KOMIIBIOTEPIIIK MOJENBACY apKbUIbl 3epTTEeIi.
3eprreyniH Makcartbl — Oy KOCBUIBICTAPIABIH 3JEKTPOHABIK KYH THIFBI3IBIFBIHA,
KYHEHIH TOJNBIK DHEPrHsChIHA OCEPiH aHBIKTay, COHAal-aKk MoaM(UKalMsIaHFaH
KYPBUTBIMAAP/IBIH TYPAaKTBUIBIFBIH JKOHE OJapAbl (QYHKIMOHAJIBIK HaHOMaTepHasaap
peTine Konaany MYMKIHJIriH Oaranay.

MarepuaJjizap MeH 3epTTey daicTep.

Mogeabaey

Bepinren xywmbicta DFT oxici Heri3iHae KOMIBIOTEPIIK MOJAENbACY JKYPri3iifi.
Ecenreynep Atomistix ToolKit 6armapnamansik kemeninae Virtual NanoLab untepdeiici
ApPKBUIBI JKY3€re aChIPBUIIBI, O TeTEPOKYPBUIBIMIAPABIH IEKTPOHABIK KYPBUIBIMBIH,
KYH TBIFBI3IBIFBIH )KOHE TOJIBIK SHEPTHSICHIH aTOMJIBIK JCHIeiie ecenTeyre MyMKIHIIK
oepeni. bapneik ecenteynep LCAO 6asuci men PBE (Perdew—Burke—Ernzerhof)
AIMaCTBIPY-KOPPEISIIMAIBIK TTOTCHIMAIBl KOJAAHBUIFAH KaIIbUIAHFAH TPagUeHTTI
xybIkTay (GGA) meHOepinae opbIHAAIIbL.

HanokypeuisiMaap peTinie KemipTeK KabaTTapbl MOAEBbICHII, OJaplblH OeTiHe
cirrini ranouarsl KockbicTapabiH (Nal, KI, Rbl, Lil) kpuctangapsl opHanIacTHIPBIIIBL.
[eoMeTpHUsIBbIK OHTalTaHABIPY KaaablK Kymitep 0.05 3B/A-nen ToMen MoHre JKeTKeHIe
KYPri3inmi. DNeKTpOHIBIK KYH THIFBI3ABIFEI —30-man +20 sB-ke neitin sHeprus
aiiMaFrbIHIA €CENTeNAl, al YPHEPTeTUKANIBIK THIMBIM CajbIHFAH aiiMakK (IHEPreTHKAaJIbIK
CaHpUIAy) €H >KOFapbl TONTHIPBUIFAaH JKOHE €H TOMEHI1 0Ooc ACHreinep apachlHAarbl
aiipIpMa peTiHae aHbIKTaJIbI.

MogenbaeyaiH olicHaMackl MO (DUKALMsIIaHFaH HAHO-KOMIPTEKTI KYPBUIBIMIAP/IbI
KBAaHTTBIK cCHIIATTay OOWBIHIIA OYPBIHFBI TaOBICTBI 3epTTEyJepre Heri3AeirexH
(Istlyaup et al., 2024 b), onmap TaOuraTbl SpPTYpHIi EHTI3UIIMAEPMEH OPEKETTECKEH
Ke3JIeT1 2JEeKTPOHIBIK KOHE TachIMaijay KAaCHETTEpiH >KOFaphl AQJIIKIEH OoiKai
aNaTBIHIBIFBIH KopceTTi. byn 3epTreyne noHABIK KpucTanaapasiH Pepmu aeHreiiine
JKOHE DJIEKTPOHABIK KYWJIEPIiH THIFBI3ABIFBIHA dCepiH OarajmayMeH Karap, 3apsaTbiH
BIKTHMaJI JIOKaJIM3alMsIaHy aiMakTapblH aHbIKTayFa Ja Ha3ap aydapbuiajbl, Oy
HAHOKYPBUIFbIIAP/BI K00anay YIIiH aca MaHbI3/IbI.

XKytie KypputbIMbIH Bu3yanu3anusiiay ymid VESTA Oarnapnamachl KOlJaHBUIABL,
0J1 aTOMJAp/bIH KPUCTAIABIK TOPAAFbl OpHAJACyblH, COHAAW-aK rpadeH MeH CinTimi
rajJoOuATHl KPUCTAJIZAp apachlHAAFbl ©3apa dpeKeTTecyli oy OeiHeneyre MyMKiHIIK
Oepai. Mogenbai Kypy OipHelle Ke3eHHEH TypAbl: TpadeH KaOaThIH jkacay, OHbIH OeTiHe
cintini merann xpuctangapsid (Nal, KI, Lil, Rbl) opHanacteipy >koHEe €H TypakThl
TeOMETPHUSUIIBIK KOH(PUTYpaLUsIFa KO KETKi3y YILIiH KYpbUIBIM/bI OHTalIaHIBIDY.
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3epTTeyniH Heri3ri Ke3eHAepiHiH Oipi — KYH TBHIFBI3ABIFBIH ecenTey OoJubl, Oy
aJicopOLMsIIaHFaH aTOMIApAbIH rpad)eHHIH 3MeKTPOHIBIK KYPBIIBIMbIHA KOCKAH YJIeCiH
Oaranayra MyMKiHIik Oepai. Taza rpaden MeH MoauQUKaIusIIaHFaH KYPbUIBIMIAP YIIiH
DOS canbicThIpybl SHEPreTHKAIBIK JICHIeHIepAiH ©3repreHiH *KoHEe THIHBIM CaJIbIHFaH
aiiMakTa ’kaHa KyWIep/iH naiina 6omy MyMKiHAIriH kepceTTi. COHBIMEH KaTap, Herisri
ecenreynepre IeifiH KYpbUIBIMIApAbIH TeOMETPHSIIBIK pellakCaluschl xKypriziaai. by
Ipoliecc aTomMaapra ocep eTeTiH KYIITEpAl a3aiTyra jKoHEe KYHEeHiH SHEepreTHKaIBIK,
TYPFBIIAH TYPaKThl KOHQUTYpALHsIChIHA KOJ KETKi3yre OarbITTalIbl.

Cyper 1. KyOTBIK cLITLII TaJIOMATH KPUCTATIapMEH MoANDUKaNUsIIaHFaH KeMipTek Kabatsl (Rbl(@
Graphen)

Bepinren 3eprreyne 1-cyperre KepceTireH KypbUIBIMFAa YKcac MaTephaiaap
KOHCTPYKIHMACH KONMAaHbUIAbl. CLITini MeTayul WOOuITEepiHiH KyOTBIK KpHCTaliIapbl
(3%3%3 emueminzne), sFrHA 27 NOHHAH TYPATbIH KYPbUIBIMIAp, 152 aToMHaH KypasiFaH
marblH rpadeH KaOaTbHBIH OeTiHe OpHamacThpbUiabl. by arompapaeiH  48-i
KpHUCTaJIMEH e3apa 9peKeTTecy aiWMarblHAa OpHanackaH. KpucranibslH sieMeHTap
YALIBIFBIHBIH KoneMi 28,934 A kypanwi, 6yi1 Nal, KI, Lil skone RbI TunTi KochLibicTap
YILUiH TOH TOp eIeMIepiHe ColiKec Kelei.

Kpucranmap xypsuibiMbl NaCl tuninzeri KyOTBIK TOp TYPiHIE YCHIHBULIBI, OHJA
CUITLII MeTangap/blH KaTHOHAAPbl MEH MOATHIH aHHOHJAphl KE3EKTECiN OpHAaIachll,
TYPaKTbl KEHICTIKTIK KOH(UrypauusHsl Ty3eai. Kpucrammarbl eH >KakblH HOHIAD
apachIHJIAFbl apaKaIBIKTHIK CUITLT MeTal TaburarkiHa OaitmaHbicThl 1,535-1,850 A
apaJibIFbIHa 60717161, Mbicabl, Nal yiuin Oy/1 apakaubIKThIK mamamen 1,535 A, an K1,
Lil sone RbI ymin — 1,850 A.

I'paden kabaTel KOMIPTEK aTOMIAPbIHAH TYPATbIH Oip KaOdaTTbl KYPBUIBIM OOJBII
TabbLIaIbl JKOHE OJ1 ATOMJIAP APAChIHAAFbl TUITIK apaKkalbIKThIFGI ~1,42 A mamaceinga
reKCaroHajb/bl TOpAa OpHajJacKaH. I'pad)eH MEH KpUCTaAbIK KYPbUIBIM apachblHIaFbl
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e3apa opekeT OipHemie (akTopiapablH eceOiHeH JKy3ere acThl. BaH-JIep-Baajbc
KywTepi rpad)eHHIH T-3JIeKTPOHABIK KYHecl MEH KpHCTall HOHAAPBl apachblHa dJICi3
KabarapasiblK 9pPEKEeTTeCyAl KaMTaMachl3 €TTi. DJIEKTPOCTATHUKAJBIK KYIITEp CLITiM
MetanaapasiH katnonaapel (Na*, K*, Li*, Rb") men #ion annongapeinbiy (I7) 3apsia
alpIpMaIIbUIBIFBIHAH TYBIHJAMN, OYJI, ©3 Ke3erinae, rpaden OeTiHAe MOIIpU3alusHbI
naina 6onaeipasl. JegopManusibik scepiep KpUCTal acepiHeH rpadeH KabaTbIHbIH
MYMKiH OOJIaThIH HiTyiHEeH OaiiKaibl.

['padenMenKprCTaNIBIH TOMEHT 1 HOHAap Ka0aThlapachlHAaFbl OpTallla apaKaIbIKTHIK
3,0-3,5 A kyparn, kpucTanibiH rpaden 6eTiHie TypaKThl aCOPOIHUAIAHYbIH KAMTAMACHI3
eTTi. ByKiN )KyHEHIH AJIEKTPOHIBIK KACHETTEPIHE dcep €Tyl MYMKIH ©3apa dpeKeTTecy
SHEPTUSICH KOCBUTBICTBIH TYpiHe OaiiIaHbICThI OPTYPIIil OOIIIBL.

Hatu:xesiep MeH TanaKbLiIay.

JXKylieHiH TONBIK 3HEPrHChIHA €CeNTeyIep JKYPri3ilil, THIFBI3ABIK (QYHKIMOHAIIBI
TEOpHsIChl MIEHOEpiHAe KYH TBHIFBI3ABIFBl TalAaHIbl, Oy albIHFaH KYPBUIBIMIAPIBIH
ANEKTPIIK KACHETTEPiH TEPEHIPEK 3epTTeyre MYMKIHAIK Oepi.

Bepinren >kymbICTarbl ecenTeylepAl JKYpridy YIIIH KBAaHTTBIK MEXaHHKa MEH
MaTepualiTaHy/la KEHIHEH KOJJIAHBLIATBIH OJICTEPMAiH Oipi THIFBI3IBIK (PYHKIIMOHAIBI
TEOPHSICHIHA HETI3/eNIeH TACUT KOMAAHBUIABL. THIFBI3ABIK (YHKIHOHAIBl TEOPHUSICHI
MaTepuangapAblH  SNEKTPOHIBIK KYPBUIBIMIAPBIH JKOFApbl JAQJIIKICH 3epTTeyre
MYMKIHIIK Oepemi KoHE ONapAblH Heri3ri (QU3MKa-XUMHUSUIBIK KAacHETTepiH —
SHEPTUSCBHIH, KYH THIFBI3ABIFBIH, OTKI3TIIITIK jKOHE BaJCHTTIK 30HAJAPbIH OOJDKayFa
MYMKiHIIK Oepemi. Tomblk oSHeprust OOWBIHIIA abIHFAH HOTWKEIEpP opTYpii
CUITINI TaJOMATHI KOCBUIBICTApAa JKYHeNepAiH TYpPaKTBUIBIK ASPEXKECiHiH opTypii
OonarbIHABIFBIH KopceTTi. byn rpaden men agcopoumsnanran Nal, KI, Lil sxone Rbl
MOJIeKyJaJlapbl apachblHIarbl HOHJBIK KOHE BaH-IEp-BaalbC KYIUTEPiHIH YJIeCiH Koca
aNfaHja, arToMapanblK e3apa opeKeTTecylepAeri albipMalIbUIbIKTapFa OaiIaHbICTHI.

Mopnenbaey natmwkecinge Nal, KI, Lil, Rbl cinrini ranouarsl KpuctangapsiMeH
MoauuKanysIaHFaH KOMIpTeK KalaThl YIIIH KyH TBIFBI3IBIFBIHBIH TpaduKTepi
anbiHAbl. [padukrepai Tangay OapiblK 3epTTEIreH jKyienaepae KYH ThIFBI3AbIFbIHBIH
yKcac Tapaly cumarel OalKanaThIHBIH KOPCEeTTi, jKoHe Oysl Tapanmyiapia KaTHOH
TypiHe OainaHbICTBl Oenrini Oip ailblpMambUIBIKTaphl Oonabl. Bapniblk Hyckamapna
KbI3bLI IYHKTUPJII ChI3bIKIEH Oenrinenren depmu JeHreiii (g,), THIHBIM CallbIHFaH
aiiMaKTBhIH OpTachlHA YKaKblH HEMECE KYH THIFBI3BIFBI KOFAphl ailMaKTa OpHaJIaCKaH,
Oyn rpadeHHIH KpHCTAIIBIK CHII3UTIMICPMEH OpEKeTTeCyl HOTHKECIHAEC OHBIH
ANEKTPOHIBIK KYPBUIBIMBIHBIH ©3repreHin kopcereni. Muicansl, Kialis@GS xyiiecinne
KYH TBHIFBI3ABIFBIHBIH €H JKOFapbl MOHI PHEPrUsIHBIH OH aliMarblHAa OaiKanajabl, ai
Rbulis@GS xyliecinae KyiaepaiH Taparysl SHEPTUSTHBIH TOMEHT'1 aiiMaFbIHa BIFBICKAH.
¥xkcac kepinic Nailis@GS xone Lialis@GS xyitenepinne ae 6arikanaasl, 6ipak COHFbI
KaFaai1a SHepreTUKAIBIK AUaa30H KeHEUTeH, ajl KYH ThIFBI3ABIFEI 0acKa KyHenepMeH
CaJIBICTBIPFaH/Ia TOMEHIPEK.

Ocputaiiina, ecentey HOTWXKENEpl CUITLN TaJOMATHI KpUCTANAAapAblH rpadeHHIH
ANEKTPOHBIK KaCHETTEepiHe aWTapIIbIKTall ocep eTEeTiHIH KepceTeni. ATtam alTKaHIa,
Li* >xone Na' CHSKTBI JKEHIJI KaTHOHJAp DHEPTHsl IEHIeHIIepiHiH YJIKEH BIFbICYbIHA
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anbin keneni, an K* sxkone Rb* CHAKTHI ayblp KaTHOHAAP HEFYPIIBIM JIOKATH3alUsIaHFaH
Kyinepai  tysemi. byn  omapapiH  rpadeH  KabaTBIMEH — AJIEKTPOCTATHKAIBIK,
opeKeTTeCyiHAer1 )KoHe KYHEHIH MOJsIpU3aus 1opeKeCiHAer: albIpMalbUIbIKTapMEH
OaiimaHbICTBI OOTYbI MYMKIH.

DOS (eV!
g0 oS eV Jep

o
. DOS (eV™),
K, I, @GS

70 L] L]

- Li 1, ;@GS

60
50
40
30
20
10

60
50

'
'
'
'
40

30
20

10

-30-20-10 0 10 2 -40-30-20-10 0 10 20 30
E (eV) E (ev)
2
7ODOS (ev_l) 8F 8ODOS|(eV T )E':|F T T
i ' .:N'amll;@)GS 70k Rby 1 @GS
60} ' !
60 :
50} '
50 '
40}

40
30
20
10

30
20

-30-20-10 0 10 20 -40-30-20-10 0 10 2
E (eV) E (eV)

Cypert 2. Cintini Meraniap HoauaTepiHeH TYPaThIH KyOTHIK KPUCTAIIap/IbIH )KOHE KOMIPTEK KaOaThIHbIH
KYH TBIFBI3/IBIFEI CIIEKTPIIEPi

Ky#i THIFBI3IBIFBIH TaJIAy CUITLI TaJIOUITHI KPUCTAAAPbl SHII3YIIH rpadeHHIH
ANIEKTPOHIBIK KYPBUIBIMBIHA Kajall ocep eTeTiHiH Kepcerti. KelOip karmaitnapaa
OTKI3TIIITIK KOHE BaJICHTTIK aiMakrapaa esrepictep Oaiikanapl, Oyi rpadenmi
OCBl KOCBUIBICTap AapKbUIbl AONHpIeY MYMKiHairiH Oingipeni. CoHbIMEH Karap,
JIOKAJIM3ALMSUIAaHFaH KYWISPAiH CUMAThIHAA afbIPMAIIbLUIBIKTAD aHBIKTAJIbI, OYII
MYH/1ail Kyiienepai HAaHOTEXHOJIOTUSI MEH MHUKPORJICKTPOHUKA CallaJlapbiHIa KOJAaHy
QJIEYETiH TYCiHY YIIiH MaHBI3/IbI.
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KI, Lil, RbI, Nal cinrini ranouarsl KpucTaligapblHaH jKOHE KOMipTeK KaOaTblHaH
(GS) TypaTbIH MOJENBACHTEH XYHENepIiH TOJBIK YHEPTUSICHl KOPCETUITeH KeCTe TYpIIi
SHEPTUS YIECTEPiH JKOHE OJapAbIH KYPBUIBIM TYPAKTBUIBIFbIHA SCEPiH erKeH-TerKeni
Tannayra MmymMKinaik oepeni (Kecre 1).

Kecre 1 —KemipTek KabaTs! MEH CLITLII raJIOMATH KPUCTAIIap/IaH TYPaThIH XKYHEHIH dHeprus yiecrepi

Mognensaey AYBICTHIDY- Kunernkanbik eKTpO- OHTponusubIK | TOJBIK SHEPTHs
HbicaHbl | | PPCALIUIBIK sHeprus (eV) CTATHRAIBIK KOCBUTFBILI (V) (eV)
sHeprus (eV) sHeprus (eV)
KDH@GS -4275.86549 8382.50376 | -16038.69300 -0.00012 -11932.05485
(Li)@GS -3908.83727 7908.22278 | -15857.72045 -0.00012 -11858.33506
(RbD@GS | -4262.21741 8617.31455 | -16106.87983 -0.00013 -11751.78282
NaD)@GS | -6044.36272 7871.96182 | -15377.37362 -0.00019 -13549.77471
Kectere €HI131IreH napameTpiepre AYBICTBIPY-KOPPCIALNUAIBIK OHEPrus,
KUHETHKAJBIK JHEPIusi, 3JIEKTPOCTATUKAIBIK ©3apa OpEKETTECY, HHTPOIUSIBIK

KOCBUIFBIII JKOHE KOPBITBIHIBI TOJNBIK JHEPTHs Kipedi. AyBICTBIPY-KOPPENSIHSUTBIK
SHEPrusl JEKTPOHIAP apachbIHIArbl KBAaHTTHIK-MEXaHHUKAJBIK ©3apa opeKeTTecyiepre
xayart Oepeni. EH yiken abcomoTTik MoH (eH Tepic) Nal@GS xyliecinne Oaiikanast
(-6044.36 3B), OYI1 2IEKTPOHBIK KOPPESIIUAIApIbIH alTapIIbIKTall 9cepiH KopceTe/I.
Kanran xyitenep (KI@GS, Lil@GS, Rbl@GS) moayns OoliblHIIA Kimni MoHIEp
KepceTin, OyJl KYpbUIBIMJApHAa 3JICKTPOHJBIK KOPPEISIIUSIHBIH OJICI3ey eKeHIH
Oimmipeni. KuHETHKANBIK SHEPTUsSt AJIEKTPOHIAPABIH KO3FaIBICHIHAH TYBIHJIAHTHIH
yraecti cumarraiiael. OHBIH eH xorapbl MoHIepi RbI@GS (8617.31 3B) xone Kl@
GS (8382.50 aB) xyiienepinme TipkeiareH, Oy AIMEKTPOHIBIK TapallyFa dcep eTeTiH
MaCCHBTI KaTHOHIAPbIH O0IybIMEH TYCIHAIpiiIeai. EH TOMEHT1 KHHETHKAIBIK SHEPTUs
Nal@GS xytiecinne 6atikamabl (7871.96 3B), Oyt 31eKTPOHIIBIK ©3apa OpPEKEeTTECYIIH
QJICi3/Iey EKeHIH KOPCETeI.

DNEeKTPOCTATUKANIBIK dHEPTHs — IpadeH MEH KPUCTAIJIBIK KYPBUIBIM apachIHJIaFbI
e3apa OpPEKETTeCYl aHBIKTAWTHIH HETi3ri mapamerp OoNbIm TaObuTambl. EH ailKbH
anektpocratukaibik yiecti RbI@GS xyiteci kepcereni (-16106.87 3B), an eH a3 Tepic
MoH Nal@GS xyitecinae Gaiikanansr (-15377.37 a3B), Oyi1 xyleHiH noIIpH3anusIany
KaOieTiHiH ToMeH OomybIMeH OaitaHbICThl 00ybl MyMKiH. COHBIMEH KaTtap, OapibIK
KyHenepae SHTPONMSUIBIK KOCBUIFBIII iC JKY3iHIE eJNeHOEHTIHIeld a3 MoHTe He
(—0.00012...-0.000195B), Oy TepMOTUHAMHUKAIIBIK YHTPOTTHSIHBIH OYJT KYPBLTBIMAAPABIH
TY3UTyiHe acepi aJci3 eKeHiH KopceTe/i.

TonbIK HEprusHbl TanAay HOTHXKECiHAE eH Typakrel xkyie Nal@GS (-13549.77
9B) eKeHi aHBIKTaXIbl, OYJI aybICTBIPY-KOPPEISLMSUIBIK OHEPTUSHBIH — KYLITI
yieciMen tycingipineni. ConsiMeH katap, RbI@GS »xylieci eH ylkeH MOmyJbleri
ANEKTPOCTATHKAIIBIK SHEPIHsIFa Ue OONFAaHBIMEH, OHBIH TOJBIK YHEPTUSCHI KOFAPBIPaK
(-11751.78 oB), 6y rpaden xadareiHbH RbI-IeH opekeTTecy KesiHme alTapibIKTai
KYPBUIBIMABIK ~ AeopMmanusra yiiblpalTeiHeH — kKepcereni. KI@GS (-11932.05
3B) xone Lil@GS (-11858.33 3B) sxyilenepiHiH TOJIBIK 3HEPrusi MOHIECPI apaliblK
JMana3oHaa OpHajackaH, Oy OepiireH KOCBUIBICTApAbIH OpTalla TYPaKThUIBIFbIH
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Oinpipeni. Ocptaiinna, TEPMOIUHAMUKANBIK TYPAKTBUIBIK TYPFhICBIHAH IpaderHin Nal
KOCBUIBICBIMEH 9pEKeTTeCyi eH THIMII OOJbIN TaObUIazbl, ajl ayblp KaTHOHAAphl Oap
xy#enep (Rb*, K¥) rpadenniy a1ekTpoHIBIK KYpbUTBIMBIHA KOOIpEK acep eTKeHiIMEH,
TYPaKTBUIBIFBl TOMEHIPEK OOJIBIN KEeJIEi.

Ocpl 3epTTey KOMIPTEKTI HAHOKYPBUTBIMAAP/IBIH CIITIJII TATOUITHl KOCBUIBICTapMEH
@3apa OPEKeTTECYiH TYCIHyre o3 YJIeCIiH KOCajJbl XKOHE OV PETTENEeTIH 3JIEeKTPIIIK
KacueTTepi Oap KaHa HAHOKOMIIO3UTTIK MaTepualAapibl 93ipJiey YIliH naigansl 00mysl
MyMKiH. JKanmnel anFaHa, )KYPri3uireH MOJebAey CUITLI TaTOUATH KOCBLIBICTAP/IbIH
rpadeH KaOaThIHBIH (DU3MKA-XUMHUSUIBIK KAaCHETTepiHEe OCEpiH TanjgayFa MYMKIHIIK
Oepai. byt rpadenai GpyHKIMOHATH3AIMIIAY )KOHE OSPUITeH cCUNaTTaMaiapFa ue kaHa
HaHOMaTepHalAap/bl JKacay cajachblHIarbl OONallaK 3epTTeynep YIIiH MaHbI3AbI Heri3
Oouta anazpl.

Kopsoitbiaabl. XKyprizinren 3eprrey Nal, KI, Rbl sxone Lil cinrini ramouarst
KpUCTalIapblH rpadeH KaOaThIHBIH O€TiHE OpHAIACTBIPY OHBIH AJIEKTPOHIBIK
KYpBUTBIMBI MEH JHEPrHsl CHIIaTTaMallapblHA alTapibIKTall ocep eTETiHIH KOPCEeTTi.
Ky#l TBIFBI3ABIFBIHBIH CHEKTPIEpl OTKI3TIIITIK aiMarblHOA aHA OSHEPreTHKAIbIK
JeHrelnepniy maiiga OonyblH koHe DepMu AEHTEHiHIH BIFBICYBIH KOpceTemdl, Oy
rpad)eHHIH IeKTPOHABIK KACUETTEPiH THIMI1 OacKapyFa OONaThIHIBIFBIH AN ACH .

Mopnenbaey HOTHXKeNepi MyHIAll  HAHO-TETEPOKYPBUIBIMAAPIABI  CEHCOPIBIK
KYpBUIFbIIapAa, OipasIeKTPOHIBI TPAH3UCTOPIAp/a, COHAAN-aK YHEPTHUSHbI )KUHAKTAY
KOHE TYpJICHIIpY cajalapblHAa KOJJaHyAbIH OoJjamarsl 30p ekeHiH kepceteni. Ockl
KYMBICTa KOJAHBUIFaH OipiHII NMPUHIMOTEPre HETi3[eNreH ecentey SAicTepi JKoHe
Atomistix ToolKit Oarmapmamanblk nakeTi TrpadeH Heri3iHAeri TOMEH eJeMai
XKyHenepaiH (U3UKaAIBIK CUTIaTTaMalapblH CUIIATTay/1a KOFaphl AJIIK KOPCETTi.

Conbimen karap, Nal@GS sxyiieci eH TOMEHT1 TONBIK SHEprus MoHiHE He Oona
OTBIPBII, BIEKTPOHIBIK KOPPENSIHUs MEH KYPBUIBIMIBIK TYPAaKTBUIBIKTBIH OHTAMIIbI
yinecimin kepcerti. An ayelp katnmonmapmen (Rb*, K*) momudukanusmanran
KYHenepae SJIEeKTPOHIBIK KYpbUIBIMAA aHTapibIKTaii e3repicTep OaliKairaHbIMEH,
OJIapIbIH TEPMOIMHAMUKAIBIK TYPAKTHUIBIFBI TOMEH IEY OOJIBII IIBIKTHL. Byl HOTH)KEnEp
HOH TaOWFaThIHBIH TpadeH HeTi3iHAeri HaHOKYPBUIBIMIAPAbIH JHEPreTHKAIBIK
KOHE  (QYHKIMOHAJABIK  CHUNAarTamajapblH  KaJbIITAacThIpyda LISyl  pen
aTKapaThIHBIH alKbIHAAWIBI. AJIBIHFaH JIEPEKTep MOHIBIK KPUCTAIAAPAbIH KOMIPTEKTI
HAHOKYPBUIBIMIAPMEH OpPEKeTTECYiH 3epTTeyre apHajfaH KeJICHICKTEeri TEOPHSUIBIK
YKOHE DKCTIEPUMEHTTIK 3epTTeyiepre Heri3 0ona ajaabl. bys KBaHTTBIK IEKTpOHHUKAFa
apHaJIFaH kaHa (pyHKIMOHAIIBIK MaTeprangapAbl a3ipiaeyre bIKIal eTel.
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Abstract. The article discusses methods for determining the gravitational constant
G and factors affecting the accuracy of measuring this fundamental constant. G was
determined using two methods and the accuracy of the results obtained was analyzed.
The purpose of the article is to analyze the most effective methods for measuring G and
to find ways to further improve the accuracy of determining the gravitational constant.
Two main approaches to measurement are described: a method based on the study of
the external photoelectric effect, and a resonance method using a Cavendish torsion
balance adapted to improve accuracy by simultaneously measuring the acceleration of
gravity at the points under study. The second part of the article presents the results of
experiments performed using the two above-mentioned methods. Particular attention is
paid to the correlation between the measured value of G and the characteristics of the
local gravitational background. Based on the data obtained, an assumption was made
about a possible dependence of the gravitational constant value on the configuration and
intensity of the local gravitational field. A conclusion was made about the need to revise
traditional methods of measuring G, with an emphasis on developing new experimental
schemes that can take into account the influence of local gravity and minimize the
influence of unaccounted factors. The importance of an integrated approach, which
involves the simultaneous determination of gravity and the gravitational constant, is
emphasized, which can increase the reliability and consistency of the results obtained.
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Annotanus. Makanana G rpaBUTAUUSUIBIK TYPAKTHICHIH aHBIKTAY 9JiCTEpi JKOHE
OCBI HETI3T1 TYPaKTHIHBI OJIIEY ISJAITiHEe dcep eTeTiH (akTopiap KapacTbIpbUIaIbI.
G aHbBIKTay €Ki 9/IiCIIeH JKYPTi3UIAl KoHe allbIHFaH HOTHKEIEPAiH JIITT TallaHIbl.
MaxananbH MakcaTsl G ©JIIEYIiH €H THIM/II 9JIICTepiH Tajay JKOHE TPaBUTAIUSIIBIK
TYPaKTBHIHBl aHBIKTAYABIH AQJIITIH ONaH opi XakcapTy >KOJAapblH Taly. Ommeyaiq
€Ki HEeri3ri ToCIl CcUnarTajfaH: ChIPTKbI (OTO3(PQEKTIHI 3epTTeyre HeTri3eNreH
oJlic KOHE 3epTTEINICTIH HYKTEJIEepJeri aybIpIbIK KYIIHIH yleyiH Oip yakbITTa eJliey
ApKBUTBI TOJTIKTI JkKaKcapTyFa oeimaenren Kapenauim 6ypary 6amaHChH KOJITaHATHIH
pe3oHaHc ofici. MakanaHbIH eKiHII OeiMiH/e KOFaphl/ia aTallFaH €Ki 9/iCTi KOIJIaHy
apKbUIBI KYPTri3lUireH ToxipuOeneplaiH HoTwmxenepi oepinred. G-TiH ejIIEHETIH MoHI
MEH >KepriJlikTi TpaBUTALUSIIBIK (POHHBIH CHIIATTaMallapbl apachlHIaFbl KOPPEIsIIUsFa
epeKIe Ha3ap aynapbuiaabl. AJBIHFaH MOJTIMETTEp HETi31H/Ie IrPaBUTAIMSIIBIK TYPAKThI
MOHHIH JKePTUTIKTI TPaBUTAIMSIIBIK OPICTIH KOHPUTYpaIUsChl MEH KapKbIHIbLIBIFBIHA
BIKTUMAJ TOYEIIAUTITI Typasibl O0JmKaM jkacanasl. JKeprigikTi TpaBUTAIIUSHBIH oCEPiH
€CKEPEeTiH KOHE eCelKe alblHOaraH (haKTopiapIblH dcepiH OaphIHIIA a3aiiTa amaTbiH
KaHa TOKIpUOeNiK cxemanapabl o3ipieyre Oaca Hazap aygapa oTeIpbil, G eimeynin
JOCTYPIIi ONICTEPiH KaiiTa Kapay KaKETTITIr Typajibl KOPBITHIHABI Kacaabl. AJIbIHFaH
HOTIKEJIEP/IiH CEHIMIUII MEH JIOMEKTLIIriH apTThipa aJlaTblH aybIPIIBIK KYILI MEH
TPAaBUTAIMSUTBIK TYPAKTBIHBI Oip yaKbITTa aHBIKTAyIbl KAMTHTBIH KEIICHII TOCIIIIH
MaHBI3/IBUTBIFBI aTall OTiIe/].
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AHHoTaumus. B crarbe paccMOTpEHbl METOABI OINPEEIEHUS T'PaBUTALMOHHON
nocrossHHOH G ®  (akTopbl BIMSIONIME HA TOYHOCTh H3MEpPEHHS JIAHHOM
(yHIaMEHTaIbHOM KOHCTaHTHI. BrimonHeHsl onpexneneHust G OBymMsi METOAAMHU U
aHaJIM3 TOUHOCTH IOJTy4YEHHbIX Pe3yabTaToB. Llenbio craTby sBisieTcs: aHaiu3 Hanboee
3G PEeKTUBHBIX METOAOB M3MepeHus: G M MOMCK IMyTed AajbHEHIIEro IMOBBILICHHS
TOYHOCTH B OIpPEJENIEHUN T'PaBUTAIMOHHON NMOCTOSHHOW. OmucaHbl Ba OCHOBHBIX
MOAX0/1a K U3MEPEHHIO: METOJI, OCHOBAHHBIH Ha M3ydeHHH BHelrHero gorodddekra, u
PE30HAHCHBIN METO/I C TPUMEHEHUEM KPYTHIIHHBIX BecoB KaBenauia, anantnpoBaHHBIN
U151 TIOBBILICHUS TOYHOCTH 33 CUET OAHOBPEMEHHOIO U3MEPEHNUS YCKOPEHHsI CBOOOIHOTO
MaJeHNs B HCCIETYyEMBIX TOUKaX. Bo BTOpOI 4aCTH CTaTbU NMPEICTABIECHBI PE3yAbTaThI
SKCIEPUMEHTOB, BBINOJIHEHHBIX JBYMs BBIIIEHAa3BaHHBIMH MeTonamMu. OTnenbHOe
BHHUMAaHHUE YJEIseTcss KOppeslsaluyd MeXay BeIMYMHOW H3MepeHHoro 3HaueHus G u
XapaKTePUCTHKAMHU JIOKAJIbHOTO TPaBUTAMOHHOTO (oHAa. Ha OCHOBE MOIYy4YEeHHBIX
JaHHBIX BBICKAa3aHO MPEOIOJIOKEHHE O BO3MOXHOM 3aBUCHMOCTH 3HA4YEHUS
IPaBUTALMOHHON IIOCTOSHHOM OT KOH(UIYypaUMM ¥ HHTEHCUBHOCTH JIOKAJbHOTO
rpaBUTAaLMOHHOTO Noms. Crenad BbIBOJ 0 HEOOXOIMMOCTH IEPECMOTpa TPAAULIUOHHBIX
MeTonuK m3MepeHus G, ¢ aKUEHTOM Ha pa3pabOTKy HOBBIX OSKCHEPHUMEHTAIBHBIX
CXeM, CIIOCOOHBIX YYHTHIBATh BIMSHHUE JIOKAIBHOW TPaBUTAMM W MHHUMH3HPOBATH
BJIMSIHUE HEYyYTEHHBIX (hakTopoB. [lomuépkHyTa Ba)KHOCTh KOMIUIEKCHOTO MOAXOJA,
MIPEINOIAralonIer0 OHOBPEMEHHOE ONPEAEICHUE CHUIBbI TSDKECTH U TPaBUTALIMOHHON
ITOCTOSTHHOM, YTO MOKET MOBBICUTH JTOCTOBEPHOCTH M CONIACOBAHHOCTH IOJIy4aeMbIX
pe3yABTaTOB.

KuroueBbie cj10Ba: TpaBUTallMOHHASI TTOCTOSHHAS, KPYTHIIBHBIE BECHI, SKCIIEPUMEHT
KaBennuiia, MOMEHT WHEPIMH, BHEITHUN (OTOAP(EKT, pe30HAHCHBII METOT
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Introduction. The gravitational constant G is involved in Newton's equation and
Einstein's general theory of relativity, and is also used to determine the masses of
planets and the force of interaction between objects in the micro- and macroworld.
However, despite its fundamental role in science, the gravitational constant remains one
of the least accurately known physical constants. Unlike other constants, such as the
speed of light or Planck's constant, the value of G is difficult to measure experimentally,
since the results of various laboratory experiments, even with high accuracy, still show
discrepancies that exceed the expected errors. This uncertainty not only represents
an interesting experimental problem, but also limits the accuracy of calculations in a
number of fundamental and applied areas of physics.

The English scientist Henry Cavendish first determined the value of the gravitational
constant in 1798 using a torsion balance. At that time, the value of G was obtained as
6,754x10"*m*kg ™ ¢ 7% and its relative error did not exceed one percent. Since the
Cavendish experiment, various methods and approaches to measuring the gravitational
constant have been used and proposed. These include early torsion balance refinements
with angular acceleration feedback (Gundlach & Merkowitz, 2000), updated reviews of
fundamental constants (Mohr et al., 2016), improved determinations with dual methods
(Quinn et al., 2013), the torsion method (Luo et al., 2005) and seconds pendulum
method (Newman et al., 2006), experiments using atomic interferometry (Bertoldi et
al, 2006), experiments in space, away from interfering effects (Brown, 2023). Some
of these methods may require complex experimental conditions and give results with
varying accuracy. We will present the most interesting and highly accurate experiments
performed in recent decades and their results.

A brief review of the literature on the definition of the gravitational constant. As
noted by G. Rosi (Rosi et al., 2014), the first accurate determination of G using laser-
cooled atoms and quantum interferometry to study gravity is reported. The basic idea
of the experiment is to use an atomic interferometer as a gravity sensor and precisely
known masses as the source of the gravitational field. By accurately measuring the
acceleration of the atoms created by the source mass and knowing the mass distribution,
it was possible to determine the value of the gravitational constant G. The experiment
yielded a value of G = 6.67191(99) x 10—11 m? kg! s72, with a relative uncertainty of
150 ppm, which is 1.5 combined standard deviations from the current recommended
value of the Committee on Data for Science and Technology (CODATA).

Also known are the results of measuring the gravitational constant using scales and
13 tons of mercury (Schlamminger et al., 2014), which were previously performed by S.
Schlamminger from the University of Zurich and published in 2006. In this experiment,
two large cylinders, each filled with mercury weighing 6760 kg, created the gravitational
field. The joint work of scientists led to the value G = 6.674 252(122) x 107! m3 kg's 2.
The relative standard uncertainty of the measurement was 18x107°,

Experiments performed by Chinese scientists (Li et al., 2018) in collaboration with
a Russian researcher provide another contribution to the challenging task of measuring
the value of G. By performing two independent determinations of G in torsion pendulum
experiments, using the swing time method and the angular acceleration feedback
method, the obtained G values are 6.674184x107!" and 6.674484x107"! m3 kg 's? with
relative standard uncertainties of 11.64 and 11.61 ppm, respectively. These values have
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the smallest uncertainties reported to date, and both agree with the latest recommended
value within two standard deviations.

Another experiment to measure the gravitational constant G, based on cold atom
interferometry, was carried out in 2018 by Italian and Dutch scientists (Lamporesi et al.,
2008). The experiment resulted in a value of G = 6.667 107! m’kg's?. The statistical
uncertainty is estimated at £0.011 10" m’kg's? and the systematic error is £0.003 10"
m’kg's? The long-term stability of the device and the signal-to-noise ratio demonstrated
here open up good prospects for further improving the measurement accuracy.

In recent years, large variations in the measured values of G have led scientists to
question whether G is really a constant at all. Some theories and studies (Kordi, 2009)
suggest a possible variation of the gravitational constant on cosmological or quantum
scales. Although the vast majority of scientists believe that G is a constant and that, the
variations are caused by large systematic measurement errors. The current situation
with conflicting values of the gravitational constant highlights the need for additional
measurements and analysis of sources of measurement errors, including the influence of
the gravitational field at the observation points.

Methods and materials. The authors of this article previously determined the
gravitational constant using the acceleration method (Shalenov et al., 2024), with the
Atwood machine. As a result, the obtained value of G was equal to 6.670679x10!!
m’kg's?, the error of which was 0.0018105x10™"" m*kg's?, compared with the value
of G currently accepted by the Committee on Data for Science and Technology. It
was concluded that it is necessary to improve the accuracy of measuring the time of
movement of the weights to obtain a more accurate value of G using this method.

In order to analyze the sources of errors affecting the experiment to determine G and
to obtain the true value of this constant, two more experiments were performed. One
of which was performed based on the study of the external photoelectric effect, and the
other by the resonance method using the Cavendish torsion balance.

The first method of determining the gravitational constant is based on the study of
the photoelectric effect method, by means of which Planck's constant is first determined,
and then G itself. The photoelectric effect is studied on an installation that consists
of: 1) a photocell and an incandescent lamp placed on an optical bench; 2) a digital
microammeter and voltmeter, combined with a rheostat into one electronic unit of
devices (Fig. 1).
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The operation diagram of the setup for studying the photoelectric effect is shown
in Figure 2. The vacuum photocell is enclosed in a protective casing with a window
and is a glass bulb, half of which is coated on the inside with a thin layer of alkali
metal. This layer is the cathode of the photocell. The anode is a metal ring located in
the center of the bulb. The light source is a halogen incandescent lamp. To regulate the
brightness, the voltage U is varied by the knob located on the left side of the front panel
of the electronic unit. Monochromatic radiation is obtained using light filters fixed in
a rotating frame (the wavelengths of the light filters are indicated on the setup). The
photocurrent is measured by a digital microammeter - a digital display located on the
left on the front panel of the electronic unit. The voltage on the photocell is changed
by rotating the rheostat knob (the right side of the front side of the electronic unit) and
measured by a digital voltmeter - a digital display located on the right on the front panel
of the electronic unit. Switching between the delay and acceleration voltage modes is
performed using a polarity switch located at the bottom of the electronic unit panel.

i 2 3 [ .
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Figure 2. Schematic diagram of the setup for studying the photoelectric effect: 1 — incandescent lamp;
2 — light filters in a frame; 3 — photocell; 4 — rheostat; 5 — polarity switch.

The experiment is performed in the following order: a light source, a set of light
filters and a photocell are placed on the optical bench. For a light filter with A =505 nm,
the maximum current is set in the incandescent lamp. By changing the position of the
photocell on the optical bench relative to the incandescent lamp, the photocurrent [=0.6
pHA (U=0) is set. Then the operating mode is switched to the holding voltage U3, and
zero value of the photocurrent is achieved (I=0). The value of the holding potential is
read from the digital display of the unit and entered into the table. Then, steps 2-3 are
repeated for other light filters without changing the position of the photocell.

The results are processed in the following order: calculate the frequencies A
transmitted by the light filters; plot a graph of the linear dependence U= f(n . Extrapolate
the resulting straight line until it intersects the ordinate axis. From the graph, find the
cutoff frequency n (at n =n, U,=0B) and the delay voltage (at n =0):

UH =}1f€ (1)
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Then, the work function of the electron A from the cathode is calculated using the
formula:

A=U, 16021766208 107 () )

Planck’s constant is found from the expression:
h = f-lf Py (3)
From the value of Planck’s constant, the gravitational constant G is found as a

function of h (Mercier, 2016):

_ Zm i"E.3 e® al?

C="m 4)

where ¢ is the speed of light in a vacuum; a is the fine structure constant; r_ is classical
electron radios; p=3-V5, is the ratio between the rate of expansion of the material
universe and the rate of expansion of the luminous universe.

The second method of determining the gravitational constant was performed using a
Cavendish torsion balance, with simultaneous observation of the acceleration of gravity
at the point of standing. It is believed that the location of the observation point does
not affect the value of the gravitational constant G, since it is a universal constant and
does not depend on the location of the observer. However, the desire of some scientists
(Feldman et al., 2016) to measure G in deep space was motivated precisely by the goal
of eliminating the influence of Earth’s gravity on the course of the experiment.

As some researchers believe, a more precise value and the possibility that G may vary
with time, location, or the type of matter involved could be related to improvements in
Einstein’s general theory of relativity, including quantum gravity. To find out if there
is a correlation between the change in gravity and the G number, we performed an
experiment at four stations located at different altitudes above sea level in the city of
Almaty and the nearby Trans-Ili Alatau Mountains.

The experiment was performed using the resonance method with a Cavendish
balance, with simultaneous measurement of the gravity increment Ag (relative to the
original gravimetric point) at the observation point with a CG-6 AUTOGRAV relative
gravimeter (Fig. 3).




ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

In the controlled resonance method, the large balls are rotated back and forth between
two extreme positions so that the force of gravity between the large balls and the boom
always does positive work on the balance, and the amplitude increases until the energy
loss from damping is equal to the work done by gravity. To determine G, it is necessary
to know the damping coefficient of the balance, which is determined by measuring the
amplitude attenuation during free oscillation of the balance. The gravitational constant
is determined from the expression:

G = K8, R*/(2Mmd) ()

where

K — torsion spring constant;

O, change in the boom equilibrium angle when turning large masses from the
central to one of the extreme positions;

R — distance between the centers of the large and small balls;

M, m — masses of the large and small balls;

d — distance from the axis of rotation to the center of the small sphere.

The torsion constant is found by the formula:

K =4n1/T? (6)

where

T — period of oscillation of the boom;

1 —total moment of inertia of two small spheres.

To determine the change in the balance angle © , a minimum of three adjacent turning
points ©, are measured when the balance is resonantly driven and three adjacent turning
points when the balance is in a free-damping state. Each set of three measurements
requires the balance to oscillate for one complete cycle, which, depending on the length
of the tungsten fiber, is about 4 minutes or less. The damping coefficient x is then
determined from the expression:

x=1—(6,—6y)/ (68, -6, +6; —6,+-—6y_,) )

The value of the angle O is calculated using the following formula, taking into
account the value of the coefficient x:

Oy = [(1—x)(6, — 6, +6; — 8, + - 8y) — 6, + x,NJ/[(N-1)(1+x)] (8)

When calculating the gravitational constant in order to achieve the best balance,
corrections are introduced for the attraction of the large sphere to the distant small
sphere and a correction for the gravitational moment acting on the beam.

Results and discussion. In the first method of determining G based on the study of
the photoelectric effect, the cutoff frequencies n jwere determined, corresponding to the
wavelengths of light A transmitted by light filters (Table 1).
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Table 1. Results of studying the photoelectric effect and determining the delay voltage T,

A 595 590 540 525 505
v.¥10" [ 5.038529 5.081228 5.551712 5.710333 5.936484
U. n 0.053 0.071 0.266 0.331 0.425

Borderline 7_ = 2.031136B Cutoff frequency n

A graph of the linear dependence U3= f{v) was constructed (Fig. 4) and the cutoff
frequency n, (at n=n,, U,=0V) and the arresting voltage U3 (at n= 0) were determined
from the graph, and the following were calculated: the work function of the electron
from the cathode A, Planck’s constant h and the value of the gravitational constant G
according to formulas (2)-(4). As a result, G ® 6.67227- 10" m* kg!' ¢? was obtained,

with an accuracy of 0,0004731-10""' m* kg ¢,

1.0

0.5+ a
0.0 -

> 0.5

. s

= =1.04 z

-1.54
L= *  Experiment

-2.01 Approximating line
-2.5 . . :
0 2 3 4 5 6
v, x10" Hz

Figure 4. Linear dependence graph U = f(v)

In the second method of measuring G, the observation points were at different heights
(Fig. 5) and, accordingly, had different gravity values.

Figure 5. Layout of observation stations

At this stage of the research, it was sufficient to use four observation points, which
made it possible to obtain information about the presence of a correlation between the
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values of the gravitational constant and the increment of gravity at the standing points.
During the experiment, measures were taken to reduce the influence of external factors
such as temperature changes, vibrations and electromagnetic interference by conducting
the experiment in a closed room at a constant room temperature and in the absence of
foreign gravitational objects and power sources. The torsion balance and gravimeters
were not connected to external power sources during the experiments. The results
of determining G by the resonance method at four stations and the measured gravity
anomalies are given in Table 2.

The G values obtained at different altitudes differ from each other and correlate with
the values of the gravity increments at the observation points, confirming the fact that
the result of the experiment on measuring G is affected by the gravity at the observation

point. Moreover, the greater the gravity value, the greater its influence on the accuracy
of measuring G.

Table 2. Results of determining G by the resonance method at four stations

Ne | Latitude B, | Height of Gravity increment | Gravitational constant | Accuracy of G
Longitude L | the point, H | Ag, mGal G, m*kg's? determination, m* kg™ s72

1 43314419 |[835.20 3977.944 6.670372-10" -0,000588 10"
76.809555

2 143.236290 |848.01 3947.484 6.6708154 -0,000522-10"
76.931526

3 [43.158056 |1685.20 3780.964 6.672358-10" -0,000291-10"
77.059662

4 143.127500 |2295.80 3662.180 6.673542-10" -0,000113-10"
77.080005

To reliably establish the relationship between high G and measured gravity, it is
necessary to conduct an experiment at a significant number of stations located at different
altitudes above sea level. This experiment will allow us to determine the correction
required to the measured G value to eliminate local gravity.

A preliminary analysis of the available data reveals a correlation between the G
value and local gravity that is quite close to linear (Fig. 6).

o a0t Linear regression: G vs. Ag
Y 6674 *

Gravitational constant G (m> kg™

L I
3650 3700 3750 3800 3850

Gravity increment Ag (mGal)

I I
3900 3050 4000

4 x107 i of the linear
T T

Residuals (Measured G - Fitted G)
L .
|

I L
3650 3700 3750 3800

. .
3900 3950 4000
Gravity increment Ag (mGal)

Figure 6. Relationship between G and local gravity
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Conclusion. In general, the values of the gravitational constant obtained by the
three methods differ from each other and coincide with the value adopted by the
Committee (CODATA) within two decimal places. The reasons for the discrepancies
in the experimental results are insufficient measurement accuracy and the influence of
external noise sources, including the gravitational field at the point of the experiment.
To enhance the accuracy of the results, it is essential to account for the influence of
external error sources as thoroughly as possible and to conduct a preliminary estimation
of measurement accuracy based on the desired precision in determining the value of G.
It is also recommended to use fundamentally different approaches to determining the
gravitational constant for comparative analysis and identifying a more accurate method
for determining this constant. Taking into account that the gravitational constant is
measured on the surface of the Earth, it seems relevant to jointly measure large G and
small g in order to take into account the influence of local gravity.
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Abstract. FS CMa-—type stars are interacting binaries that show the B[e] phenomenon
and strong infrared excess from dusty circumbinary material. We present a high-
resolution spectroscopic study of IRAS 07080+0605 (A0-A1 II) to measure its orbital
motion and test a common-envelope (CE) origin. Our dataset comprises 20 echelle
spectra from FEROS, REOSC, Gecko, and ESPaDOnS (R = 18 000-100 000; 3900—
10 150 A). Radial velocities were obtained via cross-correlation in IRAF/RVSAO;
periodicities were identified with a Lomb—Scargle periodogram; orbital elements and
their uncertainties were derived via Bayesian inference implemented with the MCMC
method. We find a short-period solution with P=23.97+0.01 days and a semi-amplitude
K1 =10.45+1.70 km % s™'. The mass function together with literature constraints on
M1 and inclination from SED modeling, implies a low-luminosity secondary consistent
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with a compact or low-mass main-sequence companion. The combination of a short
orbital period and a persistent dusty disk is incompatible with a full AGB envelope
and instead points to recent CE evolution that ejected the envelope and shrank the
orbit to weeks. IRAS 07080+0605 thus emerges as a short-period FS CMa binary in a
transitional post-AGB state, providing a benchmark for studying dust production and
angular-momentum loss in non-conservative mass transfer and for testing CE-driven
pathways to compact binaries.

Key words: spectroscopy; binary stars; B[e] stars; common envelope; stellar
evolution; IRAS 07080+0605
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Annoramusa. FS CMa tunrti sxyngennap — Ble] denomeHi MeH maHabl
LUPKYMOMHAPIBIK OpTaAaH TYBIHOAWTBIH KYIITI MHQPAKbI3bUI apThIFbl Oap e3apa
opekerteceTiH Koc kyiiasiaap. biz IRAS 07080+0605 (A0-Al II) HbicaHbiHa
KOFapbl aWBIPHIMIBI CIIEKTPOCKONMSIIBIK 3€pPTTEYy YCHIHAMBI3, OHBIH MAaKcaTbhl —
OpOMTANBIK KO3FANBICHIH eey jkoHe >kammbl KaOblK (CE) cuenapuiiin Tekcepy.
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Maonimerrep sxubiHbel FEROS, REOSC, Gecko sxone ESPaDOnS xypangapsiMen
aneiaFan 20 smenne-ciektpaeH Typaasl (R = 18 000-100 000; 3900-10 150 A).
Coynenik xpurmaMabikTap IRAF/RVSAO oprackiHaarbl KpOCC-KOPPEISIINS dMiCiMeH
aHbIKTaNAbl; nepuoAThutbikTap JlomMO—Ckapria mepuomorpaMMachiMeH TaOBLIIb;
opOUTANIBIK 3JIEMEHTTEp MeH osapAblH Oenricisnikrepi baliecnik KOpBITBIHIbLIAY
apkbU1bl, MCMC anicimen ajbinabl. Kpickanepuoars! miemnriv anbiaasl P=23.97 £ 0.01
TOYIMIK XKoHe kapThl amrumuTyaacel K1 = 10.45 £ 1.70 xm X o1, Maccanbik byHKIHA,
oneduerteri M1 mexreynepi xone SED-monenbaeyneH ansiHFaH opOnTa eHKEIOIMEH
Oipre, TeMEH JXapKbIpaylibl CKIHIII KOMIIOHEHTTI MEH3eH/Ii; OJ BIKTUMaJl KOMIIaKTi
00BEKTI HeMece a3 Maccaybl 0ac TI30eK >KyJbI3blHA cail kenemi. Kpicka mnepuoj
TIeH TYPaKTHI IMIAHIBI AWCKIHIH Karap Oalkamyel TONbIK AGB KaOBIFBIH cakTayMeH
CBHIWBICTIANIBI JKOHE, KEPICIHIIe, KaKbIH/a OTKEH JKaJIbl KAOBIK Ke3€HiH, OHJIa JKYJI/II3
KaOBIFBI TACTAJIBIT, OPOUTA anTaiap MIaMaChIHAFbl TICPUOJITApFa JICHIH KBICKApFaHBIH
kepceteni. Ocpunarinma IRAS 07080+0605 etneni post-AGB kyitiHgeri KbIcKanepuoaThI
FS CMa xyiieci perine KepiHesi xoHe mMacca OepyiHiH HEKOHCEPBATHUBTI pexXiMiHIe
IaH TY31Tyl MeH OYPBIIITHIK UMITYJIhC )KOFaIybIH, coHAai-ak CE-MeH KasbimTacaTsiH
KOMITaKTI KOC KYHENepIiH SBOJIOIUIIBIK KOIJAPbIH 3epTTEyre YJTi HbICAH OOJIBII
TaOBLUIABI.

Tyiiin ce3nep: Koc Xyap3aap, B[e] JKyJIab3aapel, Kambl KAOBIK, KYIIIBI3IaPIBIH
spomonuscel, IRAS 07080+0605
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Annoraums. 3Be3nbl Tuna FS CMa — 3To B3auMOAeiCTBYIOIIUE TBOIHBIE CUCTEMBI,
JeMOHCTpupytone (GeHomeH B[e] u BbIpaKeHHBIH HH(PpPaKpacHbId H30BITOK OT
IIBIJIEBOTO LIMPKYM OMHApHOTO BemiecTBa. MBI NPEICTaBIsieM BBICOKOKAUECTBEHHOE
cnekTpockonmyeckoe wuccnenoBanne IRAS 07080+0605 (AO0-Al 1I) ¢ wenbpro
n3MepeHus e€ OpOMTaJbHOTO IBIIKEHHS M TMPOBEPKU CIEHApusi oO0medl 00010uku
(CE). Habop nannbix Bkiroyaer 20 suresie-crieKTpoB, monydeHHbix Ha FEROS,
REOSC, Gecko u ESPaDOnS (R = 18 000-100 000; 3900-10 150 A). JIyueBsie
CKOPOCTH OIIpeJIeIeHbl MeToA0M Kpocc-koppemsannu B IRAF/RVSAQO; nepuonnaaocT
BBISIBIICHBI  niepuogorpaMmoit  Jlomb6a—Ckapria; opOuTanbHbIE 3JIEMEHTBI M HUX
HEOMpPENIEICHHOCTH TOJIy4eHbl Yepe3 O0ailleCOBCKYIO CTaTUCTHKY, pPEaJTU30BAHHYIO
yepe3 metox MCMC. Haiineno xopoTtkonepruoandeckoe pemenue ¢ P =23.97 + 0.01
cytok 1 nonyammautynod K1 =10.45 + 1.70 km x ¢!, @yHKUMA Macc B COYETAHUH C
JUTEPaTypHBIMU OrpaHWdeHusIME Ha M1 u Haknon opoutsl u3 SED-mozennpoBaHus
yKa3bIBa€T Ha BTOPUYHYIO KOMIIOHEHTY, C HHU3KOH CBETHMOCTHIO, COBMECTHMYIO C
KOMIIAKTHBIM OOBEKTOM HJIM MaJIOMAaCCHBHOW 3BE€310H INIaBHOW IOCIJIEA0BATEILHOCTH.
Coueranue KOPOTKOTO MEPUOAAa M YCTOMYMBOIO IBIJIEBOIO JHCKa HECOBMECTHMO
¢ coxpaHeHHOH moiHOoil AGB-000504KOl M, HAaMpOTHB, yKa3blBaeT Ha HEAABHIOIO
(aszy oOmieit 000sI0uKH, BO BpeMsi KOTOpOH o0oyiouka Obuia cOpoleHa, a opOuTa
COKpaTHIach 110 nepuonoB nopsiaka Henenb. IRAS 07080+0605 tem cambIM mpencTaeT
kopotkonepuogHoit FS CMa-cucremoii Ha nepexonHoit noct-AGB craauu u CiyXut
OPHEHTHPOM Ul W3y4YCHHMs MbLICOOpa30BaHUS M IOTEPh YIIOBOIO MOMEHTA MNpU
HEKOHCEpBATUBHOM mepesiaue Macchl, a Takxke A nmpoepku CE-yrnpaBnseMbIx myTeit
(hopMUpOBaHHS KOMITAKTHBIX JIBOWHBIX.

KuaroueBble cjoBa: CHEKTPOCKOIHS, IBOMHBIC 3Be3dbl; B[e]-3Be3mbr; oOmas
o0oitouka; sBoronus 3831, IRAS 07080+0605

Introduction. The FS CMa-type objects demonstrate features of the B[e] phenomenon
(presence of forbidden emission lines and IR excess). These stars were singled out as
a separate new group by Prof. Miroshnichenko (2007). A leading hypothesis of the
nature of the FS CMa objects are binary evolution with non conservative mass transfer,
according to the confirmed results of the analysis (Miroshnichenko et al., 2023).

IRAS 07080+0605 is an emission-line star that was first noted in an Ha survey
by Kohoutek & Wehmeyer (1999). It was later classified as an FS CMa-type star by
Miroshnichenko et al. (2007) based on its prominent B[e] characteristics, including
strong permitted (e.g. H I, Fe II) and forbidden (e.g. [O I], [Ca II]) emission lines and
a significant infrared excess. Classified as approximately A0-A1: II (Condori, 2019),
it has attracted considerable attention in the context of stellar evolution due to its
distinctive characteristics. IRAS 07080+0605 shows pronounced emission lines and a
strong infrared excess similar to that seen in FS CMa stars. The dust component consists
of carbonaceous compounds rather than silicates, which distinguishes the object from
classical B[e] stars. However, its exact evolutionary status remains uncertain. Previous
observations by Khokhlov (2022) made it possible to determine the object’s basic
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physical parameters, detect photometric variability with cyclic changes in brightness,
and rule out a young stellar nature. Moreover, a number of its properties resemble those
of the well-known binary system Red Rectangle, which possesses a developed dusty
disk. This similarity has prompted the hypothesis that IRAS 07080+0605 could represent
an earlier evolutionary stage of objects like the Red Rectangle. IRAS 07080+0605 is
characterized by the fundamental parameters Teff = 8500 K+ 500 K, log g=2.0,and L=
216 Lo, with a corresponding radius of R = 6.8 Re. Parameters were determined through
synthetic spectrum modeling using SPECTRUM. The resulting spectrum demonstrates
a high degree of agreement with the observed data, confirming the reliability of these
estimates (Khokhlov et al., 2022).

The present study aims to further investigate IRAS 07080+0605, particularly by
determining its orbital parameters, estimating the mass of the secondary component.
These objectives will help deepen our understanding of how stars in close binary
systems interact and how such processes contribute to dust production in our Galaxy.
The new insights gained from this object may also shed light on the broader class of
B[e] stars and their significant role in stellar evolution.

Methods and materials. Before any quantitative analysis, all spectra underwent
standard preliminary reduction procedures using the IRAF environment. The reduction
included continuum normalization, cosmic ray removal, and correction for instrumental
effects. These steps ensured spectral consistency across different epochs and improved
the reliability of subsequent radial velocity (RV) determinations.

To derive the RV of the stellar component, we employed the cross-correlation
method, which identifies the Doppler shift between an observed spectrum and a
reference template by maximizing their similarity. We used 20 high-resolution optical
spectra of IRAS 07080+0605 obtained with FEROS at ESO (R = 48,000), REOSC at
SPM (R = 18,000), and Gecko and ESPaDOnS at CFHT (R = 100,000 and 65,000). The
spectral range spans 390010150 A. The analysis was carried out using the xcsao task
from the RVSAO package (Mink, 1998) within IRAF. This task computes the cross-
correlation function (CCF) between a target and a reference spectrum, locates its peak,
and determines the wavelength shift AL. The resulting shift is then converted into a RV
using the Doppler formula. As a template, we selected one of the highest-quality spectra
from our dataset to ensure consistency in line profiles and instrumental characteristics.
Additionally, xcsao provides formal errors in the measured velocities based on the
peak’s sharpness and symmetry.

The resulting RV measurements, obtained at multiple epochs, were used to
characterize the orbital motion of the system. Assuming Keplerian motion, the RV curve
was approximated by the standard model:

Vr=y +K - (cos(v+ w)+e-cosw) (1)

Where Vr is the RV, K is the RV semi-amplitude, v is the true anomaly, e is the orbital
eccentricity, and o is the argument of periastron. In the special case of a circular orbit
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(e = 0), this expression reduces to a simple sinusoidal function dependent on the orbital
phase.

To investigate the periodic behavior of the RV variations and spectral line shifts,
we applied a Lomb-Scargle periodogram analysis. This technique is particularly
well-suited for unevenly spaced observational data, such as those commonly found in
ground-based spectroscopic monitoring campaigns. The Lomb—Scargle periodogram is
particularly well-suited for the analysis of unevenly sampled time series, as it preserves
the native temporal structure of the data without requiring resampling or interpolation
(Scargle, 1982). Its formulation enables the robust detection of sinusoidal or quasi-
periodic signals, even in datasets affected by observational gaps or substantial noise.
Using this method, we identified the dominant frequency in the RV data, corresponding
to the orbital period of the binary system. The derived period was adopted as an input
parameter in the final orbital model fitting, described further below.

To determine the orbital parameters of the binary system IRAS 07080+0605, we
developed a specialized Python-based software framework designed for the analysis
of RV measurements obtained over multiple epochs. The framework integrates several
widely used scientific libraries: NumPy (1.26.4) for numerical computations, Pandas
(2.0.3) for structured data processing, Matplotlib (3.8.4) for visualization, and scipy.
optimize (1.13.0) for nonlinear least-squares fitting. For statistical inference and
uncertainty estimation, we employed the emcee package, which implements the affine-
invariant ensemble sampler for Markov Chain Monte Carlo (MCMC) analysis (Foreman
et al., 2013).

The analysis was carried out in two primary stages. First, we performed a nonlinear
least-squares fit using scipy.optimize to obtain initial estimates for the orbital period (P),
systemic velocity (y), and RV semi-amplitude (K). These preliminary values served as
starting points for the MCMC procedure. To refine parameter estimates and rigorously
assess their uncertainties, we adopted a Bayesian framework using emcee. The posterior
probability distribution was constructed as the product of a Gaussian likelihood
function—assuming normally distributed observational errors—and physically
motivated priors. We adopted uniform priors within plausible bounds based on initial
fits and physical constraints (e.g., positive semi-amplitudes and periods). The MCMC
sampler was initialized with multiple walkers and run for a sufficiently large number of
iterations to ensure convergence and adequate sampling of the posterior.

Once the orbital period was established, observational epochs were converted into
orbital phases. We constructed the phase-folded RV curve and overlaid the best-fit model
to evaluate the quality of the solution. The reference phase (zero-point) was defined at
time To, corresponding to the point where the RV crosses the systemic velocity from
above—facilitating comparison with theoretical predictions and analogous systems.

This methodology provides a consistent and statistically robust determination of
the orbital parameters P, y, K, and To, along with credible uncertainty estimates. These
results lay the groundwork for subsequent dynamical modeling and interpretation of the
system’s evolutionary stage.
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Results. To characterize the orbital motion of IRAS 07080+0605, we constructed
a RV curve using the measured velocities and corresponding heliocentric Julian
dates (HJD) obtained from our spectroscopic dataset. The RV points were plotted as
a function of orbital phase, calculated based on the period derived from the Lomb—
Scargle periodogram analysis. This resulting phase-folded RV curve is shown in Fig. 1.

Figure - 1. RV variations based on spectral line measurements. The red curve folded with the best-fit
orbital period.
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Based on the inclination angle of i = 79° and the primary component’s mass of
approximately 3 + 0.2 Me, both derived from spectral energy distribution (SED)
modeling (Khokhlov et al., 2022), the mass of the secondary component was estimated
using the standard mass function. For the adopted inclination, the resulting mass is
0.327 £ 0.020 Me (Fig. 2). The primary mass value accounts for luminosity attenuation
caused by circumstellar dust, which also explains the observed significant optical
dimming and the infrared excess due to dust re-emission.

Table Nel - Comparison of orbital parameters

Elements Value
1 P (days) 23.97+0.01
2 To (HID) 3376.45+£0.70
3 v (km X s71) 1.89 + 1.47
4 Ki (km % s) 10.45+ 1.70
5 f(m), Mo 0.003 = 0.002
6 N 20

Parameters listed are as follows (line number): 1—orbital period, 2—periastron
(elliptical) or superior conjunction (circular), HID — 2,450,000., 3—systemic velocity,
4—semi-amplitude of the RV variation of the visible component, 5—mass function,
and 6—number of spectra used in the orbit calculation.

This estimated companion mass suggests that the system likely contains a compact
object, such as a low-mass main-sequence star, a white dwarf, or another degenerate
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companion. Importantly, to assess the robustness of this estimate, we considered a range
of inclination angles, varying it within 1 = 79 + 4°. This range reflects the uncertainty
associated with the disk inclination derived from SED fitting and directly affects the
derived secondary mass. When recalculating the mass function over this interval, the
secondary mass was found to vary between approximately 0.31 and 0.35 MK, which still
excludes a luminous companion and reinforces the interpretation that the secondary is a
compact, low-luminosity object.

Furthermore, no spectral signatures attributable to a secondary component were
detected in the optical spectrum, lending additional support to the scenario of a faint
or degenerate companion. If the secondary were a luminous giant or an intermediate-
mass star, its spectral contribution would likely be detectable in high-resolution spectra
or manifest in significant photometric variability inconsistent with the observed light
curve.

Taken together, the derived mass function, the inclination constraints from SED
fitting, and the spectroscopic non-detection of the secondary all converge toward
a consistent picture in which the companion is a low-mass, compact object. These
findings are consistent with expectations for post-common-envelope binaries, where a
substantial portion of the envelope mass has been lost and the secondary star remains in
a tight orbit following the interaction.

Figure - 2. Secondary mass M: as a function of orbital inclination i for the IRAS 07080+0605.
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Dependence of the secondary mass M- on the orbital inclination angle i (Fig. 2),
assuming a fixed primary mass of Mi=3.0 Me and an observed mass function
f(m) = 0.003 Me. The solid blue curve represents the best-fit solution for M2, while the
light blue shaded region corresponds to the uncertainty caused by + 0.2 Me variation
in M. Vertical red dashed lines indicate selected inclination angles (75°, 79°, and 83°)
used for comparison.
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IRAS 07080+0605 is considered a system transitioning towards the post-AGB phase.
Our analysis of RV has revealed an orbital period of ~24 days, which is significantly
shorter than the typical orbital periods observed in most post-AGB binary systems,
which usually range from several hundred to several thousand days (Bollen et al., 2022;
Kluska et al, 2022)

Such a compact orbit is too small to accommodate a fully expanded AGB star,
implying that the primary’s envelope was shed during a CE phase. In a CE event,
a companion is engulfed by the giant’s extended envelope, and the two cores spiral
inward while orbiting inside a single envelope. Dynamical friction (drag forces) within
the envelope transfers orbital energy and angular momentum from the binary’s orbit to
the envelope gas. This process leads to a rapid orbital decay: the released orbital energy
heats and accelerates the envelope. If sufficient energy and momentum are deposited to
overcome the envelope’s binding energy, the envelope is ejected, leaving behind a close
binary system; otherwise the two stars may merge. (Ropce et al., 2022).

In the case of IRAS 07080+0605, the observed ~24-day orbit and low radial-velocity
amplitude (only ~10 km s™') indicate the presence of a low-mass secondary star that
likely survived the spiral-in phase within a common-envelope interaction. The drastic
shrinkage from a giant-star radius separation down to an orbit of only 0.2 AU strongly
suggests a common-envelope ejection as the mechanism for forming this close pair
(Oomen et al., 2018; Izzard et al., 2012).

During the CE phase, the expanding envelope of the AGB star engulfs its close
companion, and intense drag forces within the shared envelope cause the companion to
spiral inward. As a result, orbital energy and angular momentum are transferred to the
envelope gas, leading to a dramatic reduction in orbital separation. This process lays the
groundwork for the formation of compact binaries with short-period orbits of only a few
days (Izzard et al., 2012), as well as close pairs of white dwarfs, neutron stars, X-ray
binaries, and other compact systems (Webbink, 2007; Ropce et al., 2022). CE evolution
is considered one of the most important yet least understood processes that determine
the formation of close pairs of compact objects (Ivanova, 2011).

Discussion. IRAS 07080+0605 appears to be an unusual post-AGB object in that its
orbital period (~24 d) is extremely short compared to most known post-AGB binaries.
In contrast, binaries that do pass through a common envelope typically end up with
periods of only a few days (Oomen et al., 2018). For example, many close binary
central stars of planetary nebulae (the products of CE ejection on the AGB) have orbital
periods of hours to days. Surveys of planetary nebula nuclei in the Galactic bulge show
a clustering of periods shorter than 1 day, with a tail up to a few days — these systems
are essentially the lower-mass analogues of IRAS 07080+0605, where the primary has
already become a hot white dwarf core. A notable case is the binary core of the PN Hen
2-428, which has a period of only 0.17 days and is believed to be a double-degenerate
system formed via CE evolution (Miszalski et al., 2009).

According to classical models (Webbink, 2007), when a companion spirals into the
envelope of ared giant or AGB star, orbital energy and angular momentum are transferred
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to the envelope. If the deposited energy exceeds the envelope’s binding energy, it may
become unbound and ejected from the system, forming either a wide outflow or a bound
equatorial disk — the latter often seen in systems like IRAS 07080+0605. The presence
of such a bound disk, as opposed to a freely expanding outflow, serves as additional
evidence supporting a common-envelope evolution scenario in this system.

Recent 3D hydrodynamic simulations (Ricker et al., 2012) support this scenario.
They demonstrate that CE interactions can naturally produce post-AGB binaries with
short-period orbits on the order of 0.2—1 AU, surrounded by residual disk-like structures,
especially when the ejection is asymmetric. Post-AGB stars still burning helium (or
hydrogen) in a shell, like IRAS 07080+0605, are rarely seen with periods as short as a
few tens of days because they evolve quickly: after envelope ejection, the core contracts
and heats up to become a planetary nebula nucleus on timescales of 1000-10000 years
. The properties of IRAS 07080+0605 (B[e]-type emission, a dusty disk) point to an
object that has recently shed its envelope and has not yet fully heated up.

Another noteworthy analog is HD 101584, a binary system that underwent a
premature termination of its giant phase. ALMA observations of HD 101584 reveal a
complex bipolar and equatorial outflow structure; this is interpreted as the result of a
common-envelope ejection that halted just before merger, leaving a subgiant core and a
companion with a circumbinary nebula. The estimated kinematic age of the outflows is
approximately 770 years (assuming a distance of 1 kpc), suggesting that the envelope
ejection occurred relatively recently. This timescale supports the interpretation of HD
101584 as a system caught in a transitional post-common-envelope phase (Olofsson
et al., 2019). HD 101584 thus provides rare direct evidence of a common-envelope
interaction caught in progress, where the anisotropic envelope ejection was likely driven
by a spiral-in companion. Such dynamics are highly consistent with the morphology
and orbital configuration inferred for IRAS 07080+0605, suggesting that it too may
represent an outcome of an incomplete or stalled CE phase. These examples reinforce
the interpretation that short-period binaries like IRAS 07080+0605 are best understood
as post-common-envelope systems — analogous to close binary central stars of planetary
nebulae, but observed at an earlier evolutionary stage.

Conclusion. Our study of IRAS 07080+0605 reveals a remarkable example of
a binary star emerging from an episode of strong binary interaction. The object is
characterized by an A-type luminous component embedded in a dusty circumstellar
disk, and a close companion in a ~24-day orbit. It exhibits significant dust-driven
variability (190-day quasi-cycle) and shows evidence of substantial extinction along the
line of sight. Notably, IRAS 07080+0605 does not show the heavy-element depletion
seen in many post-AGB binaries with dusty disks (no evidence of the photospheric
metal deficiency that is common in evolved post-AGB stars), and no extended nebula
is detected around the system. These findings suggest that while the star has left AGB,
it has undergone a different evolutionary pathway than the canonical stable post-AGB
mass transfer scenario.

We propose that IRAS 07080+0605’s properties can be consistently explained by a
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recent CE event in this binary system. The short orbital period and presence of a compact
circumbinary envelope are consistent with a common-envelope ejection scenario,
wherein the primary star’s envelope was shed as the companion spiraled inward. This
process would naturally produce a tight binary remnant with a period of only a few
weeks, as observed, and can account for the formation of the dust-rich circumbinary
disk. Our interpretation aligns with theoretical expectations and other studies of CE
evolution: a common-envelope phase is expected to create close binaries out of initially
wider systems, leaving behind two stellar cores in a tight orbit. In the case of IRAS
07080+0605, the primary star appears to be on the cusp of the post-AGB stage, having
had its evolution truncated by the CE event before it could develop a typical extended
planetary nebula. This system thereby bridges the gap between classical post-AGB
binaries with long-period orbits and the close binary central stars of planetary nebulae
that result from common-envelope interactions.

In summary, the evidence points toward IRAS 07080+0605 being a post-common-
envelope binary system. Although the common-envelope phase in this system cannot
be confirmed with certainty, the available evidence — including orbital characteristics
and analogies with other post-interaction binaries — is consistent with such a scenario.
Continued observations and modeling efforts will be essential to evaluate this possibility
further. IRAS 07080+0605 stands out as a promising system for probing the dynamics
of binary interaction and post-AGB evolution.
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Abstract. This study investigates the influence of the precursor system composition
on the structural and optical properties of tin dioxide (SnO-) thin films synthesized via
spray pyrolysis. Three types of precursor systems were employed: an ethanol-based
solution containing SnCl,-5H,0, an aqueous hydrosol, and a 1:1 mixture of the two. Films
were deposited onto glass substrates at 400 °C followed by thermal annealing. X-ray
diffraction analysis revealed that all samples exhibit a tetragonal cassiterite structure;
however, the unit cell parameters and degree of crystallinity were significantly affected
by the solvent type. Films derived from the ethanol-based solution demonstrated a more
ordered structure with parameters close to bulk SnO. (Eg = 3.6 ¢V). In contrast, films
synthesized from the hydrosol and the mixed system showed the formation of two and
three non-stoichiometric solid solutions, respectively, resulting in an increased bandgap
width of 4.0-4.1 eV. Morphological analysis using scanning electron microscopy
revealed differences in uniformity and film density: ethanol-derived films exhibited a
homogeneous structure, whereas hydrosol-based films showed less uniform coverage
with cracks and low optical transmittance (= 35—40%). Optical measurements indicated
that ethanol-based samples had the highest transparency (> 80%) and are suitable for
use as transparent electrodes. The results demonstrate that varying the composition of

83




ISSN 2224-5227 3.2025

the precursor system is an effective strategy for controlling the structure, defect density,
and optical properties of SnO: films, which is crucial for their application in solar cells,
gas sensors, and optoelectronic devices.

Keywords: tin oxide, spray pyrolysis, film-forming system, structural properties,
optical properties
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AnnoTtanusi. byn xymbIcTa cripeld-nuponn3 oficiMeH ajbIHFaH KaJlaibl IHOKCHAI
(SnO2) xyKa >kaObIHAAPBIHBIH KYPBUIBIMJIBIK JKOHE ONTUKANIBIK KaCHETTepiHe KaOblH
TY3YIL1)KYyHeHIH KypaMbIHbIH dcepizepTTenai. CHHTEe3 YILiH YII TYPIli )KY#e KO AaHbIIIbL:
stanon MeH SnCls-SH20 Herizinaeri epiTiHi, Cy HEri3iHIeri TUAPO30IIb KIHE OJapAbIH
1:1 xarpiHacHIHAAFBI KOcnackl. XKaOsiHaap msiHbl ToceHimTepre 400 °C Temmneparypaaa
TYHJIBIPBUIBII, KEHIHT1T TEPMUSIIBIK OHICYJACH OTKI3UIIl. PeHTreH ik (a3anblK Tainay
OapIbIK YITUIEpAIH KACCUTEPUTTIH TETPAroHaIbIbl KYPhUIbIMbIHA HE €KEHIH KOPCETTI,
anaiijia sIeMeHTap YSIIBIK MapaMeTpiepi MeH KPHUCTANIBUIBIK JOpekeci epiTKiml
TYpiHe OaiIaHBICTBl alTapJIBIKTall e3repai. DTaHOJ HeTi3iHAET! epiTiHAiIeH albIHFaH
’KaObIHAP PETTENIeH KYPhUILIMMEH jKoHe KojeMai SnO,-re jKakblH NapaMeTpIepMEH
cunarranasl (Eg=3,6 5B). 'napo3ons MeH KocriajaH albIHFaH )KaObIHAApIa COMKECiHIIIe
€Ki JKOHE YII CTEXHOMETPHSUIBIK e€MeC KaTThl epiTIHAUIepHiH Ty3ilyl OaiiKamimibl,
OyJ1 ThIBIM canbiHFaH aiMakThiH eHi 4,0—4,1 3B-re nmeiiin yJiraroblHa ajbIll KEJIi.
CkaHepreylni 3JIEKTPOHIBIK MHKPOCKON KOMETIMEH >KYpri3iireH Mop(hOJIOrHsIIbIK
Tangay >KaObIHOApAbIH OipPTEKTUIIrT MEH TBIFBI3IBIFBIHAAFE] albIPMALIBUIBIKT AP IbI
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AHBIKTA/Ibl: STAHOJI ePITIHAICIHEH albIHFaH XKaObIHAAp OIpTEKTI KYphUIbIMFa He OoJca,
THIPO30Jb HETI3iHAer jKaObIHIAp JKapbIKTAPMEH KOHE TOMEH KapbIK OTKI3TIIITIKICH
(= 35-40%) cunarrangel. ONTUKANBIK 3€pTTEyJIep 3TaHOJN HETi3iHIeri YIriliepaiH eH
XKoFapbl Mesipiikke (> 80%) Me eKeHiH KOpCeTTi XKoHe oNapAbl MOJIIIP 3JIEKTPOATAp
peTiHze KoNaaHyFa »apaMm/Ibsl eKeHIH Joene/li. AJNbIHFaH HOTKeJIep KaObIH Ty3yi
XKYHEeHiH KypaMbIH e3repTy SnO: xaObIHAAPBIHBIH KYPBUIBIMBIH, aKayJIbUIBIFBIH JKOHE
OIITHKAJIBIK KACUETTEPiH OacKapyAblH THIMII Kypalibl eKeHiH KepceTeli, Oy omapasl
KYH OarapesiapblHia, T'a3 CEHCOPIApbIHAA JKOHE ONTOIEKTPOHHMKAAa KOJNJAHy YLIIH
MaHBI3/1bI OOJBIN TaObLIa b

Tyiiin co3mep: Kanaibl OKCHI, CIPEH MUPOIN3i, )KaObIH TY3ETIH KY€, KYPBUIBIM/BIK
KacHeTTepi, ONTUKAJIBIK KaCHeTTepi

3epmmey Kazaxcman Pecnyonuxacwr Foinvim dcane dco2apvl OiimM MuHucCmpiicl
Fornvim komumeminiy Kapocolivlk Konoayvimer (BR21881954) ocypeizindi.
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AnHoTanus. B nanHo# paboTe rccieaoBaHo BIMSHIE COCTaBa INIEHKOOOPasyoIeH
CHUCTEMBI Ha CTPYKTYpHBIE M ONTHYECKHE CBOMCTBA TOHKMX IUIEHOK JHOKCHAA OJIOBa
(SnO3), nosy4eHHBIX METOJIOM clipeii-uponu3a. i CMHTe3a UCIONIb30BaIN TPH THUIIA
cucTeM: pacTBop Ha ocHoBe 3TaHona U SnCls-5H20, BoxHBINH THAPO30JIb U UX CMECh B
cooTHoeHuu 1:1. [Inénku ocaxnanyu Ha CTEKIITHHBIE TOJUIOKKH NpU Temmneparype 400
°C ¢ mocnenyroumuM oTKHUToM. PeHTreHo(}a3oBblil aHAU3 MOKa3all, 4To Bce 00pas3ibl
HMMEIOT TeTParoHajJbHYIO0 CTPYKTYPY KacCUTEPHUTa, OAHAKO MapaMeTpsl 3JIeMEHTapHON
STUEHKN U CTENeHb KPUCTAJUIMYHOCTH CYIECTBEHHO 3aBUCST OT THUIA PACTBOPUTEIIS.
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[In€nkn, moxydeHHBIE OCHOBE 3TaHOJA, XapaKTEPHU3YIOTCS Ooliee YIOpSAOUCHHOM
CTPYKTYpOH U nmapamerpamu, Onu3kumu kK oo0bemHoMy SnO:2 (Eg = 3,6 3B). Jlns miéHox,
CHUHTE3WPOBAHHBIX M3 THAPO30JI1 U CMECH, HAOII0Aanoch (GopMUpOBaHUE IBYX M TPEX
TBEPJIBIX PACTBOPOB HECTEXMOMETPHUYECKOTO COCTaBa COOTBETCTBEHHO, UTO PHUBOIUIIO
K YBEJIMUEHHIO IUPUHBI 3anpeIéHHoi 30151 10 4,0—4,1 5B. Mopdonorunueckuii ananms
C HCHOJb30BAHHEM CKAHUPYIOLIETO 3JEKTPOHHOTO MHKPOCKONA BBISBUI Pa3IUUMs
B OZIHOPOJIHOCTH M IUIOTHOCTH MOKPBITHS: IJIEHKH M3 3TAHOJIOBOTO PacTBOpa UMENN
PaBHOMEPHYIO CTPYKTYPY, TOIAa Kak THPO30Jib 1aBajl MEHEe OJTHOPOHBIE TOKPBITHS C
TpEIMHAMY ¥ HU3KUM cBeTorponyckanueM (= 35-40 %). OnTuueckue Uccie0BaHus
MOKa3ajik, 4To 00paslbl U3 dTaHosIa 00JagaroT Haubonmbuield mpo3padHocTbio (> 80
%) 1 IpUTOIHBI AJS IPUMEHEHHUS B KaueCTBE MPO3PAUHBIX 31eKTpoaoB. IloaydyeHnsle
Pe3yNIbTaThl IEMOHCTPUPYIOT, YTO BAPHUPOBAHKE COCTaBA INIEHKOOOPa3yIOLIel CHCTEMbI
sBisieTcss 3()(EKTUBHBIM HHCTPYMEHTOM YIPABJICHUSI CTPYKTYPOH, Ae(EeKTHOCTHIO
1 ONTHYECKUMH XapakTepHUCTUKaMH MIEHOK SnO2, YTO Ba)KHO JUISl UX NPUMEHEHUsS B
COJTHEYHBIX JIEMEHTaX, Ta30BbIX CEHCOPAX U ONTONIEKTPOHUKE.

KiiioueBble cioBa: okcuj 00Ba, cIipell MUPOJHN3, TICHKOOOpas3ykolias CUcTeMa,
CTPYKTYpHBIE CBOMCTBA, ONITHYECKUE CBONCTBA

Uccneoosanue nposedeno npu @urancosou nodoepoicke Komumema Hayku
Munucmepcmea Hayku u gvicue2o oopazosanus Pecnyonuxu Kazaxcmarn (BR21881954).

Beenenune. [{nokxcun onosa (SnO:2) — 3TO BaXKHBIH MOTYNPOBOAHUKOBBIA OKCHJ C
LIMPOKOH 3ampeIéHHoi 3oHoi ~3,6—-3,9 5B, obnanaromuii 7-THOM TPOBOIUMOCTH 3a
CU€T KHCIOPOJHBIX BaKaHCHOHHBIX Je(ekToB. SnO: mpuBiIeKaeT 0ONbLIIOEe BHUMAHHE
Ornarozmapsi CBOEMY YCHEITHOMY IPUMEHEHHIO B KaUeCTBE UyBCTBUTEILHOTO Mareprana
ra3oBbIX CEHCOPOB U Ipo3padHoro npososiiero okcuaa (TCO) 11 onTodaeKTPOHHBIX
YCTPOMCTB (COJHEYHBIE 3EMEHThI, muctuied u mp.) (Serenko et al., 2015). Tonkue
mi€Hkn SnO: TPajAMLMOHHO IOAYYalOT pa3lIMYHBIMH METOJaMH — BaKyyMHBIMHU
(MarHeTpoOHHOE pacIblICHUE, TEPMHUYECKOE HCMapeHHe) M XUMHUYECKUMH (30J1b-
rejib, XUMHUYECKOE OCaKAEeHUE U3 pacTBOpoB). Cpeau HUX METOJ PacHIbUIUTEIBHOTO
MUpoJH3a (CIpe-nupoan3a) BELACISICTCS KaK OIUH U3 HanOoiee MPOCThIX, OBICTPBIX
1 SKOHOMUYHBIX TIOIX0/I0B K (hOPMHUPOBAHMIO IUIEHOK OKCHJA 0JloBa. B MeTozne cnpeii-
MMPOJIH3a a3P030J1b IPEKYPCOPHOTO PacCTBOPA PACIIBIIAETCS HA PA30TPETYIO MOITIOXKKY,
IJe TPOUCXOAUT TEPMHUYECKUH pacmal (MUPOIHM3) TMEPEHOCHMBIX COCAMHEHHH C
OCaK/ICHUEM IUICHKH Ha TOIJIOKKe. Takoil moaxon He TpeOyeT BBICOKOTO BaKyyMa,
MO3BOJIIET HAHOCHUTH TIOKPBITHS Ha OOJNbIIME MJIOMIAH U JIETKO BapbHPOBATh COCTAB
myTeM J00aBieHUs JOMAaHTOB HEMOCPEACTBEHHO B pacTBOp (Sanchez-Garcia et al.,
2012). I[Ipn 5TOM Ka4eCcTBO U XapaKTEPUCTHKH MOTy4aeMbIX IIEHOK SnO2 Upe3BBIYANHO
YyBCTBHUTEJBHBI K TIapaMeTpaM IpoLecca, 0COOEHHO K COCTaBy IUIEHKOOOPAa3yIOIEro
pacTBopa (IpeKypCOPHOM CHCTEMBI).

CocTaB HCXOOHOM MIIEHKOOOPAa3yIOIIeH CHCTEMbI BKIIIOYACT XUMUYECKYIO IPUPOLY
MIpeKypcopa 0JI0Ba, pacTBOPHUTENDH (MM CMECh paCTBOPUTENICH), a TAKKE BO3MOKHBIC
n00aBKH (KOMILIEKCOOOpa3oBaTey, AONHUPYIOMKHE COMd M T.A.). Kaxnelii u3 3Tux
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(haxTOpOB BIMET HA KWHETUKY paciajia MpeKypcopa, yCcIoBus 00pa3oBaHus 3apoIbIIeh
OKCH/Ia M POCT KPHUCTAJUIOB HA IMOJJIOKKE, YTO B UTOTE OMpEHeNsieT CTPYKTYpy U
cBOMCTBa IUIEHKM. B dYacTHOCTH, BBIOOpD OpPraHMYECKOr0 WM HEOPraHMYEeCKOTO
MIPEKypcopa MOKET CYIIECTBEHHO U3MEHHTh MOP(OJIOTHIO U KPHCTAIIOrpaprueCcKyto
opueHTanmo obpazyromuxcs 3épeH SnO:. Tak, KIaccHYeCKMMHU HEOPraHMYeCKHUMU
MPEKypcopaMu SIBJISIIOTCS CONU 0yoBa, Hampumep, xjaopuasl SnCl: u SnCls, KoTOpBIE
JIETKO pasjiararoTcs IpU YMEPEHHBIX Temreparypax ¢ oOpaszoBanueMm SnO:, HO mpHu
9TOM MOTYT BBOAMTH IOCTOpPOHHHE aHWMOHBI (Hampumep, Cl7) B pacTymiyro Mmi€HKY.
Opranuyeckne ke MpeKypcopsl (pa3inyHble KOMIUIEKCHl WIH OPraHOMETaJUTMYECKHe
COCAMHEHHS OJIOBA, HAIIPUMEp, alKOKCH- Win KapOookcmnarsl Sn(I1V)) pasnaratotcs c
BBIJICJICHHEM OPraHMYeCKUX MPOAYKTOB, YTO MOXKET BIUSATH HA YUCTOTY U CTPYKTYPY
mwiénku. B padore (Solis-Veliz, 1995, Sriram S. R. et al, 2022) cpaBHHBaIUCH TUIEHKH,
MOJTy4YeHHbIE U3 OPTaHMYECKOTO aJIKOKCHIHOTO mpekypcopa Sn(IV) tert-amunokcuaa u
n3 Heopranuueckoit conu SnCls-5H20; 06110 BBISIBICHO pe3Koe pa3nuuue Mop(oIorum:
W3 alKOKCHIHOTO PacTBOpa 00pa3yloTCsi BBICOKOTEKCTYpHUPOBAHHBIE —CETUYaThle
“BOJIOKHHUCTBIE” CTPYKTYPBI, TOT/Ia KaK XJIOPHJI 0J0Ba NAET Oosiee IaIKyIo TOBEPXHOCTh
C XapaKTepHBIMH KOJNbLEOOpPa3HBIMU JOMEHAaMH. TakuM o0pa3oM, OpraHMYecKHe
MPEKypcoOpbl  OOBIYHO CIOCOOCTBYIOT (DOPMHPOBAaHHIO HAHOCTPYKTYPHUPOBAaHHBIX
MOPHUCTHIX TUIEHOK, TOTAAa KaK HEOpraHW4ecKHe COMM MOTYyT NPUBOAWUTH K Oolee
IUIOTHBIM M POBHBIM TOKPBITHSAM — 3TO Pa3iM4yMe CBS3BIBAIOT C PA3HBIMU MYTSIMH
TEepMOJIHM3a U OOOUHBIMH MpoxykTaMu (BbinesneHrne CO: B cilyyae OpraHuKH MPOTHB
HCI npu pa3znoxkeHnu XJIOpUAOB U T.II.).

[ToMumMO TIpUpPOABI COEAWHEHHS OJO0Ba, KPUTUYECKYIO pOJb HIpaeT BBHIOOD
pacTBOpUTENs, B KOTOPOM TOTOBST pacTBOp Ui paciblieHus. PacTBoputenb
OIIpeZieNsieT pa3Mep W HCIapsIeMOCTh a’dpO30JbHBIX Karejb, CKOPOCTb BBICHIXaHUS
W TMEPBUYHOTO OCAXKICHMS YacTUI] Ha TOAJOXKKE, a TaKkKe IMPOTEKaHHE peaKui
THIPONU3a/muponn3a. YacTo NpuMEeHSI0TCS BOIHBIE, CITIUPTOBbIE (HAIPUMED, HA OCHOBE
9TaHoJa, W30MPOIAHOJIA) UM CMEIAaHHbIE PacTBOPBI NpeKypcopa. B manHON padote
ABTOPBI BBHIMOJIHUIN CHCTEMAaTHYECKOE HMCCIEIOBAaHUE BIMSHUS IIECTH Pa3IMYHbBIX
pactBopureneit (H20, H202, MeTanoum, 3Tanon, 1-mpomnaHos, 2-mporaHoi) Ha CBOMCTBa
wiéHok SnO., momy4yeHHBIX Tmponu3oM pactBopoB SnCl: (Paloly et.al., 2020).
CornacHo UX AaHHBIM, 00pa3Lbl, OCAKAEHHBIE U3 CITUPTOBBIX PACTBOPOB, NMeH OoJiee
COBEPLICHHYIO KPHCTAIIMUECKYIO CTPYKTYpYy (Oosiee BbIpakeHHbIE AM(paKIMOHHbIE
mukd SnO2) M0 CPaBHEHHMIO C TNICHKAMH, MOITY4YEHHBIMH U3 BOJHOTO WU MIEPOKCUIHOTO
pactBopa. Mopdonorus Takxke pasinyaiach: Ha MOJIOXKKaX U3 CIIUPTOBBIX a’po30Jieit
(OpMHUPOBINCH  HAHOCTPYKTYPHUPOBAaHHBIE TUIEHKH (COCTOSIIIME W3  MEJKHX
CBSI3aHHBIX HAHOYACTHIL), Toraa kak u3 BoaHbIX/H20: pacTBopoB 00pazoBbIBaiCS
OTHOCUTEILHO HEMPEPHIBHBIN «KOBPOBBII» MOKPOB M3 CPOCHIMXCS 3epeH. Paznmune
B JMHAMUKE HCHAapeHusi — OBICTpas CyIIKa MEJKUX Kalleslb CIUpTa MNpoTuB Oojee
MEJIJICHHOTO BBICBIXaHUSI BOABI — MPUBOAUT K TOMY, YTO CIIUPTOBBIE PACTBOPUTEIH
CIOCOOCTBYIOT paHHEMY 00pa30BaHUIO MHOXKECTBA LIEHTPOB KPUCTAIUTM3ALUHN H POCTY
HAaHOKPHCTAIJIOB, TOTNAa KaK BOAHBIH PacTBOp AaéT KPYMHBIE KaIlM, OCaKIArOIIHecs
B BHIE aMOP(HO-reIeo0pasHOro ciiosg ¢ MOCHEAYIOMEeH KpucTau3anuei. OTh

87




ISSN 2224-5227 3.2025

Pas3Nnu4Ms CUIIBHO CKa3bIBAIOTCS HA ONTHYECKUX CBOWCTBAX: TNIEHKH SnO2, MOTy4YeHHbIE
U3 COHUPTOBBIX PacTBOPOB, 00NIaAal0T OoJiee BHICOKOM ONTHYECKOM MPO3pavHOCTHIO B
BUAMMOM oOmactu (>75%) M XapaKTepusyroTCsi MHTEHCHUBHBIM YIBTPa(UOIETOBBIM
(OTONMIOMUHECHEHTHBIM ~ OTKJIMKOM (CBSI3aHHBIM C pEKOMOHMHALME HOCHUTENen
4yepe3 JAOHOPHBIE YPOBHU KHCJIOPOAHBIX BakKaHCHI), TOIAa Kak IUIGHKA U3 BOIAHOTO
MIPeKypcopa 3HAYUTEIBHO MEHEe MPO3pauHbl M MPOSIBISIOT C1a00e JIIOMHUHECHEHTHOE
cBeYeHHE. ABTOPBI PEKOMEHIYIOT METaHOJ MJIM 3TaHOMI I monydyeHus: SnO:-1IeHOK,
MpeAHa3HAauYeHHBIX 17151 npuMeHeHus B kadecTBe TCO, 1 OTMEYAIOT, YTO M30MPONAHOI
u l-mpomaHoN TakyKe MPUIOAHBI AJISl BRIPALIMBAHUS HAHOCTPYKTYPHUPOBAHHBIX CIOEB
SnO..

00600111251 TaHHBIE TUTEPATyPhl, MO’KHO 3aKITIOUYUTh, YTO COCTAB INIEHKOOOPa3yoIIeH
CHCTEMBI ABJISICTCS KITFOUEBBIM (PaKTOPOM, OTIPEEIISIOIINM MUKPOCTPYKTYPY M CBOHCTBa
wiéHok SnO:, MoNMy4aeMbIX METOAOM chpeil-nuponu3a. OpraHndeckue MpeKypcopsl
MO3BOJISIIOT TOJIyyaTh OoJiee MOPUCThIE HAHOKPUCTAIIIMYECKUE TUIEHKUA C BO3MOXKHOM
TEKCTYpOH, TOTIa KaK HEOPraHUUE CKUE COJTM Yallle AAt0T TNIOTHBIE TOTUKPUCTAIUTHYECKHE
CJIOM; BBIOOP PacTBOPHUTENSI ONpeaesieT CKOPOCTh (POPMUPOBAHUS YaCTHUIl U CTEIICHb
KPUCTaJNTMYHOCTH ocajka. Yepe3 M3MEHEHHE COCTaBa PAacTBOPAa MOXKHO YIPABIATH
pasMepoM KpHUCTaNIUTOB W OpUeHTauuel minéHkH, e€ mMopdonorued (mmaakas HIu
HAaHOCTPYKTYpUpPOBaHHAsl TIOBEPXHOCTH), OINTHYECKOH NPO3payHOCThIO (32 CUET
pa3nu4Mii B MOPUCTOCTH U YPOBHE E(EKTOB, BIUSIOLINX HA pacCcesHUE U MOMIONICHUE
CBETa) M ONEKTPOPU3NUECKUMH TapaMeTpaMH — KOHIEHTpalueld HOCUTENeH,
MOABMKHOCTBIO U CONMPOTHBIeHUEM. COBpPEMEHHBIE HCCIIEIOBAHUS KOHLCHTPUPYIOTCS
Ha Mon00pe ONTHUMAJIBHBIX COUYETAaHWN MPEKYPCOPOB M PACTBOPHUTENEH AJS LIEJIEBOTO
npuMeHeHus: mwieHoK SnO.. Tak, Ui ra30BBIX CEHCOPOB Ba)KHA BBICOKAs yAelbHas
MOBEPXHOCTh U Je(PEeKTHOCTh MaTepuaia (oOecreuuBaromas 4yBCTBUTEIBHOCTh K
a/IcOpOLIMY Ta30B) — ATOTO AJOOMBAIOTCS UCTIOJIB30BAHUEM OPTaHUYECKUX MPEKYPCOPOB
U YCJIOBHH, BeAyIINX K HAaHOCTpYyKTypHupoBanuio (Malato et al., 2009). Hanportus, mis
npo3padnbix ekTpoaoB (TCO) npu co3naHuy CONHEYHBIX AIEMEHTOB IPHOPHTETOM
SIBIISIETCS. MUHMMAJIBHOE COMPOTHBICHUE M BBICOKAsh MPO3PAauHOCTh — JOCTUTAEMBbIE
noa0OpOM TaKWX KOMIIOHEHTOB pPAacTBOPA, KOTOpPBIE MAAIOT MaKCHMAJIbHO YHCTHIE,
XOpOLIO KPHCTAIIM30BaHHbIe TUIEHKH (HampuMep, MeTaHojbHble pacTBopbl SnCls ¢
nobaskamu nonantoB tuna F) (Lizarraga et al., 2020; Ahmad, 2021). Hecmotps Ha
0O0JIBIIIOE KOMYECTBO PadoT, OCBAIIEHHBIX crped-nuponu3y SnO:, cucTeMarnieckoe
MOHUMaHUEe BIUSHHUS COCTaBa IUICHKOOOpasyromeil cuctembl BcE emé TpeOyer
yrouHenusi. Hactosiee nccnenoBanye HarmpaBieHO Ha yrIyONEHHOE M3yueHHE TOTrO,
KaK pa3uyYHbIe THUIIBI MPEKYpCOPOB OJIOBA U PACTBOPUTENCH BIHMSIOT Ha MPOLECCHI
(hopMHPOBaHHS CTPYKTYpbl, MOP(HOJIOTHH, CTENIEHH KPUCTAIUIMYHOCTH, a TaKXKe Ha
ONTHYECKUE U DJICKTPHUUYECKUE CBOWCTBA MomydaeMbIX IIEHOK SnO.. Takoil moaxon
MO3BOJIUT Pa3paboTaTb Hay4HO OOOCHOBAaHHBIE PEKOMEHIALMH IO YIPaBICHHIO
CBOMCTBaMHU IIJICHOK Y€pe3 COCTAaB MCXOIHOIO PAacTBOPA, YTO BAYKHO JAJISl ONTUMHU3AINN
TEXHOJIOTUH MONMy4YeHUs! PyHKIIMOHAJIBHBIX TIOKPBHITHH Ha OCHOBE JHOKCH/A OJIOBA.

MarepuaJibl 1 MeTOAbI. TOHKHE TUIEHKH OKCH/Ia 0JI0BA HAHOCHITUCH Ha CTEKIISTHHBIE
MOJIOKKH METOJOM chpeil muponusa. JaBieHue raza B KOMIpeccope Uil HaHeCEHHS
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pactBopoB coctasisio 50 klla. PaccrosHue Mexay MOAJIOXKKONW M paclbUINTENIEM
coctasiso 32 cMm. PacTtBop HaHOocmics Ha MoOAIOkKKy, Harpetyto g0 400°C. 3arem
00pasLbl OTHKUTAIHUCH Ha AIIEKTPUUECKO TuinTke npH Temieparype 400 °C B TeueHue
15 MuHYT.

Jiist monmyyeHus1 IJICHOK OKCHIA 0J10Ba OBIIIH UCTIOB30BaHbI TPH IIIEHKOOOpa3yroue
CUCTEMBI:

1. «SnCl, B 5Tanone» (Ne 1). I1aTn BOAHBIH KPUCTAIIOrUAPAT TETPA XJIOPHIA OJI0BA
pacTBOPsUIM B 3TAHOJE AJIS MOJIyYEHUSI CUCTEMBI C KOHLIEHTpalueil noHos onosa 0,11
MoJib/1. st mpurotosienus 0,11 M pacteopa «SnCl, B sTanone» (Ne 1) ucnonp3opanu
nagecky 3,9072 r msmenwuennoro SnCl SH,O, xoropsii pactBopsiu B 100 min
pexTuduKoBaHHOTO ATHIOBOro cnupra (MexrocynapctBennblii crangapt — [OCT
5962-13). Xnopun onosa (IV) sBisieTcst cuiabHBIM KoMIiekcooOpasoBareneM. [Ipu
pacTtBopeHHHu Kpuctamioruapara onosa (IV) B aTaHose peareHTsl B3aUMOIEHCTBYIOT C
obpazoBanuem xumuaeckoro coenuuenus SnCl,4C,H,OH, koTopoe MOXKHO IPE/ICTABUTD
B BUJIE KOMIUIEKCHOTO COEIMHEHUS, sABstonterocs snexrponutom [Sn(C,H,OH)CL]CL,.
[TockonbKy B KpUcTaIoruapare (Kak U B peKTH(PHKOBAHHOM 3TAaHOJIE) MPUCYTCTBYET
BOJa, MOKHO NPEANonoxurh, 4ro SnCl, noasepraercs rugponusy ¢ 0O0pa3oBaHHEM
ruapara okcuia onosa SnO, nH O (rme n=1+2) um rekcaxJOpONOBIHHOH KHCIOTBI
H,[SnCl]. B namewm ciy4ae:

3SnCl4-4C2H50H+(2+n) H20 = Sn02-nH20| +2H,[SnCl ] + 12C,H.OH (1)

OxonvarenbHoe pasnoxkenne SnO,-nH,O 1o SnO, mpoucxomur Ha TMOBEPXHOCTH
MOJIOKKH MTPU TIPOrpeBe 00pasiia mocjae HaHeCEHUs!.

2. «'uaposzonsy (Ne2). Jlns nmomyuenus ruapo3ois — Boanbiid pactsop SnCl,5SH,0 ¢
KOoHUeHTpauuei nonoB osnosa 0,11 mons/n HarpeBanu Ha dnekTporuTke npu 100°C B
Teuenue 1.5 yacos 10 u3MeHenus upeTa pactsopa. [Ipu sTom obpasosasics SnO,-nH,O
B )KHMJKOH (haze 10 pachblIeHus], COMIACHO PEaKIHu:

3SnCl+(2+n) H,0 = SnO,'nH,0| +2H,[SnCl,] )

Habmonaemoe BoInaieHue resico0pa3Horo 0cajika CBI3aHo ¢ 00pa30BaHUEM THpaTa
okcuaa onosa SnO, nH,O (rae n=1+2), T.e. onosanHo# kucnotel (Dmitriyeva, 2024).
[lepBoHauanbHO 00pa3yeTCsl -OJNIOBSIHHASL KHCIIOTA, KOTOPAst MOXKET JINOO PACTBOPSATHCS
B KUCJIOH cpejie, TM0O0 10 Mepe CTapeHHsI B PE3yJIBTaTe OKCOJSIUY TIPeBpaInaThes B 3
-OJIOBSIHHYFO KUCIIOTY:

G+ 4+
OH 0

{H:O}q—rS1L\ Sn=—{Hx0)4/+ 2H.0= [H:(:-}a—i-Sn< ;:“md—{l-I:D:l.: +2H:0" (3)
ol Bl

[-omoBsiHHAs KHCIIOTa HE pAcTBOPSETCS B KHCIOW Cpeae pacTBopa, a
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nenTusupyeTcs ero. Jlanee, mo mepe crapeHusi, OKCOIbHBIE MOCTUKOBBIC TPYIIIIBI
COCIMHSIOTCS IPYT C JAPYrOM. DTO MPUBOIUT K YKPYHMHEHHUIO 0Opa3yrONIUXCS
gactuil (Tret’yakov,2007):

o
/N NG N
" (H,0), Sn\O/Sf-l\O/? » n=—(H,0),
0O, (H10), (H,0)
4 H10)4—-s=< :Snd—(HEOh—l" ’ ’ + 12H +10H20 4)
8] l 0
(1.0} s sl snm—{tio0)
o Ao A
- (Hﬁo)z (Hlo)z |

3. «Cmecp» (Ne3). Tpetbst mueHKOOOpasymolas CHCTEMa MPEACTaBIsET CMECh
cucreMbl Nel «SnCl , BOTaHOJIE» U No2 «I'uppo3oasy. CooTHolLIEeHUE cucTeM B «CMecu»
cocrapisieT 1:1 mo oObemy.

Tonmna 00pa3noB, onpeAeIeHHas 10 U3MEHEHUIO MacChl 00pas1a, A7 BCeX IICHOK
cocraBwia 500+15 aM. CrnekTpbl NpOIYCKaHUS CHUMAJIHCh Ha CIEKTPO(POTOMETpe
UNICO SpectroQuest 2800. M3mepeHne nponyckaHusl MPOMCXOAUT MpU MaJAeHUU
CBETOBOI'0 MIOTOKA 110 HOpMaJH K 00pa3ny. LlluprHa 3anperieHHoi 30HbI onpeaensiiach
U3 CIEKTPOB mpomyckaHusi MertonoM Tayka (Shongalova, 2018; Shongalova,
2020; Fernandes, 2019). /i KOppeKTHOTO OIpeNeNeHUs] IIUPHHBI 3allpereHHON
30HBI MPO3PAYHOI IJICHKHM, HAHECEHHOH Ha NPO3PayHyl0 MHOAJIOXKKY, W3 CIEKTPOB
MOIVIOIIEH!US] 00pa3L0B BBIYUTAINCH CHEKTPBl MOMIOIIEHHS MoIokKH. Meron Tayka
ocHoBaH Ha ypaBHeHnH (0chv)' = A (hv — Eg), e o — ko3 umnmeHT onTuaeckoro
normomieHus, ¢cM '; h — mocrosuuas Ilnanka (4,136 x 107 3B-c); v — yacToTa
SNIEKTPOMArHUTHBIX KoJieOaHWIT B ONTHYECKOM JWana3oHe, ¢ '; n — I0Ka3aTelb
CTEIICHH, 3aBUCSILUI OT 30HHOW CTPYKTYPHI ITOTYIPOBOAHUKA (IS MPSIMO30HHBIX N =
2, IUTsl HETIPSIMO30HHBIX n = 1/2); A — KOHCTaHTa, 3aBUCHINIAs OT 3PPEKTUBHONW MaCCHI
HocHTeleH 3apsina B Marepuane; Eg — mupuHa 3anperieHHo 30HbI IOy TPOBOAHUKA,
3B. luppakromerpruueckrue H3MEPEHHNs BBIOJIHEHBI HA YHUBEPCAIbHOM Komiuiekce DS
ADVANCE (Bruker, I'epmanns), cxema ceemMkn «0-0» mo bparry-bpenrtano, tpyoxa
C MeIHBIM aHOJOM (mIuHa BonHb 1,5406 A), paGoune nmapamerpsl Ha TpyOke 40 kB,
40 MA, nuanazoH yrioB 1o 20 20-90°. KauecTBeHHBIN (a30BbIii aHATU3 BHIIOJHEH B
nporpamme EVA. [l unentudukannu Gpa3oBoro cocrasa UCIoab30BaHa 0a3a JaHHBIX
ICDD: International Centre of Diffraction Data (mopomkoBas 6a3a nanabix PDF2).
s ycranoBneHHOU (a3l monxoasaT kapTouku Ne 41-1445 (Star) u 02-1340 (Deleted).
CpeMKa IpOM3BOAMIIACH C BPALICHUEM JepKaTessl ¢ 00pa3loM Ha YIJIOBOW CKOPOCTH
60 o06/mMuH B mporpamme Adjast. Pacder mapameTpoB KpHCTAIUIMYECKOW pPEUISTKH
BbInonHeH B nporpamme RTP mocie onpezaeneHust yrioBoro mnojoxeHus: pediekcos
¢aspr SnO, B nporpamme EVA. Hccnenoanue CTpyKTyphl IUIEHOK TPOBOAMIOCH Ha
CKaHMPYIOILEM NIEeKTpOHHOM MHUKpockone JSM-6490LA ¢upmer JEOL.
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Pesyabratsl n o0cy:xaenne. Ha prucyHnke 1 npenctaBieHbl CIEKTPhI MPOITYCKaHUS
UCCIIEAyEeMBbIX 00pa3LIoB.

100

90
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60

T, %

PR TR S N [N VT N S N [N T ST S N [ Y T TN T SO S S N S S S W |
T T T T T T 1

500 600 700 200 900 1000 1100
A HM

1 —crekio, 2 — Ne 1 «SnCl , B oTanoune», 3 — Ne2 «'uaposoinby, 4 —Ne3 «Cmech»
Puc 1. CriekTpsl nporycKkaHusi TOHKMX TUIEHOK OKCH/Ia 0JI0Ba

U3 pucyrka 1 BuaHO, uto npomyckanue oopasuos Ne 1 «SnCl, B sTanone» (kpusas
2) cocraBnset Oenee 80% B BUIUMOM oOnacTu. A B OnvkHEH HH(ppakpacHOH oOnacTu
MPOMyCcKaHue OIM3KO K MPOITyCKaHWIO CTEKISTHHOW moanoxku (kpusas 1). CoracHo
I'OCT, ans ucnonb30BaHMs TOKPBITHH B OKHAaX, U B YaCTHOCTH, B aBTOMOOMJIBHBIX
CTeKJIaX, 0011ee CBETOMPOIYCKaHNe CTEKIa C TOKPBITHEM JIOJDKHO OBITh He MeHee 70%
[TOCT 32565-2013]. O6pazusr Ne2 «I'mapozonb» n Ne3 «Cmecb» JeMOHCTPHPYIOT
MeHblllee cBeTompomnyckanue. Cperompomnyckanue ooOpasua Ne2  «['mapozonb»
coctaBisieT 35-40% B untepBasie 1iauH BosH oT 400HM g0 1100HM. DTO yKa3bpIBaeT HA
HEOJTHOPOAHYIO CTPYKTYpPY Kak caMOM IUIEHKH, TaK U €€ MOBEPXHOCTH. YMEHbIIEHNE
WHTEHCUBHOCTH, MTOLIE/IIET0 Yepe3 00pasell, CBETOBOIO MOTOKA, Yallle BCETo, CBA3aHO C
paccesiHueM Ha Je(eKTax, pasMepbl KOTOPBIX COM3MEPUMBI WIIH OOJTbIIIE IJTMHBI BOJTHBI
MPOILEANIET0 IEKTPOMAarHUTHOTO u3imydeHus. [Ipomyckanue obpasua Ne3 «Cwmech»
(puc.1 kpuBas 4) cocrasnser 65-75% B unrepBane il BoaH oT 400 um g0 1100HM.
CriexTp mpomycKaHHe 3TOro oOpas3na 3aHMMAaeT MPOMEKYTOYHOE TONOKEHUE MEKIY
cnekrpamu obpasua Ne 1 «SnCl, B sTanone» (kpusas 2) u obpasua Ne2 «I'uapo3omn»
(xpuBas 3). UTo yKka3bpIBaeT Ha MPOMEKYTOUHYIO TUIOTHOCTh CTPYKTYpPBI 0Opasia.

Omnpenenenne MUPHHBI 3alPEIIEHHON 30HBI 00pa3I0B MO CIIEKTPaM MPOIYCKAHHS
MPOU3BOAMIOCH TpaduyeckmMu MeTonoM Tayka. Pe3ynbrarbl pacdeToB mpeacTaBiICHBI
Ha pPUCYHKeE 2.
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a)

(aln)?, 3Bt

(ahv)?. 3B s’

B)

(ahv)?, 3B w

15E+13

13E+13

14E+13

1.2E+15

1E+15

SE+14

BE+14

4E+14

1E+14

18E=15
16E=13
14E=15
12E=15
1E=13
BE=14
SE=14
4E=14

E-14

1 12 14 14 18 2 22 24 26 23 3 32 34 ;.6 8 4 42
Jueprus doToua, 3B

/

L3 15 1.7 1% 21 23 15 L7 1% 31 33 35 37 3.!i'|ll 41 43 435
Smepria dotona, 3B

13 15 17 19 21 23 25 27 29 31 33 33 37 319 fl 43 45

Bmeprus dotona, 3B

a— No 1 «SnCl4 B aTanoney», 6 — Ne2 «'uapo3omby, B —Ne3 «Cmech»

Puc 2

. Pacuer HIMPUHBI 3anpemeHH017I 30HbBI MCTOJIOM TayKa
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W3 pucyHka 2a BUAHO, YTO LIMPUHA 3alpelieHHON 30HbI A obpasua Ne 1
«SnCl, B sranone» cocrasnser 3,60B. Yto xopomio cormacyercs ¢ dHepruen
3aNpEIIEHHON 30HBI 00beMHOTO TerparonanbHoro SnO, (Eg = 3,60 5B)
(Amutpuena, 2018; Dmitriyeva, 2023; Li, 2025). lllupuna 3anpernieHHoi 30HbI
st obpasna Ne2 «['mapozonb» cocrapnsiet 4,0 3B, a st oopasua Ne3 «Cmech»
— 4,1 5B. Pacmupenue 3anpenieHHON 30HbI MOXET OOBACHSAETCS HapylIEHHEM
Kpuctajuinyeckoil pemerku (Matteo, 2022). DT HapymeHHss MOTYT OBITh
BbI3BaHbl U3MEHEHUsIMH yclioBus cuHTe3a (Murzalinov, 2022).

Jlns onpeneneHus KpUCTAIMYECKOW CTPYKTYphl 00pa3loB ObLI MPOBEAEH
PEHTIEeHOCTPYKTYpHBIN aHanu3. Ha pucynke 3 npencraBieHa peHTIeHOrpamma
obpasua Ne 1 «SnCl, B aTanone».
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(4] | B I I B | |\|'\||\|
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@11)

g
L
(200)

N
(=]

Intensity, Cts/sec

i |.|’| ‘ I.Ji‘;
T e e
20 30 40 50 60 70 80 9
2Theta, degrees
Kpacwubie munnn - kaprouka Ne 41-1445 (kaccuteput SnO,), 3eneHbie TMHEE - KapTouka Ne 02-1340

(xaccuteput Sn0O,)
Puc 3. Pentrenorpamma oopasua Ne 1 «SnCl, B stanone»

W3 pucynka 3 Bunno, uto oopasen Ne 1 «SnCl, B 5TaHONE» COCTOMT U3 KPUCTAILIMTOB
SnO,. UneHTuGUIHUpPYIOTCS YeThIpe KPUCTALIOrpadMueCcKue IIOCKOCTH ¢ UHAEKCaMU
Mumnepa (110), (101), (200), (211). B nporpamme RTP, Obut BhINOSHEH pacyer
napaMeTpoB KPHUCTAUTMUECKON pelIeTKH W ObUIo ompexaeneHo it oOpasma Nel
«SnCl, B 5TaHOJIE» TMI KPHCTAULIMYECKOH PEIETKH — T€TparoHanbHbld. IlapameTpst
HNPUMUTUBHOI sueiiky cocTaBsaioT: a=(4.6906+ 0.0065) A; c=(3.1818+ 0.0125) A, uto
XOPOIIIO COINACYETCs C JAHHBIMH KapTouek 0a3bl (41-1445: a=4.738 A u ¢=3.187 A, Ne
02-1340: a=4.72 A u c=3.17 A)
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Puc 4. Pertrenorpamma o6pasia Ne 2 «['unpo3omby»

U3 pucynka 4 Buano, uto obpazeny Ne 2 «['mapo3onby», Takxke, Kak U oOpasell
Nel «SnCl, B sranone», cocToMT M3 KpucTamMTOB SnO, CHOPMHUPOBAHHBIX IO
Kkpucramorpapuueckum miockoctsm (110), (101), (200), (211). B To ke BpeMsi, MOKHO
HaOJI0/IaTh, YTO BCE YEThIpE pediiekca MpeCTaBIIsIOT co00i yOneThl. ITO yKa3biBaeT
Ha TIPUCYTCTBHE JIBYX TBEPIBIX PACTBOPOB OKCHJA OJIOBA HECTEXHOMETPHUYECKOTO
cocraBa. Pe3ynbrarhl pacyeToB MOKa3bIBAIOT OYEHb XOPOIIEE COBIAACHHE IO JBYM
TBEPABIM pacTBOpaM. B ntore, mienka, chopMupoBaHHAST U3 THIPO30JIs, IPEICTABISECT
co00if cMech JBYX TBEPHBIX PACTBOPOB C TETPAroHaJIbHBIM THIIOM KPHUCTAJITNYECKOI
peleTKy ¥ TapaMeTpaMu dIeMeHTapHol sueiiku: pactsop 1 — a=(4.7343+ 0.0038) A,
c=(3.1726=+ 0.0064) A; pactop 2 — a=(4.6798+ 0.0037) A, c=(3.1450+ 0.0061) A.

Pentrenorpamma o6pasia Ne3 «Cmech» mpecTaBlIeHa Ha PUCYHKE 5.

w9

Intensity, Cts/sec
8

20

2Theta, degrees

[®]41-1445 (*) - Cassiterite, syn - SnO2
[*]o2-1340 (D} - Cassiterite - SnO2

Kpacubie iunnu - kaprouka Ne 41-1445 (kaccurepur Sn0O,), 3enensle unun - kaprouxa Ne 02-1340
(xaccureput Sn0O,)
Puc 5. Pentrenorpamma o6pasua Ne 3 «Cmece»
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U3 pentrenorpammbl obpasna Ne3 «Cmeck» (PUCYHOK 5) BHIHO, YTO TUICHKa He
TOJIbKO COCTOMT U3 KpUcTaumToB SnO, chopMUpoBaHHbIX 110 mockocTam (110), (101),
(200), (211), HO M WpencTaBnsieT cOO0 cMeCh TPeX TBEPABIX pacTBOpoB. [locKonbKYy,
BCe 4YeThIpe C(HOpPMHUPOBAaHHBIX IMMUKA MMEIOT TPHUIUIETHYIO CTPYKTYpy. Pe3ynbrars
pacdera mapaMeTpoB PEILETKH MPUBEACHBI B Ta0uLe 1.

Tabmuma 1. [TapameTpsl pemeTkn Tpex TBEPAbIX PACTBOPOB.

PactBop 1 PactBop 2 PactBop 3
a=(4.7561+ 0.0279) A a=(4.7203+ 0.0152) & a=(4.6790+ 0.0048) &
c=(3.1874+£0.0514) A c=(3.1663+0.0281) A ¢=(3.1555+ 0.0069) A

Pe3ynbraThl MPOBENEHHOTO PEHTICHOCTPYKTYPHOTO aHalu3a COINIACYIOTCA C
pacueTamM INMPUHBI 3anpemenHon 30ubl. O6pasen Nel «SnCl, B sTanone» cocrout
13 KPUCTAIIUTOB C OJMHAKOBBIM MapaMETPOM 3JICMEHTApHOW sSUYCHKH, U IIMpUHA
3alpelleHHOW 30HbI COOTBETCTBYET IIMPUHE 3alpelICHHONH 30HBI OOBEMHOIO
marepuaina ((Eg = 3,60 3B). [lnenku, copmupoBanusie u3 «l'uapozomns» u «Cmecuy,
COCTOST U3 IBYX U TPEX TBEPABIX PACTBOPOB C OTIIMYHBIMU APYT OT Ipyra napameTpamu
alIeMEHTapHON sueiiku. TO eCTh KOJMYECTBO TaKUX Je(EKTOB, KaKk BakaHCHH Sn* u
O% yBeJIMYMBACTCS C YBCIHMUYCHHEM KOJIMYECTBA TBEPABIX PacTBOpoB. OpOHTANIbHOE
NepeKpeITHe cpeau ocraBmmuxcss Sn/O yMEHBIIACTCS, U 3TO BBI3BIBACT CYXKCHHUE
MOJI0CHI BAJIGHTHOM 30HBI M 30HBI mpoBoaumoctu (Ke, W., 2017), 4ro mpuBomut K
AKCIEPUMEHTAIILHO HaONI0aeMOMy YBEIMYCHHUIO 3arperieHHoi 3oubl 4,0 3B s
obpasna Ne2 «l'umaposoney» u 4,1 3B st o6pasia Ne3 «Cmech.

Ha pucyHnke 6 npuBeneHbl M300paKCHUSM IMOBEPXHOCTH IUICHOK CHCIAHHBIC Ha
CKaHUPYIOIIEM DJICKTPOHHO-CHIIOBOM MUKPOCKOIIE.

10kV X450 50um 0000 11 36 SEI

a—Ne 1 «SnCl , B OTaHOIIEY, 6 — No2 «I'uapo3oiby,
B —Ne3 «Cmechb»
30kV X500, 50um 0000 0941 1Pa Puc 6. COM n3o0paskeHust HOBEPXHOCTH IUICHKH
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[To COM n300pakeHHsIM MOBEPXHOCTH TUICHOK, MTPECTAaBICHHBIM Ha PUC. 6, MOXKHO
OLICHUTB BIMSIHKE COCTABA IJICHKOOOPa3yrolleil CHcTeMbl Ha MOP(OIOTHIO IIOBEPXHOCTH
IUIEHOK, C()OPMHUPOBAHHBIX Ha CTEKJISIHHOM MOmIokke. Kak BHIHO M3 pucyHKa 6 a
oopaszenr Ne 1 «SnCl, B sTanoN€e» 00ManaeT CIUIOMIHOW OJXHOPOAHOH CTPYKTYPOMA.
O6pazen; Ne2 «['mapo301b» MOKPHIT TPEHIMHAMH U CNa00 COEAMHEH C MOAJIONKKOM.
O uyeM CBUAETENBCTBYIOT IyCThlE MECTa Ha IMOBEPXHOCTH CTEKJISSHHOW MOJJIOKKE.
O6pazen; Ne3 «Cmech» 00nagaeT CIUIOMIHON CTPYKTYpoi. Habmronarorcst otaenbHbIe
KaIUIeBUAHBIE Pa3BOIbI, OOYCIOBJICHHBIE METOJOM HaHeceHHsA. UTO TOATBEpXkIaeT
C/IeTaHHOE TPU MCCIIEI0BAaHUN CIIEKTPOB MPOIYCKAHUS MPEINONI0KeHNH O AeeKTax B
CTPYKTYp€, pazMepbl KOTOPbIX COM3MEpUMBbI Win Ooibiie 300 HM.

3akuiouenne. AHaIU3 PEHTICHOBCKUX AU(DPaKIIMOHHBIX JaHHBIX [TOKa3all, YTO BCE
00pa3Lbl 001aJa10T KPUCTAIUINYECKOM CTPYKTYPOM, COOTBETCTBYIOIIEH TETparoHaIbHON
Moudukanuu SnO.. Hanbonee ynopsaoueHHast CTpyKTypa HaOnroganach y odpasua,
MIPUTOTOBICHHOTO Ha OCHOBe 5TaHona (oOpasem Nel), 4TO CBUAETENBCTBYET O
0JaroNpUATHBIX YCIOBHUIX KPUCTAIUIM3AaLUK B JaHHOM cucteme. LlluprHa 3ampenenHon
30HBI 9TOT0 00pa3La, COOTBETCTBYET IMPHHE 3allPELIeHHON 30HbI 00bEMHOTO MaTepHasa
(Eg = 3,60 5B). Ilnenku, chopmupoBannsie u3 «['uapozons» u «Cmecu», cocToar
W3 JIByX U TpeX TBEPIbIX PAaCTBOPOB HECTEXHMOMETPUYHOIO COCTaBa, C OTIIMYHBIMU
JpyT OT Jpyra napaMmerpamu 3J1eMeHTapHOH sueliku. OTKIOHEHHE OT CTEXHOMETPUHN
BBI3BIBAET CYKEHHE IOJIOCH! BAJIEHTHOW 30HBI U 30HBI MPOBOAUMOCTH, UYTO MPHUBOAUT
K 9KCTIIEPUMEHTAIFHO HaOI0OaeMOMY YBEINYECHHUIO 3apereHHOM 30HbI 10 4,0 3B s
obpazua Ne2 «I'mapozonb» u 4,1 3B mna oOpaszua Ne3 «Cwmecw». Mopdonornueckuit
aHaJIN3 BBIIBWIJI CYILECTBEHHOE pa3M4Me B CTENEHU OAHOPOAHOCTH U IUIOTHOCTH
MOKPBITHS B 3aBUCUMOCTH OT IPUMEHEHHOTO TIEHKOOOPa3yIOLIero pacTBopa.

Takum o0pa3oMm, MeToj CHpeH-MUpou3a B COYETAHMH C BapbUPOBaHUEM
IUIEHKOOOPAa3ylome CHUCTeMBbl MpeAcTaBisieT co0o0il 3((eKTHBHBIM MOAXOX K
YIPABIECHUIO CTPYKTYPHBIMHU M ONITUYECKUMU CBOMCTBaMHM IIeHOK SnO:2. [lomyueHHbIe
Pe3yNIbTaThl MOTYT OBITh HCTIOJIB30BAHBI ISl ONTUMHU3AIMN TEXHOJIOTUH M3TOTOBICHUS
MIPO3payHBIX MPOBOAIIMX MOKPBITUH W CEHCOPHBIX YCTPOWCTB HAa OCHOBE JHMOKCHIA
0JI0Ba.
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Abstract. In this study, we explore the modified cosmological equations in f(T)
gravity, incorporating a bulk viscous fluid and analyzing its effects on cosmic evolution.
Bulk viscosity introduces an additional pressure component, which modifies the
standard Friedmann equations, affecting the universe's expansion, acceleration, and
singularity structure. Starting with the action functional of f(T) gravity, we derive
the field equations in a spatially flat FLRW universe, considering contributions from
dust matter, radiation, and viscosity. The torsion scalar T is expressed in terms of
the Hubble parameter, allowing us to reformulate the cosmological equations into a
dynamical system. We introduce an effective pressure term that accounts for the bulk
viscosity, modifying the second Friedmann equation. The phase space analysis reveals
constraints between the Hubble parameter and energy densities of matter and radiation,
leading to a parameterized evolution of the universe. Through graphical analysis, we
examine the influence of different f(T) models and bulk viscosity coefficients on cosmic
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dynamics. Our results highlight that bulk viscosity can alter the expansion history,
leading to deviations from the standard cosmological model. In particular, we discuss
possible implications for late-time acceleration and early-universe dynamics. This work
provides insights into the role of modified gravity and dissipative effects in cosmology,
contributing to the broader understanding of alternative gravitational theories and their
observational signatures.

Keywords: cosmology, dark energy, f(T) gravity, bulk viscosity, observational
constraints
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Annoramus. byn 3eprreyne 6i3 f(T) rpaBuranusceiHIarbl MOAU(UKALIUSIAHFAH
KOCMOJIOTHSJIBIK TeHCYACP/Ii, COHBIH 1IITH/IE KOIeM/Ii TYTKBIP CYHBIKTBIKTBI 3€pPTTeHMI3
JKOHE OHBIH FapbIIUTHIK HBOJIOLMSFAa JCepiH TangaiMbid. Kenemai TYTKBIPIBIK
FanamHubIH yFatobiHa, yeyiHe )KoHe epeKILeNTiK KypbUIbIMbIHA 9CEP €TETiH CTaHAapTThI
OpuamaH TEHICYJIEPiH ©3repTeTiH KOChIMINA KbICHIM KOMHOHEHTiH eHrizeni. f(T)
IPaBUTAIUSCHIHBIH (DYHKIIMOHAJIBIK OpEKETIiHeH OacTarl, 013 IIaH, COYJICICHY JKOHE
TYTKBIPJIBIKTBIH YJECTEPIH ecKepe OTHIpbIN, KeHicTikTik Teric @OJIPY Famamparst
epic TeHAeylepiH wbIFapaMbi3. T Oypaly CKalApiH KOCMOJOTHSUIBIK TEHICYIepIi
JUHAMHUKAIBIK JKyHere Kaita KypyFa MYMKIHAIK OepeTiH XaO0m mapameTpi apKbUIbI
epHekreiimi3. Exinmn ®puamaH TeHICYIH €3repTy apKbUIbl KOJIeMIl TYTKBIPIBIKTHI
€CKEepeTiH THIMAI KbICBIM TEPMHUHIH eHrizemi3. da3anblk KEHICTIKTI Tanmay Xaoom
napamMeTpi MEH MaTepHsl JKOHE paJuals SHEPTHACHIHBIH THIFBI3IABIFEl apachbHIaFbl
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LIEKTEYJepAl aHbIKTalbl, Oysl FanamMHBIH mapaMeTpieHTeH HBONIOLUSICHIHA OKETeTi.
['padukansik Tanmayapl naiinanana oTeipbin, 013 optypiai f(T) MomenbaepiHiH KoHE
KeJIEM/I1 TYTKBIPIBIK KO3 PHULIUEHTTepiHIH KeHICTIK AMHAMHUKACBIHA 9CEPIH 3epTTeiMi3.
bizniy HoTMKenepiMi3 KeJeMIi TYTKBIPIBIKTBIH YJIFal0 TaPUXBIH ©3repTe ajlaThIHbIH,
OyJ1 cTaHAApTTBl KOCMOJIOTHSJIBIK MOJEINBACH aybITKyFa OKeJeTiHIH KepceTedi. ATarl
aiitkanaa, 0i3 FanaMHbIH Kem yzaeyi MEH epTe AMHAMHKACBIHA BIKTHUMAJl CalJapbiH
TaJKbUTalMBI3. By jKymbIC KOCMOJOTHSAAAarbl MOOU(HKALMSUIAHFAH TpaBUTALIUSL
MeH JUCCUIIATUBTI oCeplepAiH peili Typaibl TYCiHiK Oepeni, Oy Oanama rpaBHTALHS
TEOpHsUIAPBIH JKOHE ONapAbIH OakpuIay OeNriiepiH KeHIpeK TYCIHYTe BIKMal eTei.

Tyiiin ce3gep: KOCMONOrWs, KYHIIPT SHEPrus, f(T) IPaBUTALUACH, KOJIEMJ
TYTKBIPJIBIK, OaKplLIay MEeKTepi
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AHHOTaIII/Iﬂ. B »stom HCCJICAOBAHUN MbI HCCIICAYEM MO)_II/I(i)I/ILII/IPOBaHHBIC
KOCMOJIOTUYCCKHEC YPAaBHCHUSA B I'paBUTALIUN f(T), BKJIIOYAIOIINEC 06’BCMHyIO BA3KYHO
JKUJKOCTh U aHAJIU3UPYIOHIUC €€ BIUAHUC HA KOCMHUYCCKYIO 3BOJJIIOLUIO. OO0ObeMHast
BA3KOCTH BBOJHT HOHOHHHTCHLHLIﬁ KOMIIOHCHT [JaBJICHUA, KOTOpLII‘/'I HU3MCHACT
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CTaHJapTHbIe ypaBHeHUs] DpuUaMaHa, BIIMss HA paCLIMPEHUE, YCKOPEHUE U CTPYKTYpy
cunrynaspaocta Beenennoi. Haunnas ¢ ¢pynkuunonana aevicteus rpasutanuu f(T), Mbr
BBIBOJIMM YPaBHEHMSI I10JIs1 B IPOCTPAHCTBEHHO IUI0CKOM Beenennoit FLRW, yuuTsiBast
BKJIaJIbl TTBUIEBOM MaTepuu, U3IydeHHs U BA3KocTH. Ckansp kpyuyeHus T Belpakaercs
yepe3 napamerp Xab06ma, 4To MO3BOJISIET HaM mepedopMyInpoBaTh KOCMOJIOTHYECKHE
ypaBHEHHUSI B JUHAMHUYECKYIO cucTeMy. Mbl BBOAMM 3()(EKTHBHBIA YJieH AaBICHUS,
KOTOPBI YYHUTBIBAET OOBEMHYIO BS3KOCTh, M3MEHSs BTOpoe ypaBHeHHe DpuamaHa.
Amnanu3 ($pa3z0BoOro MpoOCTPaHCTBA BBISBISET OIPAaHUYCHUS MEXKIY MapaMeTpoM Xa00ma
U IJIOTHOCTSIMU SHEPIrUU MAaTePUU U U3JIyUYEHMs], UTO IIPUBOAUT K IAPaMETPU30BAHHOMN
sBorounu Bceenennoit. C momouipio rpa)Mueckoro aHaian3a Mbl U3ydaeM BIIMSHHE
pasmuunbix mMofeneit f(T) u koahPuIHeHTOB 00bEMHON BSI3KOCTH Ha KOCMHYECKYIO
OUHAMUKy. Hamm pesynbTarel MOTYEPKUBAIOT, YTO OOBEMHAs BA3KOCTb MOMKET
U3MEHATh MCTOPHUIO PACIIUPEHMS], YTO HMPUBOJUT K OTKIIOHEHUSAM OT CTaHIAPTHOM
KOCMOJIOTHUYECKOH Mofenu. B yacTHOCTH, MBI 00CYX1aeM BO3MOKHBIE TTOCIIEACTBUS LIS
MO3IHETO YCKOPEHUS ¥ paHHEeH nnHaMuKky BeeneHHol. D1a paboTa 1aet npeacTaBieHIe
0 ponu MOAN(UIIMPOBAHHON IPaBUTALMU M TUCCUTIATUBHBIX PPEKTOB B KOCMOJIOTHH,
CrocoOCTBysl 0oJiee IIMPOKOMY [MOHMMAHHUIO aJbTEPHATUBHBIX TPaBUTALIMOHHBIX
Teopuid 1 UX HaOIIOAATEeIbHBIX CUTHATYD.

KuiroueBble ciioBa: kocMosiorusi, TeMHasi 3Heprusi, f{T) rpaBurtaius, oObeMHas
BA3KOCTb, NpeJieNbl HAOII0AeHUS

Kipicne. MopaudukanusiianFal TpaBUTALMsS TEOPHSIAPBIH 3€pTTEYre ONapiAblH
KOCMOJIOTHSJIAFbl  MaHBI3ABl  MOceJeliep/l LIelyre MYMKIHIIK —OepeTiHairiHe
OalTaHBICTBI COHFBI JKBUIIAPHI alTapibIKTai Hazap aymapeuiyaa (Meller, 1961; Cho,
1976; Hayashi, 1977; Faraoni, 2011). )Kanmsi canbicTeipmMaibuibiK TeopusichiHbIH (JKCT)
anbTepHaTHBTI HycKanapasH Oipi on f(T) rpaBuTanmsicel. MyHIaFbl TpaBUTAIMSIBIK
OpeKeT KHCBIKTHIK R CKaJsIpbIHBIH JKanmblUianFaH (yHKOUSICBIMEH emec T Oypaiy
CKaJISIPBIHBIH JKaJmbUlaHFaH (YHKIMSICHIH TalanaHy apKbUIbl cHmaTTaiajsl. by
TOCUITe TPaBUTALMSHBIH T'€OMETPUSUIBIK TYPFbIIAH Oackamia, Oipak JTUHAMHKAIBIK
9KBUBAJICHTTI (OPMYIAcChlH YCBHIHATBIH KaJlbl CAIBICTHIPMAJIBIK TEOPHSICHIHBIH
TeJenapaielib/iK 3kBuBaieHTI TypTKi Oosbl (Aldrovandi, 2013; Maluf, 2013; Linder,
2010; Li, 2011).

Byt sxymeicta 613 f(T) rpaBuranusiceingars! (Farrugia, 2016; Li, 2011; Yang, 2022)
KOJIEMJII TYTKBIPJIBIK apKbUIbl MOAW(UKAIMAIAHFAH KOCMOJIOTHSJIBIK TEHJEYAep/i
3epTTEiMI3 KOHE OJapAblH CalAapbiH IpadUKaiblK OciHeNney apKbUIbl TalJaiiMBbI3.
Kenmemai TYTKBIPIBIKTEL KOCYy O(QQEKTUBTI KbICBIM TEPMUHIH €HTi3€ OTBIPHII
craHfapTTel OpuaMaH TeHJIEYNepiH e3repTei, COHBIMEH Karap YJIFar, YAeYy >KoHe
Xab0m TYpaKTHICHI CHSIKTBI HETi3I1 KOCMOJOTHSUIBIK Mapamerpiiepre acep ereai. by
TYPJCHIIPY KOCMOJIOTHSUIBIK TYPAKTBIHBI C€HTI3y/i KaXKET eTHecTeH, FamaMHbIH Kell
YZleMelTi YIIFarobIH TYCIHY YIIiH MaHBI3/IbI.

KocMonorusgarel TYTKBIPIBIKTEl KapacTBIPYABIH HETI3ri MaKcaThl FapbIIITHIK
CYMBIKTBIKTBIH FajmaM 5BOJIIONUSACHIHBIH €pPTe JKOHE KCHIHIT Ke3eHJIEpIHE HAKThI
cunarrama Oepy Kaoijeti 6oubin TaOblIaabl. TYTKBIp acepiiep TaOUFU TYpAE >KOFaphl
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9Heprus PU3NKACHIHA KOHE PEIIITUBUCTIK T'HAPOANHAMUKAIA Mai1a O0JaThIHABIKTaH
Mo (UKaVsIaHFaH TPaBUTALMSIIBIK MOJEIbAEP KOHTEKCTIHE ©3€KTI Macesie OObII
tabbuansl (Ong, 2013: 1-2; Sharif, 2013: 2; Jarv, 2016). TannaysimMbizna 6i3 Opuaman-
Jlemerp-Pobeprcon-Yonkep (PPJIY) MeTpukachl apKbLIbl CHIIATTAIFaH OIPTEKTI JKOHE
nzorponTsl Fanamra Hazap aynapambi3 sxoHe f(T) rpaButaums (Krssak, 2016; Bamba,
2016) ascpiHAa KeIeMAl TYTKBIPIBIKTBIH FAPBIIITHIK 3BOJIOLUIFA Kalail ocep eTeTiHiH
3epTTeUMI3.

O yuris TyTKbeIp cyHbIKTHIK 0ap f(T) rpaBuTanusHbiH epic TeHAeYAePiH MIBIFapPhII,
Xab0nm mapameTpi apKbUIbl OpHEKTeHMi3. AlbIHFaH TeHaeyaep xkyiecine Famam
SBOJIOUMSCHIH AaHBIKTAWTBIH LICKTEYNIK TEHICYyl MEH JUHAMHUKAIBIK TEHJICY Kipeai
(Paliathanasis, 2016:2; Hohmann, 2017:2-3). Conan keiiin 6i3 Oyn tenaeynepai f(T)
HaKThl QYHKIUOHAIABIK (hopMaapblH KapacThIpy apKbLIbl TAIAalMbI3 KOHE OJapAbIH
(U3UKAIBIK calJapblH CaHIBIK KoHE rpadUKaNIbIK 9icTep apKbUIBI 3€PTTEHMI3.

ConbiMeH Katap, 013 KyHeHiH (a3anblK KEHICTITiH 3epTTeliMi3 KoHE OeKiTiiNreH
HYKTENEpi, OoNapAblH TYPaKTBUIBIFBI MEH CEepIily JKoHEe aiHaly CHeHapHiIepiH
KapacTelpaMbl3. KexeMai TYTKBIPABIKTEL KOCY OCBHI LICHIMIEp YIUiH TYPaKTBUIBIK
IapTTapblH aHbIKTayla I[IeImymi pen arkapaiasl. bismin  Hotmwkenepimiz  f(T)
GyHKUMSIIApbIHBIH - Oenrimi  Oip TaHAaybl epeKLIeNikTepai Oonaplpmay Hemece
LUKIIIIK 9BOJIOLMsSIFA MYMKIHIIK Oepy CHSKTBI KaKeTTi KacueTTtepi Oap >Kapambl
KOCMOJIOTHSJIBIK MOZICIIBJIEPTe OKeyl MYMKiH €KeHiH KepceTei.

Marepuajagap MeH dicTep

F(T) rpaBuTAlMSICBIHBIH KOCMOJIOTUSIJIBIK JMHAMHKACHI

byn Oemimae 0i3 >kammbl opekeT meH eopic TeHueynepiHen Oactam f(T)
IPaBUTALUSICHIHBIH KOCMOJIOTHSUIBIK JIMHAMHUKAChIHA KBICKAIIa MIONTy >KacaiMbi3. By
tegaeynep DJIPY (Dpunman-Jlemerp-Pobeprcon-Yonmkep) KEHICTIK yaKbITHl YIIiH
Xa0061 mapaMeTpi apKbUTB OpHEKTEITEH/IE, IIEKTEY TCHIEY1 )KOHE TUHAMUKAJIBIK TCHICY
MIIITiHIH KaOBUTIaHTEIHEIH KopceTeMi3. COHBIMEH Karap, 013 MaHIbI, COYIICTICHY/l KOHE
TYTKBIPJIBIKTBI KAMTUTBIH 9JIEM YIIIIH OCBI Opic TEHJIEYNIepiH HAKTHI TYp/Ie HIbIFapaMbl3
JKOHE OJIAPJIBIH COMKEC Y3IIKCI3MIK TCHACYICPIMEH COMKECTITIH TeKcepeMis.

Ecenteynepimis f(T) rpaBuTanusachiHbIH opekeT (pyHKIIMOHATBIHAH OacTanaabl

1
= —_— 4
s lﬁmgjlelf{i"}d x, (D
f(T) T-Oypamy ckamsipHbIH epkiH (yHKuumsicel Oonbin Tadbuiaasl (Li, 2011, 4;

Aldrovandi, 2013, 3). bypany ckajsipsl KeJecijiel aHbIKTaaaIbl

1 1
T:ETWW@v+EWWTWP—TﬁTT. )

TeopusiHBIH HeTi3ri allHBIMAJBICH - TeTpaja epici Ooica, oHIa Oypaiy TEH30pBI
KeJiecl TypJie epHEeKTeneIi

v_pf _pf P i_ i IR I SR A
Tewv =[f — L7 = el (8,€f dyel + ' el —w'i e, (3)
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i . .. .
Oy xxepre @ j, - TOKaAbl JIOPSHI] HHBAPHAHTTHUIBIFBIH CaKTAy YIIiH €HTi31ITeH Teric
CcIrH OalyIaHBICHI OOJIBIT Ta0OBUIAIEI.
Kewicriri Teric @JIPY ranamsl yIIIiH TeTpagaHbl TOMEH/IETIeH TaH1aliMBbI3

es, = diag(1,a,a,a), (4)

oy sxepae a(f) - kocMonmorusuIslK MamTad (akTophl. By skarmaiina TaHmanraH
TETpajia «JIypbic» OONajabl, al WHEPIUSUIBIK CIWH OalaHbIChl >KOWBLIBI KETe[l.
Hortmxkecinae, Oypaty cKalspbl KeJieciiei KaJibInKa KeJie/i

.

T=—62 = _6H?, (5)

myHarel H Xa006m napameTpin Gunipesni. bipTekTiiik neH u30Tponus 0omKaMbiHa
OailyIaHbICTBI, MAaTEPUSHBIH JHEPTUA-UMITYIbC TEH30pPBI HIEal CYHBIKTHIK (hOpMaChIH
anapl

™ = (p + plutu” + pg*”, (6)
MYHJIaFbl P — 3HEPTrus ThIFbI3AbIFbI, P — KbICHIM, TOPT-KbUIAAMIBIK

uk = a,. (7)

— i .
byr &, = 71;€,€, MeTpHUKaCBIHBIH KOMETIMEH HOpMaIaHa bl
OpPEKETTEH KOCMOJIOTHSIIBIK OpiC TCHIEYIepi MBIHA TYPC aJIbIHA B

12H2f + f = 16nGp, (8a)
48H2Hfrr — (12H2 + 4H ) fy — f = 1671Gp. (8h)
MYHJarbl HHACKCTCP Keneci TYbIHAbLIIAPpAbI KOPCCTYIC HaﬁHaHaHLIHaHLI
af a’f
= — = . g

OcBbI KYMBICTHIH OapbICbIH/Ia 013 COWKECiHIe KOCMOJOTHSIIBIK Opic TeHJeYIepiH
KaiiTa ka3yra MyMKinaik Oepetin f(T) =T + F(T) napamerpiH eHrizemis

6H?+ 12H*F; + F = 16nGp, {10a)

4H(12H3*Fr — Fr — 1) = 16aG(p + pog). (10b)

TYTKBIp CYHBIKTHIK YIIiH 3(()EeKTHBTI KBICBIM MBIHA TYple aHbIKTanmanb! (Sharif,
2013, 3):

Per = p +11, {]— l}
MYHIAFbl KOJEM/Ii TYTKBIPIIBIK, KBICBIMBI
1 = —3¢H. (12)

Omnpbl exinmni @punMaH TeHIeyiHe KOWCaK;:
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4H(12H*Fr — Fr — 1) = 16n6G(p + p — 38H). (13)

[llag MeH paAWanWsHBI €CKEPe OTBIPBII, THIFBI3IBIK MEH KBICHIM (hopMyrmamapbl
TOMEHETIICH o3repei:

P =Pm TP P=pPmtp— 3EH. (14)

MYHJIaFbl KY# TEHJICY1

Pm =0, pr= E.Iﬂr" {15}

OchI KaThIHACTApIaH MaTSPUSHBIH Y3MIKCI3IIK TEHACYIepi TOMEHIET1IeH MIBIFaIbI

Pm = —3Hpm, pr=—4Hp,. (16)
Hotmxecinae, KOCMOIOTUSIIBIK ©pic TEHICYIepi Keleci Typae opHeKTemNe i
(Hohmann, 2017, 5)

W =16énG(p, + p.). (17a)

. 4
-H=—=2 =166 (p,,, +30 = 3§H), (17b)

dw
MyHJIarbl TOMEHT1 uHeKe nuddepenunanusnbl oingipeni Wy = 55+ by xepae
cerikec ®punman Gpynkuuscein T xone H apaceiHgarsl (5) TeHAEyIer KaThIHACTBI

€CKepe OTBIPBIN TOMEH/IETIICH alaMbI3

W(H) =F+ 6H?+ 12H?F. (18)

By xymbic 6apeiceinna W(H) dynxnuscer ke3 kenres f(T) rpaButanms Moaeninig
HETi3Tr1 KOCMOJIOTHSJIBIK EPeKIIeTIKTepiH aHBIKTall alaThIHIBIFRIH KepceTemis. (16)
xoHe (17) TeHaeynep ochl 3epTTeyliH Herizi Oonbin TaObuIagsl. Omap Oip-OipiHeH
TOyeJICi3 eMec eKeHiH ecKepyiMi3 KaxeT. Tannay yuriH 0i3 Oyl apTHIKIIBUTBIKTHI aJIbIIl
TacTarl, MEeKTeyCi3 TUHAMUKAIBIK KYHEHI aly YIIiH MIeKTey TeHACYiH KOJIaHYBIMBI3
KepeK.

da3aybIK KeHICTIK KoHe 3BOJIIOLMS TeHeyJiepi

AnnperHFBE O6iMie 613 Xa00m napameTpinia H, p,, JKOHE P OHEPTHSA THIFBI3IBIKTAPbI
Opuaman anreOpaiblK MIEKTeyiHe OalIaHBICTBI TOYeNCi3 eMec ekeHiH kepmaik (17).
Ocpinaifma, Oi3iH JWHAMHUKANBIK SKYHeMi3IiH QU3UKaNbIK (a3aiblK KeHICTITi
KeHicTikTeri 1 GarbITTac rHrepOeTi OOIBIN TaObLTA BT

{{H_, B Pp}lH = {_mj :'::}.l Pm = [[].l E}Jpr = [[].l :':}}.l {lg}

OHBI KeJeciged mapamerpieHzaipeMis. bi3 coymeneHymiH JKaimbl SHEPrHs
TBHIFBI3/IBIFBIHA KATBIHACKH! OOMBIHIIA KaHa alHBIMAJIBIHBI HI13eMi3

£r
- (20)
p?" + pﬂ‘l
Coman KeifiH 0acTamKbl THIFBI3ABIKTAP KeIeciaei e3repel
P = X{Pr + Pm}i Pm = {l - X}{Pr + Pm }J {:2 l}
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MYHJarbl OH JKaKTaFbl KaJIbl SHEPTusl THIFbI3AbIFEl Opuaman mekreyimen (17a)
H GoiibiHina anbiKTananel. Ousukanbelk ¢asanblk KeHIiCTiK H € (—oo,00), X € [0,1]
apKbLIbI IIIEKTEIETIHIH Kopyre 00abl.

Tarpl Oip mexrey @Ppuaman MIEKTEyiHEH XOHE HOIMIK HSHEPrusl LIAPTHIHBIH
’KapaMIbLIBIFbIHAH IBIFa/IbI, OJ1 MATEPHHBIH JKaIIIbl SHEPTHS THIFBIIBIFLL P+ p TEPic
eMec JKoHe HIeKTey i 0oy Kepek ekeHairid oinaipeni. @puaman (17a) mekreyinen Oy
W(H) > 0 mapreina 3xBuBaiieHTTi. Ochuiaiiiia, Gu3nkanblk (pa3aliblKk KeHICTIK MbIHA
TYPZe >Ka3bliabl

P={(HX)|l-x<H<®0=<X=<10<W(H)<wx (22)

bi3 enpi >xaHa aifHBIMANBUIAPABIH TUHAMHUKACHIH TaJIKbUTaWMEI3. (20) TeHIeyiHiH
YaKpIT OOWBIHINA TYBIHABICHIH aJIbIl koHE (16) Y3mIKCI3miK TEHACYIEPIH KOJIIAHBIII,
MBbIHAHBI Ta0AMBI3

X =HX(Xx-1). (23)

Cotikecinme, 013 g ywmin (17a) ®punman tewueyin uremrin, (20) TeHueyneri
AHBIKTAMACBIH Iaii/1ajaHa OTIPHII MICHIIMIH aja ajJaMbI3

i H 65H
H=—W—(X+3——)J (24)
I"1"'}1’ Pm + 2

MyHa 613 6enren W /H (hakTopbl HOlre TeH eMec JKOHE IEKTI JIeN KapacThIpaMbl3,
oliTkeHi 0oy IyphIC eMec HeMece TEK KOJNAWIbl IIEKTey NpOoLenypachl apKbLIbl
aHbIKTaIFaH Oonap exi. MyHbl 013 KeHiHIpeK MIEKTEYNi Karaalnapasl TalKbUIaFaHaa
ecTe YycTaybIMbI3 Kepek. (23) >xone (24) Tenaeynepi IUHAMHUKAIBIK KYHEMi3i
aHBIKTAMIbI.

Horu:xenep

TypakTsl HYKTeJIep #KJHe 0J1apAbIH TYPAKTbLIBIFbI

Enni 6i3 (23) xone (24) TeHpeynepiMeH aHBIKTalfaH AMHAMHUKAIBIK >KYHEHIH
TYPaKThl HYKTeJepiH TaJKplIayFa eTeMis. JJnHaMUKabIK )KYHeHiH TypaKThl HYKTeJIepi
OHBIH (pa3aJIbIK KCHICTITIHAErl IWHAMHMKA aFbIHbI JKOUBLIATHIH HYKTENEp OOJBII
TaGbLIa/b!. JIMHAMUKATIBIK 5KYiie YIIiH X = () 5KoHe H=0 LIapTTapbIH KAPaCThIPAMBI3.
Erep X =0, X =1 nemece H =0 Gonran xargaiina X =0 TeH 6GONATHIHIBIFBIH
(23) renneyinen Taba amamsbi3. (24) TeHAEyiHEH H=0 MIAPTTApBIH MYKHUSAT LIBIFApy
kaxer, oitkeHi o1 W(H) ®puaman ¢yHKOusIChIHA Toyeni. bi3 kemeci karmaimap bt
KapacThIpa alambl3:

W — (0 Gonran ke3ne H — () OONATHIHIBIFEI aHBIK, OYJI JKarmaiina W, MIEKTEYIT
6omy kepek. W, —> 0 sxone W mexreyni Gomnran sxarmaiina 1a H—0.

Erep X = 546 —36omca H—>0.

Amtor

H —> () JIereH KOpBITBIHBIFA Kene anambi3 erep & > 0 xone Pm TP > P,

Cepmidiic skoHe Kepi aiiHAJIBIM MYMKiHIITi

Enni 6i3 cepmimicrep, FalaMHBIH S>KABIPBUTBIT, KalTamaH YIFAsSTBIH COTTEPi, MEH
Kepi alfHaJIbIMAAP/BL, SIFHU FajaM BOJIIOLUSCHIHBIH YJIFAI0 )KOHE JKUBIPBUTY (pa3anapsl
apachIHIAFbI aybICYJIap bl TANKbLIaMBbI3. Ke3 kenren MyHail aysicy yiuiH Oi3zne a = 0,
nemek, H = 0 6onareinein eckepyimiz kaket. Ocbutaiima, mynaait aysicynap H =0 (22)
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TEHJCYIC KopceTUIreHae (hU3UKaIbIK (a3ayiblK KEHICTIKTE 3aTThIH JKAJIbl SHEPrUs

THIFBI3/IBIFGI OH OOJIFaH Karaiifia FaHa OpbIH alajbl koHe on YIniH H = 0 mapTsl 1a

OPBIHJATYBI KepeK. AJIJIBIHFBI OSpiIreH XaFJail OpbIHIAIA]IbI, ETep KOHE TCK KaHa erep
W|g=p = 0. (25)

H|, ,>0 Gonranna ceprimic Gepinemi, an kepi ainansim 41 [;20> 0 apkpuist
H=0
cunartanansl. (24) TeHmeymeri Xa00m mapaMeTpiHiH IWHAMHUKACBIHAH J{ HOI eMec
koHe H = () Ke3iH/Ie MeKTeYIT 00Japl, erep )KoHe TeK KaHa erep

. H
Il}l‘{lﬂ —H‘TE(X'F 3-

5§H) 1 ‘

om0 Wyl @0

H=0
mekti Gosca, nemek, (h W), -0 ymin H — (0 Gonamsl. By xkepae exinmi
MYIIICHI ereMeyre Oojaapl, OUTKEeHI O OIpiHII MYyIIere KaparaHaa >KbUITaMbIpaK

KOUbLTABL In W TyBIHABICHIH aHbIK ecentey apkbuibl 1 # 0 mapter erep soHe Tex

kana erep H =0, W>0, W,_# 0 xoue W, #* 0 Goxran Ke3ae OpbIHIANATBIHBIH
xone W, TaHOachl JJ TaHOACHIH AHBIKTANTBHIH/IBIFBIH kepcereni. Ocpuraiiiia, 0i3
KOPBITBIHBLIAI, KeNIECIHI TYHIHACHMI3:

TyxbipeiMmaama 1. 1 H = 0 6orzan scazoaiioa H=#0 ezep Jicone mex Kaua ezep

w>0 X W,=0 acarne W, # 0 6onca, by sHcepoe

i. W, <0 Gonran kesze H >0, nemex, cepriic OaliKanapl,

ii. W, >0 Gonran ke3ne H<0 , IEMEK, Kepi aifHaIIbIM OaiKaiabl.

Baksbliay KacuerTepi

Byn Genmimzue 013 AMHAMUKANBIK KYHEHI KOCMOJOTHSUIBIK MOJACIBIIH (DU3HKAIBIK
KacueTTepiMeH jKoHe OaKpuIayIapMeH Kajlail 0ailaHBICTBIPY KEPEKTIriH TaJKblIaiMBI3.
Ocpl MakcarTa 013 eki KacueTTi, aran aiTkanna, A Oemiminzaeri FamamublH yaemeni
WIFalobl MeH OanaMalibl KYHTIPT 3HEPrHsi MOJENiHIH 0apoTpONnThl MHACKCIH *oHE B
OeniMiHzeri (aHTOMIBIK IIEKapalaH Ty MYMKIHIIriH 3eprreiimiz. CoHblHza 0i3
Xab6n napamerpi, Oasynay napameTpi >koHe THIFBI3IBIK IIapaMeTpiIepi CHUAKThI OipHelIe
OakpuIay MapaMeTpiIepiH JUHAMHUKAIBIK XKYHEeIeH Kalail aimyra OOJIaTbIHBIH KOHE OfaH
opi ®punmanneiy W(H) gyHkiusaceH mekrey xone C 6emimine Oenrini 6ip dhaszanbik
KEHICTIK TPaeKTOPHSCHIH TaHAAy YLIIH Kajall maiaananyra OOJaTbIHBIH KOPCETEMI3.

A. KepmenmerisireH KeHero
Kes kenren f(T) rpaBuTanus Mozeni Typaiibl MaHbI3/IbI CYpaK - OJ1 FajJaMHBIH YAeMedi
WIFaI0 JIOYipiH KOMJIAHAbl Ma oHe Oasyliay MEH Y€y apachlHIa aybICyinap Oap ma.
Xab0m mapaMeTpiHiH aHBIKTAMAChIHAH TOMEHJICTI TCHJIEY TIKEJICH IIbIFaIbl

dd da—d® d

= = — —— —H?, 27
dta a“ a @n
neMek, Oi3iH skarmaiiaa yaey Obliaifina epHeKTenei
i o B6EH W
—=H-+H=H(H—(X+3——)—). (28)
a Pm + Pr H'{&’
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Enpi 6i3 yney men Oasynay apacblHIAFrbl ©Tyre, aTam aTkadna, ¢ =( Ty3yiHeH
oTeTiH (Da3aiblK KEeHICTIK TpaeKTOpHsJIaphlHA aca MOH OepeTiH Oomambei3. Eckeperin
JKAMT, H=0 YIIIiH OYJ1 IapT H =0 wmonin Oinmipeni, neMek, OyJ1 )karaaiiaa emKan an
aybicy Gonmaiinpl. Ocbliaiiiua, 6i3 aysicynapasie Tek 1 # 0 kesinge Gomybl MyMKin
eKeHIH aHBIKTaMBI3

6EH
H—(X+3— 6fH )E_(X+3_p,n+p,.) (29)
Pm T pr/ Wy (InW)g

ConpIH/Ia 013 KeJeci KOPBIThIHbIFA KEJIe ajJaMbl3;

TyxkbipbiMaama 2. Yoey men oasynay apacvinoazel ayvicynap (29) menoeyoen
myvinoaumoin. H(InW), =X+3 wapmuin Kanazammanovipamein asanvl Kenicmix
HyKmesnepinoe 2ana 00xybl MyMKIH.

B.KyHripT 3Heprus :xkoHe paHTOMIBIK LIeKapa

Erep (17) KoCMOJIOTHSUIBIK ©PiC TEHICYICPIH Kbl CANIBICTHIPMAIIBIK TEOPUSICHIHBIH

JKaJbl KYHTIPT YHEPrusl MOJIENI YIIIH ColiKec TeHeyJIepiMeH CallbICThIPaThIH O0JICaK,

oJlap MbIHA Typze Oepimemni:
Bl

T 1ZIC’;'J'I + Pr + PDE]J {Bﬂﬂ]

-

. 4
H =—4nG|p, + Ejﬂ:' + {1 + "'"'rDE}pDE]J {BGb]

ouna f(T) rpaBHTAUMACHIH KYHTIPT SHEPTUSHBIH d(QEKTHBTI MOJAEN peTiHae
KaObUIayFa OONATBIHBIH TYCIHYTEe 00J1a/bl, MYH/IAFbl KYHT1PT YJHEPTUSHBIH 2P ek THBTI
9HEPTUS! THIFBI3BIFBI

_5H:—W (1)
PopE = 160G

aJ1 OHbIH 3 PEeKTUBTI OAPOTPONTHI MHACKCI KeIeCiAeH Ka3blaaabl

L (X+3 3¢H )(1 lZH) L -
WoE = 3 p.+p, Wy W

1 (X+3 3EH ) [ETlH‘V—ﬁ-H:”H
3 Pm + Pr {hl H‘J}H

(32)

bizni acipece GapoTponThl KepceTkim —1-IeH Kiln Hemece ylkeH 0e, HeMece OChI
€Ki MYMKIHIIKTiH apachlH/a JMHaMHUKAaJbIK Typjae e3repetin [ = H™ 6Gap ma nerex
CYpaK KbI3BIKTBIPANbl. Wpp = -1 KPUTHKAJIBIK MOHI (PaHTOMIIBIK HeMece (haHTOMJIBIK
eMeC KYHTIPT DHEePrusiHbl aXKbIpaTajibl, COHABIKTaH «()aHTOMIBIK IIeKapay peTiHie Ae
Oenrim. On yIIiH eKiHII KOCBUIFBIIITHIH TaHOACKIH 3€PTTEy MKETKITIKTI. Bi3 TypakTsl
HYKTEJep MEH epeKIIeTIKTep/li TaIKbLIay bl )KaJIFacThIpa aaMbl3 oHe OipHele Typii
JKaFaimap/ el @XXbIpaThI Kapai anamei3. bipiamiaen, 613 H ™ # () Jen KapacThIpaMbI3
xoHe W™ yiin keneci yIn HaKkTHI sKaFaiibl 3epTTEHMI3:

Erep W nueepcuduraumnsnanca, W, ne nusepcuduranusnanasl. (32) tenaeymaeri
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KaKIIaJarbl €Ki TepMHH Je |-re >KakplHAaWdbl, ajd O0apOTPONTHIK KOPCETKIMI

X 3EH

-2 T2  #_]-KeKaKbIHIaWIbL.

W — 0 yuin (32) tenumeymeri Wpg yuriH OipiHIn ©pHEKTCH Wy —0 KOHE
JKaKIIalarbl colikec k03(D(UIMEHT aylaK KeTiece, Wy —>—1 CKCHIH aHbIK KOpyre

Ooonanpl. Jlereumen, (32) TeHaeymeri COHFBI OPHEKTEH JJ/ —» () JKOHE Wy —0

JKarqalbplHaa aa Oeuriureri (In W)H MYIIECI aJIIaKTalThIHbIH, aj allbiIM COHFbI
OOJTBINT KAIAaTBIHBIH KOpyTe Oomansl. Jlemek, Oyt sxarmaaiaa na Wpg — —1. Jlerenmen,
IV Gemimuen W =0 H =0 naeremi OurIipeTiHiH ecke Tycipcek, OyJI Jkarjaiina
KHBUIBICY OPBIH aJIMaiIbl.

Erep W — 6H ’ 6osica, aHANOrThIK aprymentren [In |W —6H” ||, Genriminin

aIIIIAKTaWTHIHBIH KepyTe 0osaibl, IeMeK Wpg Nie TuBepcu(UKansIaHaIbl.
C.KocmoutorusiibiK mapameTrpJiep

Bipkarap OakpuUTaHATBIH TMapaMeTpiepli TUHAMHKAIBIK OJKYWeHI KypalThiH
TeHZCYJIep/IeH Tikenel amyra Oonaabl. EH MaHBI3ABICH - KPUTHUKAJIBIK THIFBI3IBIKTEIH
KOMETIMEH aHBIKTAJIaThIH THIFBI3IBIK ITapaMeTpIIepi

31 (33)
- 8nG’
biznin mMozxenpme O6ap 3aT THIFBI3IBIFBIHA OPTYPIl YiECTep YIIIH OV KapamaibiM

aHBIKTaMajapIsl Oepei

1-X)wW . XW W
ﬂm=pﬂ=%i h?,=p—’=—y ﬂDE=@=1——:, (34)
Pe 6H p: 6H Pe 6H

s

[IapTThl Typ/e KEHICTIKTIK KUCHIKTBIKKA KATBICTBI Q, napaMeTpi Jie aHbIKTaJIabl;
JIeTeHMeH, OyJ1 mapaMeTp Oi3iH MO YIIiH OipJie sKoFaiajbl, OUTKeHi 013 e3iMi3i
keHictiri Teric @JIPY keHicTiK-yaKbpITBIMEH IlekTeimi3. Hotmxkecinme napamerpriep
KeJIeciiel IeKTey TeHJICYiH KaHaFaTTaHIbIPajIbl

N, +0,+0p:=1, (35)

Oyu1 )kaii FaHa cotikec @puaman TeHaeyiniH (30a) KaiTa )ka3bLUTy bl 5KOHE OJT aFBIMIAF bl
OakpUTayTapMEH I COHKeC KemeTi.

bakputaHaTeIlH TapaMeTpiepAiH Tarbl Oip MaHBI3OBI KUHAFBI, opwHE, XabOo
rmapamMeTpiHiH 631 H jkoHe q apKpUIBEI aHBIKTAIFaH Oasyiay mapaMeTpi.

& l+(X+3 il ) d (36)
1=~z ™ HE oo +p ) HWy'
d 1 W W, 6. W,
Y (k43— - omr) 8 (Tl (37)
dH H HWy Wy Pm P Wy
TaaksbLiay

I'padukanbik Taanay
MoaudukanusnanraHd TpaBUTANA TEOPHUACHIH KapaCThIPANbIK:
f(T)=T + aT", (38)
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MYHJaFbl 0 KOHE N MoAenbs napamerpiepi. o = 0 Ke3iHAe MOJeNb CTaHIApPTTHI
TeJenapaiesbli TPaBUTALUAFa OPHEKTEEI].

CanppIK Tangay yiid 0i3 MblHA apaMeTplepi naiiananambl3:

ca=0,1;

n=2;

* Xa00npin Oactanke! napamerpi Hy = 70 km/(c Mpc);

* 3aTThIH OaCTalKbl THIFBI3IBIFEI Prno = 0,3 P

* CoyseneHyaiH 0acTankbl ThIFbI3IBIFbI p.o= 0,0001p;

* Tytkpipisik & = 0,05.

& TYTKBIPJABLIKTHIH H(t)-Ke acepi
2Bostoumsa macwtTabHoro akTopa

— aty=e®2t

20000

15000

aw)

10000

5000

Cyper 1. & tyrkuipIIBIKTBIH H(t)-Ke acepi

Byn rpaduk TYTKBIpIBIKTHIH FamaMHBIH YIIFaro KbUTIaMIBIFbIHA KaJlai acep eTeTiHIH
3epTTeli. & HOMIIK eMeC MOHIH KOCY TYTKBIPJBIFI KOK JKaFAaiiMeH CalbICThIpFaH/aa
WIFar0 )KbULIaMIBIFBIHBIH TOMEH/ICY1HE oKee/i. & yikeH MoHiepi Xa00u mapaMeTpiHig
KeIl OpEKEeTiH e3repTe OTHIPHIN, IMCCHUTIATHBTI ocepiepre OailaHBICTBI YIIFAIOIBI
Oastymaranel. bynm KBaHTTHIK BakyyMHBIH TYTKBIPJIBIFBIHA HeMmece epre Famammarbl
AQHM30TPOIITHI dcepiepre OaiaHbICTHI KYOBUIBICTAP/IbI TYCIHAIPYl MYMKIH.

Xa060J1 mapaMeTpiHiH IBOJTIOLUACHI

H(t) FamamapiH yiFa0 KeUIIAMABIFBIH cUMATTaiael. CaHIBIK MIEIIM  Kemeci

TOYEJIITIKTI KepceTei:

H(t) & Hyel-0ltl, (39)
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SBontouma XabbnoBckoro napameTpa

701 —— H(t) = Hoe "1
60
50

40

H(t)

30+

20

10

o 20 20 50 80 100
t

Cyper 2. Xab0 mapaMeTpiHiH BOTIOLHUSICH

byn rpaduk FanaMHbIH yIIFato )KbIUIIaMIBIFBIHBIH YaKbIT ©TE KeJle Kaslail e3repeTiHin
kepcereni. bacramkpima Xa00m mapameTpi KOFapbl, O JKbUIJAM KOCMOJIOTHSUIBIK
IBOJTIOIMSAFA COKecC Kemei. YakpIT oTe keine H(t) asaspl, Oyn FanaMHbIH yIIFarObIHBIH
OastynayslH kepcereni. Momudukanusianrad rpaButanus (o # 0) xoHe TYTKBIPIBIK (§
# 0) Oap ke3zme cTaHIApPTTHI HBOIIOIMANAH aybITKY Oalikanaabl. Erep & xorapsuiaca,
JICCHIIATHBTI ocepiepaeH H(t) Tesipex ToMeHael .

a(t) macTad pakTOPHIHBIH IBOJTIOLHUSCHI
a(t) macmTad gakTopsl FagaMHBIH YIIFAIOBIH KOpceTeTi
alt) & elo-1t} (40)

IBonwums MmacwTtabHoro dakTopa
— a(t)=ge®3t

20000

15000

® 10000 F

5000 |

o] 20 40 60 80 100
t

Cyper 3. a(t) maciTad (pakTOPHIHBIH IBOIIOLUSCH

bacrankeina a(t) Henre kakblH OoJFaHma, OYJI SBONIOIUSHBEIH epTe Ke3eHAepiHe
cotikec keneni. COHpIMEH Karap, rpad K KYHTIpT YHEPTUSHBIH OachiM (a3achbiHa ColKec
yAeMeni YIFaronel  kepceremi. Erep MomubuKanusiIaHFaH TPaBHTAIMS THHAMUKAFa
afTapibIKTall ocep erce, a(t) cTaHmapTTHI YATIre KaparaHaa JKbUIIaM HeMece 0asy ecyi
MYMKiH. bepinreH Moaenbe TYTKBIPIBIK VIIFAIoNb! OasyiaTaabl, Oipak ocep y3aK yaKbIT
00IBI OaifKamabl.
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®azanapik noprpet (H,p . p)

AhheKkTnBHOE ypaBHEHNE COCTOAHMUS

—-0.5F —— Wel(t) = — 1+ 0.5e 02t
-0.6

—-0.7+

Weft (t)

-0.81

—0.9}

=101

0 20 40 60 80 100

Cyper 4. @azanwik noprper (H, p_, p,)

By rpaduk MaTepusi THIFBI3ABIFBIHBIH, COYIJICICHYIIH XKOHE YIIFAI0 KbUIIaM/IbIF bIHBIH
KaJiai OaliaHbICThl eKeHiH kopceTeai. Epre kesenje paauanus (p,), onaH Kelin Marepus
(p,), am KeHiHIi Ke3eHJ€e KYHTIPT SHEPrus HeMece MOAM(pMKALMAIaHFaH TPaBUTALMsA
OaceIM 0OTYyBI MYMKIH €KeHiH Oaiikayra Oomaapl. dazaibIKk NOPTPETTIH TPACKTOPHUSCHI
WIFAlOABIH KYHTIPT DHEPrUsl 9CEpiHEH JKbUIIAMAANTBIH HYKTEre aiblll Keledi. o
Hemece & mapameTpiiepi e3repreH Kesje (hazajiblk TpaeKTOpHUsIap CTaHAaPTTh KYHIeH
alTapibIKTall aybITKybl MYMKiH.

I exTuBTi KYIi TeHaeyi
OddexTuBTI KYi TCHACYl TOMEHIET1NeH aHBIKTaIaIbl
wrr(t)= —1 + 05et702e], (41)

DhdhekTUBHOE ypaBHEHME COCTOAHUA

—0.5f —— Werr(t) = —1 + 0.5e7%2¢
—0.6f

=0.71

Wesr(t)

—0.8}

—-0.9¢

—-1.01

0 20 40 60 80 100

Cyper 5. Dddekrupti kyit W (t) mapameTpiHiH yaKbpITKa Toyesii rpaguri
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Byn tenney Fanam sHepruschIHbIH SpekeTin cunarraiapl. Epre kesenne w . = 1/3
Oonranza, OyJ1 paaualysHbIH OACBIMIBUIBIFBIH KepceTel. MaTepHsiIbIK Ke3eHIe 0TKEeH
ke3ne w . 0-re neiiin ToMeHAenal. YIeMen yiral Ke3€HIHAE W . —1-Te yMTbLIbII
Tepic Oonanel, Oy KOCMOIOTHSUIBIK TYpaKThiFa ceiikec MoH. [ paBUTAalUSHBIH
MomubuKanusapel 6ap 6omnca, W . OPEKETi CTaHIApTTaH e3remie OOoNybl MYMKiH:
MpICabl, W < —1 ((haHTOMIBIK KacueTiHeH) oTmeni (asanap O0aybl MYMKIH.
TyTKBIPIIBIK FaJlaMHBIH JMHAMUKACBIHA KOCBIMINA YHKENICTI €HII3€ OTBIPBIN, W .
OpEKETiH e3repTe/i.

Kopobitbinabl. byn 3eprreyne 0i3 kesmemai TyTKelp cyWbIKTBIFEI Oap f(T)
IpaBUTALMSACHIHAAFB MOAN(UKAIMATIAHFAH KOCMOJIOTHSUIBIK TCHICYIEP/i LIBIFapIbIK
XKOHE OJapFa Tajjay ojkacaablK. bi3niH TanmaybIMbI3 KeJIEMAl TYTKBIPJIBIKTHIH
crannaprtel DpujMaH TEHIACYJICPIH aNTapNbIKTAl ©3repTeTiH JKOHE FapbIIITHIK
YJIFal0, yJIey MEH CHHTYJISIPJIBIKKA 9Cep €TETiH THIMJII KbICHIM TEPMHUHIH CHIi3€TiHIH
kepcereni. Kericriri teric ®JIPY Fanamubl kapacTeipy jKoHE TeTpalaHbl IyPhIC TaHIAY
apKpUTBI 013 IITaH, pamuanus JKOHE TYTKBIPJBIK JKarmalbiHma XaOO0m mapameTpiHig
ABOJTIOIMSICBIH PETTEUTIH Opic TEHACYIEPiH MIbFapAbIK. Da3aiplK KEHICTIK TaJIaybl
KOJIEMJIi TYTKBIPJIBIKTBIH KOCBUTYBI KOCMOJIOTHSUIBIK HICHIIMCPAiH TYPAKTHUIBIFBI MEH
KEHiHT1 Ke3eHIeri opeKeTiHe acep eTETiHIH KepceTTi, an Oy o3 ke3eHiHae FamamHbIH
OaifKasFaH y/IeMei YIIFarobl Typalibl TYCiHIK Oepyi MYMKIiH.

CoHbIMeH Katap, 613 ke3 kenreH f(T) rpaBuTariis MoIe iHiH HeT13T1 KO CMOJIOT FSUTBIK
epekurernikTepin KaMTuThIH W(H) QyHKIMSCHIH 9BOIONMS TEHACYIEPIH TalAay YIIiH
naiinananapik. bizain Hotmwkenepimiz Oenrini 6ip f(T) pyHKIMATAPE MEH TYTKBIPIIBIK
k03 puIreHTTepiH TaHAay apKbUIbI OaKbLIay IIEKTEYJIEepiHe cail KeJeTiH BIKTHMAl
KOCMOJIOTHSUTBIK  MOIETBACPIl aiyFa OONaTBIHBIH KepceTemi. bomamak 3eprrey
KYMBICTapBbIH TYTKBIPIBIKTBIH JKaNIbLIaHFaH (opMajapblH KOCY, OpTYpii OacTamksl
KaFainap YIIH CaHABIK IIeIIiMAEpAl 3epTTey >KOHE TEOPHSIIBIK OoJKaMIapbl
KOCMOJIOTHSIJIBIK MUKPOTOJIKBIHABI (OH COyJIeNIeHyiHEH HeMece ayKbIMIbI KYPBUIBIMIBIK
3epITeyJepACH alblHFaH Oakpliay [EPEeKTEpIMEH CaJBICTBIPY apKblIbl KEHEWTyre
Oomasl.
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Abstract. This work presents a methodology for processing archival spectra of
planetary nebulae obtained with the AZT-8 telescope in 1970-1998, with the aim of
adapting them to the requirements of modern spectral analysis. The main stages include
the correction of geometric distortions arising during photographic plate registration;
calibration to an accurate wavelength scale, enabling direct comparison with modern
spectral databases; normalization using spectra of standard objects and correction for
instrumental sensitivity; as well as conversion into absolute fluxes required for physical
interpretation. In addition, the influence of atmospheric conditions was taken into
account, which made it possible to refine extinction coefficients and reduce systematic
errors. As a case study, the methodology was applied to archival data of the planetary
nebula PC 12 observed with the AZT-8 in 1994. A calibrated spectrum in absolute fluxes
was obtained. Comparison of the measured HP line flux (1.97x107'2 erg s™! cm2) with
published values revealed a discrepancy of about ~30-40%, which can be explained by
differences in observing conditions, interstellar extinction, and calibration procedures.
The results confirm that absolute fluxes can be recovered from archival data with an
accuracy comparable to that of modern observations. The proposed approach can
therefore be extended to the full set of archival spectra of planetary nebulae, significantly
enhancing their scientific value. Particular attention is given to the integration of such

115



ISSN 2224-5227 3.2025

data into the infrastructure of Virtual Observatories (in particular, KazVO), in accordance
with IVOA standards.

Keywords: Planetary Nebulae, Distortion, Archival Data, Tubular Radioactive
Photometer, Step Attenuator

© AJK. Ymupo6aena', JI. Axraii, JI.H. Kongparbesa, U.M. U3maiisioBa,
C.A. lllommexoBa, 2025.
B.I. ®ecenkoB arbiHarbl AcTpo(U3HKAIBIK HHCTUTYThI, AnMarbl, KazakcTaH.
E-mail: shomshekova@fai.kz

IUIAHETAPIBIK TYMAH/IBIKTAPIBIH APXUBTIK CAHBLIAYJIBI
CHEKTPIEPIH OHJIEY 9JIICTEMECI

AJK. Ymupobaea — maructp, KFK, B.I. decenkoB arsiaiars! ACTpO(U3HKAIBIK HHCTHTYTHI, AJIMaTHI,
Kazakcran,

E-mail: umirbayeva@fai.kz, https://orcid.org/0000-0001-9339-4990;

JI. AxTaii — Oaxanasp, nmkenep, B.I. ®ecenkoB aTbiHAarbl ACTPO(QU3NKAIBIK WHCTHTYTHI, AJIMATHI,
Kazakcran,

E-mail: aktay@fai.kz, https://orcid.org/0009-0005-5862-4777;

JL.H. KonaparseBa — ¢.-m.F.k., BFK, B.I. decenkos areiHpars! ACTpoQU3HUKaIBIK HHCTHTYTHI, AJIMaTHI,
Kazakcran,

E-mail: kondratyeva@fai.kz, https://orcid.org/0000-0002-6302-2851;

N.M. UzmaiinoBa — maructp, KFK, B.I. ®ecenkoB arsianarsl AcTpo(U3UKAIBIK HHCTUTYTHI, AJIMAaTHI,
Kazakcran,

E-mail: izmailova@fai.kz, https://orcid.org/0000-0001-9878-0989;

C.A. WommexoBa — PhD, XXFK, B.I. ®deceHkoB arbiHAarbl ACTPOGU3UKAIBIK HHCTHTYTHI, AJIMATHI,
Kazakcran,

E-mail: shomshekova@fai.kz, https://orcid.org/0000-0002-9841-453X.

AnHotammsa. byn xymeicra 1970-1998 k. A3T-8 TeneckomnbIMeH allbIHFaAH
IUTAHETAPIIBIK TYMaHABIKTapAbIH apXUBTIK CHEKTPJIEPIH Ka3ipri COEKTPAIbIK Tanjay
TajanTapbiHa Oefimaey omictemeci yebiHbUIaAbl. Herisri kesenaepre GoTomnacTuHara
TipKey Ke3iHJEe TYBIHIAUTHIH TeOMETPHSJIBIK OypManaHynapibl TY3€Ty; 3aMaHayd
CHEKTPaJAbIK AepeKTep Oa3amapblMEH TiKeJel CalbICTBIpPyFa MYMKIHAIK OepeTiH aoi
TOJIKBIH Y3BIHJBIK LIKaJachlHa KajauOpliey; CTaHAapTThl OOBEKTIEpHiH CIEeKTpiepi
OolibIHIIIA HOpMaJlay JKOHE acHarnThlH CIEKTPAJAbIK Ce3IMTabIFbIH TY3€TY; COHIAli-
aK HOTWOKeNepi PU3MKAJIbIK TYPFbLAA TYCIHAIPY YIIIH KQKETTi aOCOMIOTTIK aFbIHAapFa
TYpJieHAipy karansl. bynan Oesnek, 6akpuiay ke3iHaeri arMmochepalblk KaFaaiiapaby
ocepi eckepinin, KyTbuly Kod(pQUIUEHTTepi HAKTBUIAHBI JKOHE JKYHENiK KaTeliKTep
a3alThUIIBL. OJicTemMe Mbicai petinae 1994 k. A3T-8 teneckonbinaa Oakpuianran PC
12 mnaHeTapnbIK TYMaHABIFBIHBIH apXUBTIK JepeKTepiHe Konganbuiabl. Hotmxkecinae
a0CONIOTTIK aFbIHAApAA KaJHUOPJICHIeH CIEKTP aiblHAbl. Hf CBHI3BIFBIHBIH ONIICHIeH
arbiHbl (1.97%107'2 opr ¢! cM?) xapusIaHFaH MOHAEPMEH CaJIBICThIPFaH/a [IaMaMeH
~30-40% aiibIpMaIIbLIBIK KOPCETTi, Oy OaxpLiay KaFAallapblHbIH, KYJIIBI3apIIbIK
apaiblK JKYTBUIYABIH »OHE KaJuOpiey epeKIICTIKTEepiHiH aWbIpMallbUIBIKTapbIMEH
TYCIHAIpTyl MYMKiH. AJBIHFaH HOTWKEIEpP AapXMBTIK AEPEKTEpIeH aOCONIOTTIK

116




ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

aFbIHIApAbI Ka3ipri OaxkpLIaynapra ColKec OONAIKIEH KallblHa KenTipyre OOJaTbIHBIH
pacraiiipl. ¥CBIHBUIFAH TOCIUIAI TUIAHETAPJIbIK TYMaHIBIKTAPBIH OapibIK apXWBTIK
CHeKTpIiepiHe KoJIaHyFa 00J1a b1, OYJT OJIap/IbIH FHUTBIMU MaHBI3bIH €JI0Yip apTThIPaJIbL.
MyHpaail nepekTepai BUPTyaJIIbl 00cepBaTOpHsUIapabiH HHQPaKYpPBIIBIMBIHA (dcipece
KazVO) IVOA cranmaptTapbiHa ColKec eHTi3y/IiH MaHbI3IbLTBIFbI €PEKIIIe aTall OTUIEI.

Tyiiin ce3aep: miaHeTapiblK TYMaHIBIKTap, AUCTOPCHUS, MYPAFaTThIK AEPEKTE,
TpYOKaJbl painOaKTUBTI (POTOMETP, CATBUIBI QJICIPETKIII
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Aunnoranusi. B pabote npencraBieHa MeToguka 00pabOTKH apXUBHBIX CIEKTPOB
IJTaHETApHBIX TyMaHHOCTEH, TMoiy4deHHbIX Ha Teneckore A3T-8 B 1970-1998 rr.,
C NENbI0 WX aJalTalil K COBPEMEHHBIM TPeOOBAaHUSIM CIIEKTPAIHLHOTO aHaJH3a.
OcCHOBHbBIC JTallbl BKIIOYAIOT HCIPABICHUE TE€OMETPHUUECKUX MCKAXECHUI mpu
perucrpauuu Ha (QOTOIUIACTHHKE, MPUBA3KY K TOYHOW INKAaje MAJIMH BOJH JJIS
COIOCTABJICHUS] C COBPEMEHHBIMH 0a3aMM CIIEKTPOB; HOPMHUPOBKY MO CTaHAAPTHBIM
00bEKTaM M KOPPEKIHMIO Ha CHEKTPAJIbHYIO YYBCTBHTEIBHOCTH NPUOOpa; a Takke
nepecuéT B aOCONIOTHBIC MOTOKH, HEOOXOAMMBbIe Uil (pU3MYecKod HMHTEepIpEeTalny.
JIOTIOTHUTENFHO YYHUTHIBAJIOCH BIMSHWE aTMOC(HEPHBIX YCIOBHH, YTO ITO3BOJIMIIO
YTOUHHUTH KO3(P(ULUUEHTHl NONIOMEHUA M CHU3UTb CHCTEMAaTHYECKHE OLIMOKU.
B kauectBe mpumepa MeTOAMKAa NPUMEHEHa K apXWBHBIM JaHHBIM IUIAHETAPHOM
tymanHoctu PC 12, nabmonasueiics na A3T-8 B 1994 r. [lonyden orkannOpoBaHHbBII
CIEKTP B a0COJIIOTHBIX ITOTOKaX. CpaBHEHUE H3MEPEHHOTO oToka imHuu HP (1.97x10712
9pr ¢! cM ?) ¢ onyOIMKOBAHHBIMY 3HAYSHUSAMH MOKA3aJI0 pacXoxaeHue nopsaka ~30—
40%, 9TO MOXKET OOBSACHATHCS PA3TMIUSIMHU B YCIOBUSAX HAOIIONEHUH, MEK3BEITHBIM
[OIVIOIIEHUEM UM OCOOCHHOCTSAMM  KajauOpoBKH. Pe3ynprarsl MOATBEPXKIAIOT
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BO3MOXKHOCTh BOCCTAHOBJICHHSI a0OCOJIOTHBIX IIOTOKOB M3 apXUBHBIX JAHHBIX C
TOYHOCTBIO, COMIOCTABUMOM C COBPEMEHHBIMU HAOIOEHUSIMHU. [IpeIIoKeHHBIIH TOIX01
MOXET OBITh PacCIpOCTpPaHEH HA BECh MACCHB APXUBHBIX CIEKTPOB IUIAHETAPHBIX
TYMAaHHOCTEH, CYIIECTBEHHO MOBBIIIAS UX HAYUYHYIO HEHHOCTh. OTACIbHOE BHUMAHUE
YAEIEHO UHTErPalliu TaKUX JAaHHBIX B HHPPACTPYKTYPy BHPTYaIbHBIX 00CEepBaTOpUil
(B wactnoctu, KazVO), B coorBeTcTBUU cOo cTangapTamu [VOA.

KuioueBble ciioBa: IIaHeTapHbIE TYMAaHHOCTU; AUCTOPCHSI; apXUBHBIC JAHHBIC;
TPyOYaThIil PaIMOAKTUBHEIN (POTOMETp; CTYNEHUATHIN OCIaduTeIb

HUugpopmayus o unancuposanuu. Vccieoosanue 8bINOIHEHO NPU NOOOEPIUCKe
Komumema wnayxku Munucmepcmea mayku u evicuwezo obdpaszoeanus Pecnybnuxu
Kaszaxcman 6 pamxax epanma Ne AP22784884 u npoepammer Ne BR21881880.

Beenenue. IInanerapuasie Tymannoctu (I1T) sBISIFOTCS BaKHBIM ATArioM SBOJIOLUH
3B&31 Manoii u cpemneit Maccel (M = 8M o), xorna 3Be3na cOpackIBaeT CBOIO BHENTHIOKO
000110uKY, 0OHaXKas1 ropsiuee sIpo, CIIOCOOHOE HOHU3UPOBATH OKpY Karolui ra3. M3yuenue
[IT urpaer KIFOYEBYIO POJIb B IOHUMAHHUHU MIPOIECCOB 3BE3THON IBOIIOIMHY, 00OTAIICHUS
MEK3BE3THOMN Cpe/Ibl ANIEeMEHTaMH X MEXaHU3MOB B3aHMOJICHCTBHS N3TyUSHNS 1 BEIECTBRA.
Crrexrpockormst amuccronnsix uauii H I, He I-11, [O III], [N 1], [S II] u apyrux uoHoB
MO3BOJISIET ONPEIETISATh (DU3HUECKHE ITapaMeTPhl: AIEKTPOHHYO TEMIIEPaTypy U INIOTHOCTb,
MOHU3ALMOHHYIO CTPYKTYPYy, XUMHUYECKHI COCTaB W KHHEMATHKy OOOJO4YeK, a Tarke
CBOIicTBa IIeHTpaNbHBIX 3BE371 (MkoHHMKOBa, 2021).

OnHako W3BIICUCHHE KOJIMYECTBEHHON MH(pOpPMAIUK U3 HAOMIONaTeIbHBIX JaHHBIX
TpeOyeT KOPPEeKTHOH 00paboTKH: HauMHas ¢ KalMOPOBKH AMYIbCHOHHOW IJIOTHOCTH
(TouepHeHws1), TOCTPOCHUSI XAPAKTEPHCTHUECKUX KPUBBIX, TPHUBSI3KH MUKCEIHHBIX
KOOp/MHAT K JITMHAM BOJIH, OIICHKH YYBCTBHTEIBHOCTH amIaparypbl U armochepHoro
ocnabenust. OCOOEHHO BayKEH TOT aCIEKT IPHU padoTe ¢ apXUBHBIMH (DOTOIUICHKAMH,
CHATBIMH C HCIOJB30BAHHEM DJIEKTPOHHO-ONTHYECKHX mpeoOpaszosateneit (DO0II),
rae crenuduueckue d3PQeKTrl (reoMeTpHIECKIE UCKaXKEHUs, HEPAaBHOMEPHOCTD OIS
D30I, nerpananust SMyJIbCUN) BHOCST JIOTOMHUTENbHBIE ciokHOCTH (Shomshekova et
al., 2023; Hazapenko u lleprun, 1984).

B nacrosmeit pabore 00beKTOM HCCIIEIOBaHNS BhIOpaHa IIaHeTapHasi TYMaHHOCTh
PC 12—xoMnakTHBIN 1 yCTOWYMBBINA BOMUCCHOHHBIX XapaKTEPUCTUKAX O0BEKT, KOTOPBIH,
OJTHAKO, JI0 CHX IOp M3y4YeH CYNIECTBEHHO MeHee MoApoOHo, yeMm kiaccuyeckue 1T
(Acker et al., 1992). HecmoTpst Ha HajM4Yue OTIACIIBHBIX CIIEKTPaJIbHBIX HAOIIOACHUH,
B TOM 4ucIie onyOnnkoBaHHbIX B padote Hajduk et al. (Hajduk et al., 2015), PC 12 He
BXOJUT B YHCJIO aKTUBHO HAOJIONAEMBIX OOBEKTOB, a TIOTOMY IPEJCTABIAET HHTEPEC
JUTS IOBTOPHOTO aHAJIN3a HA OCHOBE apXWUBHBIX JAHHBIX.

Hcnonp3oBanne criekTpoB, Mody4deHHBIX B 1994 romy, B codeTannu ¢ COBpeMEHHOMH
METOAMKOM OOpabOTKM TO3BOJIIET HE TOJNBKO IPOTECTUPOBATH NPUMEHHMOCTH
ANTOPUTMOB K (POTOTUIEHOYHBIM MaTepuasiaM, HO W MPOBECTH COIOCTABICHUE C
OITyOJIMKOBAaHHBIMU PE3yJIbTaTaMH, BKIIFOUAsi BO3MOYKHBIE DBOIOIMOHHBIC M3MEHEHUS
B crnekrpe. Takum oOpazom, PC 12 ciayuT yaoOHBIM TECTOBBIM OOBEKTOM JUIS
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Bepu(UKAMM METOAMYECKHX TOAXOAOB M U3BJICUYEHHUsS (U3NUECKH 3HAYMMOM
WHGOPMAIMH U3 apXUBHBIX HAOTIOACHUH.

MarepuaJjibl 1 METOAbI

st peanu3anny MOCTaBICHHBIX 3a7a4 ObUIM HCIOJIB30BaHbl apPXWUBHBIE CIIEKTPBI,
noiyueHHsle B 1990-x rogax Ha Teneckone A3T-8, ycTaHOBIEHHOM B 00CEpBaTOpHH
Ha Kamenckom mnaro (r. Anmarsr). CriekTpsl iaHetapHoit tymanHoctd PC 12 Obiin
nosryueHsl B HOub ¢ 16 Ha 17 mas 1994 r. mpu skcno3unuu 25 MuHYT. B kauecte
perucTpupylouiell anmnapaTypbl HCIOJIB30BaCs TUPPAKIMOHHBIN crekTporpad c
ANIEKTPOHHO-ONITHYECKUM TipeoOpazoBateneM (DOII) tuna YM-92, obecnieunBaBmImii
paGounii quanazon 4000 — 8000 A (Konaparsesa, 1985). CriekTpbl GMKCHPOBAJIHCEH HA
acTpoHoMuueckue GoTornénku TunoB A-600 u A-600V.

Hdns  kaxpmoro HabmrogaeMoro  oObEKTa, I[MOMHMO  OCHOBHOTO  CIEKTpa,
PErUCTPUPOBAIUCH CIENYIOIINE COMTyTCTBYIOIINE MaTepPHaJIbL:

1 KanuOpoBouHble KaJpbl, HEOOXOAMMBIC AJSl IMOCIEIYIOLIET0 TOCTPOCHUS
XapaKTEePUCTUUECKUX KPUBBIX, CBA3BIBAIOLINX ONTHYECKYIO MJIOTHOCTDH (TIOYEpHEHUE)
C MHTEHCUBHOCTBIO.

[0 CoekTpbl cTaHAapTHBIX OOBEKTOB — IUIAHETapHBIX TYMaHHOCTEH ¢
OnyOIMKOBAaHHBIMU a0CONMOTHRIMU MOTOKamu B smHusX Ha u HE. Dt cnekrps
HCTIOJIB30BAJIUCH JIs OTIPEICJICHHSI M AIIPOKCUMALINH CIIEKTPAJIbHOM 4y BCTBUTEIILHOCTH
PETUCTPAlMOHHOW CHCTEMbl M JJISl MEPeBOAAa OTHOCHTEIBbHBIX WHTEHCHBHOCTCH B
abcomoTHbIe YHepreTndeckue enuanibl (Koraparsesa, 1985).

1 Arc-cexTpbl (KaauOpOBOYHBIC CIIEKTPHI JIaMIT) C JIMHUSAMH HEOHA, TeNusl U
aproHa — PerucTPUPOBATUCH HEMOCPEACTBEHHO JI0 WM MOCIE OCHOBHOM SKCIO3UIHH.
OHM HMCTIONB30BAIMCH JUIS NPUBSI3KM NMHKCEIBHOW IIKANbl CHEKTpa K INKajle JJIHH
BOJIH, MOCPEICTBOM OIPEACNICHNUS KOOPIMHAT WIACHTU(PHUUUPOBAHHBIX JHHAH H
anmnpoKCMMAaIUK QyHKIMH ucrepcun A(X).

Ilpeoobpabomka u kanuoéposxka: OIHUM W3 KIIIOUEBBIX 3TaloB 00pabOTKH
APXMBHBIX CIIEKTPOB SBISIETCS TEPEXO] OT ONTUYECKOW IUIOTHOCTH HM300pa’keHus K
YHUCJIEHHBIM 3HAUEHUSM OTHOCHUTEJIBHOM HMHTEHCHBHOCTH. [l 3TOro mpuMmeHsuach
METOAMKA TOCTPOEHUS XaApaKTEPUCTHUECKOW KpPHUBOHM, OTpakarolled 3aBHCHUMOCThb
MEX/ly ONITUYECKUM MTOYEPHEHUEM TUIEHKN U YPOBHEM SKCIIOHMpOBaHUs. Takol moaxon
MO3BOJISIET C BBICOKOW TOYHOCTBIO BOCCTAHOBHUTH MPOQHIL CHEKTpa B (U3UUECKUX
eIMHUIaXx.

B 3aBucuMocTH OT THIIA KaTMOPOBOYHOTO KaJpa HCIOIb30BAIUCH ABA CTAHAAPTHBIX
HCTOYHHKA HKCTIOHUPOBAHMUS:

1 TpyOuatsiii paguoaktuBHbell (oromerp (TP®D) dopmupoBan muzobpaxkeHue
B BHUJE ILIECTH KOHLEHTPUYECKHUX KPYIIbIX 30H (puc. l.a), Kaxkagas M3 KOTOPBIX
COOTBETCTBOBaJIa OIPENCIEHHOMY YPOBHIO OJKCIIOHMpPOBaHMA. [l MOCTpoeHHs
XapaKTEPUCTUUECKOM KPUBOW ONpENesUINCh KOOPAMHATHI IIEHTpa M PaJuychl 30H,
MPOU3BOAMIOCH YCPEJHEHUE TNIOTHOCTH BHYTPU KaXIOW 00nacTu (Al MCKIIOUEHHS
KpaeBbIX apTe(akToB), IOCIE 4Yero 3HA4YCHUS CBA3BIBAIUCH C KaJMOpPOBaHHOM
mkanoil. [lomydeHHass 3aBUCMMOCTb MEXIy IIJIOTHOCTBIO U HHTEHCHBHOCTBIO
anmnpoKCHMHPOBaIach MOJIUHOMOM.
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[)  CryneHuarslif ocnaOuTens MPeACTaBIsLl COOOH IJIACTMHY C JAEBATHIO
MPSMOYTONBHBIMU 30HAMH, KaKJas U3 KOTOPbIX nMmena (UKCHPOBAaHHOE oclalieHue
noroka (puc. 1.0). DTO MO3BOJIO OXBAaTHTh IIUPOKHH JAMANA30H SPKOCTEH H
chopmMupoBaTh HaOOp TOUYEK IS alIpPOKCHMAlMW KpUBOH. M3MmepeHHs MIOTHOCTH
MPOBOAMINCH B MICHTUYHBIX YCJIOBHUSX C OCHOBHOW CHEKTPOIpaMMOM, Ha TOM e
MUKpodoTOMeTpe. ANMPOKCHMAIHS BBIIOIHSIACH aHAJIOTHYHO ciydaro ¢ TPO.

HOJ’Iy‘ICHHaﬂ XapaKTCPUCTUUCCKAsA KpHBas D= f (Iam} HWHBEPTHUpPOBaJIaCb 10

— g1
(I)OpMBI Iam - f (Du'm}, YTO TIIO3BOJIAJIO II€pEeCUUTaTh IMOYCPHCHUC KaXKIOr0o
DJIEMCHTA CIICKTPOTpaMMBbl B YUCJICHHBIC 3HAYCHUA NHTCHCUBHOCTH.

a) 0)
Pucynox 1. M306paxeHnst KaanOpOBOYHOTrO Kaapa MOTyIeHHOrO Ha:
a) — TpyOuarslil paanoaKTUBHbINA GoToMeTp; 0) — CTyNeHYaThIi 0CIa0UTelNb.

HanavanpHOM3Tare 00paboTKH CIEKTPOB BHITTOIHSIIACH KOPPEKIIUS TEOMETPUYECKUX
HCKa)XCHUH, BOSHUKAIOIIUX U3-3a ONTHYECKUX 0coOeHHOCTeH criekTporpada ([lenucrok,
2003) u DOIla (puc. 2.a). OcHOBHOE BHHMaHHE YIEJSIOCH YCTPAHEHUIO S-00pa3Hoi
JUCTOPCUU CIIEKTPa — HCKAKEHWIO, TPU KOTOPOM IIEHTpajbHAas JIMHHUSA CIIEKTpa
nu3rudaercs B npoaosibHoM HampasiaeHun (Hazapenko, [leprun, 1984). Mcnpasienue
OCYIIECTBISUIOCH C TOMOINBIO ATAOHHBIX JMHUH WM TO reoMeTpud (oHa, 1mocie
YEro CHEKTp NPUBOJIUIICA K MPSIMOJIMHENHON pa3BepTKe BIOJIb AUCIEPCUOHHON OCH
(Shomshekova et al., 2023) (puc 2.0).

a)

0)
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B)

Pucynox 2. [TocnenoBarenbHble Tambl 00pabOTKH IByMEPHOI'O CIIEKTPa:
a) —MCXOHBIH (ChIPON) KaJip HAOMONEHUI; 0) — KaJp 1MOCIe BEIpAaBHUBAHHUS 10 HAIIPABICHUIO
JIMCIIEPCUU; B) — OTKAJIMOPOBAHHBIN KaJIp, IPUBEACHHBINH K OTHOCUTEIbLHBIM HHTEHCUBHOCTSIM.

CrnenyromuM IaroM OBIT TEPEXOA OT ONTHYECKOH IJIOTHOCTH (TIOYEpPHEHHs) K
WHTEHCUBHOCTH. i1 3TOTO MO KanuOpOBOYHBIM KajpaMm (CTyHeHYaThlil OCIa0UTENh
Wik TpyOdaTslii (OTOMETP) CTPOUIIACH XapaKTePUCTHUECKas KPHBAsi, OMMCHIBAIONIASN
3aBHUCHMOCTh OITHYECKOM TIIOTHOCTH OT JorapudMa HWHTEHCHBHOCTH. KpuBas
anMpOKCUMUPOBaHA TTOJIMHOMHUAIBHON (DYHKIIMEH, KOTOpas 3areM MNPHUMEHsIIach K
Ka)KIOMY TIHKCEITI0 CTIeKTpa. B pesynbprare Kaaphl ¢ MOYepHEHNEM MPeoO0pa30BhIBAINCH
B MacCHBBI OTHOCHTEIHLHBIX HHTEHCUBHOCTEH (pHc. 2.¢).

[Tocne nepeBosa M300paKeHNS CIIEKTPA B KAy OTHOCUTEIFHBIX HHTEHCHBHOCTEH
Y TIPOBEJICHHS CIIEKTPATLHON KaJIMOPOBKH, CIIETYIOIINM 3TalloM 00pabOTKHU SIBIISETCS
m3BiedeHne ogaomepHoro (1D) crekrpa u3 asymepHoro (2D) nzobpaxkenus (puc. 3).

le6

= OnHOMEpHBIii CIEKTP

w

UHTEHCHBHOCTD (OTH. €]1.)
—_— )

0 500 1000 1500 2000
IMukcens

Pucynok 3. OHOMEpHBI CIIEKT, MTOTYYCHHBIN U3 IBYMEPHOTO H300paKCHUSL.

Jns MUHMMH3AaOUH BIUSHHUS IIYMOB W CIy4alHBIX apTe(akToB BBIACISIIACH
ONTUMAJIbHAS allepTypa, OrPAaHUYUBAIOLIAS 30HY YKCTPAKLIUU.

Ha »rane xanmuOpoBKHM MO AJMHE BOJHBI BBIMOJHSIACH TPUBSI3KA HMHKCEIBHOM
IIKAIbI CTIEKTPa K IIKANE 4 C MCIOIb30BAHUEM KAIMOPOBOYHBIX CIIEKTPOB HEOHOBBIX
U renueBbIX Jamn (arc-crekTpoB). KoopamHaTel SpKMX SMHCCHOHHBIX JIMHMHA Ha
KaJMOpOBOUYHOM Kaape OIpPEAC/UINCh BPY4YHYHO (puc. 4), mocie 4ero CTpousach
JUCTIEPCHOHHAs 3aBUCUMOCTh A(X), anmpokcumupyemasi MOIMHOMOM 3—5 cTereHd
(puc. 5). [lomyuennast pyHKITHS MPUMEHSIIACh KO BCEMY CIIEKTDY.
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Pucynok 5. JlucriepcuoHHas 3aBUCUMOCTb

I/IHOI‘,I[a B ApXHBHBIX CIICKTpPax Ha6J'IIO,Z[aCTC$[ CMCHICHNEC HUKHETO CIICKTPa CPaBHCHU A
OTHOCHUTCJIIBHO BCPXHCTO. OTo0T 3(1)(1)€KT CBA3aH C MaJIbIM IOBOPOTOM BXO,Z[HOfI mean
cr[eKTporpa(ba, BCJICACTBUC YCTO BCChb KaJip UMCCT HeKOTOpLIfI MaJbIi YTOJI HaKJIOHa
OTHOCHUTECIIBHO HHCHepCHOHHOﬁ OCH. HpI/I 9TOM CIICKTP 00BEKTa TaKXKE CME€IIacTCs, HO
9TO CMCIICHHUEC 06YCJ'IOBJ'I€HO HUCKIIFOYUTCIBHO I’ COMeTpHGfI perucrpanuu.

ILJ'IFI yueTa AaHHOIO 3(1)(1)eKTa HCO6X0,I[I/IMO OMpeACIUTh BCINYUHY CMCIICHUSA I10
OCHU OUCIICPCHUU. HYCTB TOPU3OHTAJIBHBIC KOOPAWHATHL BBI6paHHOﬁ JIMHUW B BCPXHEM

U HWIKHCM CIICKTpaxX CpaBHCHUSA PABHBI Xj n X_'J, a UX BCPTUKAJIBHBIC KOOPAWHATHI

¥
¥} u "2 Torma paccrosHme MeKIy CIEKTpaMH CPaBHEHHS [0 BEpPTHKAIM PABHO:
AY =Y, —Y) Beprukampnas xoopauHarta criekTpa o6bekTa 0603HadaeTcs Kak Yp.
Ero MoNoeHne OTHOCHTEIBHO BEPXHETo CIieKTpa cpaBHenns pasno: 4Yg = Y¥Yp— ¥

. Tak KaK cMeIIeHUE U3MEHSICTCS BI0OJIb OCH ?, BCJIMYMHA CABUIA CIICKTPa 00BEKTA I10
A¥p

ocu X Berumcnsercs no popmyne: X = Ty (X2 —X1). Ecnm X, > X, 10 cusur
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HaIpaBJIeH B CTOPOHY yMeHblIeHHs X (B1eBO), eciau X, << X; — B CTOPOHY yBEJINYEHHUS
X (mpaBo), B ciiyuae X5 = X — CIBUT OTCYTCTBYET.

[lonoxkeHre SMHCCHOHHBIX JHHUH  TOCIE MNPaBUWIbHOW 0OpaOOTKU JOIKHO
COOTBETCTBOBATh J1AG0PATOPHBIM 3HAYEHHSAM C TOYHOCTBIO Topszaka 1-3 A, npu sTom
BEJIMYHMHA JIOIyCTUMOTO OTKJIOHEHHSI 3aBUCHUT OT JAUCIIEPCHU HCIIOIb3YEMON CUCTEMBI.

Oobpabomka cnekmpoe cmanoapmHuuvix 00beKmog:

Jist mepeBoa OTHOCHUTENIFHBIX MHTEHCHUBHOCTEH B aOCOJIOTHBIC 3HAYCHUS TTOTOKA
HCTIOJIb30BAJIUCH HAOIIOACHUS CIIEKTPOB CTAHJAPTHBIX IUIAHETAPHBIX TYMaHHOCTEH ¢
XOpOLIO M3BECTHBIMH aOCOJIOTHBIMU MOTOKaMH B SMHCCHOHHBIX JIMHUSX. B maHHOM
pabore B KadecTBe 3TajoOHA MCIIOIBb30BANACh IUlaHeTapHas TyMaHHOCTb NGC 6572
(Sabbadin et al., 2006, Boponnos-BenbsmunoB u ap., 1964, Boponuos-BenbsmMuHoB
u ap., 1969), ciektp KOTopoii ObLT 3apEernCTPUPOBAH Ha TOH K€ YCTaHOBKE (TEJIECKOII
A3T-8, D0I1 YM-92, poronnénka A—600) 1 B Ty ke HaOII0AaTeNIbHYI0 KAMIIAHUIO, YTO
u cuekrp PC 12. Jlannplii 00bEKT IIMPOKO UCIIONB3YETCSl B KAUECTBE KATUOPOBOYHOTO
cTaHzaprta Onarogapsi cBoei CTa0MIbHON SMUCCHOHHOH CTPYKTYpE U BBICOKOH SPKOCTH
(Apxumnosa u 1p., 2014).

Ha mnepBoM »sTame cHekTpsl CTaHIAPTHOH TYMaHHOCTH NPOXOJWIH MOJHYIO
npenoopaboTKy: BBIpABHMBAaHHE, II€PEBOJI B OTHOCHTEJIbHBIE HMHTCHCUBHOCTH,
W3BJICYCHUE OJHOMEPHOTO CIIEKTPa M MPUBSI3KA K ILIKAJIE JUIMH BOJH. DTH HPOLEAYPHI
BBIMOJTHSUIMCH OJMHAKOBO KaK ISl OOBEKTa, TaK U AJIs CTaHapTa.

[Mockonbky cmektpel NGC 6572 Obuid  3aperHCTPUPOBAHBI € PA3IHMYHBIMH
skcriozuusaMu (o1 1 1o 480 cexkyHn), U Ka)KA0ro Kajpa BRIOMPAINCh IMUCCHOHHBIE
JIMHWH, HE TOJBEPKEHHBIEC TIEPEIKCIOHUPOBAHUIO WIIM HEJOCTATOYHOMN HACHIILIEHHOCTH.
Bce akcno3unny npuBOIMIIMCH K eAMHON onmopHOM — 60 cexyna. MacmrabupoBaHue
BBIMOJTHSJIOCH [0 OTHOIICHUIO HHTEHCUBHOCTEH yCTOWYMBBIX JTMHHMI:

Lpores =1 (dﬁsm)

Eznen

Jns xaxnoit muuum (mampumep, [O 111] 5007 A, Hy, [N 1I] 6583 A) 3mauenus,
MIPUBEICHHBIE K OMOPHOM AKCIIO3HUIINH, YCPEAHSIOTCS MO BCEM IOCTYIHBIM KaJpam, 4To
naBano BenuanHy Iepea.

Hanee npoBouiicst yu€T arMoCcEepHOTo MOMIOIIEHHS. ATMOC(HEpHOE MOTIONICHUE
OKa3bIBa€T CYIIECTBEHHOE BIMAHME Ha HaOMIOgaeMble CHEKTPHI, OCOOCHHO B
KOPOTKOBOJIHOBOM uactu. Jlist yuéra sroro sddekra paccyuThIBaIoCh 3E€HUTHOE
paccrosiHrie 00beKTa HAOMIONCHNS B MOMEHT JKCIIO3HIIMH, a 3aTeM — KOA(PPHUIINEHTHI
OCIIa0NeHUST TSI KaXKAOM ITMHBI BOJTHBI.

3eHHUTHOE PACCTOSHKE £ OMpenensoch u3 cdepudeckoii Tpuronomerpun (Kono-
HoBu4, Mopo3, 2004; Apxunosa u ap., 2014) mo ¢popmyne :

cosZ = sing - sind + cosg - cosd - cos(5 — a),

rae ¥ — reorpaduyeckas mupoTa obcepBatopun (B pamuaHax), & — CKIOHCHHE
00BEKTa, & — MPSIMOE BOCXOKJIEHHE, 5 — 3BE3IHOE BpEMs HAOTIONEHNS.
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IToce HAXOKIEHUS £ MepexoIHI K ONpeie/IeHHIo ONTHYecKoi Macchl Bo3myxa M
KaK:

cosZ’

npu ycioBuu, uto Z < G0°, yroObl M30exkaTh GONBIIMX ONIMOOK MPH HHU3KUX
BBICOTAX.

Wcnonb3oBanack Tabnuunas $yskius nporyckanus armochepst P (4), monyuennas
9KCIIEPUMEHTAIILHO JJIsl BBICOTHBIX yCIOBUH oOcepBaropun (Ha KameHckoM 1uiato)
(KonmparbeBa, 1985). s Kaxmoi HIMHBI BOJHBI PACCUMTHIBAICA KOd(QQULIUEHT
ocnabnenust o ¢popmyie:

K (A) =P(A)'*

e P{A)- Gespasmepnas GyHkims nporyckanus armocdeps npy senute, Mz —

arMocQepHas Macca AJsl TEKYLIEro 3¢HUTHOTO PacCTOSTHUA.

3HaueHHs P{f-{-] AIMPOKCUMHUPOBAHBI ITOJIMHOMOM I10 3KCH€pHMeHTaﬂBHOﬁ T8,6J'II/ILIC,
3aTEM HHTCPIIOJIMPOBAHBI Ha HaGJ’IIOI[aTeJ'ILHYIO CCTKY MJIMH BOJIH. HOJ'Iy‘IeHHLIe

3HAYCHUA Kg {;{'} HCIIOJIB30BAIMCH I KOPPEKIHU CIICKTPaA:

I A
by ) = 22

JIy1st aGCOMIOTHOrO MACIITAGUPOBAHKS BBOTHUICS KOIDDUIHEHT HOPMUPOBKH Cropa,
NPUPABHUBAIOLINI MOTOK HHKK Hy K 100:

c 1) = Imp.tr(‘;{’HE]
Hdp.lr{ j - I ( y ]
wam VT HE
rae I, — KaTaJoXHOe 3Ha4eHNe MHTEHCUBHOCTH JUISl TAHHOW JUTHHBI BOJIHEL.
Bce ocTanpHbIe THHUN MAacIITAOMPOBATTUCH C HCTIOTH30BAHUEM ATOTO KOA((HUIIHEHTA:
P g D)
HOpPA

I[J'IH OLICHKN CHeKTpaJ’ILHOﬁ YYBCTBUTCIBHOCTU CUCTCMbI BBITUCIISAIICA KOS(I)(I)I/IL[I/IGHT

Imp.tr{;{']
Ixam{"l]

YYBCTBUTCJIIbHOCTHU Kcnex :

Kéﬂi‘x {‘A’] =

HabGop 3Hauenuit K, o anmpPOKCUMHUPOBAJICS MTOJIMHOMOM TIO JUIMHE BOJIHBI (PHC.
6). IlomydeHHas KpuBas YyBCTBUTEIBHOCTH HCIIOJIB30BANACh BIIOCIECACTBUM TSI
MIPUBEJICHUS CIIEKTPa LEJICBOro 00bEKTa K aDCOJIFOTHOM IIKAJIe TIOTOKOB.
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PucyHok 6. Anmpoxcumaryst QyHKIMU CIIEKTPaIbHON 4yBCTBUTEIBHOCTU. KpacHbIMU MapKepaMu
MOKa3aHbl MCXOHbIE 3HAUECHUS, CUHSIS JIMHUS — PE3y/bTaT B3BELICHHON alMpoKCUMaIMK. 3HaYeHHe
ko3 duIenTa Ha JTHHe BoHE! 4861 A 3adukcnpoBano pasHBIM 1.

—— Jlo xoppexuuu
—— Tlocrte koppekiit
-=- HP4861 A
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Pucynoxk 7. Cnexrp mnanerapaoil tymanHoct PC 12 110 1 ociie KOppeKIMK Ha CIIEKTPAIbHYIO0
YyBCTBUTEJILHOCTb. KpacHast TMHUS 1T0Ka3bIBAE€T UCXOAHBIN CIIEKTP, CUHSSL — pe3yJbTar Iocie yuéra
9yBCTBUTETBHOCTH TIPHOOPa, HOPMHUPOBAHHOMH Ha muHMI0 Hg (4861 A).

Ilpugedenue Kk adconoOmubIM ROMOKAM:

Ha 3aBepmatomem stane oOpaOOTKM apXMBHBIX [JaHHBIX Oblla IpOBeneHa
HOpMHUpOBKa criekTpa o0bekTa PC 12 B aOconroTHO# mikaie moTokoB. OCHOBOW st
3TOTO CIIyXHIIO COMOCTaBICHHE HabIogaeMoil nHTeHcuBHOCTH JHuK Hg B criekrpe
craugaptaoit [IT NGC 6572 ¢ e€ xaraioroBsiM 3HaueHueM (Apxumosa u np., 2014). B
paboTe HCIOIb30BAIOCH 3HAUCHHE JIoTapr(pMa MOTOKA!

B kauecTBe OmopHOTrO 3HAYEHHS HCIIONB30BAJICS KaTaJOXKHBIN JorapudMudeckuit
MTOTOK:

logF,,,(Hg) = =98, F,, = 1358 x 1 071 3pz el on™?
W3 mnabmomaemoro crnekrpa oObekTa ObUT HM3BICUEH OJHOMEPHBIH MPOQHIb,
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HOPMHMPOBAHHBIi Ha OKcHosuumio ¢ = 25 wmuHyT. Iomyuennas —QyHKuus
WHTEHCUBHOCTH OblUIa JIOTOJHUTEIBHO OTKOPPEKTHPOBAaHA C HCIIOJIb30BAHUEM
ko3 dunrenTa nmepecuéra B aOCOTOTHBIE TIOTOKH:

Leann Fun
= =z — ST
FM&T £ ’ Coefmnmx -
ELva Fyrm

Coe
[Tonyyennoe 3HaueHue j— WCTIOJIH30BAIIOCH JUISI MACIITAOMPOBAHUS BCETO
CIIEKTpa:

‘F:qadamr — IWPP CGEf

Hust ouenkn noroka B qmnnn Hg (A = 4861 A) Ob1 BBIMONHEH MHTErpan Mo
okpectHOCTH £10 A OT 1EeHTpa JMHUM C MpeaBAPHTENHHBIM BBIYMTAHMEM CPEIHETO
YPOBHSI KOHTHHYYMa, OLIGHEHHOTO TO OOKOBBIM auanasoHam 48454855 u 4865—
4875 A:

.lq."!
) = [ (= Fowth
4;

rne Fpwm — YyCpenHEHHOE 3HaueHME IIOTOKA B COCEIHHMX MHTEpBalax, a
WHTETPUPOBAHKUE OCYIIECTBISUIOCH METOJIOM TPareIuii.

OTOT pe3ynbTar HCIOIb30BAICS KaK HE3aBUCUMasl IIPOBEpKAa KOPPEKTHOCTH
abcomorHoit mkansl criektpa (Kaler, 1983; Dudziak and Walsh, 1997). Ilonxy4yennbie
a0COITIOTHBIC 3HAYCHISI TOTOKA MOTYT OBITh JaJlee UCIIOIb30BAHBI IS PACYETa BEITMIHHBI
MEK3BE3HOTO IOTJIOMICHUS C(ng], CPaBHHUTEIBHOIO aHajM3a C JIUTePaTypPHBIMH
manaeiMu (Hajduk et al., 2015) u onpenenennst puzndeckux mapamMeTpoB TYMaHHOCTH.

le—12 PN PC12

121 — AGcomornbiii ciextp
Hp: F=1.97¢-12 erg/s/cm*
{l-—- r=48614

e =
oo (=]

Totok (apr/c/cm?/A)
(=]
o

0.4
021
0.0 Nty N\

4000 4200 4400 4600 4800 5000 5200

JlnuHa BomHsI (A)

Pucynok 8. Uurerpanus muanu [ g B criekTpe 1aHeTapHoi TymanHoct PC 12.
Yépras kpuBas — aOCONIOTHBIH CIIEKTp, TOTy6as 30Ha — 06macTh HHTerpupoBanus +10 A Boxpyr
muHAn o - ITysKTHpHAs MHHESA 0603HAYACT MoNoKeHue muHun A = 4861 A. MHTerpanbHblii HOTOK B

mmmun: F(Hg) = 1.97 % 1072 3pz ¢t en™.
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PesyabTarbl

B pesynbrare 00pabOTKH apXHMBHBIX CIIEKTPOB IIaHeTapHOW TymaHHocTH PC 12,
nojiy4eHHbIX Ha Teneckorie A3T-8 B 1994 roay, ObUT BOCCTAHOBIIEH OTKATMOPOBAHHBIH
CIIEKTp B aOCONIOTHBIX IMOTOKaxX. Bce arambl mpenoOpabOTKH, BKIFOYAS KOPPEKIIHIO
TreOMETPUUECKIX UCKAKEHUH, TOCTPOEHHE XapaKTePUCTHUECKUX KPUBBIX, KaTHOPOBKY
IO JUTMHE BOJIHBIL, & TAK)Ke KOPPEKIHIO Ha aTMOC(HEpHOE MOIVIONIEHHE, ObUIN YCIIEITHO
pearn30BaHbl ¥ IPOBEPEHBI HA JTAHHBIX CIIEKTPO(YOTOMETPUUECKUX CTAHIAPTOB.

[Mocne npuMmeHeHWs KOX(PPHUIMEHTOB  CIEKTPAbHOH  YyBCTBHTEILHOCTH,
MOJIyYeHHBIX Ha OCHOBe HaOmoneHuit cranpaprhoi [1T (NGC 6572), ciekTp o0bekTa

1

. —_ -2
PC 12 6bL1 ipuBeaéH K mKane GU3NYECKHUX MOTOKOB B 3pz ¢+ v -. Jst muanu Hy

(4861 A) MIOJIyYEHO 3HAYEHNE UHTETPAJIbHOIO MTOTOKA!
F(Hg) = (1.97 £ 0.1) x 107" spe cear™

(ommOKa yka3aHa yCIIOBHO, 3aBUCHT OT aIllllPOKCUMAIMA KOHTUHYyMa U TOYHOCTH
MTOCTPOCHHSI XapaKTEPUCTUIECKOHN KPUBOH).

Takum 00pa3oM, IONYYCHHBIH CHEKTP MPHUTOJEH sl JajbHEHIIEro (U3NKO-
JIMarHOCTHYECKOTO aHAIM3a, B YACTHOCTH, I OLEHKU IEKTPOHHOW TeMIlepaTrypbl U
IJIOTHOCTH HA OCHOBE COOTHOIIIEHUII MHTEHCUBHOCTEN SMUCCUOHHBIX JIMHUH.

Ob6cy:xxnenue

ITonydyenHsle pe3ynbrarbl JAEMOHCTPUPYIOT BO3MOYKHOCTb  BOCCTaHOBIICHUS
(m3nyecKknx TmMapaMeTpoB IUIAHETAPHBIX TYMAaHHOCTEW W3 AapXWBHBIX CIEKTPOB,
3anmucaHHbplXx Ha (GoTtomi€Hky B 1970-1990-x rtomax. IlpuMenéHnas MeTommka
00palOoTKH, BKIIOYAIONIAS KOPPEKIUIO TEOMETPUIECKNX MCKaKEHUH, MCIIOIb30BaHUE
XapaKTePUCTHUECKUX KPUBBIX U pacyér arMoc(hepHbIX K0d(D(PUIIMEHTOB MOTIONICHUS,
MTO3BOJIMIIA TIPUBECTH HaOMIOfaTeNbHbIe JaHHBIE K COBPEMEHHOI IIKaie abCOMIOTHBIX
IIOTOKOB.

CpaBuenuenonyuennoronorokamuuanuilg (1.07 x 1071 spz =L ew?)cpesynbraramu,
oryonukoBaHHbIMU B padore (Hajduk et al., 2015), memoHCTpupyeT MOKa3bIBaeT
pacxoxienue nopsiaka 43% nms pesynsrara 2015 rona (1.38 x 107%2 spz ¢! cw™?), ¥ OKOJIO
30% c pesyasrarom 3a 2016 ron (7,51 x 1072 apz e eae™): [TonoGHOE pacxoxkaeHue
MOXeET OBITh CBSI3aHO C Pa3IMYMSIMU B TIOTOJHBIX W HAOIIONATENBbHBIX YCIOBHSX,
KaJHOPOBKE, MEXK3BE3NHOMY IOTTIOMICHUIO, a TAK)KE METOIaMH M3BIICUCHHS [TOTOKA U3
cnekrpa. TeM He MeHee, pe3yJbTaT HaXOMUTCS B MpeAeiax PasyMHOW MOTPEUIHOCTH
W TIOATBEPIKAAET, UYTO Jake NPU padOTe C apXWBHBIMHU CIIEKTPAMH MOXKHO TOJNYdYaThb
a0COJIOTHBIE MTOTOKH, COTIOCTABUMBIE C COBPEMEHHBIMH H3MEPEHUSIMH, IIPUTOIHBIC JUIS
acTpodusnueckoit uurepnperanuu (Jacob et al., 2013).

JIONOTHUTENHHBIM J0CTOMHCTBOM METOIMKH SIBJISIETCSI HCTIOIb30BaHHUE CTAHAAPTHBIX
IUTAHETAPHBIX TYMAaHHOCTEW JUIS BBIYMCICHUS KOX(PPHUIMEHTa CIEKTPaTbHOM
yyBcTBUTENBbHOCTH npubopa. [Ipumenenne NGC 6572 B kauecTBe KalnuOpPOBOYHOTO
HCTOYHHKA TMOJTBEPIUIIO CTAOMIBHOCTh (POTOMETPUYECKONW MIKaIbl HA MPOTSHKEHHH
cepum OKCMo3uIMid. Takke BaXHO OTMETUTh, YTO HCIOJNB30BaHHE TPYyOUaTOTO
paauoakTuBHOTrO hotomerpa (TPD) u cryneHyaroro ocaadUTeNs O3BOIMIIO TIOBBICHTh
TOYHOCTB TIEPEBO/Ia ONTHYECKOH TUIOTHOCTH B UHTCHCUBHOCTH.
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3ak/arouenune

B mnacrosimeit pabore paspaborana meroguka 0oOpaOOTKHM apXWBHBIX CHEKTPOB
IJTAHETAPHBIX TYMaHHOCTEH, TOIYYeHHBIX Ha (OTOIDIEHKY ¢ ucmonb3oBanuemM DOI]a.
Ha npumepe o6wexra PC 12 mokazaHo, 94To Ja)ke B YCIOBUSX JETpajallid HOCHUTEICH
BO3MOJKHO BOCCTaHOBJICHHE CIIEKTPOB B IIKaje aOCOJIOTHBIX MOTOKOB M IONyYCHHE
napamMeTpOB IMUCCHOHHBIX JTMHUH C TOYHOCTBIO, TOCTATOUHOH JIs KX aCTPOPHU3HIECKOM
nHTeprperannu. Pa3paboTaHHbII MOAX0A OTKPHIBAET BOZMOYKHOCTh CHCTEMAaTHYeCKON
00paboOTKM BCET0 MacCHBa apXWBHBIX HAONIONEHUHN TUIAHETAPHBIX TYMaHHOCTEH,
HaKOIICHHBIX B AcTtpodmsndeckoM nHCTHTYyTEe M. DecenkoBa B 1970-1990-e rompl.
OTH aHHBIE, AOMOJIHECHHBIE COBPEMEHHON KaJMOPOBKOW M MPHUBEAEHHBIC K €IUHOMY
CTaHJapTy, MOTYT OBITh HCIIOJB30BaHBl AJISI M3Y4YEHUs] (PU3MYECKOTO COCTOSHHS U
9BOJTIOLIMH TIJIAHETAPHBIX TYMaHHOCTEH, a TaKKe JIJIsl COTIOCTABJICHUS C COBPEMEHHBIMU
CHEKTPOCKOTTNIECKUMH HAOTIONECHUSIMH.

B nanpHedmeMm mpenmosaraeTcsi MHTErpalys BOCCTAHOBJICHHBIX JAHHBIX B
nH(pPACTPYKTYpy BUPTYalIbHBIX oOcepBaropuii o cranmapram [VOA, uto obecrieunt
HX JOCTYNMHOCTh Ul IIMPOKOTO Kpyra HcCCIeloBaTreled U IMO3BOJIUT CYLIECTBEHHO
pacIIMpUTh HayYHBII MOTEHINAT APXUBHBIX HAOIIONCHUH.

OcHoBHBbIE pe3yabTaThl:

(] Peanmm3oBaHbI BCE KIIIOUEBBIC JTAIBl CIIEKTPOGOTOMETPHUECKON 00pabOTKH:
KaJauOpOBKa IO JJIMHE BOJHBI, YY€T CIEKTPAJIbHOM UYBCTBUTEIBHOCTU CHCTEMbI, U
abCcoIOTHAS HOPMHUPOBKA MOTOKA.

1 YcTaHOBJIEHO, YTO apXUBHBIE CIIEKTPAIbHBIC JaHHBIE MPUTOTHBI I (HU3UKO-
JMarHOCTMYECKOr0 aHaju3a IUIaHETApHBIX TYMaHHOCTEH MpPHU YCIOBHUH KOPPEKTHOMN
PEKOHCTPYKIIUN YyBCTBUTEIHHOCTH.

[J Ilomy4yeHHBIE CHEKTPBI CONOCTaBUMBI II0 KadeCTBY C COBPEMEHHBIMH
HU(POBBIMY HAOIIOACHUSAMH, YTO MOATBEP)KAAETCS] CPAaBHEHUEM a0COJIIOTHOTO ITOTOKA
muauK Hp ¢ orybirKkoBaHHBIME 3HadeHnsMy u3 (Hajduk et al., 2015).

1 PaszpabGoranHHas MeTOAMKa MOXET OBITh HCIONBb30BaHA TIIPH CO3JAHHUU
0a3pl CIEKTPOB IUIAHETAapHBIX TYMaHHOCTEH B paMKaX HHULHUATHB BHPTYaJbHBIX
o0cepBaTopHii, a Tak:Ke JUIsl PETPOCIIEKTUBHOTO aHau3a HBojroruu [1T Ha BpeMeHHBIX
WHTEpBajax B HECKOIBKO JIECATUIIETHH.

TaxuMm 06pa3oM, apXUBHBIE CTIEKTPHI, TPH COOTBETCTBYIOIIEH MU POBOIt 00padboTKe,
COXPaHSAIOT HAy4HYI0 LEHHOCTb M MOTYT OBbITb HHTEIPHUPOBAaHBI B COBPEMCHHBIC
acTpo(hnu3NIEeCcKUEe UCCICIOBAHMS.
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Abstract. Direct N-body simulation is an important tool for studying the evolution
of dense stellar systems such as globular clusters and central star clusters at galactic
centers. These are collisional systems in which the stellar orbits undergo two-body
relaxation, occurring over a characteristic time scaled as N / log N depending on the
number of particles. To more accurately account for key dynamical processes such as
core collapse, mass segregation, pairwise interactions, evaporation, and tidal blurring,
it is essential to model such systems over at least one relaxation time. Direct N-body
modeling is the most accurate method for simulating the effects of pairwise relaxation.
However, it scales as O (N?) per time step, and since the evolution due to pair relaxation
requires integration over a time interval proportional to N/ log N, the total computational
cost of such a simulation scales approximately as O (N’ / log N), which makes the

131




ISSN 2224-5227 3.2025

simulation of large collisional systems extremely time-consuming and computationally
expensive. In this paper, we present the results of testing and analyzing the performance
of'a new GPU server of the Fesenkov Astrophysical Institute's computing cluster based
on 10 NVIDIA RTX 4090 cards, and also evaluate its scalability. An upper limit on the
optimal number of cards for simulating N-body motion is determined depending on the
number of particles. The reasons for the existence of such a limit are analyzed and ways
to overcome it are proposed.

Keywords: N-body simulation, parallel computing, direct integration, collisional
systems, star clusters
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Annoramusi. N-OemmIekTi Tikeneld YATIey TBHIFBI3 SKYIABI3ABIK SKYHeIepliH,
MBICAJbl, MIap TOPI3Al LIOFBIpJIAp MEH TajaKTUKAIapIblH OPTANbIK >KYJIIBI3IBIK
LIOFBIPJIAPBIHBIH  BOJIONMSCHIH 3€PTTEYAIH MaHbI3Ibl Kypaibl OOJbII TaObLIAIbI.
Byn — exi OenmIexTiH pelakcanuschlHa YIIBIPAWTBIH KYJIIBI3ABIK OpOUTanapMeH
CHIATTaJaThiH COKTBIFbICATHIH JKYHenep. by nponecc Oemniiekrep caHbiHa OaliIaHbICThI
N / log N perinne macmra0Tananbl. SIIpOHBIH KOJUTAlChl, Macca CEerperammschl,
KOocapibl e3apa opeKerTecyiep, OyiaaHy KOHE TOJKBIHABIK OYJIBIHFBIPIAHY CHSKTBI
HETI3r JTUHAMHUKAJIBIK MpPOLeCTepAl ASMIpeK ecenke aiay YIIiH MyHIail kyienepai
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KeMiHze Oip pemakcanys yakbIThl OOHBI yiariney eTe MaHbI3Abl. N-OOJIeKTi TikeneH
yJITijiey — Kocapiibl pellakCallusiHbIH 9CEPIICPIH YIATUISY/IIH eH o ojici. Anaiina, Oy
onic 6ip yakeITTHIK Kagamra O (N?) perinzie mMacmrtrabTanaabl, ajl Kocapibl pelakcarys
apKbpUTBI OACKapbUIATBIH HBOJIIOIMS YaKbIT apaiblFblH N / log N mpomopruscsiHia
UHTEerpanysayapl tanarn ereni. COHIBIKTaH MYHAAH YATUICYAIH JKaJlIbl ecenTey
wibiFbIHbI miamamer O (N / log N) Gombin Macurabranapl, OYJ1 YJIKEH COKTHIFBICATHIH
XKyHenepal yIriieyai ecentey yakbIThl MEH PeCypCTaphlH ©Te KOIl KaXKeT eTETiH Ipolece
ereni. by xymbicta 613 B.I. ®ecenkoB aTbiHmarbl ACTpOpHU3UKAIBIK HWHCTUTYTTHIH
ecenrrey kimacrepiageri 10 NVIDIA RTX 4090 kapraceina Herizaenren xaHa GPU-
CEpBEPIHIH OHIMIUIITIH TECTIICY MKOHE Talmay HOTIIKEJEpiH YCBIHAMEBI3, COHIAi-aK
OHBIH MacmTadTay MYMKIH/IKTEpiH OaranaiiMbI3. N-OOJIIeKTiH KO3FaIIbICHIH YITiIey
YIIiH OeIIeKTep caHblHA OalIaHBICTBl KapTaJapiblH OHTAMIIbl CAHBIHBIH >KOFapFbl
mreri aHpIKTanapl. MyHaail mekTiH 0oy cebenTepi TanJaHbIl, OHbI €HCEPY JKOIIaphl
YCBIHBUIJIBI.

Tyiiin ce3mep: N-OenmiekTi yaTUIey, Tapaljiellb €cemnTeyiep, TiKeneH
MHTETPAIHSIAy, COKTBIFBICATHIH JKYHeINep, KYJIABI3IBIK IIOFBIpIIap
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AHHOTalII/Iﬂ. Hp?[MOC MOACITNPOBAHUE N-ten sBnsieTcss Ba)KHBIM HHCTPYMEHTOM
UL U3YUCHUA OBOJJIOIUMH  IUJIOTHBIX 3BE3JHBIX CHCTEM, TaKHUX KaK IHapOBBIC
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CKOIUICHHS W LIEHTPAIbHBIC 3BE3HBIC CKOIUICHHS B TaTaKTHUYECKUX LEHTpax. JTO
CTOJIKHOBHUTEIIbHBIE CHCTEMBI, B KOTOPBIX 3BE3/IHBIC OPOUTHI MOABEPIKEHBI pelakcaluu
IBYX Tell, MPOUCXOSIIEH 3a XapakTepHoe BpeMsi, Macmradupyemoe kak N / log N B
3aBUCUMOCTH OT 4Mcia yacTul. Jist 6oee TOUHOTO yuyeTa KIIOYEBbIX JTUHAMHYECKUX
MIPOIIECCOB, TAKUX KaK KOJUIANC SApa, Cerperamus Macchl, MapHble B3aUMOICHCTBUS,
HCTapeHre 1 MPUIUBHOE pa3MbIBaHUE, KpaliHE BAXKHO MOJAEIHPOBATh TAKUE CUCTEMBI
[0 KpaiiHell Mepe B TeUeHHe OJHOT0 BpeMeHH penakcauuu. [Ipsmoe MomenupoBaHue
N-ten sBnsiercss HauOoyiee TOYHBIM METOIOM MoneaupoBaHusi 3()(EeKToB MapHOH
penakcarmu. OnHako oHo MaciuTadupyercs kak O (N°) Ha BpeMEHHOM IIar, M MOCKOJIBKY
9BOJIONMS, OOYCIOBJICHHAsl MapHOM penakcauuei, TpeOyeT WHTEIPUPOBAHUS Ha
BPEMEHHOM HHTEpBajie, npornopuuoHaisHoM N / log N, oOmas BblYKCIHTENbHAS
CTOMMOCTH TAQKOTO MOJICIUpPOBaHHs Maciitadbupyercs npumeprHo kak O (N / log N),
YTO JeNaeT MOJENUPOBaHHE OONBIINX CTOJIKHOBUTEIBHBIX CHCTEM YPE3BBIYAHO
3aTpaTHBIM [0 BPEMEHHM M BBIYMCIUTENBHBIM pecypcaM. B maHHONH paboTe MBI
MPEACTABIsIEM pe3yJbTaThl TECTHPOBAHHMS M aHaiu3a MPOM3BOAUTEILHOCTH HOBOTO
GPU-cepBepa BBIYMCIUTENBHOTO KiacTepa AcTpodusuueckoro uHctutyra uM. B. I
®ecenkosa Ha 6a3ze 10 kaptr NVIDIA RTX 4090, a Takke oLieHHBaeM BO3MOKHOCTH €T0
MacmTabupoBanusi. OnpeneseH BEpXHUN Npeiesl ONTUMAIBHOTO KOJIHYECTBA KapT JUIs
MOJICTTUPOBaHUsI ABMKEHNU S N-TeJl B 3aBUCUMOCTH OT yuciia yacTull. [ [poaHann3upoBaHsl
MIPUYMHBI CYIIECTBOBAHUS TAKOTO MIpeesia U MPEIIOKEeHbI ITyTH €T0 IPEOA0ICHHUS.
KiroueBsble cioBa: mozpenupoBaHue N-Tell, MapajuleibHbIE BBIYHUCICHHS, MIPSIMOE
HWHTETPUPOBAHUE, CTOIIKHOBUTEIILHBIE CUCTEMBI, 3BE€3/JHBIC CKOTUICHHS

brazooaprocms: Hccnedosanue npogedeno 6 pamxax [ pawma No AP23487846
(«Hccreoosanue cesa3u mexanuzma oopaz08anus GONOKHUCbIX cCmpyKkmyp Beenennoii ¢
npoyeccom 00pazo8anis CRUPAILHLIX CMPYKIMYP 8 OUCKOBLIX 2anakmuxaxy), [Ipoepamm
No BR24992807 («Paszsumue kazaxcmauckou yughposoii cpedsl 0t ACMPOHOMULECKUX
UCcned08anull 00beKmMos OIUNCHE20 U OANbHE20 KOCMOCA 8 PAMKAX MENCOYHAPOOHOU
cemu eupmyanvhvlx obcepsamopuily), Ne BR24992759 («Paspabomra roHyenyuu
nepeo2o KaA3AaXCMAHCKO20 OpOUMAIbHO2O OKONOJIYVHHO20 meneckona — Oman 1»)
u Ne BR21881880 («Coszoanue acmpoHOMU4eckoeo ucciedo8amenbckoeo xaba ¢
UCNONb30BAHUEM KA3AXCMAHCKUX U MENCOVHAPOOHBIX ONMUYECKUX UHCMPYMEHMO8 U
UHHOBAYUOHHBIX MeXHON02Uuly), unancupyemvix MHBO PK.

Bsenenue.

CTONKHOBHUTENbHBIE 3BE3IHBIC CHCTEMbI, TaKWe KaK MIAPOBbIE CKOIUICHHUS H
IUIOTHBIE LIEHTPAJbHBIE 3BE3IHBIC CKOIUICHHS, NPUHUHUIUAIGHO OTIHYAIOTCS OT
0CCCTOIKHOBHUTENBHBIX CHCTEM, TakuX Kak ramaktuku (Binney, et al., 2011). Ux
JOJNTOCPOYHAst IBOJIIOLUS PETYIUPYETCSl pellakcalueil AByX Tel — MNpOLEeccoM, B
KOTOPOM KyMYJISITUBHBIE cJaObleé TpaBUTALMOHHBIE CTOJKHOBEHHSI MOCTENEHHO
repepacipeiessOTIHEPTUI0 U yIIIOBOM MOMEeHT Mexk Ty 3Be31aMu (Chandrasekhar, 1941).
B CTONKHOBUTENBHBIX CUCTEMaX 3BE3AHBIC OPOUTHI HE OCTAIOTCA (PMKCUPOBAHHBIMHU B
TEUCHHE AJTUTEIBHBIX BPEMEHHBIX MaclITa00B HU3-3a YAaCTBIX CIa0BIX B3aMMOJCHCTBHUM
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C IPYTHMH 3BE3aMU. DTO MPUBOJIUT K KIFOUEBBIM ABOJIIOIMOHHBIM MPOIIECCaM, TAKUM
KaK cerperaius Macchl, KOJUTAIIC siipa u aBoiHoM HarpeB (Heggie, et al., 2002). Bee atu
MIPOLIECCHI TPEOYIOT OTCIICKUBAHUS WHIMBHYyaTbHBIX 3BE3/IHBIX B3aUMOACHCTBUH. Jliist
IJIOTHBIX 3BE3/IHBIX CHCTEM BPEMSI PElIaKCAIIUH MTPOMOPIIHOHAIBHO KOJUYECTBY TEIl KaK
N/log N (Binney, et al., 2011) 1 HaMHOTO KOpOY€ BO3pacTa CaMOi CUCTEMBI, UTO JieJacT
9BOJIOLINIO, 00YCIIOBICHHYIO pelaKcaluel, 3Ha9nMOu.

Jlocturnye (WM NPEBBICMB) BPEMEHM pENAKCAalUM f , , MOXHO H3ydarh: 1)
KOJUTAIIC Spa: TUIOTHOE 3BE3/IHOC CKOIICHHUE HMCITBITHIBACT TPABUTAIIMOHHO-TEILIOBYIO
HECTaOWILHOCTb, UTO MMPUBOMT K CHKATHUIO SPa; 2) MACCOBYIO CErperaiuio; Kormaa ooee
MAaCCHBHBIC 3BE3JIbI IOTPYKAOTCS B IIEHTP M3-3a OOMEHA SHEprueii; 3) popMupoBanue
Y B3aMMOJICHCTBHE JIBOMHBIX 3BE3/1: JKECTKUE JIBOHHBIC 3BE3/IbI MOT'YT 00Pa30BhIBATHCS
Y BIMSTH HA DBOJIIOLIMIO CKOILUICHUS, 4) UCTIApEHHE U MPUIMBHOE Pa3MbIBAHHE: 3BE3IbI
MOCTEIEeHHO yOeraroT u3-3a Iud@dy3ur CKOPOCTE; 5) aKKpelHio 3Be3]] Ha UYEPHYIO
JIBIPY: 3BE3JIbI AAF0T B KOHYCE TIOTEPh MITH 3aMEJIISIOTCS ra3000pa3HbiM uckoM (Just,
et al., 2012, Kennedy, et al., 2016). Ecniu monenupoBaHue HE JTOCTUraeT l oy MOJKHO
HaOJIONIATh TOJIBKO TIEPEXOJHYI0 a3y, yIyCcKas caMOCOITIAaCOBAHHYIO JIOJITOCPOYHYIO
JBOJIFOLIMIO CKOILICHUS.

[lockonmbKy penakcaisi JIByX TeJI SIBISETCS IO CBOCH CYTH JIUCKPETHBIM
CTOXaCTHUUECKUM IIPOIIECCOM, €€ HEeNb3s TOYHO CMOJCIUPOBATH C HCIOIb30BAaHUEM
0eCCTOJIKHOBHUTEIILHBIX MPUOJIMKEHHIA, TAKMX KaK YpaBHEHHE BracoBa win ipeBOBHIHBIC
kozbl N-ten (Hanpumep, Barnes-Hut, Gadget-2, Makino, 2004, Springel, 2005), kotopsie
CINIXKMBAIOT MEJIKOMACIITa0HbIe CTOJKHOBeHMs. [Ipsmoe wmopenupoBanue N-Ten
SIBIISICTCSL €IMHCTBEHHBIM METOJIOM, KOTOPBIH MOXET B HEOOXOIUMOW Mepe pa3pelinTh
3TH 3P (EKThI, TaK KaK OHO 1O ONPENeNICHUI0 (Ha MUKPOYPOBHE) TOUHO YUYHTHIBAET BCE
MapHbIC B3aMMOJICHCTBUS €CTECTBEHHBIM 00pa3oM, BKItoYast 3(ekTsl 0oee BHICOKOTO
MOpsi/IKa, TaKHe Kak ONM3KUE CTOJKHOBEHUS, OMHAPHBIC U UEPAPXUUYCCKUE CHUCTECMBI.
[IpsiMoe uHTErprpOBaHUe HE TPEOYET MPEAMOIOKEHHUH O pACTIPEICIICHHH CKOPOCTEH W
YacTOTE CTOJIKHOBCHHUN W TO3BOJSICT MOZCIMPOBATh JTUHAMUYECKU aKTHBHBIC OOJIACTH,
IJIe TaKUe MPUOIKSHUS HapyIatoTcst (Harmpumep, (asbl rmociie Kojuiarnca sjapa).

[MMaBHBIM HEITOCTAaTKOM NPSIMOTO MOJCIUPOBAaHUS N-Tell SIBIIIETCS €ro BBICOKAs
BBIYHCIIUTEIbHASS CTOUMOCTh U CIIO)KHOCTh MACIITa0MpPOBAHHS H3-32 €ro 0a30BOTO
MPHUHIIAIIA yYUTHIBaTh BCE BO3MOXHBIE TMApHBIC B3auMojeicTBus. [paBuranus
SIBIIICTCSL  TAJIbHOJCHCTBYIOIICH CHUJIOW, IO3TOMY KaxKias 4YacTHIla B CHUCTEME
“qyBCTBYeT” TPABUTAI[MOHHOE BO3/ICHCTBUE OT Ka)JIOH JPyroil 4acTHUIIbl B CUCTEME
Ha KaXX]IOM BPEMEHHOM IIIare, 4TO MPHUBOIUT K BBIYMCIUTEIBHBIM 3aTpaTaM, KOTOPbIE
MacmitTabupyrorcss kak O (N?) Ha BpeMmeHHOW 1mar. Takoe MaciITaOUpOBaHHE
JICJIaeT MPSIMOE MOJIEIUPOBAaHUE OOJBIIUX CHCTEM KpalHE PEeCcypCOEMKHUM C TOYKH
3peHUs BBIYMCIUTEIBHBIX 3arpar. HampoTuB, OECCTOIKHOBHUTEIBHBIE METO/IbI,
TaKhe KaK JPEBOBHJIHBIC KOJIbI MU METOABl CETOK YACTHII, JOCTUTAIOT YIYUYIICHHOTO
MmacmrabupoBanus O (N log N) myTeM anmpoKCHMaIuu JajibHOACHUCTBYIONIUX CHIL
OnHakKo, KaKk yXe yIOMHHAJIOCh, 3TH METOJBI HE TOAXOMAAT JIJIsi CTOJKHOBUTEIBHBIX
CHUCTEM, TJIe peaKcalys JByX TeJl UrPaeT JOMUHUPYIOIIYIO POJb B UX JUHAMUYECKOM
SBOJIFOLIHH.
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[TomruMo BBICOKOW BBIYMCIUTENBHOW CTOMMOCTH pacueTa CHJI, CYLIECTBYEeT
HEOOXOJUMOCTb B MCIIOJIb30BAaHUN MAJIBIX BPEMEHHBIX IIAr0B B 00JaCTIX C CHIIbHBIMH
IPaBUTALMOHHBIMH MOJISIMU, YTO JONOJHUTEIBHO YCIOXKHSIET MOACTHpOoBaHue. TecHbIe
COMMKEHUST MEXKIY 3BE3MaMHU MPUBOIAT K OBICTPHIM M3MEHEHHSM CKOPOCTH, TpeOys
BBICOKOTO pa3pelIieHus] N0 BPEeMEHHU sl MOAJEepKaHUsS YHUCIEHHOH TouHOocTH. s
o0ecreueH sl TAaKOTO aJallTUBHOTO Pa3peIleHHs 10 BpeMEHH, HEOOXOANMO HCIIOIb30BaTh
HWHTETPaTopbl C aJaTUBHBIMH BPEMEHHBIMHU ILIAraMH, a TaKKe HHTErpaTtopbl Oolee
BBICOKOTO TIOPAIKa, TakKe Kak nHTerparop Opmura (Makino, 1991, Nitadori, etal., 2008).
OpHaKko 3TO MOBBIIIAET AJATOPUTMHUYECKYIO CIOKHOCTh KOJQ, CHUXKAET BO3MOXKHOCTD
€ro mapajuleJM3aluy 1, KaKk CIeICTBHE, BEACT K AONOIHUTEIbHBIM BIYUCIUTEIbHBIM
n3aepxkkam. Kpome Toro, mpsimoe mopaenupoBaHue N-Tell MOABEPKEHO YHCIECHHBIM
omuOKaM, KOTOpbIE HAKAaIUIMBAIOTCS 3a MHJUIMOHBI BPEMEHHBIX ILATrOB, BIHSS Ha
COXpaHEHHE SHEPTHH U JOJITOCPOUYHYIO CTaOMIILHOCTh HHTErpupoBanusi. CrieruaibHbIe
METOIbl, TAaKHE KaK CXEMbl peryasipu3aluyd Ais ONU3KUX B3aUMOACHCTBUH H
CHUMIUIEKTUYECKHAE MHTETrPaTOpPbl, MO3BOJSIOT YMEHBIIUTh 3TH OLIMOKH, OJHAKO OHU
TaK)Ke TMOBBIIIAIOT BBIYMCIUTENbHYIO CIOKHOCTh, YCIOXHSAIOT M OTrPaHUYHBAIOT
BO3MO)KHOCTH MapajuIeIU3aluH.

KBagparnunelii pocT BBIYHCIMTENBHBIX 3aTpaT Ha pacueT TPaBUTALUOHHBIX
CHJI M JIOTapU(MHUUYECKOE YBEIUUYEHHE BPEMEHH MHTETpalid 10 JOCTHKCHUS
BpPEMEHHU peJlakcallud TPUBOAAT K TOMY, YTO OOIIME BBIYMCIMTENBHBIC 3aTpaThl
IpU MOJAEIHPOBAHHUU JOJITOBPEMEHHBIX 3(P(EKTOB B CTOJKHOBHTEJIBHBIX 3BE3IHBIX
cucremax mMacmradbupyrores kak 0 (N* / log N). Takoe maciutabupoBaHue B KOHCYHOM
UTOTE JIeNaeT JOITOCPOYHOE MOJEINPOBaHNE OOJBIINX CKOIJICHUH HEBO3MOXKHBIM 3a
npenenaMu onpeneneHHoro N. Ilocneanee 3aBUCUT OT UMEIOIIEHCS BEIYUCIUTEIBHON
MOIITHOCTH U IJIaBHBIM 00pa30M OMpeAessieTCs] MOLIHOCTBIO rpa)MueCcKuX YCKOpUTEeH
(GPU-kapt). Llenb 3TOM cTaThu — OLEHUTH, I1e HaxomuTcs AToT mpenen pist GPU-
cepsepa SuperMicro A+ Server AS-4125GS-TNRT2 na 6aze 10 GPU-kapt RTX 4090.
JanHblii cepBep 00agaeT MMKOBOI TEOPETUUECKON MPON3BOIUTEIBHOCTHIO0 826 FP32-
TepaduIorc v peCTaBIseT COO0H OHO N3 CAMBIX BEICOKOPOU3BOUTEIBHBIX PELICHUH,
JOCTYITHBIX CEeroHs Ha pbiHKe. JlaHHbBIN cepBep OblI pruoOpeTeH ACTpoPpU3nIeCKIM
uHctutyToM uM. B. T ®ecenkona (FAI) B 2024 roay B pamkax npoektoB SA2', VO2!
n CLT' mis perieHus MacCHUBHBIX BBIYMCIUTEIBHBIX 3a1a4 OOLIEr0 Ha3HAYCHUS,
BKJIIOYasl peIleHHe 3ajady MpsSMOTr0o WHTErpUpoBaHUs IBWKeHUs N-Ten. B mannoi
CTaTbe JAaeTCsl OIIEHKAa TOro, Kak TEOpEeTHYEeCKHE XapaKTEepUCTHKH 3TOr0 cepBepa
COOTHOCATCSI C MPAKTUUECKUMH, OIICHUBACTCS PAIMOHAIEHOCTh KOHLIEHTPAIIMH TaKOTO
rxonuuectBa GPU-kapT B 0THOM cepBepe, a TakKe JTaeTcsl OLIEHKA, YTO BO3MOYKHO AJIS
KJIACTEPHBIX peIICHUH Ha 0a3e TaKuX cepBepoB. JTa MH(GOPMALUS SBISETCS 3HAYMMOM
JUIs ajbHEHIero pa3BUTHS BBIUMCIUTENbHOTO KiacTepa FAI, mns mmanupoBaHus
W peanu3alydd HayYHBIX IPOEKTOB, HCIOJB3YIOMKUX TPSMOE MOAETHPOBAHHE
N-Ten, a Takke, MOXKET OBITh, IOJIE3Ha BCEM, KTO 3aMHTEPECOBaH B IOCTPOCHUHU
BBICOKOTIPOMU3BOIUTEIBHBIX BEIUMCIUTEIBHBIX CUCTEM JUIS LIEJIeH MPSIMOTO YUCICHHOTO
MOJICIIUPOBAHUSI.

JaHHas cTaThsi OpraHM30BaHa CIEAYIOIUM 00pa3oM: B paszesie 2 Mbl ONUCHIBAEM
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Hally METOJAUKY HCIBITAaHUH M W3MEpeHui, B pasaenax 3 W 4 Mbl IpeacTaBisieM
MOJTyYEHHBbIE PE3yJabTaThl U AHAIU3UPYEM HX, U, HAKOHEL, B pasfesie 5 Mbl JejaeM
BBIBO/IBI.

2 MarepuaJibl 1 MeTOAbI

2.1 GPU-cepBep

B xonne 2024 ronma BblumcnuTenbHbI knactep FAI momyumn oOHoBieHue B
paMKax I'paHTOBOTO M MPOrpaMMHO-IeNIeBOro (hMHaHCUpOBaHUS. B pamkax mpoekra
AP23487846 u nByx nporpamm BR24992807 u BR24992759 6butn nprobperenst 10
rpadpuueckux yckoputeneit NVIDIA GeForce RTX 4090 (Pucynok 1, cneBa) B 1ByX-
CJIOTOBOM CEPBEPHOM HCIIOTHEHUH C TYPOMHHON CHUCTEMOM OXJIKICHUS M yCTAaHOBJICHBI
B umetoumiicsi GPU-cepep SuperMicro A+ Server AS-4125GS-TNRT2 (Pucynoxk 1,
cmpasa). Otot cepep umeeT 13 PCle 5.0 x16 c10TOB U OAAEPKUBAET YCTAHOBKY 10
10 monmuopazmepubix FHFL GPU-kapT ¢ macCUBHBIM WM aKTUBHBIM OXJIAXKACHUEM.

GEFORCE RTX"

L

Pucynok 1. Cresa: nByxcnoroBast OEM-monudukanust urposoii kaptel NVIDIA RTX 4090 st
HCIIONIb30BaHUs B AaTa-LieHTpax. Cnpasa: Beruncnurensuseiii cepsep SuperMicro A+ Server AS
-4125GS-TNRT2 ¢ ycranoBieHHbIMH ecsThi0 AByXca0ToBbIME GPU-kapramu NVIDIA RTX 4090

CKopoCTh KOMMYTAIMK KapT UMEET BaKHOE 3HAUCHUE BO MHOTUX BBIYHCIIUTEIIBHBIX
3aJa4ax, B YaCTHOCTH, B MOZAEIMPOBAHUN IBMOKEHUS N-Tell, I/Ie MMociie KaXI0ro 1ara
WHTETPUPOBAHUS HA PACHPEACTICHHBIX BBIYMCIMTENBHBIX YyCTpoiicTBaX TpelyeTcs
CHUHXPOHHM3ALMS IaHHBIX MEXIy HUMH. Eciiu Takass KOMMYHUKaIMs 3aHUMAeT OoJibLIe
BPEMEHH, YeM BBIUUCIICHHS, TO BOSHUKAET IIPOCTOH pacipeieIeHHBIX BBIYUCIUTEIBHBIX
ycrpoiicTB. Kak pe3ynbrar, BBIMMCIUTENIbHAS MOLIHOCTh YCTPOICTB HE CKJIAAbIBACTCS
IIPU X COBMECTHOM HCIOJIb30BaHMU. biaronaps BBICOKOW CKOpOCTH (MakCHMaJIbHO
BosmokHOW s PCle 5.0 mHTepdeiica) m HU3KUM 3anepkkaM, kommyTtanus GPU-
KapT 4epe3 MarepuHcKyro kKapry (uepe3 PLX-cButum) pemaer 3Ty mnpobiemy,
103BOJIsIsE Ucnodb30BaTh Bce GPU-kapThl Kak €quHOE YCTPOMCTBO ¢ CyMMHUPOBAaHHOM
MIPOU3BOAUTEIIEHOCTBIO.

YcraHOBKA Takoro KOJIMYECTBA KapT Ha OIMH CEpBEpP CTaja BO3MOXHOI Onaromaps
KUTaiCKOMY KACTOMHOMY PEIIEHHIO 110 MOAU(UKALUMK JaHHBIX KapT B JBYX-CJIOTOBBIH
(dopm-¢pakTop. I TaBHBIM TPENMYIIIECTBOM yCTaHOBKHU BCEX KapT HA OJJH CEPBEP SABISIETCS
obecrieueHre HEOIIOKMPYEMOIl KOMMYHHUKAIIUU KapT MEXAy coO0H cO CKOPOCThIO 10 64
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I'6/c 6e3 ucnonpzoBanus goporocrosero 400/800 rurabutHoro RDMA -kommyTaropa
1 RDMA-kaprt. Tunuunsie GPU-cepBepa, BXoAsue B BEIYUCIUTENbHBIN KiacTep FAT
(rakue kak GPU SuperWorkstation 7049GP-TRT u GPU SuperServer SYS-740GP-
TNRT), umeror 4 PCle cnota u mjist opraHu3alid Ha UX OCHOBE HEOIOKHpYIOLIEH
kommyHukanuu 10 GPU-kapt notpedyercs 5 rakux GPU-cepBepoB — o nse GPU u no
nBe RDMA-kapTsl Ha cepsep, a Takske RDMA-kommyTtatop Ha 10 mopros 800 ruradOur.
CTOMMOCTh Takoro pemeHuss B 3 pa3a IMPEBOCXOIUT CTOMMOCTH OJHOIO CepBepa
SuperMicro A+ Server AS-4125GS-TNRT2, Bmematomero cpasy 10 GPU-kapt. B
Teopuu Takoi cepsep ¢ 10 xkapramu NVIDIA RTX 4090 nomken obecreduTs 0OLIyIO
MIPOU3BOAUTENBHOCTE 826 Tepaduionc B onepauusix ¢ oguHapHoi TouHocThIo (FP32) n
1o 13212 Tepaduionc B TeH30pHBIX orepanusix ¢ paspexenuem (FP08). [lo mossienus
aTOrO0 CcepBepa Ha kiactepe FAI ymaBanmoch oObenuHSTH B MapaielbHYIO paboTy
MakcuMyM aBe coBpemeHHble GPU kapThl u3-3a ux 3-Xx cJI0TOBOro (opM-(axropa.
[TosTOMy € TOSIBIEHHEM BO3MOKHOCTH OOBEIMHUTH B MapauUICNbHYIO CHCTEMY [0
10 GPU-kapt, BBIYHCIUTENbHBIE BO3SMOKHOCTH I MapajlIeIbHOTO MOJETUPOBAHUS
JIOJKHBI BO3pacTd B 5 pas.

2.2 pGPU

Hns 6enumapkunra Hamero GPU-cepBepa OblT MCTIONB30BaH MapajiesIbHBIA KOZ
¢GPU', ucnonb3yemsblii uis mpssMoro uHTEerprpoBanus N-ten. JlaHHbII KoJ] 0OCHOBaH Ha
CXeMe MHTEerpUpOBaHMsl DPMHUTa BBICOKOTO MoOpsiaka (4-ro, 6-ro u 8-ro) U UCHONb3YeT
0JI04HYIO HepapXUUeCcKyI0 CXeMy HHANBUAYaIbLHOTO BeIOOpa BpemenHoro mara (HITS)
(Aarseth, 2003).

PacnapamnenuBanune ¢@GPU ocymectBneHo ¢ mnomomipto Oubmmoreku MPI
(Message Passing Interface) mo anajorum c panee OnmyOJMKOBaHHOW BepcHel Kopaa
@GRAPE (Harfst, 2007). Obuiee 4uciio 4acTHIL PaBHOMEPHO PACTIPENEIISETCS MEKIY
BBIUYUCIUTEIBHBIMU y31aMu ¢ noMmoiisio MPI Bceast(), mocie yero Ha KaxaoM y3ie
JIOKAJIbHO BBIYMCIIAIOTCS CWIIBI U1 TaK Ha3blBa€MbIX "aKTHBHBIX" yacTHI. 3areM
pe3yNbTaThl CHHXPOHU3UPYIOTCS MEXKIY y3lamu ¢ ucnonb3oBanneM MPI_ Allreduce()
JUIS TIOJTyYEHUS TTOJHBIX 3HAYEHUH CHJI, NIEHCTBYIOLINX HAa KaX/Iyl0 YacTUILy CHCTEMBI.
Boluncnenns Ha KaXAOM Yy3J€ BBIIOJHSAIOTCS Ha TpauyecKHX Ipoleccopax ¢
ucnonb3oBanueM Oubimoreku CUDA, npuyem kaxapiii MPI-nporecc ucnomb3yer
otaenbhblii GPU, uto mo3BossieT 3(¢GEeKTUBHO 3a1eiCTBOBaTh MHOTONPOLIECCOPHBIE
Y3JIbI ¢ HECKOJIBKUMH TPapUIECKIMU YCKOPUTEISIMH.

[Ipn TecTupoBaHMHM MBI OCTaHOBMJIMCH Ha CXEME HWHTETPUPOBAaHUSA OpMHUTa
8-ro mopsaka, Tak Kak MMEHHO OHa oOecreyusia HaWBBICIIME IOKa3aTeln
MIPOU3BOUTEIBHOCTH.

['enepanust HaYaIBHBIX YCIOBUI ObliIa MPOM3BEACHA COINIACHO CEPUIECKON MOACIH
[Tnammepa (Dejonghe, 1987), mpu 3ToM Mozenbs HOpMUpOBaHa B CTaHAAPTHBRIX N-body
enununax (Hénon, 1971), rne npuHsaTel 3HaueHuss G = M =1,E = -1/4.

B nannoii paboTe MBI ompenensieM BpeMs BBIYMCICHUH, HEOOXOOUMOE JUIS
JOCTHXKEHHUS OJHOIO BPEMEHHU penakcauuu. Bpems penakcaumu ¢ Ul 3aJaHHOTO

relax

Yrcia 4acTul N onpeenseTcs CTanAapTHRIM BeipakeHueM (Aarseth, 2003):
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0.14N

Urelax 2 mh—.«m (1)

T1Ie BpeMs IEPECEYeHUs [
HCIIOJIb3Ysl TCOPEMY BHpHAIa:

MOYKHO TOJyYUTHh M3 COOOpaskeHUsl pa3MEpHOCTEH,

SS

teross = Bfv, R~ (2T) Y2, 0 e TV2 T = 1/4 = tpoes = 2V2. ()

Onenka Mpou3BOIUTENILHOCTH M BPEMEHH BBIITOJIHEHHS MOJIEJINPOBAHUS BCTPOEHA B
kox ¢GPU. IIpon3BoaANTENFHOCTS pacCUUTBIBACTCS O OPMYJIE:

YN} Ny
Tlot ‘

Performance =

3)

IJe y — napameTp, ONpeIesoIUMi KOJUYECTBO ONEpalil ¢ MUIaBarole 3ansiTon
(FLOP) Ha onmHy 4YacTHIly 3a OJIHO B3aUMOJICHCTBHE 3a OJMH IIAr B MeTO/ie DpMUTa (B
ciydae 8-ro nopsaka y = 144), IN,  — obliee Yncio HHAMBHUIYaTbHO HHTETPUPYEMBIX
“aKTUBHBIX’ YaCTHIIL, T, - o011ee BpeMs, CKJIaIbIBAIOIIEECS U3 BPEMEHHU, 3aTPaueHHOTO
Ha pacueT cwil 1 MPI-koMMyHuKanuu.

Bce Beramcnenus B ¢GPU BemonHsIOTCS ¢ aBoiHONW TouHOCTRIO (FP64), uTO
0COOEHHO Ba)KHO ISl MOAEIMPOBAHMS IPABUTALMOHHONW AMHAMHKH, IJ€ HAKOIUICHHE
OomMOOK MOXET CYIIECTBEHHO MOBIMATH Ha TOYHOCTh pe3ynbratoB. OmHako
norpeourensckue GPU-kaptel, Takue xak NVIDIA RTX 4090, obmagaror kpaiine
HU3KOM MPOU3BOAMTEIBHOCTHIO IPH BBIMOMHEHUM omnepanuii FP64, mockoimbky HxX
ApXUTEKTypa OPUEHTHPOBaHA B OCHOBHOM Ha BBIYMCIICHHUS C OJWHAPHON TOYHOCTHIO
(FP32).

Urobbr oboiitm 310 orpanmyenne, B @GPU mnpumensercs crnenuaibHBIN
METOJ pa3OMeHHusi omepanuii ¢ ABOHHOM TOYHOCTBIO Ha MOCIEJOBATEIBHOCTD
ornepanuii ¢ OJMHAPHON TOYHOCTHIO. Takod MOAXOA MO3BOJSAET dMynHpoBaTh FP64-
BBIUKCJICHUS, UCIOJB3ysl Oosiee mpousBoautenbHbie FP32-onepanuu. B pesynbrare,
MPOM3BOANTENBHOCTh Kofa ¢GPU, (dakTuyecku oTpakaeT CKOPOCTH BBITIOIHEHUS
onepanuit FP32, a ne FP64-nipon3BouTeIbHOCTD.

Kon ¢GPU Takke ncnons3yer mapamnenusanuto ¢ nomoisio OpenMP Ha CPU,
YTO BIHUSET HA OOIIYI0 NPOU3BOIUTEIBHOCTh. OJHUM M3 KIIOYEBBIX MapaMeTpOB
MIPOU3BOANUTENLHOCTH SIBIISIETCSI KONMM4ecTBO TOTOKOB CPU, ncnonb3yeMbIx Aiist paboThI ¢
onnoi GPU. Merucnonsdyem 32 noroka OpenMP na kaxryro GPU-kapTty, 4T0 103BOJISET
3¢ PEKTUBHO 3arpysKaThb POLECCOPHBIE PECYPChl © MUHUMHU3UPOBATh BPEMSI OXKHIaHUS
JTAHHBIX MEXTYy BBIUMCIHTENbHBIMHU Onokamu. lcmomp3oBanme OpenMP momoraer
YCKOPHTD BBIIIOJIHEHUE BCIIOMOraTeNibHbIX BbiurciaeHnid Ha CPU, 4To 0co0eHHO BaskHO
npu Gonpmmx oobemax NaHHbIX. OJHAKO MPUPOCT MPOU3BOIUTEIBHOCTH 3aBUCUT OT
apxutektypbl CPU u xonmudecTBa TOCTYIHBIX sifep. B uaeansHOM ciyyae oHa pacTeT
C YBEIIMYEHHUEM YHMCIIa IOTOKOB, HO MTOCJIE OTPEIEICHHOTO Tpe/ieia HaChIIAeTC s n3-3a
OTPaHWYCHHUN MPOIYCKHOH CIIOCOOHOCTH NMaMSITH U CHHXPOHHU3AIUH ITOTOKOB.
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3 Pe3yabTaThl U 00CyKAeHUE

[lepBbiM nenoM Hamu ObITa M3MEpEHa MPOU3BOIUTEIBHOCTh HWHAMBUAYAIbHBIX
GPU-kapt st TOro, 4ToObl YOEAMTBCS, YTO BCE KapThl HMEIOT OJMHAKOBYIO
MIPOM3BOAUTENLHOCTE B TPUEMIIEMbIX Mpejerniax. (st 3Toro ObUIM MPOBECHBI TECTOBBIC
cumyiauuu N-ten ¢ ncnoib3oBanneM koaa ¢ GPU na nnauBunyansueix GPU-kaprax ¢
reOMeTPUIECKU Bo3pacTarommmM yuciom gactuil: N = 128K, 256K, ..., 8192K, rme K
= 1024. Bpems unrerpupoBanust Obu1o orpanudeHo 1 N-body emununneit. Ha Pucynke
2 TpencTaBleHBI Pe3yJbTaThl MPOBEACHHOTO TECTUPOBAHUS, TJI€ MOXKHO BUAETH, YTO
BCE KapThl HIMEIOT MPUMEPHO OJIMHAKOBYIO IIPOU3BOUTEIBHOCTD, B CPEIHEM JIOCTUTAs
mwiaro B 37 Tepadyiiornc B onepanusax ¢ OJUHAPHON TOYHOCTHIO (45% OT TeopeTuyecKu
BO3MOXKHBIX 82.6 Tepadionc). [IponszBomurensHocts GPU-kapt BapbupyeTcs (11aBHbIM
oOpa3om u3-3a TurboBoost’a), u HekoTopbie KapThl (3, 7) uMeroT 0o0jiee BBICOKYIO
MIPOM3BOAUTENLHOCTD, Apyrue — Oonee Hu3kyio (1). Bmecre ¢ Tem, Kak BHIHO U3
pHUCYHKa, OTKJIOHEHHE OT cpeanero s Bcex GPU-kapt He mpeBbItaet 5% (BHyTpeHHSSA
cepas 30Ha Ha rpaguke). Poct mpon3BOIUTEIBHOCTH C YHCIOM MOACTHPYEMBIX YaACTHIL
00YCIIOBJICH YBEIIMYCHNEM KOJIMUECTBA AKTUBHBIX YACTHIL, KOTOPOE BENIET K YBEITHMUCHHIO
JIOJTA BBIYHMCIIMTENLHBIX ONEpalliii B CpaBHEHHH C Jionel R/W-oneparuid.

39 139
aat EE"]
ar —l |}
] 36
354 {35
| 134
33 133
_E;aa. 132
§a1- 131
[
304 g 130
z id
= a9 o 429
= 1
28 428
27k 2 T
T kY ':2
264 4 26
254 5 425
— 5 |
ns {24
2 / g Uy 2
23y — gl
22t —_— 22

numbser of bodies

Pucynok 2. IlponsBoxurensHOCTh HHAUMBHAYaIbHBIX GPU-KapT (MoKa3aHO JIMHHUSAMH Pa3HOTO [IBETA)
Kak (yHKIMS YHCIIa MOAEINPYEMbIX YacTHII.

Kax moxHO Buaers u3 Pucynka 3, mpu OJHOBPEMEHHOM 3aJ€HCTBOBAHHUU JBYX
n Oomee GPU-kapt, a Takke mUpHU YBEIMUCHUM 4YHCIA MOJCIHPYEMBIX YaCTHII,
MPOU3BOAUTECIIBHOCTD O)KMJACMO YBCIMYNUBACTCA, OAHAKO HE MTPAMO IPOIMMOPHHUOHAIIEHO
yucny Kapt. Tak mpu mozpenupoBanuu 8192K ygactury ¢ momompio 10 xapT yaanock

140




ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

JOCTUTHYTh (aKTHYECKOH mpousBoauTenbHOCTH cBbime 330 Tepaduornc. JlaHHbIH
pesynbrar sBiseTcst pexkopAHbiM. Tak eme B 2011 romy ans AOCTHXKEHHS TakKoi
npousBoauTeNbHOCTH TpeboBanochk 1536(!) GPU-kapr Fermi Tesla C2050 (Berczik,
et al, 2011). Drto oOcrosrenscTBO 3HameHnyer Oomee yem 150-kpaTHblil poct
BbIUMCIUTENbHOM MotTHOCTH GPU-KapT 3a 14 €T, COOTBETCTBYS IPUMEPHO 2-KPaTHOMY
YABOCHHE TMPOU3BOJUTEIBHOCTH Ka)KAble JBa TrOAa W, CJIEeJOBaTelIbHO, O3HAYaeT
aKTyaJpHOCTh 3aKkoHa Mypa (Moore, 1965) 1o cux mop.

[Ipu coBmecTHOI1 pabote obmmas npoussonutenbHocTs GPU-kapT nocturaet 40% ot
TEOPETUYECKOro MakcuMyMa. [Ipr 3ToM HHIMBH Ty albHbIE KAPTHI B COBMECTHOM PEKUME
paborator Ha 89% oOT MX (pakTHUECKOH NPOU3BOAMTENHBHOCTH B WHAWBUAYAIHLHOM
pexxume, T.e. Tonbko 11% yXoAMT Ha KOMMYHHUKAUMIO (CHHXPOHM3ALUIO JaHHBIX
Mexnay kapramu). llociennee o3HadaeT, 4To OOIIAs NPOU3BOIUTEIBHOCTH IPH
Oonpix N pacTeT Bce Ooniee u Oojiee MPOMOPIHOHAIBHO YUCTY KapT, NpUOIMKasch
K UeanbHOMy MacmTabupoBaHuio. OJHAKO, KaK MOYKHO BUAETH U3 MPaBOro rpaduxa
Ha Pucynke 3, ¢ MEHBIIMM KOJIMYECTBOM YacTHI] MacIITAOMPOBAaHUE YXyAIIACTCS H
MU TOCTHKEHUH orpeneneHHoro konuuectBa GPU-kapT dakTuueckn npexpamaercs
(3axon Ampana, Amdahl, 1967), a pu erie OoJbllieM YBEIHUSHUH YHCIa KapT o0mas
MPOM3BOANUTENFHOCT HAYWHAET MajaTh M3-3a pocTa o0beMa KOMMYHUKanui. Jlms
3nauennid N < 128K ncnonb3oBanue 6onee oqnoit GPU-kapThl pakTH4ecKu HE UMEeT
cMbicina, a mpu N = 512K He uMeeT cMbIciIa UCTIONB30BaTh OOMbLIe 6-7 KapT.
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| 4096K =—o=—

250

250

200 200

fp32-teraflops / sec
fp32-teraflops / sec

100 100

e

i . L L L I L 1 I L I L I
128K 256K 512K 1024K 2048K 4096K 8192K 1 2 3 4 5 6
number of bodies number of devices

Pucynok 3. CoBMecTHas MPOU3BOAUTENHFHOCTD KapT Kak (DYHKIUS YrCIa MOICIHPYEMBIX YacTHII (cIIeBa)
W 9ucIia KapT (crpasa).

Kak Obuto ckazaHO BO BBEICHHH, B Clydac NPSMOTO MOJCIUPOBAHUS JIBHXKCHHS
N-ten OonplIoe 3HAYEHHE MMEET BO3MOMKHOCTBH JIOCTHIKCHHUSI BPEMEHHU PEJIaKCallHu.
Tor ¢axT, uro Ha 10 kaprax RTX 4090 moxHO mpoBoauTh MozaenupoBanune 8192K
YacTHIl C PEKOPIHOI CKOPOCTHIO, €IIe HE 03HAYACT, YTO MPSIMOE MOJICIINPOBAHNE TAKOTO
YHCiIa YaCTHILL 10 BPEMEHH PEIaKCAlMK C TAKMM KOJIMYECTBOM TAaKUX KapT BO3MOXKHO
3a pe3oHHOe BpeMs (CkaxkeM, 3a 1 mecsi). Ha PucyHke 4 Ha jeBOl maHenu rmoka3aHa
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CBSI3b BPEMEHU MOJICJIMPOBAHUS CO CTENEHBIO pelaKcalluy CUCTEMBI JUIsl Pa3HOTO YKcia
yactul N 1 uncna GPU-ycrpoiicts. Kak MoxHO BUeTh, BpeMs MojienupoBanus 8192K
yacTull Ha ogHoi GPU-kapTe 10 0fHOrO BpeMEHH pelakcallid COCTaBIISET MOpsKa
1000 ner, a mpu ucnonszoBanuu 10 kapt — 100 sieT. IT0 BpeMs 3HAUUTENBHO PEBBIIIAET
pe3oHHOE — 1 Mecs1. DTO O3HaYaeT, yTo MpsIMOe YHcIeHHoe MozaenupoBanue 8192K
ten Ha 10 kaprax RTX 4090 He nMeeT npakTHUECKOro CMBICTA.

y - - - - - - - - 2000y

2000y

500y 500y

100y 100y

Real Time
Real Time

= 24)
—— 8192K 3 1pp
6h —— 4096K -6h
2048K |

—— 1024K |30 h
—— 512K
—— 256K
— 128K |

[CRF SN

— 100 ]
I 1000 |
I 10000 -|

.6 0.7 0.8 0.9

(X R PR X} 6508 01 02 03 04 05 O
Relaxation Time [NB] normalized

Rolaxation TimgvaB] nomelized
Pucynok 4. Cre6a: DKCTpAIIONSAIHS BPEMEHHA MOJICIIUPOBAHUS, HEOOXOAUMOTO JUIS JIOCTHKCHUSI OJTHOTO
BpPEMEHHU pellakcalvy, B 3aBUCUMOCTH OT uncia yactull 1 GPU-kapt. Cnpasa: Dxcrpanonsuns BpeMeHn
MOJICTIMPOBAHHUS B CIIyYac MacIITaOUPOBAHUS BEIYNCIUTEIEHON CHCTEMBI 10 OOJIBIIECTO KOJIHYCCTBA
Kapt. [{BeToM 0003HA4YEHO YUCIIO MOJICITUPYEMBIX YaCTHII, & TOJIIHHON — KOJIMYECTBO OTHOBPEMEHHO
3anercrBoBaHHbIX GPU-Kkapr.

Hcxonss U3 MOIy4EHHBIX JAHHBIX, MOXKHO TAKXKE 3a1aTbCsl BOIPOCOM: CKOJIBKO
npeanonoxutesbHo norpedyercs GPU-kapt, 4T00bI JOCTUTHYTH BPEMEHH pellakcalny,
COOTBETCTBYIOIIIEE pa3yMHBIM 3aTparaM 1o BpemeHu? [ljig oTBeTa Ha 3TOT BOIIPOC MBI
MIPOM3BEIN IKCTPANIOALUIO BPEMEHH MoAeTpoBaHus kak GyHkunu yucna GPU-kapr,
OCHOBAaHHYI0O Ha XapakTepe MaclITa0MpOBaHHS MPOM3BOAUTEIBHOCTH MO HEPBBIM
10 kapram (cMm. PucyHox 5, neBwlii rpaduk). OUTHHT BBINOIHEH C MPUMEHEHHEM
MoaudumpoanHoi hopmbl 3akoHa Ampana (Amdahl, 1967), koTopas, B oTin4ue ot
KJIACCMYECKOTO BapuaHTa, YUYUTHIBAET BPEMEHHBIE 3aTPaThl HA KOMMYHHKALIUU MEXKIY
GPU-kapramu B BHJE€ HEKOTOPOH (YHKLHUH, TPONOPHHOHAIBHON koimuecTBy GPU-
KapT.

1
a+ (1 —a)fng+ 8- -In(ng)

S, = )

T7Ie o — OISl BpEMEHH 3aTpayrBaeMasi Ha BBITIOJIHEHUE YaCTH KOJIa, HETIO/IAF0IIETOCs
pacmapanienuBanuio, (1-o) / n, — 101 BPEMEHH, 3aTpaunBaeMasi Ha BEIONHCHHE
napajielbHON YacTH KOJA C MCIIONB30BAHHEM 7, - IPAQUUYECKUX MPOLECCOPOB,
S -ln(ngp) — JIOJISl BpEMEHH, KOTOPOE 3aTPauynBACTCs HA KOMMYHHUKAIHEO/CHHXPOHU3AITHIO
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JaHHBIX MEXKAY NapajieNbHBIMH TpoleccaMyd (MEHbIIME 3HAaueHHS [ yKa3bIBalOT
Ha MEHbLIME 3aTpaThl). B 3aBUCHMOCTH OT TOMOJOIMH BBIYUCIUTEIBHOTO CepBepa H
mpuHOHNa 0OMeHa JaHHBIMU MEKAY y3JIaMH HAaKJIaJHbIC U3IEPIKKU Ha KOMMYHUKAIHIO/
cuaxpoHuzanuio  Mexnay GPU-kapramm MOTryT UMeETh pa3iWYHBIA — XapakTep:
KBaJIpaTHYHbIN 1 ?, KOT/a BCe yCTPOHCTBA HANPSMYHO OOMCHHMBAKOTCS JAHHBIMH JIPYT
¢ ApyroM (TOHOCBSI3HAS TONIONOTHST), IMHEHHBIIA /71, KOT/la KaXK/1ast BEIMUCTUTEIbHAS
eIMHMIIA JIOJDKHA OOMEHHMBAThCS TAaHHBIMU C LIEHTPAILHBIM y3JIOM, WM, KaK B HalIeM
cilyyae TpU Hcnoib3oBaHuu Ombnmmuorekn MPI, morapudpmuueckuit /)’-ln(ngp), Koraa
yCTpPOHCTBa (OPMHUPYIOT HEpPapXUUECKOe JepeBO KOMMYHHKalui. Vcrmonb3oBaHue
TaKkoro ajropurMa IMO3BOJISIET 00ECHEeYUTh KOMMYHHKALMIO BCEX CO BCEMH U TpH
9TOM HM30eXaTh KBaJIpaTHYHOTO pocTa clokHOCTH. Kak MoxxkHO BuaeTh u3 Pucynka
S, MPHUPOCT MPOU3BOJUTENLHOCTH TMPOUCXOIUT SIBHO HEIMHEHHO, KPHUBBIE HMEIOT
TEH/ICHIIMIO BBITIOJAXKUBATHCS C POCTOM YMCIIA KapT M ObIcTpee 0Opamarsesi BCISTh C
YMEHBIIIEHHEM YHCIIa MOJICIIMPYEMBIX YaCTHII.

100 . . . 70 . . . . —
ideal

| 8192K -@-

| 4096K &~
| 2048K
1024K

512K %

256K %

128K —+

T
corr ..
comm ==
recv mmm
force mmm
isend ==
N = 256K jsend mmm
preda == -
pred m=.
scan

WCT /NBT

N v ; ; 0
1000 1000C 1 2 3

8 9 10

4 5 6 7
number of devices

100
number of devices

Pucynok 5. Dxerpanomsiys MacTabupoBaHHs IPOU3BOAUTEIBHOCTH C POCTOM YHCIIA UCTIONB3yEMbIX
GPU-xkapr (J1eBblii rpauK) U pacrpeiesiCHIe BpeMEHH BBIIOJTHEHHS Pa3JIMYHbIX TAIbI KOJa B
3aBUCHMOCTH OT uucia ucnonb3dyeMserx GPU-kapT (ipaBslit rpaduk).

BrimonaxkuBanue  KpUBBIX ~ OOYCIOBIEHO  HEMapajUleIbHOW  YacThlo  KoJa,
HaJIM4YKMe KOTOPOM HaKIaJbIBacT BEPXHUH mpenen 1 / o Ha MaKCUMaJbHBIM TPUPOCT
MPOM3BOANUTENFHOCTH (Cepasi MyHKTHpHas JHWHUS Ha Tpaduke), a oOpalueHue
BCISITh — KOMMYTAlMOHHBIMH 3aJepKKaMu JIJs1 ManblX N (TOHKHE IBETHBIC JIMHUH
nokaspiBarone 1 / (S -ln(ngp)) — BEpXHMH Mpees NpupocTa NpOU3BOIUTEILHOCTH CO
CTOPOHBI KOMMYHHMKaIiii). BepTukanpHble MyHKTHUPHBIE JUHUHM TOKA3bIBAIOT TOUKU
nepernoa, mocie KOTOpbIX 100aBIeHIE HOBBIX KapT MMOJHOCTBIO TepsieT cMbIci. [Ipsmoe
n3MepeHre BPEeMEHH BBIITOJTHEHUS pa3InYHbIX yacTel koja (mpasbiii rpaduk Ha Pucynke
5) MOATBEPKACT, YTO C POCTOM 7, KOMMYHHKALHH (COMM) HAYHHAIOT JOMHHHPOBATE
HaJ1 apajiedbHON YacTblo KOa, a UMEHHO HaJ BeIuncieHrneM cuibl (force). B kakoii-
TO MOMEHT C J00aBJICHHEM HOBOI'O YCTPOHCTBA yBEIHMUEHHE BPEMEHH KOMMYHHUKALUI
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HAYMHAET NPEBBIIIATh YMEHBLUICHUE BPEMEHH BBIYHMCICHUS CHJIbI, B PE3YJbTaTe Yero
o01ee BpeMs BBIIIOJHEHUE 3aja4H HaunHaeT pacTh. Ciieayer oOpaTuTh BHUMaHUE, YTO
cepuiiHas yactb kona phiGPU, ckiagsiBaromascst 3 onpeaeieHus] akTUBHBIX YaCTHL
(scan), mpexackazanust 1 Beex (pred) u akTuBHBIX (preda) yacTtuu, otnpaBku Ha GPU
aKTHBHBIX M NoseBbIX yacTul (isend u jsend, COOTBETCTBEHHO), MOIYYEHHUS CHI OT
GPU-kapr (recv) u KOppeKUUH/yayqIlIeHHsT aKTUBHBIX YacTHUI] (COIT), MPAKTUIECKH HE
H3MEHseTCs.

Hcnonb3ys Noimy4eHHY0 3KCTPaIoILUI0 YyCKOPEHHSI, MOYKHO OLIEHUTH IEPCTIEKTHUBbI
JNOCTIKEHHs BpeMeHH penakcauuu st N = 8192K (mpaBblii rpadguk Ha Pucynke 4).
Kak M0kHO BueTh, 3-3a Mpejena, 00yCIOBIEHHOTO CEPUITHON YacThIO KOAIa, aXe MPH
ucnonb3oBanuu 10 000 GPU-kapTt, oHO HEe AOCTHKUMO 3a pasyMHoe Bpemst (1 mecsii).

4 3ak/arouenue

[IponsBeneHo TecTHpOBaHKWE MPOU3BOJUTEIBLHOCTH HOBOTO BBIYUCIMTEIHHOIO
GPU-knacrepa Actpodusnueckoro mHctutyTa M. B. I ®ecenkoBa Ha 06aze 10
kapT NVIDIA RTX 4090. [lo utoram ananusa pe3yiabTaTOB TECTUPOBAHUS CAETaHbI
CJIEYIOIIME BHIBOJBI U 3aKITIOUEHMUS:

1. Hanumo cymiecTBeHHBIH Nporpecc B pa3BUTHUU BBIYUCIUTEIBHBIX TEXHOJIOTMMA:
Bo3MOkHOE Buepa (B 2012 roxy) Ha 1536 GPU-kaprax, ceroans (B 2025 romy) BO3MOKHO
¢ ucrnons3oBanueM 10 kapt. Takol ypoBeHb pocTa NPONU3BOAUTEIBHOCTH COMIACYETCS
¢ 3ak0HOM Mypa.

2. CKOpOCTh CHHXPOHM3AllMM KapT HpU HPSIMOM MOJECIHMPOBAHUU N-Tel HMeeT
KputHueckoe 3HaueHue a1 Manbix N < 1024K. Tak, u3-3a pocta KOMMYHUKAIIMOHHBIX
3aJIep’KEK HE UMEET CMBICIa UcToNb30BaTh Oonee 4 GPU-kapt s N = 128K, 6oree 6
st N = 256K, 6onee 12 kapt s N = 512K. [lns yckopeHust pacueToB ¢ TAKAUM YHCIIOM
qyacTull TpeOyeTcsl CyLIECTBEHHOE YCKOPEHHE CKOPOCTHM CHHXPOHHM3AlUU JaHHBIX.
Bo3mMoxxHBIM perieHreM MokeT ObITh ucnoib3oBanune GPU-kapt Ha SXM-cokerax u/
nu Takux TexHonoruit kak NVIDIA-Link, KoTopbie TO3BOJISIOT CYIIECTBEHHO YCKOPUTD
oomen nanHeiMu Mexay GPU-ycrpoiictBamu. OHako Takue peHIeHUs] 3HAYUTEIEHO
nopoxe PCle-pemennit u, kak npaBuiio, SKCKIIO3MBHO MPUMEHSIOTCSA AN pEIIeHUs
3a7a4 MallMHHOTO O0Y4eHUSI.

3. Hns Oompmmx N (>4096K) maBHBIM OrpaHMYMBAIONIMM  (HAKTOPOM JUIS
KpYITHOMACIITa0HOM MapajyieNu3aluy SBIsETCSl cepuifHas 4acTh Koma. B aTom
cllydae KOMMYHHKALIMOHHBIE 3aJepKKM YK€ HE UIparoT CyIIEeCTBEHHOH poiy,
OZIHAaKO ¢ 3aaelicTBoBaHMeM Oombinoro umcina GPU-kaprt (ngp > 100) mapannenbHas
4yacTh COKpallaeTcsd HacTOJIBKO, YTO CTAHOBHUTCS MEHBIIE CEpUIHON, W MpUpocT
MIPOM3BONUTENIBHOCTH ACUMITOTUYECKN YMEHbIIAETCs. BO3MOXKHBIM peIIeHHueEM 37eCh
MOTYT OBITh: POCT CKOPOCTH BBIIOJIHEHHSI TIOCIIEOBATENbHBIX ONepanuii (Hanpumep,
yBeIMUeHHE B OymyleM TAaKTOBOW YaCTOTHI BBIYMCIUTENBHBIX MPOLIECCOPOB) H/MIH
paboThl, HaNIpaBJIeHHbIE HA paclapauleIuBaHie CEPUIHHON YacTu KoJa.

4. Nnsa nameit cucremsl u3 10 GPU-kapr RTX 4090, Mpl Hamwim onTuManbHBIM
ncrnoab3oBark ee ¢ N = 512-1024K. D10 MakcuMaJIbHOE YHCIIO YAaCTHUL, IPU KOTOPOM
BO3MOYKHO JIOCTUTHYTH BPEMEHH pellakCallii 3a pa3syMHOE BpeMsi WU TpU 3TOM
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00ecrevnTh BBICOKYI0 3(PQEKTUBHOCTh OIHOBpeMEHHOro wucrnonb3oBanusi 10 GPU-
kapt. [lpu OGompmmx N Bpems AJsl AOCTHXKCHUS BPEMEHH pelaKCallid CTAaHOBUTCS
ciumkoM OonpmnM (Oosblie roja), a mpu MeHbUMX N ucmonb3oBanue 10 kapt
cranoButcsi HeddexTuBHBIM. [IprHUMas BO BHMMaHHE TOT (akT, YTO KOJIUYECTBO
3B€3/] B TUIIMYHOM LIAPOBOM 3BE3THOM CKOIUIeHHH cocTaBiseT N ~ 10°, Mbl cautaem
Haoop u3 10 kapr GTX4090 He0OXOUMBIM U TOCTATOYHBIM JIJISI KX MOJCITUPOBAHHMS.

5. B cnyudae obecnieuenusi HeOnokupyemoird xkommyTtaimuun GPU-kapT Ha ypoBHE
npomnyckHol criocoOHoctu untepdeiica PCle4 (manpumep, npu ucnonp3oanuu 400I°0
RDMA-xommyTanun) v 3aaerictsoBanus nopsaka 100 kapT BO3MOXHO MOJIETMPOBaHNE
N =2048K 10 BpeMeHH peslaKkCaliH.

6. [lnst mpsimoro moxenrpoBanus OosbIero yucia yactui N > 4096K no Bpemenu
penakcandu 3a pa3yMHOE BpeMs (MeHbIe Mecsina) TpeOyeTcs CyIIeCTBEHHOE
COKpallleHHe cepuiiHoli vactu koma (<<1%), 3ageiicTBOBaHHE OOJBIIOrO YMCIIA KapT
(>100) 1 HeObnoOKKMpyeMasi KOMMYTalusl Bcex KapT Ha ypoBHe >4001°0.
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Abstract. Diff use knapweed (Centaurea diff usa Lam.) is a biennial
herbaceous semi-shrub belonging to the genus Centaurea of the family Asteraceae.
It has a thin horizontal rhizome and is commonly found on sandy or light loamy soils.
As a weed, it grows among crops of wheat, rye, or fl ax, and is often seen on fallow
lands and gravel embankments along railways. The plant has a bitter taste, so it is
not consumed by livestock, except camels. Despite this, it is considered an excellent
honey plant and is extremely drought-resistant. Beekeepers purchase its seeds specifi
cally for sowing honey fi elds. Interestingly, the drier and hotter the summer, the more
nectariferous Centaurea diff usa becomes. In folk medicine, the plant has been used
for treating gynecological disorders and chronic pyelonephritis. Its decoction has a
slightly bitter taste. Since the species remains underexplored, it attracts increasing
scientifi ¢ and practical interest. For the fi rst time in Almaty region, Centaurea diff
usa was studied in this research. Both quantitative and qualitative analyses were
performed. The chemical composition was determined as follows: moisture 14.7%,
ash 6.35%, extractives 30.48%, organic acids 2.1%, fl avonoids 0.8%, tannins 0.53%,
alkaloids 0.38%, coumarins 1.58%, saponins 0.97%, carbohydrates 1.02%. By
multi-element atomic emission spectroscopy, 11 mineral elements were identifi ed
i he main components were calcium (321.92
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mg/g), magnesium (78.01 mg/g), and potassium (885.68 mg/g). These results highlight
the biological and ecological significance of Centaurea diffusa as both a medicinal plant
and a valuable nectar source.

Keywords: Centaurea diffusa, quantitative, qualitative analysis, micro-,
macroelements, atomic emission spectral analysis
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Annorauusi. Ilameipankel Bacunék (Centaurea diffusa Lam.) — actpa
TYKBIMIAChIHA JKaTaThlH €KDKBULABIK, JKapThllail OyTa Tekrec menteciH eciMaik. O
XKIHIIIKE KeJJIeHeH TaMbIpcadarbl apKbUIbl kKeOelieni. HeriziHeH Kymabl oHEe KYMIaK
TOMBIPaKTa ©CiM, ericTiKTepAe apaMiuen peTiHae Tapanaabl. bupai, kapa Ounai,
3BIFBIP CUSIKTBI NAKbUIAAPIbIH apachlHa IIBIFBIN, OHIMIe 3UsHbIH THri3eni. Connai-ak
TBIHAIFaH jkepiepae, nap xkepiepae, Kana MaHbIHAAFbl 00C aJKanTapaa )KoHe TeMipyKOI
OOMBIHIAFbI TACTAKTHI YHIHIITICPC KU Ke3/1ece/Ti. OCIMIIKTiH 1oMi allibl 0OJIFaHBIKTaH,
Y# KaHyapnapsl 1a, xaOaiibl skaHyapiap J1a skeMeli, Tek Tyhenep rana sxeiini. Coran
KapaMacTaH, OJ — Tamalla Oajimap opi eTe KypraKIIbUIbIKKA Te3iMIi. COHABIKTaH
Oamnapiap apHaiibl TYKBIMBIH CaTBII ajibll, 0an ajmKanTapbiHa ereni. by eciMaikTiH
epeKLIeNIri — ka3 MayChIMbl KAHIIAJBIKTBI BICTBIK 9p1 KypFaK 00Jica, COHIIAIBIKTHI MOJT
0an Oepeni. Xanslk Meauuunaceinaa Centaurea diffisa THHEKOIOTHSIBIK aypyiapabl
YKOHE CO3BUIMAIBI MUENOHEPPUTTI emJieye KOJAaHbUIbII Keneni. KaliHarnack! ampliay
noMre ue. OCIMAIK FBUIBIMH TYPFBIJAH OMi TONBIK 3€PTTEIMEreHIIKTEH, Ka3ip OfaH
JIeTeH KBI3BIFYIIBUIBIK apTa TYCyde. AJMarbl OOJBICHIHIA allfall peT KYPri3iirexH
3epTTeyaepAe CaHABIK JKOHE calaiblK Talfdy »kacaiabl. HoTmkeciHOe XUMUSUIBIK
KypaMmbl aHbIKTamabl: butFan — 14,7%, kyn — 6,35%, skcrpaktuBti 3arrap — 30,48%,
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OpTraHUKAJBIK KeIIKbLTIAp — 2,1%, ¢rnaBonouarap — 0,8%, nyounsai 3atrap — 0,53%,
ankanounrap — 0,38%, kymapun — 1,58%, canonun — 0,97%, xemipcynap — 1,02%.
KermaneMeHTTI aTOM-3MUCCHSUIBIK CHEKTPAIJbl JIIC apKbUIBI KyJ KypambiHaH 11
aneMeHT Ta0buIbl. Herisri anemenTrepi: kanbiwmii — 321,92 mr/r, marauii — 78,01 Mr/r,
Kajuid — 885,68 Mr/r. Byt nepekrep ©CiMAIKTIH A9PLITIK, SKOIOTHSIIBIK KOHE OaIIapiibIK
MaHBI3bIH KOPCETE]I.

Tyiiin ce3nep: Centaurea diffusa, caHIBIK, camajablK Taljay, MHKDPO,
MaKpO3JIEMEHTTEP, aTOM-3MHUCCUOH/IbI CIICKTPIIIK TaJIIay
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PACKUJIUCTBII CENTAUREA DIFFUSA LAM. PACTYIIIUI HA
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Aunoramust. Bacunék packumuctsiii (mat. Centaurea diffusa Lam.) — TpaBsHHCTOE
pactenue, Bua poma Bacwiék (Centaurea) cemeiictBa AcTpoBbie (Asteraceae).
JByneTHee, TpaBsIHUCTOE PACTEHUE-TIONYKYCTapHUK, UMEIOIIee TOHKOE TOPU30HTAIBHOE
rxopHeBuie. Copepxut 32 913 Bunos, crpynnupoBaHHbiX B 1911 cemeiicts. Pactér
Ha CyNecUYaHbIX U IMECYaHbIX MOYBAX, CPEIM MOCEBOB MILEHMIBI, PKU WIIM JbHA Kak
copusk. YacTo BcTpedaeTcsl Ha MapoBBIX MOJISIX. B mpUropoaHbIx paiioHax U ropogax
4acTo pacTéT Ha HIeOEHYaTONW HACBIHM BAOJb KEJIE3HOAOPOKHOTO TONoTHA. Pactenue
HMeeT TOPbKUH BKYyC, IOATOMY HHKAaKHE KMBOTHBIC (HU JUKHE, HU JOMAIIHUE), KPOME
BepOIIONIOB, €ro He eadT. [IpekpacHblii METOHOC B 0YEHB 3aCyXOYCTOHUMBOE PACTCHHUE.
Cemena BacHJIbKa PACKUAMCTOTO MPOJAIOT MUEIOBOAAM HMEHHO [T 3aceBa MOJel Moz
MEIOHOC. YHHMKaJbHOCTh 3TOTO PacTEHHs B TOM, YTO YEM 3acCyIUIMBEE U jKapye JIeTo,
TeM Oojee MEIOHOCHBIM OyldeT BacHIEK PacKUAMCTHIA. Mcmombp3yeTcst B MEAMLIMHE
IIPU JICYEHUH THHEKOJOTMYECKUX 3a00JIeBaHuil U XpoHHYecKoro nuenonedpura. [lpu
3aBapHBaHUM OTBAp BACUIIbKA PACKHIMCTOI0 UMEET TOpbKOBaThIii BKyc. Centaurea diffusa
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Lam. mOCKOIbKY pacTeHUE Majio U3yUYeHO, B HACTOSIIIEE BPeMsl K STOMY BUY PaCTCHHIA
HaOroaeTcs OOJBIION HHTEPEC ¢ HAyYHOW U IPaKTU4YeCcKoi Touku 3penus. Centaurea
diffusa Lam, mipouspacTarolas Ha TEPPUTOPUU AJIMATUHCKON 0ONAacTH BIICPBBIC B
JTAHHOM HAy4YHOM UCCIIeIoBaHUH. [[pOBe/IeH KOTMYeCTBEHHBIN 1 KaueCTBEHHBIN aHAJIHN3
pactenus Centaurea diffusa Lam. OnpeneneH cocTaB pacTeHus: BIaxXHOCTh (14,7 %),
30JIBHOCTH (6,35 %), axcTpakTuBHBIC BemecTsa (30,48 %), opranndyeckue KUciaoTsl (2,1
%), paBonounns (0,8 %), nyounsusie Betectsa (0,53 %), ankanoun (0,38%), kymapux
(1,58%), canonun (0,97%), yresogsr (1,02%). MeTooM MHOTO3JIEMEHTHOTO aTOMHO-
SMHUCCHOHHOTO CIIEKTPAJIbHOTO aHaJN3a B 30JI¢ PaCTeHUH OOHapykeHO 11 3eMeHTOB,
ux ocHOBHOM cocras: Ca (321,92 mr/r), Mg (78,010 mr/r), K (885,680 mr/T).

KaroueBsie caoBa: Centaurea diffusa, KONMMYECTBESHHBIN, KaUeCTBEHHBIA aHAJU3,
MHUKPO-, MAKPO3JIEMEHTBI, aTOMHO-3MUCCUOHHBIN CIIEKTPAIILHBINA aHAIN3

Kipicne. Kazakcran aymarbsigaa racbipiap Ooibl I9CTYpii MEAMLMHAIA KOJIaHbI-
JIBITT KeJIe JKaTKaH JOPUTIK OCIMIIKTEp/iH opacaH YJKeH Kopbl Oap. KazakcTaHHBIH
¢nopacel 6000-HaH acTaM ©CIMAIK TYpIepiH KaMTHIIBI, a1 ONapIblH 3epTTeNy 1opexkeci
TeMeH. byn MoceneHi menry eH angpIMeH A9PUTIK eCIMIIKTEpAiH PecypCThIK 0a3achiH
3epITey apKbUIBI MYMKiH OOJIaibl JKoHE MeAWIMHA[AAa MaiAaiaHy YLIH KakKeTTi
MEePCIEeKTUBANBI TYpJiepiH i3aey. KaszakcTanHblH QapManeBTHKa FhUIBIMBIHBIH aJlIbIHIA
TypFaH MIiHACTTepAIH Oipi — OMONOTHSUITBIK OCJICEH 1 KOCBLIBICTAP/IBIH MOTCHI[UAII B
KO3/IepiH i311ey, ONapablH TaOUFaThIH aHBIKTAY JKOHE 3epTTey, COHAal-aK (U3MKaIbIK
KOHE XUMHAJIBIK KACHETTEPIH 3€pPTTeY, CanaiblK )KOHE CaH/IbIK KOPCETKIIITePiH aHBIKTAY.
OcpIran 0aiaHbBICTBI COHFBI JKbIIAApbl Kazakcran PecmyOiaMKachIHBIH SKCTpEMaibl
Karaainapra OeliMaenreH cCopTaHbl )KOHE KYPFaK TOMBIPAKTapbIHIa KEHIHEH OCETiH
*Kabailbl OCIMAIKTEpAl 3epTTey KYMBICTaphl KeHerohe. JIYHHeKY3UIiK aeHcaylblK
caxTay YWbIMBIHBIH MaJIiMeTi OOMBIHIIA, KAMTaMachl3 €Ty 9p eNJIiH ecipTKi Kayinci3airi
CTpaTerusuiaphbl ki KeneMi (papManeBTHKAIBIK OHIMACP iMIKi HAphIKTa OOMYBI KepeK
keM aerenne 20%. Kazakcran PecnyOnmukachiHa KemTereH jkabaiibl eciMIikTep Oap,
0ipak y3aK yakbIT OOHBI JOPLTIK MaKcaTTa KOJIJIAaHBLIATHIH OCIMITIKTED. EH KaKChUIapAbIH
KeHOipi Ka3ipri 3aMaHFbl Jopi-IopMeKTep xabaiibl menTepaeH xacainran. Kazakcranaa
keHiHeH tapanran Centaurea diffusa Lam. (Actpanbuiap) TYKbIMIaChIHA Ka3ipri TaHJa
FBUIBIMU JKOHE TOKIPHOEIIK TYPFBIAA YIKCH KbI3BIFYIIBUIBIK apTya.

KepnexTi raneiM, Quiocod, nopirep ABuileHHa aWTKaHnmail: «Jlopirepain yum
Kapybl Oap: ce3, eciMIiK, MbIIIaKk». OCIMIIKTep aleMi agam3ar e3iHiH aypylapbiH
eMJiey JKOHE aJJIbIH ally YIIiH KOJIAaHFaH allFalllKbl )KOHE €H KOHE eMIIK K31 OOJbI
caHananpl. Tapuxka TEpeHIpeK YHUICEK, OCIMIIKTEepHi Iopi-IopMeK jkacay YIIiH
KOJIIaHy/AbIH €H KeHe »ka30amra foneni Harmypnan mislkkan mrymep ca3 TakTachlHIa
TaObLIIBI, OHBIH Jkackl mamamen 5000 sxput. On 250-71€H actaM TYpIi ©CiMIIKTepre
KaTBICTHI IOpi-TopMeKkTepiH 12 peuenTid kamToiabl. lymep emininepi eciMIiKTepIiH
cabakTapbl MEH TaMbIpJIapblHAH YHTaK IMeH TyHOanap jkacaraH. Onmap anMypT meH
THXKIPAIH eM/JIIK KacueTi 0ap JIer ecenTeli, ajl KeNTIPUITeH XKoHe YHTaKTaJIFaH Tall MeH
Kapa epiK aralTapblHBIH JKac epKeHJepi, Kaparail MEH LIbIpIIa WHeNepi YHTaKTap
MEH KOMITPECCTepIiH Kypamjac Oediri perinjae madganaHbliibl. Kenrtipinren sxoHe
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ycaxTalFaH oCIMIIKTEepAiH YHTaKTaphl Keiae ®KaHyap KoHe MUHEpPaIbl YHTaKTapMeH
apanackaH. EpiTkim peTiHze Tek cy FaHa eMec, apar IeH ChIpa Ja MaiiianaHblIIbL.
Hemek, kem aerenzae 80 rFacklp OypbIH agaMaap emJiey YLIiH eCiMIIKTepAeH KacalFaH
€H KapamnaiibiM Iopinik npenaparrapasl Konaanrad (Kelly et al., 2009).

Tampipnap MeH menTep Typaibsl KbiTali KiTaObiHga wumneparop Illen Hynr
mamamer 0.3.4. 2500 sxputsl jkazran Pen T'Sao kitabeiama 900 popi-nopmex (aopiniik
OCIMAIKTEpiH KenTipinreH OeiKTepi) CUMATTajdFaH, ONapAblH KOIIIUIri Kasipri
yakpITTa Ja KOJJaHbUIaAbl, Mbicaibl, Rhei rhisoma, kamdopa, Theae. folium,
Podophyllum, ynken capsl reHTHaH, )KeHbILIEHb, AaTypa, AaPIIbIH KaOBIFbI skoHE 3deapa
(ITerpoBcka, 2012). TymHYCKaNbIFbl MOHI JKaFbIHAH 9711 HAKTBUIAHBII, JoJeNAeHOereH
Ka3aK XaJbIK EMILUIIrHe KaThICTH MbIHAHbI aiiTyFa Oomnanel. Kasak XaJlKbIHBIH 19CTYpIi
MEIMIMHACBIHBIH O1NliMi TEK aypyabl eMJIey[AeH TYpMai/bl, 0J MaHbI3Ibl TEOPHSIIBIK,
JepeKke3epre HerizaenreH. XV Facelpa eMip CYpreH Ka3akK XalKbIHbIH KepereH
emiiici, ipi FameiM-emini Oredoiaak TineykaOburyiier (1388-1478) «MemuiHambik
0asiH» aTThl MEAMLMHAIBIK 3THOTPaUsIIBIK eHOETiHAe IIUMarepiik eHepAiH ChIPBIH
TonblK ama Oinren. byn enbex Oteboinak TineykaObUIYJIBIH YIKEH €MINi CaHaraH
O3-XKoHiOek xaHHBIH aThiHaH 1466-1473 KbUIapbl kKa3blUIFaHBIH alTa KETKCH KOH
(Ecxanuesa, 2013). byl MenunuHaNbIK SHOUKIONEAUAAA aJaM ar3acbIHbIH SpTYpIi
MYIIENEePiHiH KYMBICHl CUIIATTAIFaH >KOHE OChl OpraHIapAbIH HETi3r1 aypylapbIHbIH
Typiepi kenripinreHn. CoHbIMEH KaTtap, Oyl €HOekTe OYriHri TaHJa XalbIKThIK
MeIUIMHAAAa KOJJAHBUIBIN JKYPTe€H OMICTep KaKChl CHUMATTalFaH: CHUKbIpIay, CyHeK
OpHATY, TaMBbIp COFYBIH ThIHJAAy koHe T.0. Toxkipubene koHe Aana 3epTXaHacbIHAA
KYPTi3UIreH >KYMBICTapIblH HOTHXKeciHAe FanbiM-emini Oapnbirbl 1108 Typni mopi-
JOpMEK LIbIFapca, OHbIH 858-1 nopinik eciMaikTepnaeH, 318-1 sxkaHyapnap ar3anapblHaH,
60-Ka KyBIFBI METANIAAPIaH KacajFaH. « ¥ CTa3ChI3 YCTa3» JEreH Jlakar atka ue OoiFan
Oteboiinak Tineykadbuios 1050 Typai aypyabl emaeyaid opictepi amkan (Eckanuesa,
2013). Kazipri yakpITTa OYKLJI 9JIeM/Ie IO TePMEH eMIey KeHIHeH Koinanbuiaabt. JIJ1Y
Fanamapik mwonysiaeie (IJIY/TRM) moctypni xoHe KockiMia/Oanama MeAWIIMHA
JKOHE ILONTIK JOPITIK MpenaparTapisl peTTey OOMbIHIIA YITTHIK Cascarka KaTbICTHI
HOTHIKEJIepi IO ASPUIepiHiH eyponaiblK *KoHE a3UsUIbIK HAPBIFBIHBIH TYPAKThI TYPAC
KeHelin kene >katkanbH kepcereai (WHO, 2010). Kasakcranusiy Taburu ¢uopacsl
6000-nan acram ecimuik Typin Kamtuabl (I'pyasunckas, 2020; Bypamesa, 2016). Kasip
Kazakcranna gopinik eciMIiKTepIiH KaHIa TYpi ©CETiHIH alTy KUbIH, OUTKECHI OJIapAbIH
Ti3iMi JKbIJI CAlibIH TOJBIFBIN OTBIPaAbl. PecMu skoHe XalbIKTHIK MeaunuHazaa 150-aen
actaM eciMJIIK Typi KoJaHbuIaabl. by Makanaaa tepi aypylapblH eMey YLIIH JocTypii
Typze Konpanbuiran Kazakcran PecryOnuKkachIHBIH ayMarblHAa ©CETiH Keloip Aopiik
OCIMJIIKTEpre IOy JKacaiajbl. OJieOueT MaIiMeTTepiH 3epaeiey kesinme (2010-2023
XK.JK.) OCBl OCIMIIKTEPIiH (GPUTOXHUMHUSIIBIK KypaMblHa epeKIle Ha3ap ayJapbliibl )KOHE
JepMaTHT, aTOMMUIBIK AEPMAaTHT, dK3eMa JXoHe Oacka Ja KaObIHy Tepi aypysapbiH
emJieyie eMIiK acepre *ayanTbl HEeTi3r1 KOMIIOHEHTTEpre Tajaay jKacaubl. 1a *Ky3ere
ACBIPBUIBL.

3epTTey HBICAHBI: ATIMaTHI O0JIBICHIH/A )KUHAIIFaH IAIIBIHKBI T'yIIKeKipe (Centaurea
diffusa lam.) ecimpiri.
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Marepuan xoHe dmicrep. Jopimik eciMAiK HIMKIi3aThIHBIH BUIFAIJBUIBIFEl MEH
kynainiri Memnekertik ®@apmakonestubie (I'@XI) TamantapeiHa colikec aHBIKTAJIBI
(©nexenos, 2012).

On-Qapabu ateiHparsl "Kazak ynTTteik  yHuBepeuteriHiH KEAK "®uzunka-
XMMUSUIBIK QIIICTEP JKOHE Tanjay OpTalbIFbIHAA" aTOMIBIK-OMUCCHSIIBIK CHEKTPIIIK
Tajnay ojiciH Konmana oTeipbil Centaurea diffusa lam. ecimuik Kyii KypambIHIAFbI
ANIEMEHTTIK KOMIOHEHTTEpre Tanaay >kacanabl. KynaiH MuUHepanapl KYpaMbIH aHbIKTay
ywid Shimadzu 6200 cepusiiibl crieKTpoMeTp KoaaaHbu1ab!. O YILiH IIUKi3aT aJbH ajia
KBI3/IBIPBUIFaH XKoHE 191 efueHre dGapdop Turensre opHanacTeipbuiabl. CoqaH Keilin
TUTENb aKbIPBIH KBI3ABIPBIIIBL, aIABIMEH 3aTThIH €H TOMEHT1 TeMIeparypaja KaHyblHa
MYMKiHIiK Oepni. Temmneparypa Oiprinzen apTTeipbuidbl. JKaHy TypakTel Macca
anbiaranra geiin 500°C temneparypana xypriziiai. Kansnuneynin coOHbIHIa TUTENb
skcukaropaa cankeiHnareuiael. Centaurea diffusa lam. (0,1084 r) kyii KeI3ABIPBUIFaH
kezae 10 mut 40% Ty3 KbIIKBUTBIHAA epiTiai. OchlaaH KeiiH Ty3aap aiy YIUiH alblHFaH
epiTiHAI KBI3ABIPBULABL. Opi Kapaid, 15 Ma | HopMasbapl TY3 KBIIIKBLIIBI €piTiHAICIHAE
epiTiNim, Tangayra apHanraH 25 MJI KeJeM[i bIIbICKa ayblcThipbulabl (IpynsuHcKas,
2012).

OciMiK  KypaMbIHJaFbl OWOJOTHSUIBIK OCJICeHI 3aTTapiblH (OpraHHUKAIBIK
KBIILIKBIIAAP, CATIOHUH, KyMapuH, (IaBOHOMI, Tepi MIIETII 3aTTap, alKaJOWa) CaHIbIK
MeJIIIepPi aHBIKTAJIIbI.

3eprTey HOTHiKeJiepi. OCIMIIKTIH CaHJBIK Tajjay KaTapblHa IIMKi3aT
BUTFAJIIBIIBIFbIH, KYJIIUTITH aHBIKTAY KOHE COHBIMEH KaTap KypaMbIHaFbl 9KCTPAKTUBTI
3aTTap MOJILEPiHiH CaHABIK KOPCETKIIITepi Karaabl. ATaIMBIII TaJfay HOTHKEJIEpi
1-kecTene OeliHEeNEHIeH.

Kecre 1 — Centaurea diffusa Lam.canaabsuibIFbIH aHBIKTay HOTHKENEPI

OciMaik aTsl AOGCOIIOTTI KYpFaK IIUKi3aTKa caHaFraHJArbl %o-TiK yieci

blnranapuibiFst JKanmer xymimix DKCTPaKTHUBTI 3aTTap

HTambIHKBI TYJIKEKipe
(Centaurea diffusa Lam.) 14.7 6.35 30.48

Kecre 2 — Centaurea diffusa Lam. ecimairi KYpaMbIHarbl OHOIOTHSIIBIK OCICCH I 3aTTap KOPCETKII

OciMIIK KypaMbIHJarbl OMOIOTHAIBIK OeICeH i 3aTTap [Taiib3 bk Memepi (%)
daBoHOUT 0,8
OpraHuKaIbIK KbIIIKbUIIAP 2,1
Anxanoun 0,38
Kymapun 1,58
CarnoHuH 0,97
Tepi nnerim 3arTap 0,53
Kewmipcynap 1,02

Centaurea diffusa Lam. ecimairi KypaMbIHaH MUHEPAJIIbI 3aTTapAbl aHBIKTAy aTOM —
abcopOrmonas! ciekTpomerpxShimadzu 6200 series apKbUTBI XKy3ere achIpbuiabl. Onap
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(dbepMeHTTepAiH OeNCeHATIriH apTThIpabl, OMOXUMUSIIBIK MTPOLIECTEPl KaTalnu3aen i,
KeMipcylnap, aKybI3ap KoHe JOpYMEHIep CHHTE31HE CEMNTIriH TUTri3edl opi 3aTTapAblH
anMacybiHa Katbicapl. COHBIMEH KaTap MUKPO3JIEMEHTTED OCIMIIK penapaTTapbIHbIH
KypamblHa Kipim, onapabiH OenceHnimirine ocepin Tturizerini Oenrim. (Kazakcran
MeMIIeKeTTiK (apmaxomnesicel, 2008). 3epTTey HOTHKENEpi 3-KeCcTee KeNTipiireH.

Kecre 3 — Centaurea diffusa Lam. eciMAiri KaIAbIFBIHIAFBI MAKPO-MUKPO 2JIEMEHTTEP

Makpo »oHE MUKPOIICMEHTTED 30 1aFbl KOHIICHTPALHUSCHI ,MKI'/MJI
Mpeic 1,6190
MBpIphbIin 0,4263
Kopracein 0,3499
Kanmuit 0,0479
Temip 17,1929
Huxkens 0,1579
Mapranen 1,4019
Kanpumit 321,92
Maruuii 78,010
Kanmit 885,680
Harpwii 31,4450

VYkpanHa MeMIICKETiHJeri 3amopoKbe MEMIICKETTIK MENUIIMHA YHUBEPCHTETI
reuTbIMIapel Centaurea diffusa lam eciMiriHiH KypaMbIH 3epTTE/I. 3epTTey
noTwkenepi Centaurea diffusa Lam. ecimairi mmki3aTbiHga OHONOTUSIIBIK OCJICEH
KOCBUIBICTAP/IBIH OPTYPIIi TONTAPbIHA JKaTaThiH 55 3aTThIH 0ap eKeHIIriH KepceTeni: 9
(denon, 9 criupt, 8 kKapOOH KBIIKBLIBI (KAHBIKKAH JKOHE KaHbIKIIaraH), 7 adup, 5 ajkax,
4 TeTepOLMKIIII KOCBUIBIC, 4 KETOH, 3 TepIieH, 2 anbaeru, 1 ajikeH, 2 MoHocaxapu/, 1
ruapasua. Anaiina, Nalbi3IbIK TYPFBIJIAH ajiFaH/a, Oy MAJIIMETTEp KOCBLIBICTApP/IbIH
JKaJImbl Ma3sMYHBIMEH epekineneneni. EH ymken ymectep denommapra — 21,45 %,
kapOOH KbIKbUIIapbiHa — 19,71 %, cniuprrep MeH adupepre — corikecinie 17,63%
xoHe 12,43% tuecini. Camnajblk )oHE CaHIbIK KypaM/Ibl aHbIKTAy YiiH Agilent 5977
BGC / MSD (Agilent, Santa Clara, CA, USA) mMacc-ClieKTpOMETPHUSUIBIK JETEKTOPBI
O0ap Agilent 7890B GC system (Agilent, Santa Clara, CA, USA) kypajibiHaa ras
XpoMaTorpadusChl 9iCi KOIIaHbLIIbI.

Kecre 4 — Centaurea diffusa Lam. eciMairi KypaMbIHAAFbI 3epTTeyAeH KeHiHT1 OHOIOTHSUITBIK
OeiceH i 3aTTap KOpCeTKili

buonorusbik 6eceH i KOChLIBICTAP [aitp13bIk kepceTkin (%)
Denongap 21,45
Cnuprrep 17,63
KapOoH KbIIKBUTIAPHI 19,71
Ddupnep 12,43
Anxangap 3,29
[etepoumkii KOCBUTBICTAP 4,86
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Ketonnap 2,44
Teprienzep 4,74
Anbperuarep 3,08
AJnkennep 3,06
Monocaxapun 1,06
luppaszun 0,46

Bapnblk KOMIIOHEHTTEpIiH Kallbl KypamblHaH: peaykcut (15,53%), 4-rexcanexan
(maneMuTHH) KbIUKBUIBL (12,25%), 2-3TMn-2- (ruppokcumeTwi) - 1,3-mpomaHanon
(8,17%), rexcanexkaH KbIIIKBUIBIHBIH 2-TUAPOKCU-1 - (THAPOKCHUMETHI) 3TWI 3(hupi
(4,30%). 4-TekcanekaH KbIIKBUIBI (TaJTbMUATHH KBIITKBUIB ) - TAOUFATTa Mail KBIIIKBLIEI,
XKaHyap, 6CIMIIK MaiJIapbIHbIH KoHE Oanaybl3blH IIUIEPUATEPIHIH KypamMbIHa Kipe/i.
On TLR4 peuenropiapbl apKblIbl aJlaMHBIH UMMYHJIBIK JKacyllaJiapblHaa KaObIHYFa
KapChl peaklusIap/bl bIHTAJIaHILIPATIHBI OCIIT1III, OFaH ICIKKE KapChl )KOHE JTHadeTKe
Kapcel 0encenniiaik ToH (Sudha, 2013).

Hemek, Centaurea diffusa Lam. eciMJIiri aHTHOKCHJIAHTTHI, 1CIKKE KapcChl, THadeTKe
KapChI )KOHE TUIIOXO0JICCTEPUHEMHUSIIBIK OPEKETTEPIe KAPChl 3€PTTEYJIEP YIIIH YChIHBLTYbI
MYMKIiH.

AMUHKBIIIKBULIAPBIH KypaMbIH aHbikTay yiniH GC-MS oxici kommanbuiasl. GC-
MS ananusi: F. pallidiflora ecimairiniy TambIp 06JIITiH MacC-CIIEKTPMEH OaiJIaHbICKaH
raznel xpomatorpadust apkeuisl 0,31% momnsipisl kocna 20 M-1ik kapooBapa, 0,28% 5
CP cunap xone WA-W-120-140 mem, 6aranacsl (400 x 3 MM) Gos1aTbIH XpOMOCOPOTAFbI
0,06% unexcanapl mnaijanaHy apKpUIbl aHaimu3gell. KoloHKaHBIH TeMIepaTypachl
110°C-tan (20 munyT OoOMibl ycTan Ttypansl), 6°C/ munyrra 110°C-tan 180°C-ka
neitin, 32°C/munytra 185°C-nen 290°C-ka jeifiH TeMmiieparypana OaFaapiiaii/ibl.
250°C-ka )eTKeH e, 0apJIbIK aMUHKBIIIKBULIAP [IBIKKAHFA JICHIH TYPaKThl 00Ty Kepek.
XpomaTtorpaMMa ChIPTKbI cTaHaapTTapra coiikec ecenreneni. Centaurea diffusa lam.
KYpaMbIH/IaFbl aMUHKBIIIKBLUIAAPBI S-KECTE/IC HOHE 1-CypeTTe KOpCeTireH.

Kecte 5 - Centaurea Diffusa lam. KypaMbIHIaFbl aMUH KbIIIKbUIIAPHI

Ne AMUH Kanmbr Kypsuibimasik popmysnacsl | M, r/mons | Ocimaikreri
KBILIKbLIIAPbI (hopmynacer yuieci, mg/100g

1 AnaHuH C,H,NO, o) 89

594

H3C
OH
NH
2 Ty C,H,NO, 9] 75 471
OH
NH>
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3 Jletiun CH NO, 0] 131 393
NH,
4 W3oneiinun CH NO, CH; O 131 355
HsC
CH
NH»
5 Banun CH, NO, 117 312
O
)\‘/LLOH
NH>
6 I'moramar CH,NO, e} (0} 147 2346
H OWOH
NH»
7 Tpeonun C,HNO, OH O 119 320
HaC Jﬁ)\ OH
NH»
8 ITponux CH,NO, e} 115 648
CT)\OH
NH
9 MeTHoHUH C,H, NO,S 0O 149 85
S
HaC -~ \/ﬁ/U\ OH
NH»
10 Cepun C,H,NO, o) 105 403
Ho/ﬁ)‘\OH
NH,
11 Acmnaparar C,HNO, 0O 133 1107
o)
OH
OH NH,
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12 uctun C,HNO,S (@) 121 21
HS/\H‘LOH
NH
13 OKCUTIPONTH CsHoNOs NH 131 1
HO
O
HO
14 | ®eHunananux C,H, NO, 0 165 336
OH
NH.
15 Tuposun C,H NO, 0 181 370
M\OH
NH
HO 2
16 Tuctuaun C 6H9N302 0 155 197
N
¢ ) OH
HN NH;
Opnwnmnn | C.H| N, O, (o) 132 1
NH,
ApruHuH CH_ N0, NH 0 174 511
H,N" N OH
H
NH;
Jlmznn CH N0, NH, 146 246
A_OH
HzNw
0]
Tpunrodan C, H,N,O, 0 204 83
l OH
HN NH->
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2500
B ANaHuH
B [ NUumnH
2000
JNerumH
M3oneldumH
1500 W BanuH
W MnoTamart
B TpeoHuH
1000
W [MponuH
B MeTUOHWH
500 - M CepuH
M Acnapartat
W LncTruH
0 .

Cypert | - Centaurea Diffusa lam. xypaMbIHIaFbl aMHUH KbIIIKbULIAPBI

Taaxkpuiay. Kazipri yakpitta 200-r¢ KybIK TaOUFH aMUHKBIIIKBUIIAPHI OCMTiIi,
onapnabiy Tek 20-Chl aKybI3AbIH Kypambiaa kipeni (Hembcon, 2022). Anam ar3ackiHaa
AMUHKBIIITKBUIIAPET  aKybI3 MOJICKYJIaIaphIHBIH KYPBUIBICBIHAH —0acka, opTypii
TaOWFU KOCBUIBICTAP/BIH - KOPEPMEHTTEP/IiH, aHTHOMOTUKTEPIH KypamblHa Kipei.
TopMoHmapAbIH, MeEIUaTOPIAPABIH KOHE HEHUPOTPAHCMHUTTEPNICPAIH  TY3UTyiHE
Karpicanpl. Metabonmm3mre KaThICaThIH METaOONHUTTEpHiH Ke3i OOoNbIm TaObLIaIbl
(Kompman, 2000). AMUHKBITIKBUTIAPIBIH KYPaMbBIHIa HETi3iHeH nryTamar (2346 mr /
100 1), acmaprar (1107 mr / 100 r) , mponun (648 mr / 100 1 xxone amanuH (594 mr /
100 1),) 6onmer. I'myramar MeTabomm3mMae MaHBI3ABI POJT aTKApaIbl, METAOOTHKAIBIK
MpoIIecTepre KoHE JCHCHIH (HU3HONOTHUIBIK JKaFdaiiblHa alTapiBIKTal ocep €Tei.
(Stacey, 2013). Acmaprar KemipcCynaapablH OVIIIBIKET SHEPTHSICHIHA aiHATYBIH
KamMTaMachl3 €Teli, CIOPTIIRUIAP VIIH KOCMaaap pPETiHae KEeHIHCH KOJIaHBLIAIbI,
JKYKTEMEHIH JKOFaphUIaybl Ke3iHIe WMMYHIBIK JKYHEHIH OCICEHIUIITIH apTTBIpaIbl,
mapiayra Te3IMIUTIKTI apTTRIpaabl, )KYMBIC iCTEy KaOlIeTiH cakTalipl, TOIIMILTIK,
renaronpoTekTop perinme opeket ereni (Topo, 2009).

[Iponuu - ar3a KomjareH eHJIpy YIIiH TaiiaiaHaThiH, jKapanapibl, KYHIKTepl,
YKapasiapabl eMIeyTe BIKIAT €TETiH HEeTi3Ti aMUHKBIIITKBUIIAPBIHBIH Oipi; KOJUTareHHIH
Heri3ri Kypammac OeJiiri OombIm TaOBUTaNbl; OYBIHIAPIBIH JKAKCHl JKYMBIC iCTEyiHE
BIKITAJ €Te[i; TaMBIp KaObIpFallapbIH KOPFaiibl; CiHipepai, OaimaMIap/s! sKoHE KYPEK
OYJIIIBIKETTEPiH HBIFAWTaIbl; MAHBI3ABI IENITUATEP/IH (aIpeHATTNH JKaHE T. 0.) Ty3lnyiHe
Karpicanpl. [IpoWH aHTHOKCHIAHTTHI, AHTHACHATYPAIUSIIBIK, OCMOPETYISATOPIBIK
JKoHe MeMOpaHaibIK TPOTEeKTOpibIK Kacuertepre wue. (CeipoBas, 2014). Amanun
OYJIIIBIKET TiHAEPi, MU KOHE OPTAJBIK KYHKe KyHeci YIIH MaHBI3IBl SHEPTUs Ke3i
00BN TAaOBLIANBI, AaHTHUACHENICP IIBIFAPY APKBUIBl UMMYHIBIK JKYHEHI HBIFAWTAIbL.
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KaHT neH opranukanblK KbIIIKbUIIAPABIH METa00In3MiHe OeNICeH i KaTbICalbl. AlaHUH
KeMipcynapbplH MeTaboau3MiH Kanbinka kentipeni (Cesepuna, 2004).

Kaiipuiran ryiakekipe (Centaurea diffusa lam.) eciMairi KypaMbIHIaFbl Maii
KbIIIKbLIAAPbI

5 MUHYT i1IiHAE XJ0poPOpPM-METaHO KOCHachl (2: 1) SKCTparupieHreH ChIFbIHIBICHI
Kara3 (OUIBTIpi apKbUIbI CY3UIiN, KYpFaK Maccara Jeiin koHueHtpueiiai. Conan keilin
AJIBIHATBIH CHIFBIHABIFA 10 MJI METaHOIABI KoHE 2-3 TaMILBI AlleTUIIXJIOPUITI KOk, 60-
70 ° C Temneparypana 30 MuHyT 00¥ibI MeTHIEHII. MeTaHOI POTOPIIbI OyTaH ABIPFBILI
apKbUIBl aiiianazpl JKOHE YATUIep 5 MII TeKCaHMEH SKCTparupieneni xone Kazak
tamakTany Akagemusicbiaa | carar imiage «CARLO-ERBA-420» ra3 xpomatorpadst
apKpUTel Tanganaabl. Hotmkenepi 6-kecrene sxoHe 2-CypeTTe KOpCeTiIreH.

Kecre 6 - Centaurea diffusa lam. KypaMbIHIA¥Fbl Mail KbIIIKBUIIAPHI

Ne Maii Kanmst KypputbIMIBIK (hopMyTacs! M, 1/ | ©cimaikreri
KBIIIKBUIIApB! | (hopMyIackr MoIb | yueci, %
1 | Mupuctun C H,0, o 228 1.3
OH
2 IlenTamenmn C1 5H3002 o] 242 2.6
KBILIKBUIBI H3C\/W\/\/\/\)J\OH
3 | IManpmutun CH,,0, o] 256 14.3
KBIIIKBLITBI /\/\/\/\/\/\/\)J\ OH
4 | Mamsmuroonenn | C, H, O, 0 254 1.2
KBIIIKBITBI
= OH
5 | Creapun C,H,0, o 284 4.6
KBIIIKBITBI /\/\/\/\/\/\/\/\)I\ oH
6 | Oneun CH,,0, _ 282 324
KBIIIKBIIBI
o]
OH
7 | JIunon CH,,0, 0 280 47.6
KbILUKBLIBI /\/\Aﬂ/\/\/\AOH
8 | Jlunonen CH,,0, . i 278 0.7
KBIIIKBLTBI _ -
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47,6

Cypert 2. Centaurea diffusa lam. KypaMbIHAaFbl Mail KbINIKbLIIAPEI

Centaurea diffusa lam. imiHgeri Heri3ri Mad KbIIIKbLIAAPHl JHUHOJN KBIIIKBLIBI
(47,6%), omewn KbIIKBUIBI (32,4%) koHe maibMHUTHUH KHIUIKbUIEI (14,3%) Oommsl.
JIMHOJ KBIIIKBUIBI TaMBIPJIAPIaFrbl aTCPOCKICPOTUKAIIBIK ©3repiCTEeP/IiH JaMybIHa JKOJ
OepMeiiii, KaHIarbl XOJCCTEPUH JICHIeHiH ToMeH1eTyre KoMeKTecedl. OJIeUH KbIIKbLITbI
TaMaKTaHy/la MaHbI3[bl POJI aTKapajbl, XOJCCTCPUHMEH, MHCYJIMHIC TO3IMIUIIKIICH
Kypecyre bIKHaju eTejli, IMMYHHUTETTI HbIFaWTalbl KOHE COHFBI 3ePTTEYyJIepre colkec,
TINTI 9feaepre cyT 0e3i Karepiil iCiriHiH JaMybIH 00JIbIpMayFa KOMEKTECE i, MH MECH
Oyiipek ycTi Oe3iHe acep eTeTiH aypy/iapiblH JaMyblHa KeIepri xKacail ajajibl, COHIam-
aK eCTe CaKTay/Ibl )KaKcapTaibl.

KopbITBIHIBI. KazakcranHblH AJiMarhl OHIpIHEH JKHHAJIFaH AcCTpajbLiap
TYKbIM/IaChlHA JKATaThIH INAIIBIHKBI T'yikekipe Centaurea diffusa lam. eciMairiHiH
CaHJIBIK JKOHE CallaJiblK caparnTay HOTHIKECIHAC KypaMblHaH OHOIOTHMSIBIK OCJICeHI
KeleHaep OeuiHal. 3epTTey HOTHMXKECIHIE OCIMJIKTIH MIBIHAHBLIBIK KOPCETKIIITEpI:
pUTFAIIBLIBIFBL — 14,7%, kynuiairi — 6,59%,3kctpakTuBti 3artap — 31,6% exeHmiri
AHBIKTAJIIEI. Centaurea diffusa lam. ecimairinin kypambinaa diaasonouarap (0,8%),
OpraHuKaibiK Kbinksuiaap (2,1%), tepi mierim 3arrap (0,53%), ankanouarap (0,38),
kymaput (1,58%), camonun (0,97%), xemipcynap (1,02%) ampikranmel. Centaurea
diffusa lam. eciMaiK KYJIIHIH KypaMbIHAH MUHEPAJIJIbl 3aTTap aToM/IbI-a0COPOIIMOHIbI
CIEKTPOMETP KOMETIMEH aHbBIKTAJIJIbl, COHBbIH 1IIIHIE KOI MOJIIIEP/Ie: Kalblui, Kalul,
MarHmi Ke3aecesi.
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Abstract. Relevance. Fluorescently labeled polymers and interpolyelectrolyte
complex (IPEC) were obtained from commercial samples of biopolymers - sodium
alginate and chitosan. Methods. We used for synthesis fluorescein isothiocyanate and
fluoresceinamine. Formation of fluorescently labeled polymers and IPEC was confirmed
by FTIR spectrometry. We studied rheological properties of polymers for evaluate the
interaction of polymers with the soil. Soil penetration and water resistance tests were
conducted to assess erosion control potential. The formation of a coating on the soil
surface was confirmed by SEM micrographs. Main conclusions. Fluorescent chitosan
was obtained via thiourea bond between amino groups (-NH,) and isothiocyanate
groups (=N=C=S). In sodium alginate, carboxyl groups (—-COO-) reacted with
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amino groups of fluoresceinamine to form covalent amide bonds (—CO-NH-). The
optimal IPEC composition was established at [2:8] molar ratio. Rheological analysis
showed that chitosan, sodium alginate, and IPECs ([1:9], [2:8], [3:7], [4:6]) exhibited
pseudoplastic, non-Newtonian behavior. Fluorescently labeled polymers penetrated to
21-23 mm and were gradually leached by water. IPEC formed a stable, 2 mm-thick
surface coating resistant to leaching. The mechanical strength of polymer—soil layer was
19 times greater than that of untreated soil. Application of IPEC to forest soil increased
resistance to water erosion by 72% and to wind erosion by 77%. Practical value. IPEC
[Chitosan:sodium alginate] = [2:8] is proposed as an anti-erosion agent to improve
structure of forest soils.

Keywords: Interpolyelectrolyte complex, biopolymers, chitosan, sodium alginate,
fluorescently labeled chitosan, fluorescently labeled sodium alginate, soil water erosion
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AHHoOTamus. O3ekTiniri. 3epTTey >KYMBICBIHJA TaOWFH MOJUMEpNep HaTpuil
aJIbrUHAThl MEH XUTO3aH KOMMEPLHMSJIBIK Y/riepiHeH (UIyopecleHTTI TaHOajgaHFaH
rmoJiuMepIIep JkoHe HHTeprnonuIeKTpointTi Komruieke (MIIOK) amsiasl. Omictep.
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Cunte3 OapbichiHIa (IIyopeclerH HW30THOLHUAHATHl JKoHE  (IIyopeclienHaMHUH
OOsFRIITAPBl  KONMAAHBUIABL. DrnyopecueHTTI TaHOaJaHFaH TOJUMEPICPAIH >KOHE
UIISK-Tin Ty3inrenairi UK-cnexrpomerpus aaici apkbuisl pactaiasl. [lomumepnepain
TOMBIpaK KabaTbIMEH OpeKeTTeCyiH Oaramnay YIIiH peOoJIOTHUsIIBIK KaCHeTTepi 3epTTe .
Onyopecuentri TanOamanraHn nonumepnep MeH WIIOK-1i Tombipak spo3usicbiHa
Kapchbl KOJJaHy YIIiH OJIapAblH TOIBIPaKKa €Hy TEepPeHIIriMEeH CyMeH IIalblTy
neHreiti 3eprrengi. TomblpakThlH OeTki KabaTeiHAa kaObiH Ty3inrenairi COM
MHUKpOCypeTTepiMeH aanenaenai. Herisri TyxeippiMaap. XUTO3aHHBIH aMHH TOOBI (—
NH:) meH ¢uryopeclienH H30THOLMAHATBIHBIH H30THOLMaHaT ToObl (=N=C=S) apacbeiaia
THOMOYEBHHA=0aiJIaHbIChl apKBLIbI (PIIyopecleHTTi TaHOaIaHFaH XUTO3aH TY311al. AJl,
HaTpHil anbruHATBHIHBIH KapOokcun Ttontapel (-COOY) dmyopecuenHaMUHHIH aMHUH
TONTapbIMEH OPEKETTeCin KOBaJIeHTTI aMuaTik Oaimansic (-CO-NH-) maiiga Gomgsl.
OnyopecuentTi TaHOanmanraH nonumepnepiaeH cunartesgenreH WIIOK-TiH oHTaimsl
Kypambl [2:8] MOJBIIK KaThlHACTBI Kypaibl. XHTO3aH, HATPUH allbI’MHATHl Yirinepi
JKOHE OJIapiblH Heri3iHae cuHTesnenin anbiaFad [1:9], [2:8], [3:7], [4:6] UIIDK-Tep
MICEBIOMIACTUKAIIBIK aFbICKA COMKEC HBIOTOH/IBIK EMEC CYMBIKTBIKTapFa )KaTaThIHAbIFbI
aHbIKTaNABl. DIyopeclueHTTi TaHOaJaHFaH MOJMUMEPIEPIiH TOIbIpaKa e€Hy TEepeHIIri
21-23 MM Kypanbl, KOHE CYABIH JCEpiHEH TOMbIpaKKa TEpPEeHIpeK OTim, OipTiHaemn
IalbIIaTeIHABIFEL Oaiikanabl. Kepcinme ¢ayopecuentti tanbamnanran MIIOK 2 mm
KaJBIHABIFBIMEH TOMBIPAK >KAOBIHBIH KaJBINTACTHIPHII CYMEH IIalbUTMaWThIHABIFbI
Oaiikanapl. Tombipak momuMepsl JKaOBIHBIHBIH MEXaHHUKAJBIK OEpIKTIri Oakbuiay
HyckaceiHaH 19 ece sxorapsl 6onapl. UTIDK-nen exaey ke3iHae opMaH TOMBIPAFbIHBIH
Cy PpO3HsChIHA TO3IMALIIT 72%-Fa, an kel dpo3usichiHa Te3iMaitiri Tuicinme 77%-
Fa JKorapbpuiaabl. [IpakTHKanbIK KYHABUIBIK. [XUTO3aH:HaTpUM anbruHarel] = [2:8]
MoJbIIK KarbiHackiHAarel MITOK-Ti opMaHapl TOMBIPAaKTHIH KYPBUIBIMBIH JKaKCcapTyFa
apHaJIFaH 3pO3HAFa Kapchl KYPbUIBIMAAYIIBI PETiHE YChIHYFa OOmaIbl.

Tyiiin ce3nep: MHTEpNONMANEKTPOIUTTIK KOMILJIEKC, OMOMOIMMEpIEp, XUTO3aH,
HaTPHii aTbTUHATHL, (IIyOpeCcUeHTTi TaHOaIaHFaH XU TO3aH, (pIIyOpeCeHTTi TaHOAIaHFaH
HaTPHid alIbIMHATHI, TONBIPAKTHIH CY 3PO3USCHI

Kaporcornanowipy: byn sicymoic Kazaxeman Pecnyonuxacel Folnvim dcane dcogapvl
Oinim munucmpiieiniy fouioim Komumeminiy Kapocolivlk Konoayvimen AP19579443
«lonusnexmporummix KewieHoep He2iziHOe Kapa2auobl JHcedel 6Cipy MexHOI02USICHIH
azipneyy eparm JHcodacsl asiCbiHOA OPLIHOAIOb.
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AHHOTanus. AKTyaabHOCTh. B pabote 13 KoMMepuecknx o0pa3iioB OHOMTOITUMEPOB
- HaTpus ajblMHATa M XWUTO3aHA IOJY4YeHbI (DIyopecLEeHTHO-MEUYEeHbIe MOJIUMEPHI U
uHTEpHonudIeKTponuTHbIN kommieke (UI13K). Metoasl. s cunTesa ucnonb3oBaiu
Kpacutenu  ¢uyopecuenH-uzotuounanar u - Quyopecuennamun. OOpa3oBaHHe
(yopeciieHTHO-MeueHbIx  moiuMepoB  u MIIDK  Obuto  monreepkaeno MK-
criektpoMmerpuei. JUIsi OLIEHKM B3aUMOACHCTBUS IOJIMMEPOB C ITOYBEHHBIM CIIOEM
HCCIIeIOBaHbl HX peosiornueckue cpoiictBa. [l mpumeHeHus (IyopecLeHTHO-
MedeHbIXx monuMmepoB u MIIDOK mpoTHB TOYBEHHON 53po3WHM HM3Y4YeHBl TIIyOWHA
[IPOHMKHOBEHHUS B MIOUBY M CTEIICHb BBHIMBbIBaHMS BOJOH. OOpazoBaHUE MOKPHITUS Ha
MOBEPXHOCTH TOYBBI ObLIO moaTBepxkaeHo COM mukpodotorpadusmu. OcHOBHBIE
BbIBO/IBI. DITyopecieHTHO-MeUeHbI XUT03aH 00pa30BhIBAJICA 3a CUET THOMOYEBHHHOM
CBA3M Mexnay amuHorpymmoil (—NH:) Xxuro3aHa W HM30THOLMAHATHOM TIpyMIOit
(=N=C=S) ¢nyopecuenH-n3oTHoNMaHaTa. B ajgprmHare HATPUS KapOOKCHILHBIC
rpynnsl (~COO-) B3auMozeiCTBOBaIM € aMHUHOTpyHnamu (iayopecueMHaMuHa ¢
oOpa3oBanueM KkoBalleHTHOH amuiHOW cBsi3u (—CO-NH-). OntumanbHbIA cocTaB
UIIBK u3 ¢ayopecueHTHO-MEUEHBIX MOJUMEPOB COCTaBHI MOJBHOE COOTHOIICHHE
[2:8]. OOpa3upl xuTO3aHA, albrMHATA HATPUS M CUHTE3WPOBAHHBIE HA WX OCHOBE
B MOJBHBIX cooTHomeHusx [1:9], [2:8], [3:7], [4:6] UIIDK, mponemoHCTpHpOBaIn
TICEBAOIUIACTHYECKOE TEYCHNE HEHBIOTOHOBCKUX KUAKOCTEH. [ ITyOnHa MpOHMKHOBEHUS
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(ryopeclieHTHO-MEUEHBIX MOJIMMEPOB B MOUBY cocTaBmia 21-23 MM u oa AelCTBHEM
BOJIbI OHU BBIMBIBAINCH. A ¢yopecuenTHo-MedeHbli MIIOK popmupoBan mousennoe
MOKPHITHE TONIIUHOW 2 MM, HE BBIMBIBA€MOE BOJOH. MexaHndeckas NPOYHOCTh
MTOJIUMEPHO-TIOYBEHHOTIO TOKPBITUS OKazajach B 19 pa3 BblllE 1O CPaBHEHHUIO C
kouTponeMm. [Ipu obpabotke necHoi nmoussl UIIOK ycToiiunBOCTh K BOIHOW 3pO3UH
noBsIcuIack Ha 72%, ak BeTpoBoi apo3un—Ha 77%. [Ipaktnueckas sHaunmocts. UTIOK
[Xuro3aH:aneruHat Hatpusi| = [2:8] mpeaiaraercs B Ka9eCTBE MPOTUBOSIPO3UOHHOTO
CPEeZCTBa ISl YIy4IIEHUs] CTPYKTYpBI JIECHBIX MTOYB.

Ki1ioueBble c10Ba: HHTEPIOIMAIEKTPOIUTHBIN KOMIUIEKC, OMOTIOTMMEPHI, XUTO3aH,
aNbrMHAT HaTpus, (IyopecleHTHO-MEUYEeHbI XWTO3aH, (IIyopecleHTHO-MEUEeHBIN
anbruHaT HaTpHs, BOJHAS 3pO3Hs MOUBbI, BETPOBasl SPO3UsI MOUBHI

Dunancuposanue: Paboma evinonuena npu ¢unancosoii noodepoicke Komumema
Hayku Munucmepcmea nayku u gvicuieco oopasosanusi Pecnyonuxu Kasaxcman, epanm
AP19579443 «Paspabomra mexHonio2uu yCKOPEeHHO20 8bipAUWUBAHUSL COCHbL HA OCHOBE
NONUITEKMPOTUTNHBIX KOMNIEKCO8Y.

Kipicme. Kazipri Tammga keH ayKbIMbl FBUIBIMU JKOHE INPAKTHKAJIBIK KOJJIAHY
MYMKIHIKTepiHe e kaHa (yHKIIMOHAIIbI [TOJIMMEPIIi MaTepUaIIap ibl 931piiey 3aMaHay u
FBUTBIMHBIH 0aCBIM OaFBITTapBIHBIH Oipi O0bIT TaObUTa MR, 1970-KBITAApABIH OaCkIHIA
(Kabanov et al., 1980) 3eprreymrinep xaHa FBUIBIMA OaFbITTBIH — WHTEPIOIMMEPITIK
kommuiekcrepaiy (UITK) werizin xanagpl. MIIK ke3-kenren moiauMepiepreH CyTEKTIiK
OaitnanpicTap, THAPOGOOTHIK JKOHE JOHOPJIBI-AKIICTITOPIIBIK OPEKETTECYIIEP, UOH/IBIK
e3apa OaiutaHbicTap apKbUIbl Ty3utemi. Exi monwmMep epiTiHIICIH apaiacThpFraHHaH
KCWiH D3JIEKTPOCTATHKAIBIK OalaHBIC HOTIDKECIHIE KapaMa-Kapchl 3apsiaTaiFaH
TTOJIMHOHAAPIBIH aCCOIMAIIMACH JKaHa ITOJIMMEPITiK MaTpuia Kambmracaas!l (Komoto
etal., 2019).

Kazipri ke3me xapaMa-Kapchl 3apsATaliFaH JKOFapbl MOJIEKYJIallbl KOCBUIbICTApIaH
MHTEPIONUANEKTPonTTiK KomruiekcTepai (MIIDK) Tombipak 3po3wsichlHa Kapchl
TOTIBIPAK, KYPBUTBIM/IAYIIBICHI PETiH/IE KOJNAHy OHTAMIbI omicTep iy Oipi. TonmbIpakTs
9pO3usIaH KOpFay MaKcaThIH A MOJTMMEepIIepii Koiaany X X FachIpaIbiH S0-KbUTAapbIHAH
Oacranmpl. AINFamKbl Ke3€HIE HEeTI3rl IKYMBICTAp TONBIPAKTHIH OpPTaHHKAIBIK
3aTTapblHa TYBICTAC KYPBUIBIMBI Oap TaOWFH MoOIMMeEpiep — TMONHCaXapUATEPIIiH
KaTeICybIMeH Kyprizingi. [lonrcaxapuarep MeH onapiblH TYBIHIBLIAPEI — XUTO3aH,
HATPUHKAapOOKCHMETHIIIIEIUTION03a, allblTMHAT - TaOWFW TIONHMeEpIiepre Karaipl,
onlap KOpIIaraH OpTaja KeH TapalifaH KoHE KalTa KalIblHA KeNTIpLIeTiHIIKTeH
MeIMIMHAAA, (apMalleBTHKaga, TaMakK J>KOHE aybUIIapyalllbUIbIFEl ©HEPKICiOiHIIe
KeHiHeH KonmaHbutanel (Mussabayeva et al., 2022; Izumrudov et al., 2019). Taburu
MONTUMEPJIeP/IiH ilIiHAe XWT0o3aH MeH Harpuil ameruHathiHaH WUIIOK amy OGipkarap
apTHIKIIBUIBIKTapFa We. ATam aiTKaHaa Oyl OHOomoIuMepiep epeKIne XHUMHSITBIK
KYPJIBIMBIMEH CHUTIATTaJaIbl.

XWTO3aH XUTHHHEH CUITUTIK opraga N-JeaneTHiieHyi HOTHXKECiH/Ie albIHAIbI.
OHBIH KYpbUIBIMBI Jeanietuiienren |[B(1—4)-D-rmiroko3aMuH| KoHE aleTHIeHTeH
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(N-anerun-D-rimoko3amun) OysiHAapeiHan Typaisl (da Rocha et al., 2024). Erepae
XUTO3aHHBIH JeauuTuiaeHy npopexeci 70-85% Oosca onm KplukeUaapnaa (cipke,
JMMOH, KYMBIPCKA) epirilTik KacueTke ue Oonaabl. Monekynanslk maccacsl 50,000
mo 1,000,000 r/monw apanbiFbiHAa Kezjuecedi. byn OuomonuMmepne peakimsra
KaOLIeTTI ym Typii (QyHKUMOHAIIBIK TonTap Kamrbuiran: -NH, amunni tom, -NH-
CO—CH3 aneramMuaTi Tom, conpaii-ak C-2, C-3 sxoHe C-6 OpbIHIAphIHIA OpHATACKAH
OipiHmimiK koHe ekiHmimik -OH rugpokcun TonTapel. XWTO3aHHBIH KaTHOH[BI
noaumep Oomybin -NH, aMMH[Ii TON KAMTaMachl3 eTeli .

Harpuii anpruHaTel - TeHi3 KOHBIP OalAbIpIapbIHBIH >Kacylla KaObIpFachlHaH
anbiHaThIH TaOuru nonucaxapun (Costa et al., 2015). On (1—4)-6aiinansickan -D-
MaHHYpPOH KBIIIKBUIBI MEH 0-L-TymypoH KBIIIKBUIBIHBIH KaJlABIKTapbIHAH TYPAThIH
CBI3BIKTBIK OMHApibel comonuMmep Oomnbln TaObutaabl. O3 KypbulbiMbiHAa -COONa
KapOOKCHIIIIK TomTapAblH OoiyblHa OalIaHBICTBl HATPUM aJbIMHATBI AHHOHIBIK,
MOJMAIEKTPOIUT OonbIn ecenteneni. Harpuii anbruHATBIHBIH MOJIEKYJIAIbIK Maccachl
32 000-uan 400 000 r/mMonb-re feiin xoHe o cyna epui. TaOuru WbIFy Teri OOHBIHIIA
OMOBIABIPANTHIH, YBITCHI3, SKOJOTHSIIBIK 3USHCHI3 XKoHE OMOYHIeciMAl KacueTTepre ue
noaumMep Ooubin TadkiIans! (Kassymova et al., 2019).

XUTO3aH KOHE HATPUH albIMHATHI TONBIPAKTHIH cy (Adamczuk et al., 2021) sxoHe
JKEJI OPO3USICHIH TOMEHACTYE TUIM/I KypaJl PEeTiH/Ie KONJaHbLIaIbI.

AstopnapasiH (Roman-Doval et al., 2023) 3eptTey >KyMbIcTapblHOa XWUTO3aHJIBI
TOMBIPAKKA €HII3reH Ke3/e, TOMbIPaK OeJIIEeKTEePIHiH apachbIHAaFrbl KOT€3HSHBI JKOHE
KYPBUTBIMABIK OEPIKTITiH apTThIpy, MEXaHHKAJbIK KaCHETTEPiH >KakcapTy, COHIaii-
aK a30T IMeH KaJbLUWUH CHUSAKTHI KOPEKTIK SJEMEHTTEPAiIH MOJIIEpiH KOFapiaTKaHbl
kepcetinreH. CoHbIMEH Karap, XUTO3aH HETi3iHAe »KacajfaH KOMIIO3UTTIK >KOHE
COTOJIMMEPJIK KYHeNnep TOMBIPaKThIH Cy YCTay KaOuIeTiH >KOFapbLIaThil, OHBIH
TYPaKTBUIBIFBIH apTTHIPaAbl. XUTO3aHHBIH TaFbl Olp apTHIKIIBLIBIFEI — TONBIPAKTAFbI
OpTYpJi JNacTaymibl 3aTTapabl THIMAL skotora Kabinmerti (Adamczuk et al., 2021).
AdpOAMHAMUKAIBIK KYOBIpJia KYPTi3iIreH ChIHAKTAp XMTO3aHHBIH TOIBIPAKTHIH K
9PO3MSICHIH THIMII Typae OoineipMalThiHBIH KepceTTi (Berikbol et al., 2024). Cy
TaMILBICBIMEH JKYPTi3UIreH Cy 9pO3USCHIH 3€PTTEHUTIH CHIHAKTAP XUTO3aHHBIH TOMEH
KOHLEHTPALMUSUIBI epITIHAIEPiH KaObIH PETiHAE KOHE Cy dPO3USICHIHAH KOpFay YLIIH
Oacka MarepuangapMeH Oipre KojaaHyra 001aTeiHbIH f1anenaeni. Conmai-ax JacTaHFaH
JKepacThl CyJapblH Ta3apTyFa apHaliFaH Cy3Tijeple XUTO3aHMEH KalTajlFaH KYMHbIH
MPAKTUKAJIBIK MaHBI3bI 0ap €KEeHMIri JKOHE KYMJbl TOMBIPAKTAPIBIH THAPABIUKAIBIK,
OTKI3TIITITiH TOMEHAETY 9CEPiH TYIBIPYbl MYMKiH ekeHairi xadapnanas! (Nader Hataf
et al., 2018).

OciMIikTep VIIIH A€ XWTO3aHHBIH MaHbI3bI 30p. On BHpycTapra, OakTepusiap
MEH caHpIpayKyJlakTapra Kapchl KacHeTTepre He TYKBIMIApAbIH  KOJalChI3
opra (GaxTopnapblHa TEO3IMIUIITIH apTThIpajibl, OHTILITIMH KaKcapTaibl >KOHE
THIHAWTKBIIITAP/IBIH CY CiHIpY KaOIJIeTiH dKOFapblaaTaibl

Harpwuii anprusarbl ga, XWTO3aH CHSKTBI, JAErpajalisra YIIbIparaH XKepiepai
KaJITbIHA KeNTIPYIiH OHTAHIbI Kypasbl peTiHAe KapacThIpbliaabl. OHBIH KYM/bI TONBIPAK,
OeTiHze )KyKa KabaT Ty3e aJlaTbIHbI )KOHE TOMBIPAKTHIH TOIIMALIIK KACHETTEPiH apTThIPY
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apKbUIBl pEKyJabTUBaLUs YaepiciH sxenengereni. COHBIMEH Karap, aBTOpPIAapIbIH
seprreyinze (Fatehi et al., 2023) natpuii anbruHaThl ipi TYHIpIIIKTI [e, ycak TYHipLIKTi
Jie TOIBIPAKTHIH KACHETTEPiH alTapibIKTail yKaKcapThll, OJapAblH KBUDKY OEpiKTIriH
YKOHE JKEJI IPO3HSACHIHA TOIIMALIITTH KOFapiIaTaTbIHbI KOPCETUITEH.

Bipak, 3eprrey xymbichiana (Chang et al., 2016) sxexe monumepiiep y3aK Mep3imMii
KOpFaHbIC dCEpIMEH KaMmTaMachl3 eTIEHTIHAIr KoHe >KaHOBIp CybIMEH TOIbIpaKTaH
a3 yakpIT iMIiHJAE YXOHBUIATBIHIBIFBI, KeHOipi TINTI >KEHUI KaybIH-INAIIBIH Ke3iHAe
JIe TYPaKTaHJABIPYIIbI OCEPAIH JKOFAIyblHa oKeneTiHxiri cunarrainrad. Ce06eoOi,
ruapoQoOTEl OalIaHBICTHIPFBILTAP TOMBIPaKTa OIpKeNKi Tapaja aaMaibl, TOIbIPaK
OeTiHe Te3 LIOFBIPIAHBIN, CHIHFBIN XaOblH Ty3eni. Kenreren 3eprrey aepekrepinzae
(Izumrudov et al., 2019) TonbIpax po3UsICBIHAH KOPFayIbIH OHTAWIIBI KOJIBI IIOTUMEPITi
0alIaHBICTBIPFBIIITEIH KypaMbIHAa TUAPOMUIBII KoHEe TUapodoOTHl na Oemikrepi
OoiFaH Jkarjaiijla FaHa KOJ JKETKI3UIETiHI cumartairad. MYHBIH HOTHXKECIHIE,
OipiHIIiAeH, 0alIaHBICTBIPFBIITHIH THIMIUIIT aTapibIKTail apThIl, OHBIH IIBIFBIHBI
a3asi/bl, eKIHIIJeH, OalTaHBICTHIPFBIINI TOIBIPAKTa OIpPKENKi Tapanaabl >KoHE
cymarel epirimiriri Temenpgeiai. Con cebenti momumepiep KOMIUIGKCIH KOJIaHY
e3ekTi mMacene. Temenri Nel-kecrene HaTpUil albrMHATHI, XUTO3aH OHMOMOIUMEpIepi
Herizinge cunresgenred MITOK-Tin Tonbipakka ocepi kepcerinreH. I[lomumepnepain
JUCcCOLMAlMsATIanFal  (YHKIMOHAJABl TONTAPBIHBIH DJIEKTPOCTATHKAJBIK  ©3apa
opeKkeTTecyi HOTHMKECIHAE, SIFHU HAaTPUH ajJbrUHATBHIHBIH aHUOHABI KapOOKCHI TOOBI
MEH XUTO3aHHBIH KaTHOHIBI aMUH TOOBI apachlHIa, oHE OYpbIHHAH KaJIbINITACKaH
AIbIMHAT—XUTO3aH OeJIIEKTEPiHiH arperartapbl apacblHAa >KYPeTiH 1iIIKi >KoHe
Tiz30eapalblK cyTekTik Oaitnansicrap ecedinen MIIOK Tysineni.

Nel-kecte — bruononmumMepiepain TonbIpakka acepi

Ne Honxumep Icepi Onaeduer
1 KcaHTaH caFbI3bl )koHE HaTpUi TombIpak KypbIIBIMIAPBIHBIH (Temurayak et al.,
aJbIUHATHI. MeXaHHKalbIK OepikTirin aprreipasl. | 2023) (Klivenko.,
XUTO3aH MEH HaTPUH aJIbTUHATHI. 2020)
2 Harpuit anerunarer [MonmumepiepMeH TombIpaK (Novoskoltseva.,
MEH KBapTUPJICHI€H OeurIeKTepiHiH apacsiHaa 6epik, cyra 2022)
TUJIPOKCHUI THIILEILITIONIO3/1bI TO3IMJIi KOMITO3UTTIK yKaOBbIHIAP b
ITOKCHJIAT TY3I.
3 Harpwuii anerunatel MeH HaTpUit TombIpaKThIH MaKCUMAIIIbI BUTFAJIIbI (Zhang et al.,
JTUTHOCYNTb()OHATBIHAH JKacalFaH | YycTay KaOineTiH yralTTsl (77,6 r/Kr- 2024)
THIIPOTEIBACD nen 108,83 r/kr-re neifin).

Kemnreren 3eprreynepae (Izumrudov et al., 2019) xone e3imiznin (Berikbol et al.,
2024; Klivenko etal.,2020; Mussabayeva et al., 2022) anabIHFbI 3epTTEY )KYMBICTAPbIHIA
ounononumepnepaen MIIOK amy omici, MIIDK-TiH KypIbIMABIK (HU3UKO-XUMHUSIBIK
KacHeTTepi, TONBIPAK 3PO3UsChIHA TO3IMILIIT TOJBIK 3epTTeni. bipak monmumeprnepmen
UIIDOK-tiH TOmBIpaKKka €HyY TEpPEHJIriH JKOHE CYMEH IIaWbUTyFa TO3IMIUTITIH
nonenaeyre GIyopecleHTTI TanOalaHFaH MaTepualiapibl KOJIaHy Typallbl AepeKTep
kepripiamereH. OnyopecueHTTi TaHOaIaHFaH MTOJMMEpPIIepAl ally YIIiH 3KOJOTHSUIBIK
3USHCHI3, OuoyieciMai, GOTOTYpaKThl, CyJa €piIMEUTIH >KoHE ap3aH OOSFBIIITAPIBI
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KOJIZIaHy THIM[1 OONbIN TaOblIagbl. ATajraH KacuerTepre (GpuyopeclernH-u30THOLHAaHAT
xoHe (yopecuenHaMuH ue. COHIBIKTAH OCHI 3€PTTEY JKYMBICBIHBIH MAaKCaThl
¢yopectieHTTI TaHOanaHFaH XWUTO3aH MEH HAaTPUH albrHHATHl OMOTMOJIMMEpJepiHeH
UIIBK any, sxoHE onapApl OpMaHAbl KYMIbl TONBIPAKTHIH KYPJIBIMIAYIIBICE PETIHAC
KOJIZIaHy.

3eprTey Marepuajaapbl MeH JaicTepi. 3epmmey JHCYMbICHIHA KOMMEPUUSILIK
yaeinep KoadaHul1Obl: OuononuMmepnep xutoszaH (Sigma-Aldrich, AKII), natpuit
anerusarel  (Sigma-Aldrich, AKIL), 1-3tun-3-(3-aumerninaMuHonponui) Kapoo-
muumun (EDC) (Meryer, KpiTailt), 5-duyopecuennamus (Meryer, KpiTail) xoHe
¢yopecuienH nzornounanatsl uzomep 1 ( Meryer, Kpitait). Toxipubenepre apHanran
Kymabl Tonbipak yariiepi Kasakcran Pecryonukacbiabiy CeMel Kajgachkl MaHbIHAFbI
Kaparaiyabsl opMaHHaH anblHAbL Yarinep 2022-2024 xpuigap apaiblFbIHAAFBl Ky3Ti
Ke3eH/Ie TONBIPAKThIH YCTiHT1 KabarbiHaH (0—25 cM) aIbIHIBL

Dryopecyenmmi maydAIAHAH XUMO3AHObL ATy YUiH eKi epimiHoi OaubIHOAUMbL3:
1) 0,2 r xurozanasr 250 M kenemui komdana 20 mur 0,1 M cipke KbIIIKBUIBIHA
epitinai; 2) 0,02 r duiyopecuenH uzotuormanatsl 20 MII alleTOHAA EpiTULAl, comaH
KeWiH JalbIHIaIFaH epiTiHAiHiH 10 M1 keeMi OipiHII epiTiHAIre KOChULIbL. AJIBIHFaH
Kocrara Kocbimiia 20 MII aleTOH KYHbIIIbL. Peakusiibik Koniba KYH coyleciHeH Kopray
MaKcaTblH/a aJIOMUHUHA (obraMeH opaTbULAbI )KOHE MAarHUTTI apajacThIpFbIlIKa 24
carat 0o¥ibl apanacteipy npoueci xxyprizinai (Hermanson et al., 2008).

Duyopecyenmmi maydAIAHAH HAMPULL ATbSUHAMBIH ATy YWiH — eKi epimindi
oauvinoaimeiz: 1) 40 mn quctungenres cyna 0,792 r HaTpuil abruHaThl OMONIOIMMEDPIH
epiteMis, onan keiiin 0,077 r EDC xocawmbiz; 2) 0,022 r dirooeciimHaMuH/I1 SMIT alleToH
epiTiHaiciHAe epiTeMi3, OlaH KeiH OHbI OIpiHIII epiTiHIIre KOCHII apanacThipaMbl3,
colaH KeiliH kombamarbsl Kocnara 60 MII JUCTHIIACHTEH CYy KOCaMbI3, CBIPTHIH TOJBIK
(donpramen opar, MarHUTTIK apanacTBIPFBIITa 2 caFaTKa Kanabipambi3 (Hermanson et
al., 2008).

AnbiaFaH (IIyopecleHTT] TaHOAIaHFaH XMTO3aH MEH HATPUH aJIbr MHATBIH KEKe-)KeKe
400 mut aneToH epiTiHaici 6ap 0enek XUMUSUIIBIK CTaKaHAapFa KYsIMbI3, COJI KE3/1e Caphbl
TYCTI TBIFBI3 TeJb TOPi3ai TyHOA maiina 60onapl, naiaa 0oiaraH TYHOAHBI CyllepHATTaHTTaH
MeXaHHMKaJIbIK XKolMeH Oemin anbin, TyHOansl MWCO 8 kD nuanusmik memOpaHara
KysmbI3. [lunanusnik MmeMOpaHagarsl (GIyopeceHTTi TaHOalaHFaH IOJUMepIepl 5 1
JUCTHIIZICHTEH Cyna 5 Toyiik Ooiibl ycraiimb3, op 8—10 caraT cailblH TUCTUIICHTCH
Cy aybICThIpaMbI3. AJIBIHFaH (DIIyOpecUeHTTi TaHOaJaHFaH noinuMep epitinaitepi —40
°C Temneparypana cyonmumanusuiblk kentiprimren Freeze dryer Scientz-12 (Kwitait)
eTe/li, HOTHKECIHAE Ccapbl TYCTI TANIIBIKTHI (DIIyOpeCUeHTTI TaHOalaHFaH ITOJIMMeEpIIep
AJbIHABI.

Tabuzu nonumepnepoen coue ¢huyopecyeHmmi mManOALIAHeAH NOIUMEPLEPOEH
HIIDK cunmesdey YIIiH alfbIMEH MOMUMEpPIEp epiTiHAlIepl JalbIHAANABI, O YIIiH
eHOekrepinge (Berikbol et al., 2024; Klivenko et al., 2020) cunarranraH amicTeme
Kongaubabl. AnasiMeH xeke 0,01 Monb/a1 KoHIEeHTpalusiia OMONoIUMeEp epiTiHaiIepi
nadpiHganael: 1,98 r© HaTpuil anbruHaThl OMOMONMMEPIH AMCTHIACHTEH Cyna, ail
1,61  xuro3an momumepi 3% JMMOH KBIIIKbUIbIHAA epiTingi. [lomumep epitinginepi
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MarHUTTIK apajacThIpreiliTa 24 cararT OOWBI apanacThIpbUIbIN, Kenemi 1 sutpre
xetkizinai (Klivenko et al., 2020; Mussabayeva et al., 2022).

UIIDK nonumepnep epimindinepin mixenell aparacmulpy a0iCiMeH AIbIHObL:
MOJMAaHUOH HATPUH aNbIMHATHI €pPITIHAICIHE MOJTUKATHOH XUTO3aH ePiTIHIICI KOCBUIABI.
Kapama-kapcel 3apsaTaifaH  MOJIMAIEKTPOIUTTEPAIH AKBUMOJISIPIBL  epiTiHIiIepi
[xuTO3aH|:[HATpUH aNbruHaThl] MOJBAIK KaTblHAcTapAa Kocburael: [0:10], [1:9],
[2:8], [3:7], [4:6], [5:5], [6:4], [7:3], [8:2], [9:1] xome [10:0]. DKBUMOIAPIBI TOIUMEP
epitinainepi meiikepae (Stegler HS, Kprrait) 25°C temneparypaceinaa 2 carar OOHbI
apanacteipbuiabl. Coman keitin MIIOK tynbanaper 3500 alin/MuH Kbuigamasikra 15
MUHYT O0iibl mabopatopusuiblk nentpudyraga (CM-6M Elmi, JlatBust) aiiHammpl.
CymnepHaTaHT aJbIHbIN TaCTAIFaHHAH KeHiH, bUTFajl TYHOAIap aHAIMTHKAJIBIK Tapa3blaa
(Mettler Toledo ML 204, Llsefinapus) +0,0001 r gonuikmeH esieHAi. AJBIHFaH
TyHOanapapl cyonmuMamusuiblk kentiprimTe -41 °C TemmeparypacblHIa S5 TOymiK
00lBl TypaKThl Maccara JACHiH jkeTki3imin kenTipingi. Kyprak ynrizepain maccacsl
AHAJIMTUKAJBIK Tapasblia enameHai. JKunanran qepexrep Herizinae TyHOa MaccachIHBIH
UIISK Monpaik KypaMbIHa TOYEIAUTIK rpaduri TYPFI3bULABL.

Honumepnep men UI1DK-mi UK-cnexmpockonusi 20icimen 3epmmey. OayopecueHTTi
TaHOAJaHFaH MOJIMMEDP TYbIHIBUIAPBIHBIH XUMUSIIBIK MOJU(PHUKALUSICH] MEH KOMILIEKC
Ty3U1yiH pacray makcarbiaaa Kyprak MIIOK tyHOanapbiHbIH, HOIMMEpIEpIiH jKoHE
¢yopecrienHaMuH MeH (iyopeclenH n3otuonuanatbiHbiH MK-criekTpriepi enmeHai.
Onmmeynep ATR-koceimmiacet 6ap @T-801 UK-Dypwe cnekrpomerpinae (Peceid, Simex
analytical equipment) 400-4000 cm™' quana3oH apanbiFsiHAa opeiHaanasl (Berikbol et
al., 2024; Kassymova et al., 2019).

Kommepyusnvix nonumepnep yacinepi men onapoviy Heeizinoe anvinean UIIDK-miy
peonocusnvlk Kacuemmepi poranusibik BuckozumerpiMmeH (HAAKE VT550, Thermo
Scientific, AKII) 3eprrenai (Berikbol et al., 2024).

Tonvipaxka nonumepnepOiy ewy mepeHOiciH dcone onapovly CYMeH WAaublIyea
me3imoinicin anvlkmay TOMEHAET] TKipOuere colikec Kypraiiii.

Toxipube yuin OMIKTIri 9 cM jkoHe AuamMeTpi 2 cM MOJIIp MIACTUKANBIK TYTIKIIe
naiaananeuLbl. blabicka 4 cM OUIKTIKTE TOMBIPAK CabIHIBI, TYOl Cy ©TETiH Teciri 6ap
napaduHi KaObIKIeH xa0buiael. Toxipnde 3 Hyckaaa, SpKalChIChl Il KalTaIbIMMEH
OPBIHAAJIBL:

1. 1 ma 1072 Mmonb/n rryopecteHTTi TaHOaaHFaH XUTO3aHMEH OHJIENTEH TOIBIPAK;

2. 1 ma 1072 monb/1 ryopecieHTTi TaHOANaHFaH HATPUil aTbIrMHATHIMEH OHICITeH
TOTIBIPAK;

3. 0,2 mut 1072 monb/n diryopeciieHTTi-TaHOaIaHFaH XUTO3aHMEH TOTIBIPAKTHIH OCTKI
Ka0aTbIH eHJIey, koHe OHbIH ycTiHe 0,8 mur 1072 Monb/i ¢uryopeciieHTTi TaHOaIaHFaH
HATpHUil aJbrUHATBIMEH OHJENTreH Tombipak. byn [2:8] MoJibIik KaTbIHACHIHIAFBI
[xuto3aH : HaTpuil anbruHarei| UTIDK-ke colikec kemui.

OcbliaH KeWiH bUIFANl TONBIpAaK yiariaepi 12 carar Ooiibl ayama — Genme
temneparypaceiiga (25 °C) kentipinmi. KenTipinreHn Tomblpak yiriiepi HIBIHEI
IUTaCTHHKAJIapFa OPHAJIACTHIPBUIBIN, OpTachblHAaH TY3y eki Oemikke Oeminai (1-cyper).
Onyopecuentri-raHOananran nonumepnepmer skoHe WIIOK-men ennmenreH tombipak

169




ISSN 2224-5227 3.2025

OemnikTepi ynpTpakyirid mamMeH (Peceit, Jlo3op-Y®-365) kapanrbiaa coyaeneHIipiin,
TOMBIPAKKA €HY TEPEHJIITT aHBIKTAJIIbI.

1-cypem. Dnyopecyenmmi manbananzan nonumepnep dcane UIIDK-nen ondencen monvipax

bonuexmepi

cnll P SA Ch-SA

Honumepnep men HIIDK-miy moneipakman  wativliyblH  3epmme)y  YIIH
(himyopecueHTTi-TaHOaTaHFaH moauMepiepMen sxore MITOK-nien enpenin KenTipireH
TombIpak yirinepi 50 mu auctuineHreH cymeH eHuaenai. CyMeH maiblUIFaHHaH KeHiH
TOTBIPAK YITLIEpl KalTagaH KENTipiTim, eki Oeikke OeiHIl, comaH KeHiH YITiaepai
KapaHFbIIa YIBTPAKYITiH JKapbIKIEH COYyJIeNeHIIpiN, TOMBIpaKTa KaJFaH MOJIHMMEp
TEPEH/IIT OJIIIEH/II.

Tonumepmen owcone HIIDK-nen onoencen monvipakmolyy 0Oemxi KabOAmvlHbly
¢omocypemmepi TOMEH BaKyyMJbl TajJaMajlblK CKaHHUPJIEYII 3JIEKTPOHIIBIK
MukpockonTsIH (SEM JSM-6390LYV, Jeol, Toxno, JKamoHus) keMeriMeH TyCipiIi.

3epmxananeix ocazoaiioa norumepnepmen dcone MIIDK-nen endencen monvlpax
azpe2ammapulHbll HCel HCIHE CY IPOUACHIHA MYPAKMBLIbIZbIH 3ePIME).

3epTXaHaNbIK JKaFjaia TOMBIPAKTHIH JKeNl JKOHE Cy DJPO3MsChIHA TO3IMIUIITIH
anpikTay yiriH muamerpi 10 cm Ilerpm tabakmanaper 160 r (0,25-0,5 MM) KYMIIbI
TONBIPAKIICH TONTHIpbUINEL. ChIHAK ToxipmOenepi yII HYCKamga Kyprizimm: 1)
TUCTHIICHTEH CYMEH OHJENITeH TOombIpaK (0akputay HYCKAchl), 2) XWTO3aHMEH
OHJICITEH TOIBIPAK HYCKACHl (ayaja KEeNTipiIreH TOMBIpaK MaccachlHa IaKKaHIa
0,02% momumep), 3) HATPUIl aTbIWHATHI OMOTIONMMEPIMEH OHJIENTeH TOTbIpakK (ayaaa
KeTTipUIreH TombIpak MaccachiHa makkanaa 0,02% momumep), 3) UTIDK-nien enpenren
TOTIBIpaK, (ayada KemTipiireH TombIpak MaccachiHa mrakkaaaa 0,004% xwurtos3aH xkoHE
0,02% wnarpuii ambrHHATHI, MOJB/IIK KATBIHACKHI [XUTO3aH|:[HATpHUil adbruHATHI| = 2:8.
By monbaik KareiHac 6i3aiH anabHFE 3eprreynepimizae UIIOK-tiH orTalinbl Kypamsl
petiane anbikTasFad. MIIDK-meH TombIpakThl ©HJIEY €Ki epiTIHAUI oIiC apKbLIbI
xkyprizinai (Berikbol et al., 2024; Izumrudov et al., 2019; Klivenko et al., 2020;
Mussabayeva et al., 2022). O yriH, anasiMeH Torbipak 6eti 4 My 1072 Moib/1 XuTo3aH
epiTinmiciMen Oipkenki eHaenai. bipiHII moiuMep TONBIK CIHICHHEH KEHiH, eKiHII
monumep 16 mur 1072 Momb/m HaTpuil ambIWHATBHIHBIH epiTiHaici cebimmi. Cy xoHe
JKeJl DPO3MACHIH MOJENBJCY YIIIH 3epTXaHaNbIK KOHIBIpFhuTap Jkacanasl (Berikbol
et al., 2024). 3eprxaHanblK xkarmaiima momumepiepMmer skone MIIDK-men empenren
TOTIBIPAKTHIH CYy 9PO3HSICHIHA TO3IMIIIITIH 3epTTey YIIiH Oec KyH OOMBI KeNTipiJireH
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[letpu TabaxmanapblHIAFbl TOMBIPAK HYCKalapbl 15° OYpBHIMIEH OpHAIACTHIPHUIBII,
ycriner 500 M1 aFbIHABI AUCTUIIACHTEH CyMEH OHAemi. TombIpakThiH OeTiHe jKaybIH-
LIAIBIHHBIH 9cepin Oepy ywiH BT100 mepucraibTHKaNmbIK 103aTOp-cOprbichl (ADS-
Lab, Hpkytck, Peceit) apKbuIbl Ky3€ere achbIpbuIIbl. AFBIHABI CY XUMUSUTBIK CTaKaHIapFa
YKHHAJIBII, JTAMIBUTBIFBI OOMBIHIIA CANTBICTHIPBUIABL. Apbl Kapaii [leTpu Tabakmanapeiaaa
KaJIFaH TOMbIpaK yariepi kenrtipy mkapeaaa (58/350 LPF AB UMEGA, SnolTherm,
VYrena, JIutea) 100 -C Temneparypana TYpakTbl Maccara aeiin kenTipingi. Kenripinren
TOIBIPAK YJTiIepl KalTaJaH eJILIeHill, Cy aFbIHBIMEH JKOFaJFaH TOMbIPaK MacCaChIHBIH
Meduepi anblKTanabl. [lomumep xone MIIOK-nen enpenren Tomblpak KaOaTbIHBIH
KeJl 9pO3WsChIHA TO3IMAUINriH 3eprrey ywiH [leTpu TabakmanapblHIarel Oec KYH
KENTIPUITeH TOMBIPaK-MOJUMEpPIIi KaObIKIIaJapblH TOPU30HTANBAI adPOAMHAMHUKAIIBIK
KYObIpFa OpHANacTBIPBUIBIN, | MUHYT Oolbl 12 M/C JKbUIAaMABIFBIMEH JKEJ YpJeriml
kypbutFbiMeH (VKK-200, «Termmomanr», Cankr-IletepOypr, Peceit) ocep erkizimni.
[letpu TabakmacbiHOa KajdfaH TONBIPAK KaJIIBIKTaPBIHBIH JKEJ )KOHE CY 3PO3USHCHIHA
TO3IMIUIITT aHBIKTAJIIBI.

Tompipak ynrinepin TAXT ananuzatopsl KypbuirbichiHa (Stable Micro Systems,
¥npiOputanus) opHanacTeIpblibi, 0,01 MM/Cex KbUITaMIBIKIIEH KbICY PEXHMiHAC
ceiHanApl. ChIHAK YIIiH KYPBUIFBl YIIBIHIA OpPHATACKaH JUAMETpl 5 MM IMIapibl UHE
P/5S 3onppl xonmanbuigbl. TombIpak-monuMmepni KaOBIKIIaTapAblH MEXaHHKaJIbIK
oepikririn 3eprrey (Berikbol et al., 2024; Kassymova et al., 2019) aBropnap cunarraran
ozicteme OOMBIHIIA OPBIHAANABL. AJBIHFAH JCPEKTep Heri3iHae yiuriHiH aedopmanus
JOPEKECIHIH KONJaHbUIFaH KepHeyre ToyenaAimik rpaduri Typre3puiasl. CepmiMainik
MOy allbIHFaH KUCBIKTBIH OacTamKbl Ty3Y CBI3BIKTBI YYacKECiHe KYpri3iireH
YKaHaMaHbIH €HKEIO0 OYPBIIIBIHBIH TAHT€HC1 OOWBIHIIIA aHBIKTAIIBI.

Haru:xesiep MeH Tankbliayaap. AjbiHFaH (QIyopeceHTTi TaHOaJaHFaH XUTO3aH
MEH HaTpHUH alnbIHHATHI IOJIMMEP epiTiHALIepi BU3yalbai TYPIE capbl TYCTi )KoHE
KapaHFbI1a YJIbTpa KYJTiH HIaMHBIH 9CEPiHEH JKapKbIPAUThIH KaCHETKe he OOIIbI
(2-cypet). OHIMHIH WIBIFBIMBI (TyOpECUEeHTTI TaHOATaHFaH XUTo3aH yiiH 95%, an
(ryopectieHTT TaHOATaHFaH HaTPUH anbruHaThl YIIiH 96% OonbL.

2-cypert. dryopecueHTTi TaHOATaHFaH TOJIMMEp epiTiHic
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XuTo3aHHbIH aMuH ToObl (—NH2) MeH ¢nyopecuens HW30THOLMAHATHIHBIH
nzotnounanar ToObl (=N=C=S) apacbiHga THOMOYEBHHA=0AIIAaHBICHI APKBUIBI
(iryopectieHTTI TaHOaNaHFaH XUTO3aHHBIH TY3U1yl 3-cyperte kepcetingi (Caprifico A
et al., 2020).

3-cypem. Dryopecyenmmi mayOAIAHAH XUMO3AHObI ATYObIH XUMUSLIBIK PeAKYUusCobl.
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®nyopecueHTTi TaHbanaxFaH xuTo3al

OnyopecneHTTi TaHOanNaHFaH HATPUW aNbrUHATHIH cUHTE3ney kesinme EDC
HaTpPUH aJbTMHATBIHBIH KapOokcwi TtonTapelH (-COQO") OenmceHaeTin, oapbl
(hiryopecrienHaMUHHIH aMUH TONTapbIMEH dpeKeTTecyre KabieTTIIriH JKoFapaTaibl,
sIFHUA (QITyOpeclieMHAMUH MEH HATPUIl aTbTHHATBIHBIH apachlH/1a KOBAJEHTTi aMUATIK
oaiitansic (-CO-NH-) tysineni (4-cyper).

4-cypem. Dnyopecyenmmi maybanaHaH HAMPULL ATbSUHAMMBIH ATYObIH XUMUAIBIK PeAKYUACH

o 0/ Nat
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w0 N e \
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BenceHpi apanbik ~ T
Hatpwmit anbrmnar KOCBINbIC NH, H

Ti
ua’rpuvl anbruHatbl

Apbl Kapail (¢uUIyopecleHTTI TaHOalaHFaH mojauMepiepain Ty3uirenairi HMK-
CHIEKTPOMETpHsI dfici apKbuibl pacTtanabl (5-cyper). Dmyopecuennamunnin MK-
cnektpinze -NH, sxone -OH Tonrapbinbii 3352 cm sxone 3203 em™ ciHipy xosakTape,
2851 cm! mamaceiama C—H TonmTapsIHBIH HIBIHE! jKoHe 1742 cM! afimarbira KapOOHMIT
ToOBIHBIH (C=0) aiikeiH msiHe! Oaitkanasl. ConpiMen Karap, 1593 cm!, 1373 cm! sxone
1109 cm™! ToJIKBIH caHIapbIHIA apOMaTThIK caknHa MeH C—N OaiinaHbIcTapbiHa COMKeC
HIBIHIAP TIPKEJI.

Harpwuii ansrunareiHeie criektpinge 2920 cm! aiimarsinma C—H TomrapbIHBIH
tepOemicrepi, an 1601 cm' sxone 1450 cm! aiimakrapeinna COO™ TONTapbIHBIH
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ACUMMETPHUSUIBIK  JKOHE CHMMETPHUSUIBIK —TepOemicTepi aHBIKTalAbl, Oy OHBIH
KapOOKCHIIaT TY3bI KYHiH/Ie eKeHiH KOPCEeTTI.

OnyopecueHTTi TaHOAJaHFaH HaTPUH aJbTMHATTBIH CIEKTPiHAE Keleci e3repicrep
Oaiikanazbl: dayopecuenHamunHib 3352 cm', 3203 ¢! NH, TOOBIHBIH KOJaKTaphl
JKOFATaIbl JKoHe HaTpuil anbruHaThiHbiH 1601 cm!, 1450 cm! mbiHmaper 1695 cm!,
1442 cm! sxomakrapbiHa aybicaabl. by Hatpuii anerunareiaeiH -COOH TonTapsiMen
(uyopecunnamunniy -NH, TONTapbIHbIH 5I€KTPOCTATHKAJIBIK ©3apa OPEKETTECYiH
TNeNaeH .

Onyopecuenn  uzotnonmanareiibl  MK-criekrpinne 2100 cm'  aiimarbiHaa
n3zotnounanar ToObHbIH (=N=C=S) TepOenicTepiHe CoKeC KeJNETiH >KYTHUTY IIBIHBI
anbikTanapl. CoHbIMEH Karap, 3555 cm' alimarbiHna ruapokcun ToObiHBIH (-OH),
1725 cm™! aiimarbiaza kapooHua ToObIHBIH (C=0) xone 1540 cm™! aliMarbiHga OEH30
CaKMHACBIHBIH BAJICHTTIK TEPOCIIiCTEPiHE TOH MIBIHAAP OalKaIbl.

An, ¢nyopecuentti TanOamanraH xurto3aHHBIH MWK-crektpinge Oactamkel
nojauMepMeH canbicThipranga —NHz ToOBIHBIH XyThUTy >konarbl 1648 cm'-men 1628
cM'-re BIFBICKaHBl, COHAal-aK (IyopeclernH H30THOLHMAHAThIHA TOH HM30THOLIMAHAT
TOOBIHBIH LIBIHBIHBIH JKOFaJIFaHbl Oaiikananpl. by ¢uyopeciiens n30THoLMaHaTBIHBIH
TOOBI MEH XMTO3aHHBIH aMUH TONTAPbl apachlHAa XUMHSJIBIK SPEKETTECY KYPreHiHIH
Tarbl Oip goneni (5-cyper).

5-cypem. Ionumepnep, puyopecyeun usomuoyuanamoi, GrypecyurHamun jHeane Guyopecyenmmi
manbananzan nonumepnepoiy UK-cnexmpnepi

®nyopecueun usoTHoumamaT

1se3 1109

3352/3103 2851
e - 1742
st —

HaTpwit anerunaTil 1450
1

2920
1230

Transmission, %

Transmission, %

169 ®nyopecuenTTi TanGananran xuTosan

1
123 801
1442
36|

1695

2928

1150)

1223 3282 2926 ;854 18285231372 884

4000 3500 3000 2500 2000 1500 1000 174
4000 3500 3000 2500 2000 1500 1000
‘Wavenumber, cm

Wavenumber, cm™!

Onyopecnentrti TanOanmanran MITDK-TiH OHTalbl KypaMbIH TaHIAay MaKCaThIHAA
OpTYpJi AKBUMOISPIBI MOJBAIK KaThIHACTApAarbl (iyopecneHTTi TaHOaIaHFaH
MONTUMEP EPITIHIUIePIH  apajacThpy HOTHXKECIHJE JailaHybl jKoHE TyHOa Ty3imyi
Oaiikasbl. AJBIHFAH TYHOAIap capbl TYCTI, ’KaHACKAH/1a THIFbI3 )KOHE bUTFaj reIbTapi3al,
nicci3, ynbTpa KYJIriH IIaM 9cepiHeH JKapKblpay KacueTine ne 0ompl. CyOomuManisuIbK
kenTipyae keiinri UTIOK MeaummHanblk MakTara YKcac KYPbUIBIMMEH CHITATTAJIIbI

(6-cyper).
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6-cypem. Cunmesdenzen yopecyenmmi manoananzan HIIDK

." "

BUIFAJIIBI YIITICI KYpFaK yJrici

['paBumeTpusbIK omiciieH opTypii MonbpAik KarbiHacTapaarbl MIIOK mbFeiMen
AHBIKTAJIIBI: bUTFaJbl TYHOA Maccachl HeHTpHudyrana OeayaeH KeiiH, aja Kyprak TyHOa
Maccachl cyOIMManusUIbIK KEeNTipyaeH KeWiH eeHai. PmyopecueHTTi TaHOamaHFaH
NIIDK-TiH eH KoFrapbl MIBIFBIMBI [2:8] MOJBIIK KATBIHACHIH/IA TIPKEJIIi: bUTFAIAbI OHIM
— 1,1914 1, an xyprak eHiM — 0,7814 . Ochiran OailaHBICTHI OYJT OHTAMIIBI KaThIHAC
aNJBIHFEL 3epTTey HoTmkenepine (Mussabayeva et al., 2022) coiikec Keneni »*oHe
anbiarad UTIOK 3epTxanaibIk ToxipuOeae TONbIPaKThl OHACYNE KOIIAHbUIIBI.

Onyopecuentti TanOananran noiuMepiepaeH ansiaFan WMIIOK-tin MK-cnekrpi
3eprrendi (7-cyper).

7-cypem. Dayopecyenmmi maybanranzan nonumepiepmen MIIOK-miy UK-cnekmprepi

®nyopecyeHTTi TaHGanara XuTO3aH

3282 2926 2854 884

Transmission, %

®nyopecuenTTi TanGananran
MN3K [Xurosan:Hatpuit anbraarei]

3201

3493 2543

ac00 3500 3000 2500 2000 1500 1000

Wavenumber, cm*!

®ayopecuentri Tan6ananran UIIDK-tin WK-cnekripinge kapOOKCHIIBAL
TONTAPBIHBIH JKOJIAKTapbl JKOHE AaMHUHOTOINTAPBIHBIH TepOericTepi >KOHbUIFaHBI
Oalikananapl, SFHU TIOJUMEpNEpAiH  (QYHKIMOHAJBIBI TONTAPBIHBIH  apachlH/a
IEKTPOCTATUKAJIBIK ©3apa 9PEKETTeCYIHIH IaIeli.
Xwuto3aH, Harpuil anbruHatel skoHe UITOK-Ti TonmbIpak 3po3usicbiHa Kapchl THIMII
KOJIJIaHY YILIH OJap/blH PEOJIOTHsUIBIK KacCHeTTepi 3epTTeiii (8,9-cypertep).
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8-cyper. [Tonmmmep epitinainepi men UITDK-TiH apTyp:i MOJIBIIK KaTbIHACTAPBIHJAFBI BIFBICY
KepHEYiHIH BIFBICY JKbUIAaMIBbIFbIHA Toyeniiri (0,01M)
35

30

25

o 20
o
= 16
10
5
0
0 200 400 62? 800 1000 1200
V! 5
AnmrNa, 0,0IM —&—Xuro3aE 0,01ME3%JIK =—®—X:An-1:9 —8—X:A1 -4:6
—8—X: An -3:7 —8—X An -2:8 A5 S —8—X-An -6:4

9-cypem. Ionumep epimindinepi men UIIIK-mirn apmypni monbvoik KamvlHacmapwvlHOAzbl bI2bICY
KepHEYIHIH bl2blcy JHcblidamovizbina mayendinizi (0,01M)

0,04
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0 T T T T T
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Y, /s

AnrNa, 0,01M —s—X An-1:9 ==X An -2:8 =X
X:An -5:5 X:An -6:4 X:An -7:3 ——X:

XUTO3aH, HaTPUH albIUHATBHI EPITIHIUIEPIHIH K9HE OChl monumepiepain [1:9],
[2:8], [3:7], [4:6] UIIDK-i aFpic KUCBIKTaphl HHIOTOH/BIK €MeC CYWBIKTBIKTapFa TOH
TICEBOIUIACTUKANIBIK aFbicKa colikec kemeni. backa (Belalia et al., 2014) 3eprrey
xyMbIcTapbeinaa nomuMepiaepmer UITOK cylbIKTBIKTaphl ICEBIOIIIACTHKAIIBIK aFbICKa
ColiKeC KeNETIHZIr CHUMaTTalfaH, SFHH KEpPHEY JKbUIIAMIBIFBIMEH BIFBICYBl ©CKEH
CalblH TYTKBIPJIBIFEI TeMeHaehai. [lceBromiacTUKanblK arbICIICH CHUMATTaIaThIH
CYMBIKTBIKTAP TOIBIPAKTHIH OETKI KabaThIHA KAKCHIPAK EHEl, CY, aya OTKI3y PeKUMIH
OHTaMIaHIBIPaIbl, TOMBIPAKTHIH Killli O6JIIeKTepiH OaiIaHbICTBIPAabl, MEXaHUKAJIBIK
KYPJIBIMBIH KaKCapThIIl, 3PO3UsFa Kapchl KaOIIETiH yiFaiTabsl.

[omumepnepain xone UIIDK-TiH Tomblpakka eHy TEpEHJIriH aHBIKTAY JKOHE
aibUTyFa TO3IMILUTITIH OaFanay yIriH GIryopecieHTTi TaHOaIaHFaH MOTUGUKAIUSIIAPHI
naipanansuinst (10-cyper).
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10-cypet. diryopeciieHTTi TaHOAIaHFaH OJIMMEPIICPMEH OHICITeH TombIpak yiriiepi (1; 2; 3) xone

CyMeH LIaibuIFaHHaH Kelinri xarpaisr (1.1;2.1; 3.1)

HaTpHi HaTpHi Xutozan XuTo3aH HIIBK HIIBK
aJIbIMHATBI aJIbIMHATBI 2) 2.1) 3) 3.1)

(M (L.1)

10-cyperTte kepcerinrenneii, GpryopeceHTTi TaHOATaHFaH HATPHUHA aTbIMHATHIMEH
XMTO3aHHBIH TombIpaka eHy TepeHairi 21-23 mm kypansr (10-cyper (1,2)). byn
MIOJIUMEPIICP/IiH TOMBIPAKTHIH OCTKI Ka0aThIH/Ia KAObIH TY30CHUTIHIH JKOHE TOIMBIPAKKa
TEPEHIPEK CHETIHAINIH KOpceTTi. buomonmMepsepaiH CYIbIH OCEPIHEH TOIBIPAKKa
TepeHipeK oTiN, OipTiHAeN MalbLIaThIHABIFE 0alikaus! (10-cyper (1.1, 2.1)).

An ¢myopecrientTi TanOamanran MIIDK rtompipak kabarbiHa 16 MM Te nmeiiH
eHin, OeTKi KabaThlHIa 2 MM TepEHIKKE JIEeHiH TOMBIPaK >KaOBIHBIH KAJIBIITACTHIPIbBI
(10-cyper (3)) >xoHE CyMeH MalblIFaHHAH KEHiH COJI KAJIIBIH/IA CaKTaIFaHbl OalKa bl
(10-cyper (3.1)).

ConbiMen karap, MWIIDOK-nen Ttomnbipak Oemmekrepinin (0,50-0,25) e3apa
0aifmaHBICYbIH JKOHE TOJIMMEpIi-TONBIpaK KaOBIHBIHBIH  KajsmTacyblH  COM
CKaHHUPJIEYIIIi JTEKTPOH IBIK MUKPOCKOTITHIH KOMETIMEH TYCipiireH MUKpOo(oToCypeTTep
nonengeni (11-cyper). 3eprreynep (Berikbol N et al., 2024; Klivenko A et al., 2020)
OOWBIHINIA MyH/Iall >KaOBIHHBIH TOIBIPAKTTHIH OETKI KaOaThlH OiTeMeH, BUIFal MeH
ayaHbIH TePeH KabaTTapra eTyiH CaKTalThIHBI PACTAJI/IbL.

11-cypem. Tonvipax azpecammapbiibiyy MUKPOCKONUANLIK (homocypemmep

P 3 _ b’ s
10KV X100 100um 0001 1078 27Pa 10KV X300 50pm 0001 1080 19Pa 8 X500 50pm 0001 1060 35Pa 8V X500 50pm 0001 1160 35Pa

HIIBK Harpuii anprunar Xutozan Bakeuiay

OchI KacueTTep OMOBIABIpalTEIH ToTuMepirep MeH MITDOK-Ti TombIpak KYpBITBIMBIH
YKAKCapTy YKOHE OHBIH arperarTapblHbIH TYPAKTHUIBIFBIH apTTHIPY YIIH THIMII Kypal
eTe.

12-13 cypeTTepie MOIENbBIIK 3ePTXaHAIBIK TOKIPUOE KaFJaibIHAa CY MEH KEIIIH
ocepineH mnosuMepiepMer koHe WIIDK-mieH emHaenreH TOMbIPaK SPO3USCHIHBIH
HOTHIKeJIepi KOPCETIIreH.
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12-cypem. JKen spozusicol maoicipbuecinen 13-cypem. Cy aposusicel macipbuecinen Ketiinei
KelliHel monvlpax yaciiepiniy bemxi Kabamol monvlpax yacinepiniy bemxi Kabamoi

RN

NIIBK baxpinay HITBK Baxpinay

NIIDK-mieH eHiey TOMBIPAKTHIH OETKi Ka0ATHIH CY KOHE KN SPO3HSIChIHAH KOPFay/IbIH
eH Jxorapbl Oekitymi ocep kepcerti. UIIDK-nien enmereHHeH KeliH TONBIPAKTBHIH CY
9pO3MSIChIHA TO3IMALUTITT 68%-Fa, am el dpo3WsChbiHAa Te3IMALIIT THiciHme 81%-
ra sxorapeuanel (14-cyper). MIIOK kypambiHmarsl ruapoduibli (aHHOHIIBI) KOHE
ruipooO0Th (KaTHOH) GparMeHTTepIiH O0JTybI TOTBIPAK OOJIIEKTEPIHIH 3apsATalFaH
OCTIMEH 2JICKTPOCTATUKAIIBIK OPEKETTECY1 HOTHKECIHIC MUKpOarperaTTapIblH YCTIHAC
KOPFAHBIIITHIK MTOJTUMEPITi KAOBIKTHIH KAJIBIIITACYbIH JKCHUIICTE .

14-cypem. Tonvipak Oenuexmepitiy Cy JHcen IPO3UACLIHA MO3IMOLNIT

97% 99%

W Cy sposnsics!
W )Ken sposusce!

80

60

40

TonbipaKTLI 9posuFa Tesimainik KepceTkiu, (%)

Xurosan HaTpuit anbrumarst nnak Baksinay

TARLINAK KUALINKMAAVITRICL

TombIpaKTEIH 3pO3WSICHIHA KapChl XWUTO3aH, HATpuil ambruHarhl koHe WITOK-TiH
OCEpIH 3epTTey YIIiH TOMBIPaK—TIONUMEPITi KOMIO3UTTEP I H MEXaHUKAIIBIK ChIHAKTApPbI
xyprizinai (15-cyper).

177




ISSN 2224-5227 3.2025

15-cypem. [onumepni scabvinmen Kanmanean Monvipaxmoly MeXaHuKaIblK Kacuemmepi

30000 1

20000 I

HOHr Mopyni Ma

10000

T L B
XutosaH Harpwii UN3aK Bakbinay
anbruHaTbl

Tomnbipak OeTiHAE TY3LIreH TOIBIpaAK—TIONIUMEPIl KaObiHaapasiH FOHr Moy
alTapibIKTall alfbIPMaIIBUIBIKTAPABI KOpceTTi. 15-cyperTen kepin oTsipranaaid, KOHT
MOJTYJTiHIH eH skoFapbl MoH1 UTTDK-11eH eHjiesreH Tonbipak yiariciniae TIpKesi )KoHe 01
31631 [Na kypazapl. XuTO3aH KOHE HATPUH abIMHATHI HET131HAET] TONBIPaK—TIOIUMEepITi
yaObIHIAPIbIH KepceTKiln TeMeH 0oiipl (21031 Ila sxone 13280 I1a). JIuctunaeHren
CyMeH eHJeNnreH Oakpuiay yiarinepinge 1619 Ila Gaiikannel. XKeke mommmepiepmen
KOHE CyMeH MoaubuKanusiianFan yiarinepre kaparanna MITOK 6ap xommosutrepin
MEXaHUKaJIbIK OCPIKTITIHIH JKOFapbl 00JIybl TYKbIMHBIH OHYIHE KOHE ©CIMIIKTEPIIiH
JlaMybIHa Keepri KenripMenai, ceoe0i FOHT MoyitiHIH aHbIKTaIFaH MOHCPI OCIMIIK
JKacylIajlapblHAarbl TYPropiblK KbicbiMHaH acnaitibl (Berikbol et al., 2024; Klivenko
et al.,, 2020). Anpsiaran momimertep WMIIDK-TiH spo3usra OeliiM opMaHIBI KYMIIbI
TOIBIPAKTAP/IBIH, KYPBHUIBIMJIBIK TYPAKTBUTBIFBIH apTTHIPY/a THIMIUIITTH KOPCETEe/Il.

KopbIThIHABI. AJIFan peT KOMMEPIFSUIBIK TTOTUMEp YITiIIepiHeH (BIyopeceHTTi
TaHOAJlAaHFaH XWTO3aH JKOHE HATPHH allbIMHATBl CHHTE3IEINIl, OJap/AbIH IIBIFBIMBI
tuicinme 95% xone 96% kypaabl. byn cuHTe3nenin ajblHFaH MOJMMEpIEp MEH
UIIOK-Ti KymIpl TONBIpaKa C€HY TEpeHMIrl MeH MIalblly JA9PeXECiH 3epTTey
MaKcaTbIH/a KoaaaHbuasl. CHHTE3 OapbIChIHIa XUTO3aHHBIH aMUH TOOBI (iryopeciienH
M30THOLMAHATHIHBIH W30THOLIMAHAT TOOBIMEH OPEKETTECIIT, THOMOYCBHHA OaiiIaHbICHIH
TY31, aJT HATPHUH aJIbTHHATBIHBIH KapOOKCHII TOOBI (PIryopecIIMHAMUHHIH aMUH TOOBIMEH
KOCBUIBICHI aMH/ITIK OaiiJIaHbIC apKBUTBI JKy3ere acThl. MK-criekTpockonus HoTHkeIepi
OolipiHIna (uryopectieHTTi TaHOananraH mnomumepiepmed WIIOK-TiH — XUMHSITBIK
KYPBUTBIMBI TOJIEIICH 1. PEonorusiblk KacueTTepiH 3epTTey HOTHKECIHE ITOIMMEpIIEp
meH [1:9], [2:8], [3:7], [4:6] monbaik KarbiHacTarbl MIIDK-miH HBIOTOHIBIK eMeC
TMICEBJIOTIACTUKAIIBIK KACUETKE M€ arbIChl aHBIKTAIBI. DIyopecleHTTi TaHOalaHFaH
MTONTUMEPIIEP/IiH TOMBIpaKKa eHy TepeHmiri 21-23 mm Kypanmbl. Aj, (yopecueHTTi
tanOananran UI1OK-tiH eny Tepenuiri 16 MM %oHE TOTBIPAKTHIH O€TKi KabaThIHAa 2MM
KaJIBIHJIBIKTA TOTIBIPAK JKa0BbIHBIH KAJIBINTACTHIPABL. Cy oCepiHEH KeHiH NoIuMepiiepMeH
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canbicThiprania WIIOK-TiH cyMeH ImIadbIMadThIHABIFEI Oalkamabl. COHBIMEH
karap, UIIOK TomblpakTeiH MexaHUKaNbIK OepikTirin 19 ece aprreipasl. UTIOK nen
OH/ICJITCH TOIBIPAKTHIH 3po3usira Te3iMautiri 98-99% kypasbl, 6akpliay HYCKachlHAH
68-81% >xorappl. [XWTO3aH:HATpUi anbruHathl] = [2:8] MONBOIK KaThIHACHIHAFHI
NIIDK-Ti opMaHABI TOMBIPAKTHIH KYPBUIBIMBIH JKaKCApPTyFa apHAIFaH dPO3HsFa KapChl
KYPBUIBIM/IAY bl PETiHAE YChIHYFa 0OJaIbl.
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Abstract. The cosmetics industry is rapidly developing worldwide, and increasing
attention is being paid to the quality and safety of products. Hydrolates are among the
most popular cosmetic ingredients due to their natural origin and beneficial properties.
The aim of this study was to investigate the colloidal-chemical properties of hydrolates
derived from domestic plant materials such as tansy and camel thorn, and to assess
their potential in cosmetic formulations. Both plants are native to our country and
rich in biologically active compounds, including essential oils, flavonoids, tannins,
and alkaloids. Hydrolates were chosen because they contain higher concentrations of
extracted compounds compared to decoctions. Their colloidal-chemical properties were
determined by measuring surface tension using the Du Nouy method and contact angle
with a goniometer. To evaluate potential cosmetic applications, emulsifying properties
were also examined. Surface tension isotherms demonstrated that tansy and camel thorn
hydrolates contain surfactants capable of reducing water’s surface tension. Contact
angle analysis revealed their ability to hydrophilize hydrophobic surfaces, improving
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wetting properties. Emulsification studies confirmed that these hydrolates stabilize oil/
water emulsions, enabling the formulation of cosmetic products. As a result, gel-based
cosmetic products were successfully developed using tansy and camel thorn hydrolates.
The colloidal-chemical properties of plant hydrolates at the gas—liquid interface were
investigated. The findings confirmed the presence of surfactants, good wetting and
moisturizing abilities, and uniform emulsifying capacity. These results demonstrate the
feasibility of incorporating hydrolates into cosmetic product formulations.

Keywords: hydrolats, surface tension, washing properties, emulsion stability,
foaming properties, optical density, surfactants (SAS)
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Annoramus: Kazipri ke3ne onemje KOCMETHKA OHEPKICIOIHIH aca KapKbIHJIbI
JIaMybl OaiiKay/a s>koHe KenTereH agaMaap KOCMETHKaHbIH carachl MEH Kayilci3airine
epekiIe Ha3ap ayaapaisl. [ uaponartap naigansl KaCHETTEpi MEH TaOUFH LIBIFY TETiHe
0aliTaHBICTHl KOCMETHKAHBIH €H TaHbIMAJl MHIPEAUEHTTEPiHIH Oipi 00BN TaObLIaIbL.
KymbicTeiH MakcaTbl OTaHABIK MIMKI3aT TYHMENIETEH MEH >KaHTaK eCIMIIKTepiHeH
THAPONIATTAPABIH KOJUIOMATHIK-XUMISUTBIK KACHETTEPIH 3epTTEY KOHE KOCMETHKAIIBIK
OHIMZEP ally MYMKIHIITH KapacTelpy. 3epTTey HbICaHbl peTiHAe 3hup Mailnapsl,
(naBoHOMATAP, TAHMHJEP MEH AIKAJIOUATAP KOHE T.0. ONOTOTHAIIBIK OeJICeH Al 3aTTapra
0aii oTaHABIK TYHMEIIETeH MEH KaHTaK TUAPOJIATTaphl anbHAbL. [ uaponartapasl aity
ce0ebi onapmarbl AKCTpaKUMsJIAHFaH 3aTTapAblH KOHLEHTpAIMACHl KallHaTmajgapra
KaparaHJa *Korapbl 0oj1a/bl. JKaHTaK IeH TyHMeleTeH ruApoIaTTapbIHBIH KOJIOUATHIK-
XMMUSUIBIK KACHETTEPiH aHbIKTay YIIiH onapasiH o Hyu opiciMen GeTTik kepinyi MeH
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TOHHOMETPMEH JKYFy OYpBIIIbI ©JIIICH/ jKOHE KOCMETHKAJBIK IHCIEPCTi Kyhe amy
MaKcaTbhIH/a SMYJIbCHSIAFBIII KaOUIETTIIr aHbIKTanAbl. beTTik Kkepiny uzorepmanapsl
OolbIHIIA J>KAHTAK IEeH TyHMEIIeTeH THApOJaTTapblHAa CYIbIH OeTTIK KepilyiH
TOMEH/IeTeTiH OeTTiK-0eIceH i 3aTTap AbIH Oap eKeHI )KOHE KYFY H30TepMasiapbl OOMbIHIIA
orap ruApoHoOTHI 6ETTi THAPOPUIBACHTIHI AHBIKTAIbI. DMYIbCHSIAFBIII KACUETTEPiH
3epTTey HOTIKECIHE THAPOIaTTap Mail/Cy SMYJIbCUSIIAPbIH TYPAKTAHABIPAThIHBI, SFHH
OJIapIbIH HETi3iHJe KOCMETHKAJIBIK OHIMIEep anyFa OonaTbiHbl KepceTinai. Ocbunai,
KaHTaK MEeH TYHMeIIeTeH THUAPOIaTTapbl Heri3iHae OeTKe apHaifaH reib TYpiHzeri
KOCMETHKAJIBIK ©HIMAEP alblHABL. OCIMIIK THIpONATTAPbIHBIH Ta3-CYHBIK (a3alblK
hIeKapagarbl  KOJJIOMATBIK-XMMHUSUIBIK ~ KacHMeTTepi 3epTTenai. [ uaponartapabiH
KypamblHAa OeTTIK-aKTHBTI 3aTTapblH Oap €KeHiH, *aKchl XYFy KaOijerTi, SFHH
BUTFAJIIAaHIBIPFBIII  KACHeTi aHBIKTANAbl. [ HaponarTtapAblH O9piHIH AMYJIbTUpICY
KaOineTi Oipreil. AHBIKTaJIFaH HOTHOKENEp THUAPONATTApIbl KOCMETHKAIBIK ©HIMIEp
KypaMmblHa KOJIJaHyFa MYMKIiHJIIK 0ap eKeHiH KOPCETTi.

Tyiiin ce3mep: rTuaponarTap, OETTIK Kepily, JKYFy KYOBUIBICHI, 3MYJIbCHS
TYPAKTBUIBIFbI, KOOIKTY3TIIITIK KACHETI, ONITUKAJIBIK THIFBI3/IBIK, OCTTIK aKTUBTI 3aTTap
(BA3)
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Aunnoranus. B Hacrosiee Bpems B Mupe HaOonaeTcss MHTEHCHBHOE Pa3BHTHE
KOCMETHYECKOH MHAYCTPUH, U MHOTHE JIOOH YACTSIOT 0C000€ BHUMAaHHE KayeCTBY
1 0e30IacHOCTH KOCMETHKH. [ 'HIponaThl SBISIOTCS OJHUM M3 CaMbIX IMOMYJISIPHBIX
WHTPEIUEHTOB B KOCMETHKE Ollarofapsi CBOMM TOJIE3HBIM CBOWMCTBAM M IPUPOIHOMY
npoucxoxaeHuo. Llens paboThl 3akmioyasach B MCCIENOBAHUHM  KOJUIOWIHO-
XUMHUYECKUX CBOWCTB T'MIPOJIATOB HA OCHOBE OTEUECTBEHHOI'O PACTUTENBHOTO CHIPBS
— MHKMBI ¥ BepOJIIOKbEH KOJIIOUKH, M PACCMOTPEHUH BO3MOKHOCTH MPUMEHEHUS HX
JUIS TIONYYEHHUs] KOCMETHYECKUX IMPOAYKTOB. B KauecTBe OOBEKTOB HCCIECIOBAHHS
HCTIOJIb30BaHbl MPOU3PACTAIOIINE B HAlIeld CTpaHe MM)KMa M BEPOIIOKBS KOJIOUKA,
Oorarble Ha OWOJOrMYECKH-aKTHBHBIE COCIMHEHUS, Takhe Kak J(QHUpHbIE Macia,
(¢rnaBoHOMIBI, TAHWHBI M AalKaJIOHIbl. BBIOOp THAPONATOB B KayecTBe OOBEKTOB
HCCIJIEZIOBAHUS OCHOBAH Ha TOM, YTO KOHIIEHTPAIUs SKCTParHpOBaHHbBIX B HUX BEILLIECTB
BBIIIIE, YEM B OTBapax. JJs onpenenenns KoJUIOUAHO-XUMUYECKIX CBOMCTB rHAPOIAaTOB
MKMBI U BEPONIOKBbEH KONIOUYKA M3MEPEHbI MOBEPXHOCTHOE HATSDKEHHWE METOAOM
Mo Hyn n kpaeBoii yroa cMauMBaHUsl TOHUOMETPOM. [l BBISIBIEHHS BO3MOXHOCTH
WCIOJIB30BAHNA THJIPOJIATOB JUI MOJYyYEHHUs] KOCMETHUECKHUX MPOAYKTOB M3YUYEHBI MX
SMynbrupyomue cBoiictsa. [lo m3orepMaM NMOBEPXHOCTHOIO HATSKEHUS MOKa3aHo,
YTO THAPOJIATHI MMKMBI U BEpOIIOKbEH KOJTIOUKH COAEPKAaT MOBEPXHOCTHO-aKTHBHBIC
BEIIECTBA, CHIDKAIOIIME ITOBEPXHOCTHOE HaTskeHHe Boabl. M30TepMmbl KpaeBoro
yIia CMauuBaHUS MOKAa3bIBAIOT, YTO THIPOJAThl THAPOPUIU3UPYIOT THAPOPOOHBIE
MOBEPXHOCTU. B pesynbrare M3ydeHus SMYNbIUPYIOMIUX CBOMCTB OMNPEIENEHO, YTO
THIPOJIATHl CTAOMIU3UPYIOT SMYJILCHH MacIo/BOAA, YTO JAaCT BOBMOKHOCTb TIOTyUEHHS
KOCMETHYECKUX NMPOAYKTOB Ha MX OCHOBE. TakuMm oOpa3oMm, Ha OCHOBE T'MIpOJIATOB
MKMBI U BEPONIOKbEH KONIOUKK MOJTY4YEeHbl KOCMETHUYECKHE NPOAYKTHl B (opme
resnsi. BeiBoa: ObUIM MCCIIEIOBAaHBI KOJUIOMIHO-XUMHUYECKUE CBOWCTBA PACTHUTENBHBIX
THIPOJIATOB HA TPAHHULE ra30-KUAKOH (a3bl. Bbu1o BBISIBIEHO, YTO THAPOJIATHI COAEPIKAT
MMOBEPXHOCTHO-aKTUBHBIE BELIECTBA, OOJAJAIOT XOpOLIeH CMauyMBAEMOCTBHIO, TO €CTb
YBIQXHSIOIKUMHU cBOlicTBaMU. Bee ruponarsl UMEIOT OAMHAKOBYIO SMYJIBIHPYIOILYIO
cnocoOHOCTh. [lonmydeHHble pe3ynbTaThl MOATBEPKAAIOT BO3SMOXXHOCTH NMPUMEHEHUS
THJIPOJIATOB B COCTaBE KOCMETHUYECKUX MPOAYKTOB.

KuroueBble cj10Ba: ruposaThl, MOBEPXHOCTHOE HATSKEHUE, SIBICHUS CMauUBaHuU,
CTaOMIIBHOCTh 3MYJBCUH, NEHOOOpa30BaTeIbHbIC CBOWCTBA, ONTHYECKas MIOTHOCTD,
MOBEPXHOCTHO-aKTHBHBIE BemecTBa ([IAB)

Kipicne. Ocimaik mmkizaTel (apMaleBTHKa, KOCMETHKA, TaraM OHEPKACiOiHIH
HET13T1 MIUKi3aThl OOJBIN, OHIMAEPIIH 0acThl KOMIIOHEHTIHE aiiHanaapl. MuHepanaap
MEH OpraHUKalblK 3aTTapra Oail Jopllik eCIMAIKTEpIAeH alblHFaH KYpFaK IIenTep
MeH JOMJCYIITep dJIeM XaJIKbIHBIH I1amaMeH 85%-bl YIIIH JeHCAYJIBIKThI CaKTayAblH
Heri3i 6osbin TabbiTaas! (Luengo et al., 2021). By mmki3aTThiH KypaMbIHAAFbI TAOUFH
OMONOTHSIIBIK OENICeHIi 3aTTap ajaM ar3achlHa TaliJaibl 9cep eTEeTiH Kacuerrepi
oJIapIbl 9pPTYPIl cananapia KeHiHeH KoiJgaHyra MyMKiHIik Oepeni (Milivojevi¢ et al.,
2019; Harhaun et al., 2020). Ocbianaii TaOuFy IKKi3aT KaTapblHa )KaTaTbIH THIPOIATTap
KOCMETHKAJIBIK OHIMIEpAIH TaHbIMall HMHIPEIUECHTTEpiHiH Oipi Oonblm TaObLIa/IbI
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(A¢imovic et al, 2020; Milivojevic¢ et al., 2019). XanblkapaybIK CTaHIAPTTAPFa COUKEC
THIpOJIAaT HEMECe XOI HicTi cy (aromatic water, hydrolate) - a¢up mMaiibl KKi3aTbl MEH
a¢up Maiibl OeIiHTeHHEH KeHiH makaa 00aThlH TUCTHUISIIUSIIBIK CY OOJIBIN TaObLIA bl
(Burtsevaetal.,2023). ['maponarTap >kakchl eMIIK KaCHET KOPCETII, KOCMETUKAIIBIK Tepi
KYTiMiH KamTamachI3 ete anaisl (Yu et al., 2020). ['ugponarrap a¢up maitnapsl CHSKTHI
TYPaKTHI 3cep KOpceTKeHIMeH, 3(hup MaiapeiHa KaparaHia oJIapblH dcepi ayeKaiaa
HO3iK opi kyMcak 0omnapl. COHABIKTaH THUAPOIATTAPIBI KOPBIKIIA KoganyFa Oonazpl,
ce0e01 omap/ibl KYWI'eH kaFaiia Hemece KaHiai 1a 0ip jKOJIMEH JKapakar ajifaH CoTTe
Tikenei tepire xaryra 6onansl (Dragicevich et al., 2024).

OTaHObIK  ASPUTIK  OCIMAIKTEPJAECH AaNblHFaH THApPOJAaTTapAbl mNaiiianaHy
KOCMETHKAJIBIK 3aTTap OHIIPICiHIEe YJIKEH KbI3BIFYIIBUIBIK TYAbIpaasl. KocMeTHKaIbIK
OHIMAEPi aly YLIH FBUIBIMH HETi3[ENIeH TEXHOIOTHSUIapAbl 93ipiey MakcaTblHAa
OJIapIbIH KOJUTOMATBHIK-XUMUSIIBIK KACHETTEPIH 3epTTey KaKeT, ceb6edi KOCMEeTHKAaJIbIK
eHIMAEp AMcHepcTi kyHenepre skatanel. OCbIFaH OalJaHBICTBI 3€pPTTEYHiH 0acThl
MaKcaThl — eJIiMi3/le OCETiH JKaHTaK MEH TYHMeIIeTeH THAPOIATTAPBIHBIH KOJIOUATHIK-
XUMUSUIBIK KAaCHETTepiH 3epTTer, OJapAblH KOCMETHKAJBIK ©HIMIEpAE KOIJaHbLTY
MYMKIHJIT1H aHBIKTay.

Marepuaagap men aaicrep. Omnrycrik Kaszakcranma ecetin xanrtak (Alhagi
Kirghisorum Schrenk), Tylimemieren-11 >xoHe Anmarbel OONBICBIHIA —TyHMelIeTeH-1
JIOpUTIK  OCIMIIKTEp KONJAHBUILABL. OCIMIIKTepAiH  THAPONATTapbl cy OybIMEH
JUCTUIUISILUSIIAY apKbUIbI aJIbIHABIL.

Bertix kepiny o Hywm omici OoiibiHa TeH3MOMETp KOHIBIPFBICHIHAA OMIICH/II.
Byst cyWBIKTBIKTapAbIH OETTiK KepUlyiH aHBIKTayAbIH KEH TapaifaH dJicTepiHiH Oipi.
BerTix KepinyniH CYHBIKTBIKIICH KaKChl )KYKKaH R pajnychIHBIH jKyKa CaKWHACHIHBIH
CYHBIKTBHIK OCTIHEH WIBIFYBI YIIIH KaKeTTi F Ky1riMen 6ailnaHbIChl apKbLUTbI CUIIATTAIa, bl
(Ompenenenne moBepXHOCTHOTO HATsKEeHUs pacTBOpoB [TAB Ha rpanuiie ra3—KuaKoCcTb
Ha Tensuomerpe K6 (metod Dyui Nui, 2013). JKyFy KyObuibICE O€TTIK KabaTTapMeH
OeJtiHTeH Y KeeMAIK (a3aHblH (CYHBIKTHIK, KATTHI ICHE KOHE aya) ©3apa opeKeTTecyi
apKBUIBI JKY3€Tre achlpbliaabl. EpiTiHAinepAiH KaTThl OeTTepre )KyFy KaOieTiH aHbIKTay
YLLIH >KYFyAbIH MeEeTKi Oypeimibl [OHMOMETp KOHABIPFBICHIHIA aHbIKTaAb! (Yessimova
et al, 2020). AnbIHFaH THUAPONATTAPIABIH AMYJIbCHSIAHY JKOHE KOOIKTEHY KacHeTTepi
Oeurini opictemernep OolibiHIIa 3epTTenai PazanapablH SpTYPIli KeJeMIiK KaTbIHAChIHAA
Maii/cy SMyIbCHSIIAPBIH aJIBIHBII JKOHE OJIap/IbIH TYPAKTHUIBIFBIH aHBIKTAIBI (Yargaeva
et al., 2003)..

luaporens amy yumiiH KapOOKCHMETHIILEIUTIONO3aHbIH HATPUU TY3bI, MOJHAKPUIT
KBIILIKBLIBI, TTTULEPHUH (COPOUTOI), Ta3apThUIFaH CY, ©CIMAIK CHIFBIHABICHI, ST CIIUPTI
Kommaubliibl. 100 T naiiblH ©HIMI, SFHU TENbJi aly YIIiH KaXeTTI KOMIOHEHTTEP
ozlicTeMeie KEeNTIpIIreH TanchlpMa HYCKachlHa coiikec anbiHanbl («Poverkhnostnye
yavleniya i dispersnye sistemy» 2013).

Hormxesnep men TanakbuLiaynaap. [maponarrap — OyMeH IUCTWILIISIIMS dfici
apKbUIBI OHIIPLIETIH oCiMIiK AKcTpakThichl. Cy Oybl ©CIMIIK MaTepuallblHaH OTKEH
Ke3/Ie OHBIH KYPaMbIHAFbl Cy/la EpUTIH KOMIIOHEHTTepre (3¢up Mainapsl, KbIIKBUIIAP,
¢naBoHOMATAp, HOpyMeHAepre) KaHblFanel. KaliHarnmamapmMeH —canbICTBIpFaHia,
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rHIpoNaTTapAa AKCTPAKIMSIaHFaH 3aTTapiblH KOHLEHTPALMACHI JKOFaphl Oomaipbl,
COHBIMEH KaTap onapja Ty30eH nurmeHTrep oonmaiisl (Yessimova et al., 2022).

Kazipri kesgeri KocMeTHka ©HEpPKICiOiHIH KapKbIHIBI AaMybl TYTHIHYIIBLIAPABIH
KOCMETHKA carachl MEH KayilCi3diriHe nereH TanaOblH apTThipyna. byn >xarnaiina
THApONIaTTapAbIH Malaanbl KacueTTepi MeH TaOuFHu OOMybl 0Japibl KOCMETUKAHbBIH €H
TaHbIMaJl MIHTPEINEHTTEPiHIH Oipi eTexi. Anaiina, KocMeTHKa calaCbhlH/1a THAPOIaTTapra
JIeTeH YJKeH KBI3BIFYIIBUIBIKKA KapamMacTaH, OJaplblH KOJUIOMITHIK-XUMHUSIIBIK
KacueTTepi MEH KOCMETUKAHbIH TYPAaKTBUIBIFBIHA J)KOHE THIMIUTIrIHE 9cepi MKETKITIKTI
3eprrenMere. by rugponarTapaslH KOCMETHKAIBIK OHIMEPAE KOMAAHBLIYbl Typalibl
apHaibI 3epTTeynep Kypri3yliH e3eKTuIirin kepcereai. OcblFan opail OTaHABIK ASPUIIK
OCIMJIIKTEp TUIPOIATTaPbIH KOCMETHKAIIBIK OHIMIEP/IC KOJIJIaHy MYMKIHJIITIH aHBIKTay
MaKcaThIH/a KYMBICTA €JIMi3[ie ©CETIiH TYWMEIIEeTeH MEH JKaHTaK THIpoJIaTTapbIHbIH
KOJUTOUATHIK-XUMHUSUIBIK KAaCHETTEpl 3€pTTENil, ajfall PEeT KOCMETHKAIBIK TeJblIep
QJIBIH]BL.

XKymeicta emaik kKacuerrepre ne OHTycTik Kasakcranma ecerin sxaHtak (Al/hagi
Kirghisorum Schrenk) runponarsl xoHe TylimeriereH (Tanacetum) TUAPONATTAPBIHBIH
eKi Typi: TylimemereH-1 (Anmarsl 0o61.); Tyiimemmeren-11 (Onrycrik Kazakcran 00i1.)
3epTTEIi.

Tyiimemeren (7anacetum) kypaeni rynginep (Asteraceae) TYKbIMIAaChIHA KaTaTbIH
KOIDKBUIABIK INONTEeCiH eocimMuik. TyHMelleTeHHIH KeH TapanfaH Typi — KOIiMTi
tyiimerierer (Tanacetum vulgare). OHBIH KypaMblHa OHOJOTHAJIBIK O€JICeHAl 3aTTap,
COHBIH iIiHAe 3pup Mainapsl, (raBoHOMATApP, TAHUHAEP MEH aJIKAIIOUATAP Ke3aece/l
(Burasheva 1981). TylimemereH cynbl epiTiHZici KaOblHyFa Kapchl JKOHE TEpiHiH
Ce3IMTaNABIFBIH TOMEHIETYTE KaKChl 9cep eTei.

JKanrak, KeIprbI3 skanTarbl (4lhagi Kirghisorum Schrenk) — oapTypii OUOIOTUSIIBIK-
Oencenai 3artapra 0aii NepCHeKTUBTI ASPLTiK ociMIiK. XKaHTaK KapanaibM )koHe ap3aH
TaOWFK LIMKi3aTKa >katansl. XKantak cynarbl epitinaicinig (BK ¢utonpenaparsinbin)
CaHJIBIK JKOHE camajblK KypaMbl Oenrini (butrainsiiblk 13%): rerepornonucaxapuarep
— 43%, MuKpo- koHe MakpoanemeHTtTep — 21%, amuH Kpiuksuizapsl — 18%,
¢naBonouarep — 3%, nonudnasangap — 2%. JKantak rugpoarsl TepiHi TAOUFH )KOJIMEH
BUTFAJIIAaHIBIPYFa KeMeKkTecedi. TepiHiH KyprayblH Oachlll, Tepire )KYMCAaKThIK KacHeT
oepeni (Yesimova 2020).

l'maponatrapasl  KOCMETHKAJBIK OHIMAEpAE KOJAAHY MYMKIHIITIH —aHBIKTay
YUIiH OoNapAblH  KOJUIOWATHIK-XMUMUSUIBIK — KacueTtepi 3eprrenai. lumpomarrap
KOMIIOHEHTEPiHiH OeTTIK-aKTHBTI KaCHETTEpPiH ONapIblH CYHBIKTBIK-Ta3 (aszaapaiiblk
niekapajgarel OSTTIK KepulyiH aHbIKTay apKbUIbl Oaranmayra Oomaznpl. JKaHTak meH
TyiimemeTeH ruapoiarrapbeiabig 0,5; 1,0; 1,5; 2,05 2,5; 3,0%-1bIK Cyibl epiTiHaIepepi
anbiabin, TeHsuomerpae /[o-Hyum omicimen OerTik kepimymepi emmenni. berrik
Kepiy u3orepmanapbiHaH (l-cypeT) THUApONaTTapablH KypaMmblHAa OETTiK-aKTHUBTI

KOMITOHEHTTEp OONaTHIHBIH Kepyre Oomnanbl, cebebdi (do/dc) <0 IapThiHA COMKeC
KOHI[CHTPALUSHBIH APTYBIMEH OCTTIK KepLTy a3as1/1bl. 3epTTEy HOTHKEIePi KOPCETKEH ICH,
YKaHTAaKKa KaparaHjua TYHMeIIeTeH THUAPOIATTApPBIHBIH OCTTIK aKTHUBTUIITI JKOFaphl —
CYHMBIKTBIK-aya IIeKapachiHAarbl 0eTTiK Kepiny ~30 M/Ix/M? ramachina JeHiH KEMHU/II.
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1-cypem. JKanmax scone mytimewiemen 2uopoiammapbl Cyivl epiminoiiepiniy 6emmik Kepiny
uzomepmanapwl: 1-myiimewemen-1; 2- myimewemen-11. 3- scanmax.
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I'maponarrapabl KOCMETHKANBIK OHIMAEpIE KOJJAaHy MYMKIHIUTITIH aHBIKTaHTHIH
Tarbl O1p KOJUTOUATHI-XUMUSIIBIK KACHET — ePiTiIHAUIepIiH THIPO(GOOTH OeTTepre KYFy
KaOinerTiniri. Agam Tepici TuAPoPoOBl OeTTepre KaraTelH OONFaHIBIKTaH JKYMBICTA
TepiHiH OCTiH MOAENBACHUTIH OEUITONAPIBI THAPOPOOTH! 0T peTiHae Te(IOH aIbIHBIII,
TUAPOJATTAPIABIH JKYFY, SFHU THapodwminerim kabineti 3eprrenmi. EpitiHminepnin

KYFy KaOileTi KyFy[blH LIETKI OYpBIIBIHBIH KOCHHYcChIMeH “O5 6 CHIIaTTaNA]IbI.

Kyry u3orepmanapbiHan (2-cyper) ajgblHFaH THAPOJAT epiTiHAUIep] YLIiH € <05%

KOHIETpalUsAIapbIHaa kyry uHBepcuschl (€05 g = ﬂ) OalKaJblI, KYFy OYPBIIIBIHBIH

0,6-ra nmeiiin eceTiHi, sFHU TedUIOH OeTi THAPOPUIACHETIHI KopiHeni. MyHIai HoTHxKe
TUPOJAT epiTiHAINepiHiH TUAPOPOOTH OeTTepre >XKaKChl KYFBIN, THAPOGUIIErinT
BIKIIAJI CTETIHIH aHBIKTANIbL.

2-cypem. Tyiimewiemen men dcanmarx CUOPOIAMMAPbL CYbl ePIMIHOLIEPIHIN JCYRY U30MEPMALAPbL:
1-myiimewemen-1; 2-myiimewemen-11; 3-ocanmax.

0,6

0,4

0,2

@ —e—1

2 0

2 7 b
-0,2 =
-0,4
-0,6

C,%

188




ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

Kocmerukanblk  eHimzmepain Oip Typi SMYNbCHSUIBIK JAWCHEPCTi  JKyiHenep
OONFaHABIKTAH JKAaHTAK TIEH TYHMEIIETEeH TUAPOJNATTAPbIHBIH —3MYJIbCHSIIAFBIII
KacuerTepi 3epTTenai. TypakTsl opi THIMII SMYJIbCHUsIIAp aly YIIiH aJAbIMEeH Maii/cy
(hazanmapbIHBIH OHTAMIIBI KATBIHACHI aHBIKTAJIBII, COFaH opai, ¢hazanapasiy 3:7, 4:6, 5:5,
6:4, 7:3 KeneMIiK KaTbIHACBIH/IA KYHOAFBIC Malibl/Cy SMYIbCHSTIAPBIHBIH TYPAKTHUIBIFbI
3epTTeNiN, eH TYPaKThl dSMYyJbcusiiap 6:4 KaTblHACBIHIA TY3UIETIHI aHBIKTAJIIbl. ApBI
Kapaii 3epTTey YLIiH O0Chbl KaTblHACTa KYHOAFbIC Maibl/THAPONAT EPITIHIICI SMYIbCHUsIIAD
QIIBIHBIN, ONApAbIH OY3bUTy KHHETHUKAIBIK KHUCBIKTApbIHAH (3-CypeT) «eMip cypy»
yaKbITBl aHbIKTanabl. HoTrkenep OolibIHINA €H TypakThl KYHOAarbiC Maibl/THIPONIAT
AMYNbCUsIApbIH (6:4) )KaHTaKThIH 2%-IbIK JKOHE TyWMerieTeHHIH 3%-AbIK ruapoiar
epiTiHainepi Ty3eai, OJapAblH «eMip cypy» YakbITbl 35-50 MUHYTTHI Kypansl. by
HOTHYKEJIEp OCBI TUAPOJIATTAPABl IMYIbCHUSIIBIK KOCMETUKAIBIK OHIMIECP KYpaMbIHIa
KoJIZlaHyFa 00JIaThIHBIH KOPCETe .

Kaszipri Tana KOCMETHKAIBIK OHIMICPIIH 3aMaHFa cail TanaObl KyH CailblH apTy/a.
KocmeTnkanblk eHAipicTeri TanThIPMAaWTBIH XUMHUSIIBIK KYOBUIBICTBIH Oipi — TaOufru
LIMKI3aT Heri3iHae KOCMETHKAaJbIK OHIM aiy. [maponarrap, sFHM eMAIK Kacueri Oap
OCIMAIKTEPIiH CYJIbI SKCTPAKIHUIIAPBIH KOJAaHy epeKIle OpbiH anaabl OTaHABIK ASPUTIK
OCIMAIKTEPIiH CYJbl epiTIHAUIEPiHIH KOJJIOUATHIK-XHUMHUSUIBIK KaCHETTEPIH 3epTTey
HOTHXXECIHJC OJIapAbIH KypaMblHAa OCTTiK-aKTHUBTI 3arTap Oap, bUIFalJaHAbIPAThIH
KacueTTepre ue; ruAposiaTTapAblH epiTiHIIepl a3aamn KeIIIKbUT XKoHe OeliTrapan oprara
W€ EeKeHIH aHBIKTaJbII, ONapAbl KOCMETHKAIBIK ©HIMAepAe KOoJJaHyFa OONaThIHBI
KOpCeTUI.

3-cypem.Kynbagvic maiivl/2uoponam smynbCusiiapol OY3bliyblHbIE KUHEMUKATbIK KUCHIKINAPbL.
a) KyHOagvlc Malibl/Acanmar, 2UOPOIAMbL,
0) KyHOa2bIC Mativl/myumeweneHr 2uopoIamyl;
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AJBIHFaH HOTHXKEJIEpre CyleHe OTBIPBHIN, )KaHTAaK IeH TYWMEIIETeH THAPOIaTTap
HETi31HJe Telb JHCIEPCTi KYHeci TypiHAEe KOCMETHKAIBIK OHIM aly MYMKIHJIIT
KapacThIPBUIIBIT, OCTKEe apHallFaH apHajfaH Telb MEH KOJFa apHallFaH THIPOTeNb
ansIHae! (4, S-cyperTep).

4-cypem. Tytimewemen (a) men dcanmax (6) cuoporammap He2izinoe2i bemre apHai2au eenboep.
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KopbITbIHABI

luaponarrapabiH  ra3-CydblK  (ha3aiblK  IIEKapajarbl  KOJUIOUAThI-XMMHSLIIBIK
KacHueTTepi — OCTTIK Kepily, ®KYFY, IMYJIbCUSIIAFBIIITHIK 3epTTeNl. [HuaponarTap/siH
KypamblHa OETTIK-aKTHBTi 3aTTap KIPETiHI »OHE oJap JKaKChl THIPOQHIIErimI,
SIFHU BUTFAJIJIAHIBIPFBIN KACHETKE M€ €KEHI aHBIKTAIbl AJIBIHFAH THAPOJIaTTap/IbIH
AMYJIbCHUSJIAFBINI KacUeTTepl Oipyeii geyre 0oyajbl, IETCHMEH €H TYPaKThl KyHOAFrbIC
Malbl/TUAPOJIAT EPITIHIICI SMyJbcHsUIapbl 6:4 KOJEeMJIK KaTblHACTA aJIbIHBII,
JKAHTAKTBIH 2%-JbIK JKOHE TyiMeleTeHHIH 3%-IbIK THUIPOJIaT epITIHAUIEpI €H
TYPAKThI, SFHU «OMIpP CYPY» YaKbIThl 35-50 MUHYTTBI KYPalThIH dMYJIbCUSIIAP TY3ETiHI
AHBIKTAJIABI. AJIBIHFAH THAPOJATTap HETi31H/Ie KOCMETHKAJIBIK OHIM ajbiHIbl (OeTKe
apHaJIFaH KpeM, TeNb XoHe Truiporens). bipinmi per xanrak (Alhagi Kirghisorum
Schrenk), TyliMeriieTeH 6CIMAIKTEpIHEH THIPOIATTAP AJBIHBII , OJAP/IbIH KOJIOUTHIK
XUMMSUIBIK KACUETTEpl 3EpPTTENil, 3epPTTey HOTHIKECIHAEC KOCMETHKA CalachlHIa
KOJJlaHyFa 0OJIaThIHbI aHBIKTAJIJIbI.
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Abstract. These include aldehydes, ketones, carboxylic acids and their derivatives.
The chemical properties are determined by the electronic structure of the group (>C=0),
which increases its reactivity and allows for a variety of transformations. Catalytic
hydrogenation converts carbonyl-containing compounds into alcohols or derivatives
by reduction with hydrogen in the presence of catalysts. Their activity and selectivity
determine the reaction rate, product yield, and cost-effectiveness of the process. This
reaction is widely used in chemistry and industry. The study of the mechanism and the
creation of new catalysts are relevant areas of modern research. The work is devoted to
the consideration of the mechanism of catalytic hydrogenation of carbonyl compounds,
the catalysts used and practical applications. The catalytic reduction of carbonyls with
molecular hydrogen plays a key role in organic synthesis. The results of a study of
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the hydrogenation of aldehydes and ketones using transition metals as catalysts are
presented. The influence of temperature, pressure, and the nature of the catalyst on the
reaction rate and selectivity is considered. A comparative analysis of the activity of Ni,
Pd, and Re-catalysts has been performed. Experiments have confirmed the possibility of
effective conversion of the carbonyl group into the corresponding alcohols under mild
conditions.

Keywords: hydrogenation, hydrogen, carbonyl compounds, aldehydes, ketones,
catalysts, alcohols
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AnHoTaumus. Kypambrama kapOoHWI TOOBI 0ap KOCBUIBICTAp OPTAaHUKAIBIK
XUMHUSIIAFBl €H KOIl TapayFaH ’KoHE MaHBI3/Ibl TONTapIbIH Oipi OOJBIT TaObIIambl. by
KOCBUIBICTApFa aJIbJIETUATEP, KETOHJAAp, KapOOH KBIKBUIIAPEI, KYpIedi 3Qupiep
JKOHE OJIApJIbIH TYBIHIBUIAPHI KaTajabl. OnapiblH XUMHSUIBIK KAaCHETTEpl KapOOHIT
TOOBIHBIH 3JICKTPOHJIbI KYPbUIbIMbIHA HerizneireH (>C=0), OyJl TONTBIH peakiiusFa
CEe3IMTAJIBIFBIH aPTTHIPAbl KOHE OPTYPJl XUMUSUIBIK TYpPJICHJIIpyJIepre MYMKiHIIK
Ocpeni. KaramuTukanmslK THOPOTCHHW3AIMS TIPOIeCi KypaMbIHIA KapOoOHWI Oap
KOCBUIBICTAP/IbI CyTETIMEH TOTHIKCBHI3IAaHY apKbLIbI COHKECIHINEe CHUPTTEpre Hemece
Oacka TyBIHIBUIApPFA aWHANIBIpyFa MYMKiHAIK Oepemi. Karamutukanelk mporiecc

194




ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

apHaibl KaTann3aTopiaplblH KaTbICYBIMEH KYPEAl KOHE OJapAblH THIMIUNIIT MeH
CENIEKTHBTLNII peakuusi KbUIJaMbIFbIHA, OHIMHIH MIBIFYbIHA JKOHE YKOHOMMKAJBIK
TUIMJIUTITIHE TiKelleH ocep eremi. Kasipri yakpITTa KaTaIMTUKAIBIK THAPIIEY MPoLeci
3aMaHayd XUMHsS MEH OHEpKOCiNTe KEeHIHeH KolAaHblc Tabaabl. byl peakuusiHbIH
MEXaHM3MiH TEpeH TYCIHy >KOHE >KaHa THIMJI KaTajlu3aTropiapAbl d3ipiey Kasipri
3aMaHFbI 3ePTTEYIICP MEH 931pIIeMelNepAiH HeT13T1 OaFbITTapbIHBIH O1pi OOJIBIN TAOBUIAIBI.
Byt sxyMbIc KapOOHMI KOCBUTBICTAPBIHBIH KaTaTUTUKAJIBIK THAPIIEY MPOLECIHIH JKaMIIbI
MEXaHHM3MiH, KOJJAHBUIATBIH KaTajJu3aTopiapAblH TYPJEPiH JKOHE OChbl PeaKUUsHbIH
MPaKTUKAIBIK KOJIJaHy cajachlH KapacThpyFa apHajraH. Makanaza KaranauzaTop
peTiHze aybicranbl MeTaaAapabl KONJaHa OTHIPHII, albJeTUATED MEH KETOHAAP CHSIKTHI
KypamblHAa KapOOHMJI TOOBI  0ap KOCBUIBICTAPABIH KAaTAIWTHKAJIBIK THIPICHYIH
3epTTey HoTIKenepi kenTipinren. [laiinananran Katann3aTopAbIH TEMIIEPATYPAChIHBIH,
KBICHIMBIHBIH JKOHE TaOWFATBHIHBIH PEaKLUUs IKbUIJAMIBIFBI MEH CeNeKTHBTLIIrHE
ocepi 3eprrenmi. Hukenp Ni, mammamuii Pd sxoHe penumii Re-karanmuzaropriapabiH
OeJIceHalTiriHe KYMbIC OapbIChIHAA CaJBICTHIPMAIIbl TaJAAy >KYPri3inai. AJbIHFaH
9KCIIEPUMEHTTIK JAEPEKTEP OpPraHUKaJbIK KOCBUIBICTApAarbl KapOOHMI TOOBIH JKYMCaK
Karaaiaa THICTI CIMPTTepre THIMAL TYPIACHIIpY MYMKIHZITIH pacTaiabl.

Tyiiin ce3nep: rugporeHu3anusi, cyTeri, KApOOHWI KOCBUIBICTAaphl, ajbIETUATED,
KETOH/Iap, KaTaiau3aTopiap, COUPTTEp
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AnHoramus. CoelMHEHMsI, COJIEPIKAIINe KApOOHMIIbHYO TPYIIIY, SIBJSIOTCS OJHON
13 Hamboyiee PacIpOCTPAaHEHHBIX W BAXHBIX TPYNI B OPTaHUMYCCKOH XHMHH. DTH
COCOWHCHMS BKIIIOYAKOT aJIbACTUAbI, KETOHBI, Kap6OHOBI>Ie KHCJIOTBI U KX IIPOMU3BO/IHEIC.
Nx xuMudeckue CBOMCTBAa 0CHOBAHBI HA MJIEKTPOHHON CTPYKTYPE KapOOHMITEHOU TPYTIITBI
( >C:O), KOTOpast yBCIMYUBACT BOCIPUUMYUBOCTL I'PYIIIBI K PCAKIIUN W TMO3BOJIACT
MPOBOANUTH pa3MuHble XHUMHUYeckHe mnpeodpasoBanus.[Ipomnecc KaTaluTHYECKOTO
TUAPUPOBAHIS MTO3BOJISIET MPEBpAIIaTh KapOOHUICOACPKAIINE COSTMHEHUS B CITUPTHI
WiIn Apyru€ IMIpOu3BOAHBIC COOTBETCTBEHHO ITIYTEM BOCCTAaHOBJICHUA BOJOPOIO0M.
[Iporecc mporcxoauT B MPUCYTCTBUY CHEIMATFHBIX KaTaIN3aTOPOB, 3(h(heKTUBHOCTH
n3 6I/IpaT6J'IBHOCTL KOTOPBIX HAIIPAMYHO BIIUAIOT HAa CKOPOCTHL NIPOTCKAaHUS PCAKIINU, BBIXO/]
MpOAYKTA U ODKOHOMUYCCKYIO 3(1)(1)CKTI/IBHOCTB. Karanutunueckoe TUAPUPOBAHUC IIHUPOKO
WCIIONIb3YETCS B COBPEMEHHOW XMMHHM W TPOMBINUICHHOCTH. [TTyOoKoe MOHUMaHUE
MEXaHH3Ma ATOH PeaKIMK 1 pa3padoTKa HOBBIX 3(()EKTUBHBIX KaTaJIN3aTOPOB SIBJISCTCS
OHUM W3 OCHOBHBIX HAIIPABJICHWA COBPEMEHHBIX HCCIICIOBAHUA M pPa3paboToK.
HaCTOfIH.IaS[ pa60Ta MOCBAIICHA PACCMOTPEHUTIO 061].[61"0 MCXaHHN3Ma KaTaJduTHYCCKOI'O
TUAPUPOBAHUS Kap6OHI/IJ'H>HLIX COe,Z[I/IHeHI/If;I, THUIIOB UCHOJIb3YEMbIX KAaTaJIM3aTOPOB U
obmactu MPAKTUYICCKOIO MPUMCHCHUA 3TOM peaKkuuu. Karanurudeckoe BOCCTaHOBIICHUE
KapOOHWIIbHBIX COCJIUHCHHI C KCIIOJIb30BAHUEM MOJICKYJIIPHOTO BOJIOpOJa —
Ba)KHasi peaklusi B OPraHUYECKOM CHHTe3€. B crarbe mpeacTaBiI€Hbl pe3ylbTaThbl
HCCIICMOBAHNS KaTAIMTHICCKOTO TUAPUPOBAHUS KapOOHMIICOMEPIKANTUX COCTUHEHHUH,
TAaKUX KaK aJIbACTUAbl W KCETOHBI, C HCIIOJIB30BAHUEM IICPEXOAHBIX MCTAJUIOB B
Ka4C€CTBC KaTaJin3aToOpoOB. I/Isyquo BJIUSAHUC TEMIICpATypbl, AABJICHUA W TPUPOABI
KaTajlu3aropa Ha CKOPOCTb U CEIIEKTHMBHOCTb peakuuu. IIpoBenéH cpaBHHUTENBHBIM
aHanmu3 aktuBHOCTH Ni, Pd u Re-karamuzaropoB. DKcliepuMeHTalbHbIC JaHHBIC
MTOJITBEPKAAIOT BO3MOKHOCTH 3((heKTHBHOTO TipeoOpa3oBanHus KapOOHUIHHON TPYIIIBI
B COOTBETCTBYIOIINE CITUPTHI B MATKUX YCIIOBUSIX.

KiaroueBbie cioBa: TUAPUPOBAHUC, BOAOPOA, Kap6OHI/IHLHLI€ COCAMHCHUA,
AJIbACTU/Ibl, KCTOHBI, KaTaJIN3aTOPbI, CIIMPTHI

BBenenue. KapbonuicoaepKkamiie COSIUHEHUS, TAKUE KaK albJICTUIBI U KETOHBI,
MPECTABIAIOT COOOH BaXKHBIH KJIACC OPraHNYECKUX BELIECTB, INPOKO UCTIOIb3YEMBIX B
OpraHNYEeCcKOM CHHTE3€, (hapMaleBTHKE, MPON3BOACTBE APOMATHUECKUX COCIMHEHUH 1
noauMepoB. OHUM U3 Hanbosee 3 GEKTUBHBIX U HKOJIOTHUECKU 0€30aCHBIX METOIOB
UX TpEeBpalleHns SBIACTCS KaTAIUTHYECKOE THAPHUPOBAHME — BOCCTAHOBJICHHUE [0
COOTBETCTBYIOIIHMX CIIUPTOB B MPHUCYTCTBUH BOJOpona U Karaiuzaropa (Bond, 1987).
Karamutnueckoe TUAPUPOBAHUC — OTO OJUH U3 KIIFOYEBBIX METOA0B BOCCTAHOBJICHHUA
OpPraHWYeCKUX COCIMHEHHH, NMPH KOTOPOM AaTOMBI BOAOPOAA HPHCOCIUHSIOTCS K
KapOoHmwIbHOU rpyme >C=0 ab1eru10B U KETOHOB C 00pa30BaHIEM COOTBETCTBYIOIINX
cnupToB. bnaromapsi mpoctoTte, BBICOKOW aTOMHON 3()()eKTHBHOCTH M BO3MOXKHOCTHU
MacITaOUpOBaHUsl, KaTAIMTHYECKOE BOCCTAHOBICHHE 3aHUMACT IICHTPAJIbHOE MECTO
B OpPTaHMYECKOM CHHTe3e. Vcroiap30BaHne MOJIEKYISIPHOTO BOJOPOA B MIPUCYTCTBHH
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KaTaJu3aTopoB MO3BOJSIET OCYIIECTBIISATh MSTKHE W HalpaBliCHHbIC NpEeBpaIlCHHS
QIIBJICTUJIOB U KETOHOB B COOTBETCTBYIOIIIUE IIEPBUYHBIC U BTOPHYHBIC CITUPTHI.

Lens paboThl - M3yYEHHE KATAIUTHYECKOTO THIPHUPOBAHHS KapOOHHUIICOAEPIKAIINX
COEAMHEHMH: MEXaHU3MOB PEaKLHUil, TUIIOB KaTaJIn3aTOPOB U UX 3(P(PEKTUBHOCTH.

[Iponiecc KaTamUTUYECKOTO TMAPUPOBAHUS KapOOHMJICOAEPKAILMX COCIUHEHUM
TEPMOANHAMHYECKH BBITOJCH. AJIbETUABI M KETOHBI 00J1a1al0T BBICOKOW PEaKIIMOHHOM
CIOCOOHOCTBIO 10 OTHOIICHHUIO K BOAOPOAY B MpucyTcTBHU Katanuzatopa (Hollmann
et al, 2010). Peakuusi mpoTrekaeT B MPHCYTCTBHH TETCPOTCHHBIX WM TOMOTEHHBIX
KaTaJlM3aTopOB U HCIIOJb3YeTCs KaK B JIA00PAaTOPHOU PAKTHKE, TAK U B IPOMBIIIIICHHOM
cuHreze. HauOonee IMpPOKO NpHUMEHSETCS TUAPUPOBAHHME albAETMIOB B CIIUPTHI
MIEPBOrO MOPSIKA U KETOHOB — BO BTOPUYHBIE CIIUPTHI:
cat cat
RCHO+H, — RCH,OH u RCOR+H,— RCH(OH)R'

IuppupoBanre KapOOHWIBHBIX TPYIIT MPOTEKAeT 0 MEXaHW3MY aJcopOIuu
MOJIEKYJl Ha INOBEPXHOCTU METAIMYECKOTO KaTalu3aTopa, aKTUBALMM BOAOPOAA U
€ro IOCJIeIOBATEeIbHON Neperadyl Ha KapOOHMJIBHBIM aTOM KHCIOpOAa U yIepoia.
'uppupoBanne KapOOHMIBHBIX COCANHEHUN MOMKET OCYIIECTBISTHCS C y4acTHEM Kak
TOMOTEHHBIX, TAK ¥ TETCPOTCHHBIX KaTaJu3aTopoB. THIIMYHBIC METaIJIbI-KaTaIN3aTOPbI
BrurodarotT Ni, Pd, Pt, Cu, a Takske crutaBbl Ha ux ocHoBe. Hanbosee pacnipocTpan€HHBIMU
reTepOreHHBIMH KaTaau3aTopaMu ABisttoTcs Ni (Hukens Penest), 06magaroniuii BEICOKOH
AKTUBHOCTBIO, 0COOCHHO B BOAHOU cpene. Jlisi Oonee MATKUX YCIOBUH HCIIONB3YIOTCS
najuafuii ¥ riatuHa Ha Hocurensx Pd/C, Pt/C, Takux kak akTUBHPOBAaHHBIN YTOJIb HITH
QIIOMUHHI OKCHI, @ TAK)KE MEIHBIC M KOOAJIBTOBBIEC Karaiau3aTtopbl. Hanpumep, HuKenb
Penes s¢ddexTrBeH mpu HU3KHMX JAaBICHUSAX Bojopoaa W Temmeparypax ao 100 °C
(Kadyrov et al, 2003).

Karanuzaropsr:

1.Peneii-aukens (Raney Ni) — aKkTUBHBINA T€TEPOT€HHBIH KaTaJIn3aTrop, 0COOCHHO
IUISL alTbACTH/IOB;

2.Nanmnanuii Ha yoie (Pd/C) — sddexTrBeH Npu MATKUX YCIOBHSIX;

3.Inatuna (Pt/C mmm PtO,) — BBICOKOCENEKTUBHA, TIPUMEHSETCS JUIS CIIOMKHBIX
apoOMaTHYECKUX COETUHEHU;

4 Menp-xpomosbie  Karamusaropel  (Cu-Cr,0,) —  OpUMEHAIOTCS B
IIPOMBIIUIEHHOCTH;

S.HaHOCTp}IKTypI/IPOBaHHLIG MaTtepuajibl 1 METAJJIBI HA OKCUAHBIX HOCHUTCIAX —
HCIIOJIB3YIOTCA B COBPCMCHHBIX MCCIICAOBAHUAX.
B Ta6J'II/I]_IC 1 NPUBCACHBI BUABI KaTAJIM3aTOPOB U UX CBOMCTBa

Tabmuma 1-Karanmuzatopsl 1 UX CBOHCTBa

Karanuzarop | Temneparypa (°C) | /laBjenue (atm) OcobenHocTu
Raney-Ni 50-120 10-30 Bricokast akTUBHOCTD, ACIIEBBIN
Pd/C 25-80 1-10 Msirkue yciioBUsl, BBICOKasl CEJIEKTUBHOCTD
PtO, 20-100 1-20 ApomaTuyecKHe CoeIMHEHHs
Cu-Cr,0, 150-200 10-50 [IpomblliuIeHHOE TPUMEHEHHE

197




ISSN 2224-5227 3.2025

Marepuasasl U Metoabl. KaranuzaTtopbl Ha OCHOBE ONAropofHBIX METaJUIOB
00eCreunBalOT BBICOKYIO CEJIEKTUBHOCTb, HO 3HAUYUTEIBHO JOPOXKE HHKEIEBBIX
aHanoroB. B cBoro ouepenb, HUKENb aKTHBEH B YCJIOBHSX TOBBIIICHHOTO TaBIICHHS
W TEMIIepaTypbl, YaCTO MCIOJIL3YeTCs Il BOCCTAHOBIICHHUSI KAPOOHMIBHBIX IPYI B
Ouomacce U cuHTE3€ pacTBopuTesedl. B mocnennue necsTuneTus akTUBHOE pa3BUTHE
MOy UMM MOAU(DHUIMPOBAHHBIE M HAHOCTPYKTYPHUPOBAaHHBIE KATAIN3aTOPbI, HAIIPUMED:
Cu-Zn-Al, Pd/CeO, n Ru/TiO,, obecneunBaromme BBICOKYIO CEJIEKTMBHOCTH IIPU
CHIDKCHHBIX Temrepatypax u aasneHusx (Kim et al, 2020).

T'oMoreHHBIE KOMILIEKCHI IEPEXOIHBIX METAJUIOB, TakuX kKak Ru, Rh, Ir u Os, Takxe
JIEMOHCTPHPYIOT BBICOKYIO aKTHBHOCTh B THIPHUPOBAHHU KapOOHHUIICOAEPIKAIINX
coemunennii. Hanpumep, xommiekc RuHCI(PPh,), (xaranmsarop Busbkuncona)
gacTo ucrmoib3yercs B Markux ycnmoBusx (Lichen et al, 2018). [IpemmymiecTBamu
KaTaJIATUYECKOTO THIPUPOBAHMS SIBISIIOTCS BBICOKAs aTOMHAsi SKOHOMHYHOCTD,
9KOJIOTUYHOCTH (MCIIONB3YETCsI BOAOPOJ, HE OCTABISIOMIMN MOOOYHBIX MPOIYKTOB),
a TakKe BO3MOXHOCTh MaciiTabupoBanus nponecca. OpHako Merox Tpedyer
CTPOTOTO KOHTPOJISI YCJIOBUIA: JIaBJICHUS, TEMIIEPATyphbl, BpEMEHH pEeakiuyd U BHIOOpa
Katanu3aropa. Kpome Toro, KeToHel B IIEJIOM MEHEE PEaKLMOHHOCIIOCOOHBI, 4YeM
aJBJIETHIBL, YTO TPEOYET UCIIOIb30BaHUs 0ojiee akTUBHBIX KaTanu3aropo (March et al,
2014).

CoBpeMeHHbBIE HCCIIe0BaHMs HAITPABJICHBI HA:

1-ucronp30BaHue TETEPOTCHHBIX KATAIN3aTOPOB B YCIOBUSX HHU3KHX TEMIIEPATyp
(March et al, 2014);

2-THapUpPOBaHUE B IOTOYHBIX MUKpopeakTopax (Nishimura et al, 2001);

3-UCTIoNb30BaHUE BOJOPOIHBIX JOHOPOB ((opMuara, CIUPTOB) B YCIOBHUSX Tak
Ha3bIBAEMOr0 «IepeHocHoro» ruapuposanus (Smith et al, 2020). Murtepec Takxe
BBI3BIBAIOT OMOKATAINTHYECKUE METOIbI, B YaCTHOCTH, HCIIOJIb30BaHUE (HEPMEHTOB
aJKoToJNIbACTHIporeHa3 B Msrkux ycnopusix (Takanabe, 2017).

CKOpOCTb U CENEKTUBHOCTh THAPUPOBAHUS CYLIECTBEHHO 3aBHCAT OT CIEAYIOLINX
¢daxTopoB: pH cpenpl (B cilyuae BOIHBIX PacTBOPOB);TEMIIEPATypbl W IaBICHUS
BOJOPO/A; HAIU4YUSl PACTBOPUTENICH WM MPOMOTOPOB (HANpUMEP, KHUCIOT WM
OCHOBAHUH );IpUPOABl 3aMeCTHTEeNlell mpu KapOOHWIBHOH rpymme. Hampumep,
THIPUPOBAaHWE B TPUCYTCTBUM H30MPONAHONA KaK pacTBOPUTENSI CIIOCOOCTBYET
YIAYYIICHUIO PaCTBOPHUMOCTH BOJIOPO/Ia M, COOTBETCTBEHHO, YBEIMYCHHUIO CKOPOCTH
peakmuu (Charushin et al, 2020).

Copemennble TeHAeHIMT. COBPEMEHHBIC HCCIIEI0BAHMUS HAIIPABJICHBI HA Pa3padoTKy
YCTOWYMBBIX M HEJOPOTUX KaTaJH3aTOpPOB, OCOOEHHO HAa OCHOBE JICMIEBBIX METAJLIOB,
takux kak Fe, Co u Mn (Saginayev et al, 2022). [Ipumep — karanutrudeckas cucrema
Mn-PNN, mpoieMOHCTpHpOBaBIlas BBICOKYI0 3()(EKTHBHOCT TMPH THAPUPOBAHUH
apoMarnyeckux ketoHoB (Wilkinson, 1965).B tabnwuiie 2 npuBeeHb! YIOBUS pEaKIN

Tabnuma 2 -YenoBus IpoOBEAEHHS PEaKIINH

No ITapamerp JInana3oH 3HaveHui
1 Temneparypa 25-150 °C
2 JlaBiienue Bogopona 1-100 at™m
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3 PacrBopuTrens Bopna, sranosn, metanomn u ap.
Bpewms peakunu Ot 30 MuHYT 10 4 YacoB
5 Atmocdepa Wneprras mmm H (rasosas dasa)

Karamutnyeckoe ruapupoBaHue KapOOHWIBHBIX COEIWHEHUH (adbAeTHAOB U
KETOHOB) TIPE/ICTABISIET CO00H BAXKHYIO PEaKINIO B OPTaHUIECKOM CHHTE3€, BEIYIIYIO
K 00pa3oBaHWIO COOTBETCTBYIOIIMX CIUPTOB. lIpomecc mporekaeT B TPUCYTCTBUU
TeTepOTEHHOTO Karann3aropa (damie Bcero Metayuisl VI rpymmet: Ni, Pt, Pd, Ruu ap.)
Y BKITIOYAET HECKOJIBKO CTaIHIA:

IIporniecc rusipupoBaHus BKIOYAET HECKOIBKO CTaaui:

1. JTucconmanust MOJIEKYIIbI BOZIOPO/Ia Ha OBEPXHOCTH KaTanusaropa. Monekyna H,
aJicopOupyeTcs Ha aKTUBHOM IIEHTPE KaTallu3aTopa v TMCCOMUPYET Ha TBA aTOMAPHBIX
BOZIOpO/IA:

H,(gas)—2Hx(ads)

JlauHBIiA TIpOIIecc BO3MOXKEH Onaromapsi MPHCYTCTBHIO CBOOOAHBIX d-opOmTasei
Yy TIepexXoHBIX METaJUIOB, 4YTO OOEeCMeunBaeT AaKTHBAIMIO MOJEKYIHl BOIOPOJA.
Hampumep, Hukens u miatuHa 3QQGEKTHBHO KaTAIM3HPYIOT ITOT 3Tal Omaromapst
BBICOKOMY CPOZICTBY K BOJIOPOTY.

2 Ancopbumst KapOOHMIIEHOTO COSTUHEHUS

KapOormnsHOE coeqrHeHIE (QJIbICTHT FUTH KETOH ) aICOPONPYETCS Ha IIOBEPXHOCTH
KaTajanu3aropa MOCPEICTBOM T-CBS3BIBAHMS ¢ KapOOHWIBHOHN Tpymmnoi. KapOoHMITBHEIH
KHCIIOPOJ] B3aUMOEHCTBYET C TIOBEPXHOCTHIO, IIPH 3TOM YAaCTUIHO OCIAOISAETCS CBSI3b
C=0.

R—C(=0)—R'<«> agcopbums Ha MeTaI-IIEHTPE

3.Ilepemaua aToMOB BO1Opo/ia. ATOMBI BOAOPO/Ia, 00pa30BaBIINECS ITPH TUCCOINAITTT
H,, MurpupyroT 1o MOBEPXHOCTU M MNEPENAIOTCA K aroMy YIIEPONa M KHCIOpOozaa
KapOOHMJIEHOHM TpymImbl:-IIepBBIii aTOM BOIOpOAAa BOCCTAHABIMBAET KapOOHMIIBHBIHN
KHCIIOPOJ 10 THAPOKCHUIHHOMN TPYIIIIHL.

-BTopoii atom mprcoennHsAeTCs K KapOOHWIBHOMY YTIIEpOITy, 00pasysl CIIHAPT:

R-C(=0)-R'+H,—»R-CH(OH)-R'.

4. JlecopOrmust ipoaykra Ilociie BocCTaHOBIIECHUS, TTOTYISHHBIN CITUPT TEPsET CBSI3b
C TIOBEPXHOCTHIO KaTaIM3aTopa v JeCOpONpyeTCs B pEaKIIMOHHYIO CPeay:

R—CH(OH)—R'<> oTpBIB OT MOBEPXHOCTH KaTaanu3aTopa

JanbHeiiliee  HaKOIUIEHHE TPOMYKTa CHOCOOCTBYET BBITECHEHHIO BHOBB
o0pa3oBaBIIeTOCS CHUpPTAa W3 AaKTHBHOM 30HBI, OCBOOOXMAs KaTajau3arop Ul
cremyromero ukia. TakuM 00pa3om, peaxifys MpoTeKaeT Mo MPHUHIUITY TTOBEPXHOCTHOM
KaTaJIUTUIEeCKOM akThBauu. B Tadnuiie 3 mpuBeeHbI TpUMepHI peaKIni THAPUPOBAHUS
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Tabmuua 3-IIpumeps! ruapupoBaHus

No HcxonHoe coequHenue IIpoayKT BoccTaHOBICHUS
1 Aueranbaeru H H H
| /5) | | /
Y
H H Dra”on H H
2 Aneron (CH,COCH,) WNzonponanon (CH,CH(OH)CH,)
152?;'”1121.3pm
H C H
NAL TN~
‘q’_ 116.0 ﬁ% 3 pm
HH HH
3 o
OH
H
Bensunosslii ciupt
bensanbaernn
4 [{ukiorekcaHoH
= OH
Iluxnorexcanomn

Juis mpoBeneHnsT SKCIIEPHUMEHTOB HCIOJIB30BAINCH CIEAYIONINE XUMHUYECKHe
peareHThI:

1.Cy6crparsr: 6ensanbaerua (C,H,CHO), auetodenon (C.H,COCH,)

2 Karammsaropsr: Ni/ SiO,; Pd/C (5%); Cu—Zn/ Al,O,;Re/ ALO,

3.PacTBOpHUTENH: ATAHOM

4.060pynosanmue: aBrokias Parr, pH-metp, UK-criekTpomeTp, YO-criekrpodoTomeTp

Karamutnyeckoe ruapupoBaHHe MPOBOIMIOCH B TEPMETHYHOM CTEKISTHHOM
aBToxiaBe o0béMoM 100 My, cHaOXKEHHOM MAarHUTHOW MEIIAKOM W TEPMOMETPOM.
ABTOKIIaB OBIT YCTaHOBIEH B TEPMOCTAaTHPYEMYIO CHCTEMY, OOECIIEUHBAIOIIYIO
ToIiep’KaHnue MOCTOSTHHON TeMIepaTypsl ¢ TouHoCThIo £0,5 °C.

ITonroroBka peakmmoHHOW cMecH. B peakrtop 3arpyxkamu 100 M 3TaHOIBHOTO
pactBopa cyboctpara (0,5 wmomw/m). B kadecTBe CyOCTpaToB MCHOJIB30BATIUCH
OcH3aIBACTHI U alleTO(EHOH.

Brecenne karanmmzaropa. B peaknnoHHYI0 cMech AOOABISUIM HaBeC KaTanam3aropa
(marmpumep, 0,1 T 5% Pd/C unm mpyroit katanu3aTtop COrIacHO SKCIIEPUMEHTY).

I'epmeTm3anust u yganeHue BO3Ayxa. ABTOKIAB T€PMETH3MPOBAIN W TPOIYBaH
a30TOM B TEUEHHE 5 MUHYT JJIS TIOJTHOTO YIAJIEHUS KUCIIOPOJAa W TPEJOTBPAICHUS
ITOOOYHBIX PEaKITHii.

Haceimenne Bomopomom. Ilocme mpomyBKky cHUCTeMy HACHIIAIH BOAOPOIOM IPH
3a1aHHOM JaaBiieHnu (1-5 atm).
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[IpoBenenue peakiuy. PeakinoHHyI0 cCMeCh epeMeIINBaIN IIPU TeMneparype 25—
60 °C B teuenue 10—180 MUHYT (B 3aBHCUMOCTH OT yCJIOBUI KOHKPETHOTO OIBITA).

[To oxoH4aHNU Mpolecca aBTOKIAB OXJIAXKAAIN 10 KOMHAaTHOM TeMIepaTypbl, CMECh
¢unpTpoBany yepe3 OyMaKHbIH (QUIBTP AT OTASNCHHS KaTaau3aTopa U aHaIM3HPOBAIN
MeToIaMH (PU3UKO-XUMHYECKOTO KOHTPOJISL:

lazo-xuaxoctHas xpomarorpaduss (IKX) — nma  onpenenenust creneHu
MIpEeBpAIEHNs U BBIX0/la CIIUPTOB;

pH-MeTp — a7si KOHTPOJS KHUCIOTHOCTH/IIETOYHOCTH PEAKIHOHHOW cpelbl B
MpolLecce THAPUPOBAHUS;

UK-cnexrpomerpuss — Ui MOATBEPKACHUS HMCUYE3HOBEHUS IOJIOCHI BaJIEHTHOTO
kojebanuss KapOoHWIbHOM Tpynnbl (C=0) W MOSABICHUS TMOJOC, XapaKTEPHBIX IS
cnuproB (O-H);

YO-cnekrpodoToMeTpusi — A PErUCTPALUH H3MEHEHHUS JJIEKTPOHHBIX IEPEX0I0B
B apoMaTHYECKHX CyOcTparax (CHM)KEHHE WHTEHCHBHOCTH IIOJIOCHI IMOIIOLICHUS,
CBSI3aHHOW C KapOOHUJILHOMN TPYIITION).

Takum 06pa3om, COBOKYITHOCTb METO/I0B II03BOJIHIIA KAK KOJIMYECTBEHHO ONPECIUTh
CTENleHb MpeBpallleHHs, TaK W TOATBEPAUTh OOpa30BaHUE LEIEBBIX MNPOIYKTOB
(OeH3MII0BOTO CIMPTA M U30MPOIIAHOIIA).

Omnpenensinu creneHb npeBpamieHust (%) Mo yObUIM HCXOJHOTO COCOUHEHUS H
HAKOIIJICHUIO CITUPTA.

Pacuér crenenu npespamenns

Crenenp npeBparienus (o, %) paccuuThiBa Iy 1o Gopmyiie:

a=((C,-C)/C) x100%

rmue:

- C, — HayanpHas KOHLEHTpALMs KapOOHMJICOAEPKALIETO COEIMHEHHS,
MOJIB/TI;

- C, — KOHIEHTpauus KapOOHUIICOAEPIKALIETO COEAMHEHHS B MOMEHT BPEMEHH f,
MOJIB/II.

AHanu3 KOHLEHTpaUWd NpPOBOAWICA C IOMOILIBIO KalHOPOBOUHON KPHBOH,
MIOCTPOEHHON MO CTaHJApTHBIM pacTBOpaM HCCIIENyeMoro BeuecTBa. [IoBTOpHOCTH
u3MepeHuil obecneyrBajach TPOEKPATHBIM MOBTOPEHHUEM Ka)KAOH CEpHH OIbITA.
[TorpemHocts He npeBbimana 3%.

Pesynbrarel u o0cy:xkaenue. B Xxome bdKcrepuMEHTOB Oblla HMccieJOBaHa
KaTaJUTUYeCKas aKTUBHOCTh PAa3JIMYHBIX KaTajJu3aTOpOB MPH THUAPHUPOBAHUH
KapOOHWIICOAEPIKAIINX COETMHEHNH (B YaCTHOCTH, ajibJETUAOB U KeTOHOB). M3yuanach
3aBUCHMOCTb CTENEHU MpPEBPALEHUs] OT BpPEMEHHM M CpaBHMBAJIACh AKTHBHOCTH
KaTalau3aTopoB. DKCIIEpUMEHTANIbHBIE JaHHbIE MTOKa3aJId, 4To Ipu Temneparype 60 °C
W AaBJIeHUH Bomopoaa 1,5 atM HanOoublas CKOPOCTh THAPHUPOBaHMs Halmonanacy Ha
katanuzarope Pd/C — yixke yepe3 15 MUHYT cTerneHb NpeBpamieHus gocturaia 98%,
torna kak Ni/SiO, nemonctpuposan >¢pdekTuBHOCT 96 % nuib Yepe3 45 MHHYT.
Karanuzaropsl Ha OCHOBE MeIU M PEHHUS MPOSBUIIN CPEIHIOI0 aKTMBHOCTb, HO OoJiee
BBICOKYIO CEJIEKTHBHOCTD K IEPBUYHBIM criupTaMm (Tabnuna 4).
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Tabnuia 4-3aBUCHMOCTD CTEIEHH IIPEBPAILEHNUS OT BPEMEHU

Karammzarop | Bpems 50% mpeBpamieHus Konsepcust 32 90 mus (%) | CeneKTUBHOCTD K CIIUPTY
(vmH) (%)

Pd/C 15 98 92

Ni/SiO, 45 96 85

Cu-Zn/ALO, |35 88 94

Re/ALO, 30 90 95

[Ipu wccnenoBaHUU TUAPUPOBAHMS OCH3ANBJETHIA YCTAHOBIEHO, YTO OCHOBHBIM
MIPOIYKTOM BO BCEX CIIyUasX SIBISICTCS OCH3MIOBBIN criupT (Tadbnuma 5).

Tabnuua 5- Koneunas creneHs npeBpalieHns OeH3aubIerua npy pa3HbIx KkaTaauzaropax (uepes 45

MUH)
Karaau3zarop Crenenb npespamenus, % OCHOBHOJ IPOAYKT peakuuu
Ni/SiO, 96 BenzumoBsrit ciupt
Pd/C 98 Bensunosslil ciupt
Re/AlLO, 90 Bensunosslii ciupt

Mexanusm ruapuposanust Ha Pd/C

Karanurudyeckoe BoccTaHoBieHue Oenzanbaeruga Ha Pd/C  mporekaer 1o
KJIACCUYECKOMY IIyTH: JIUCCOLMALUS MOJIEKYISIPHOTO BOAOPOAAa Ha IOBEPXHOCTH
nanjgagusi, ancopOouus KapOOHUIBHOTO COEAMHEHMS, MOCIEeIOBATEIbHBIH IEPEHOC
aTOMOB BOAOpPOJAa Ha KUCIIOPOA M yIiepoa, necopOuus npoaykra. OOpazoBaBLIMiics
6ensunosbii cimpt (C.H.~CH,OH) necopbupyercs ¢ HOBEPXHOCTH KaTaamM3aropa

HUroro:

(Pd/C)
CHCHO +H, —» CH-~CH,OH

OH

N
4 —6—

1. Ancopoums 2.06paz0BaHHe AKTHEHOTO
[PeareHToR KOMILTEKca
H H
H*
I ' CH:0H
3 Iepenoc 4. Jlecop6msa npomykTa

BOZOpOAA
Mexarn3M THApHpOBAHKS GeH3anslernia Ha Pd/C
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Karanmuzarop Pd/C oGnamaer Xxopoieil akTHBHOCTBIO, oOecrieunBasi OBICTPYIO H
DIyOOKYIO CTETICHb THPUPOBAHUSI.

[Ipeumyiuecra merona.

1.BBICOKast CEIEKTUBHOCTD 10 OTHOUICHHIO K (hyHKIIMOHAIIBHBIM T'PyIIIaM;

2.9KOJIOTHYHOCTH — UCIIOJIB3YeTCs BOJOPO BMECTO TOKCHYHBIX PEarcHTOB;

3.MuHuMH3a1Ks TOOOUYHBIX TPOIYKTOB;

4.IloaxomuT AJisi MaCCOBOTO MPOM3BOACTBA CIIUPTOB, APOMATHUECKUX COCINHEHUH,
(hapmMcyOCcTaHIIHIA.

3aBHCUMOCTH CTETICHH IIPEBPAIICHUS OT BpEMEHU — [TOKA3bIBACT, KAK YBEIINIHBACTCS
CTENEeHb NPEBpAIICHUS KapOOHWICOAEPKAMIMX COCTUHCHWH MO Mepe YBEINYCHHS
BpeMeHH peakuud. CpaBHEHHE AaKTUBHOCTH KaTajlH3aTOPOB — BHU3YaJIH3HPYET
3 }eKTHBHOCTh PA3IMYHBIX KaTAJIU3aTOPOB NPH THUAPHPOBAHUHM KapOOHMIIBHBIX
coenuHenui. Jlanubie (Tabmuia 6) nokassiBatot, uto Pd/C obecrneunBaeT npakTHYeCKH
H0JIHOE NpeBpalieHue anetoHa yxke 3a 40 munyt. Karammsarop Ni/SiO, npossnser
BBICOKYIO aKTHBHOCTb, HO TPeOyeT OOJIbIIET0 BPEMEHH IS /IO CTHIKEHHS COTTOCTABUMBIX
pesynsratoB. Re/AlL,O, neMOHCTPUPYET HAMMEHBINYIO CKOPOCTh PEAKIMH, HO
OTJIMYAETCSI BBICOKOH CEJIEKTHBHOCTBIO.

Tabnuma 6-3aBHCHMOCTB CTETIEHH MTPEBPALIECHHUS alleTOHA OT BPEMEHH MPU HCIONb30BAHUHI
Pa3INYHBIX KaTaJIn3aTopoB

Ne | Bpemsi, mun Ni/SiO,, % Pd/C, % Re/ALO,,%
10 28 35 22
20 51 67 44
30 73 91 66
40 85 97 78
60 90 99 85
CpaBHeHI/Ie AKTHUBHOCTU KAaTAJIMU3aTOPOB — BU3YAJIU3UPYCT 3(1)(1)6KTI/IBHOCTL

Pa3INYHBIX KaTAIN3aTOPOB IPH THAPUPOBAHNN KAPOOHMIBHBIX COSTMHEHUH.

W3 nprBeaEHHBIX JaHHBIX BHHO, YTO HAHMOOJIbIIEH KaTaTUTUIECKOH aKTUBHOCTBIO
obnamaer naywtagueBblil karanuzarop (Pd/C), mocrurarommii npakTH4ecKH TONHOM
creneHu npespameHus 3a 40 munyT. Hukenbcomep:kammid KaTaau3arop MOKa3bIBaeT
YyTh MEHBUIYI0 aKTHBHOCTb, & PEHUICONEpKAlIN KaTalu3arop — HaHMEHbBIIYIO
Cpear UCCIeOBaHHbIX.

Bricokast aktuBHOCTh Pd/C 00BSICHSETCS BBICOKOW JUCHEPCHOCTBIO MaJlIaust
U €ro CrnocoOHOCThIO S(P(EKTUBHO aKTMBMPOBAThH MOJIEKYJbl Bomopoxa. Ni/SiO,
JIEMOHCTPHPYET BBICOKYIO aKTHBHOCTB TIPU 0o0Jiee [UIMTETLHOM BPEMEHHU PEaKI|H, YTO
CBSI3aHO C TOCTENEeHHOM quccounanueii H> Ha noBepxuocTu HuKes. [ IpogyKTel peakimun
MpOoaHaIM3UPOBAHBI METOJIOM ra30Boit XxpomaTorpaduu. OCHOBHBIM ITPOIYKTOM BO BCEX
cllyyasix ObLI COOTBETCTBYIOIIMI CIUPT (M3 aLlETOHA — U30MIPONAHOII, U3 OeH3aIbaeTuAa
— OEH3WIJIOBBII CIUPT), YTO MOATBEPXKIAET MPOTEKAHWE TIOJHOTO BOCCTAHOBJICHUSI
KapOOHWJIBHOM Tpynmbl. B HUKecaenyoneM pucyHKe oKa3aHa 3aBUCUMOCTb CTEIICHH
MPeBpaICHNs alleTOHA OT BPEMEHH MPU KaTaJIuTHIECKOM THAPUPOBAHUH Ha PA3ITHUHBIX
KaTan3aropax.
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3aBUCUMOCTL CTeMNeHU NpesBpalleHns aLeToHa OT BpeMeHu
npn KaTannTn4ecKoMm rmapupoBaH Ha pas3INyHbIX KaTanmsatTopax

100} Ni/SiOz
—a— Pd/C

—+— Re/Al:0: e

90+
80

70+

50

CreneHb npespatueHus, %
[}
o
T

40+

30

20

10 20 30 20 50 60
Bpems, MuH

PucyHOK 1. 3aBHCHMOCTb CTEIICHHU MPEBPAILCHHS allCTOHA OT BPEMCHH [PH KaTaIUTHYESCKOM
THJIPMPOBAHNH HA Pa3IU4HbIX Karanusaropax (Ni/SiO,, Pd/C, Re/AlO,)

BuiBonbl. Karanutuueckoe THApUpOBaHWE KapOOHMICOACPKALIMX COCTUHEHUH
OXBAaThIBACT MIMPOKUN CHEKTp (PyHIAMEHTAIBHBIX W MPUKIAIHBIX HATpaBICHUN B
XMMUH, (QapManeBTUKE MPOMBIIUICHHOCTH M OKONOTWH. OCHOBHBIC HampaBliCHHS
MPaKTUIECKOTO UCTIONB30BaHUsI MOKHO BBIJICIIUTH CIEAYIOIINM 00pa3oM:.

1.0Oprannueckuil cunTe3: CeneKTUBHOE BOCCTAHOBIIEHUE allbJETHUAOB U KETOHOB
JI0 COOTBETCTBYIOIMX CIIUPTOB — BAXKHBIN ATAIl B CHHTE3€ PA3THMYHBIX OPraHUYECKUX
COCIUHEHH.

2.®apmaneBTHYECKass MPOMBIIUIEHHOCTh: B IPOM3BOJACTBE  JIEKAPCTBEHHBIX
npenaparoB  (aHaJbIeTHKH, AHTHOMOTHUKH, aHTHJENPECCaHThl), Trhe Tpelyercs
BOCCTaHOBJICHUE (YHKIIMOHAJBHBIX IPYI 0e3 HApYLICHHs JAPYTUX YyBCTBUTEIHHBIX
Y4aCTKOB MOJIEKYIIHI.

3. IIpou3BoAcTBO apoMarnieckux W annparndeckux CHUpPTOB: MaccoBoe Mpous3-
BOJICTBO OCH3HMJIOBOTO CITMPTa, H30MPOIAH0JIa, ITAHOJIA U APYTUX CITUPTOB, IPHUMEHSsIe-
MBIX B KaU€CTBE PACTBOPHUTENICH, aHTHCENITHKOB U MPOMEKYTOYHBIX MPOAYKTOB.

4. Hedrexumuueckass 1 HedrenepepabarbiBatonias MpOMbIIUIEHHOCT: O0e3Bpe-
KMBaHUE KapOOHWIIBHBIX ITPUMECEH /ISl TOBBILICHUS CTA0MIBHOCTH TOTTUBA.

5. ApomaTtH3anusi W THINEBas MPOMBIIUIEHHOCTH:CHHTE3 apoMaru3aropoB H
BKYCOBBIX JI0O0ABOK ITyTEM CENIEKTHBHOTO BOCCTAHOBIICHHS KAPOOHWIIBHBIX IPYIIIL.

6. IIpou3BOACTBO MOJIMMEPOB M MOHOMEPOB: BOCCTAHOBJICHHE (DOPMaNbAETHAA U
arieToHa /10 CIUPTOB JUIS MTOTyUYEHHs TTOJIMKOHICHCAIIMOHHBIX MTOJTUMEPOB.

7. Oxomormueckas XuMus W "3en€Hble" TEXHOJOTHU: JUIl 00€3BpEKHUBAHHS
KapOOHWIICOJep)KAIMX ~ 3arpsi3HUTENIel  (HanmpuMmep, (GOpMaibIeruja, aneToH) B
MIPOMBIIIUIEHHBIX BHIOpOCaX.
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8. ®yHaaMeHTaNIbHBIC UCCIe0BaHHA: 3yueHne MeXaHn3MOB KaTaJuTHIECKOTO I'H-
JPUPOBAHUS MO3BOJISAET pa3pabaThIBaTh HOBBIE BBICOKOCEIEKTHBHBIC, MHOTO(YHKIIHO-
HaJIbHBIE KaTalIn3aTopbl (TOMOTeHHBIE, FTETEPOTEHHbIE, ONOKATAIN3aTOPBI).

3axmouenne. Karanurniaeckoe ruipupoBaHye KapOOHUIICOAEPKAILNX COSTUHEHUH
0CTaéTCsl OTHUM U3 KITIOUEBBIX MPOLECCOB B OPraHMUYECKOM cuHTe3e. Karamurtuueckoe
THApUpOBaHue SBISAETCS 3()(EKTUBHBIM METOJOM BOCCTAHOBJICHHUS! KapOOHMIIBHBIX
coennHeHni. [Ipornecc KaTaIMTHYECKOTO THAPUPOBAHUS KapOOHMIBHBIX COCAMHEHHUN
— 93TO0 MHOTOCTaJuiiHas IMOBEPXHOCTHAs PEakKLusi, YyBCTBHUTEIbHAs K MPUPOIE
KaTaau3aropa, TeMIiepaType, JaBJIeHUIO U PACTBOPUTEIIO.

[IpoBenénnbie ucciaenOBaHMS TMOKa3ald, 4TO 3()(HEKTHBHOCTh KaTaIUTHUYECKOTO
THIPUPOBAHUS KapOOHMIICONEPKALIMX COCJMHEHHH CYIIECTBEHHO 3aBUCHUT OT
npuponsl  Katamuzaropa. Cpeau HW3yYeHHBIX CHCTEM HauOOJIbIIYI0 aKTHMBHOCTD
MIPOIEMOHCTPUPOBAJ NaJIaqueBbli kKaranuzatop Pd/C, obecneunBaroniuii npaKTH4ecKu
MOJTHOE MpeBpalleHne cyOcTpara 3a KOpPOTKOe BpeMs. Karammzaropel Ha OCHOBE
HUKENS M PEHHs MPOSBUIM MEHBIIYI0 aKTHBHOCTh, OJHAKO OTJIMYAJIHCh BBICOKOM
CEJIEKTUBHOCTBIO.

Takum oOpasom, mamnaaueBblii Katanusarop Pd/C  sBasiercst  HamOonee
MEPCHEKTUBHBIM Il IPUMEHEHHUSI B MPOLECcCaX KaTaIUTHUYECKOr0 BOCCTAHOBIICHHS
KapOOHMJIBHBIX ~ COCAMHEHHMH Onarofapsi COYETAHHIO BBICOKOW  aKTUBHOCTH,
CEJIEKTUBHOCTH ¥ SKOJIOTHYHOCTU METOAA.
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Abstract. Dry reforming of methane (DRM) is an efficient method for utilizing
the main greenhouse gases — carbon dioxide and methane, where methane has even a
stronger greenhouse impact than carbon dioxide. The reaction results in the formation
of syngas — a mixture of hydrogen (H:) and carbon monoxide (CO), which is an
important building block for the chemical industry. Although this process is sufficiently
well studied, searches for the effective catalysts continue. In this study, a new Co-Fe
containing catalyst supported on alumina and modified with a small amount of Ir (0.2
mas.%) was synthesized, characterized by some physico-chemical studies such as TEM,
SEM, BET, XRD, and H,-TPR, and tested in dry reforming of methane. It was observed
that the catalyst demonstrated high activity and stability in syngas production by carbon
dioxide conversion of methane. The extents of conversion both of methane and carbon
dioxide over the 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, were approximately the same ~ 95-
96%, while syngas with a ratio of H,:CO=1:1 was formed under the following reaction
conditions: CH,:CO,=1:1, t=800°C, P=1 atm, GHSV — 1000 h™'. No deactivation was
observed for this catalyst over a period of 10 hours on stream. No sintering of highly
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dispersed metal particles after reaction was shown by XRD and TEM. The catalyst with
a composition of Co-Fe-Ir can be considered as a prospective way to design a highly
stable and active catalyst for the CO,-CH, conversion.

Keywords: Dry Reforming of Methane, Syngas, Supported Catalyst, Cobalt, Iron,
Iridium
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AnnoTtanusi. MeransblH Kyprak pugopmunri (MKP) Herisri napHHUKTIK Tazaapasl
— SIFHM KOMIPKBIIIKBUT Ta3bl MEH METAH]IbI JKOFOIBIH THIMJIL 9J1ici OOJBIN TaObLIAIbI,
JKOHE JIe METaH KOMIpPKBIILIKbII T'a3blHa KapaFaHa OflaH Ja KYIITi acep ereai. Peaknus
XMMHUST OHEPKACiOl YILIiH MaHbI3Ibl KYPBUIBIC MaTepHaibl 00k TadbutaThH cyTeri (Hz)
MeH keMipreri okcuiHiH (CO) Kocmacel, CUHTE3-Ta3 Ty3UlyiHe okeneai. by mporecc
JKAaKChl 3epTTENTeHIMEH, THIMIIPEK Karajiu3aTopiapibl i3aey omi Ae kanracyna. by
KYMBICTa OipKaTap (PU3HNKAIBIK-XUMHUSIIBIK 9ICTEPMEH CHIATTaIFaH TPAHCMHCCHSITBIK,
anexTponasl Mukpockonusa (TEM), ckanepaeymi anekrponabl Mukpockomnus (COM),
BOT, pentrennik KypbsutbiMael Tangay (XRD) skoHe TepMHSIIBIK KaJlblHa KeNTipy
Oarmapinamacel  (H.-TKKDB), jkoHe MeTaHHBIH KypFak puGOPMHUHT MpOLECiHAE
CBhIHAJIFaH ATIOMUHHN OKCHIHE KOHABIPBUIFaH koHe a3 menmepae Ir (0,2 mac.%) men
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Momudukanusimanran Co-Fe Oap »xaHa karainmsatop cuHTe3nenni. Karammzaropabia
CHHTE3-Ta3 OHIIpyAe JKOFapbl O€JCEeHIl JKOHE TYPaKTBUIBIK  TaHBITATHIHBI
aHbIKTaIABl. MeTaH MeH KeMipKbImKbul rasbiHbiH — 10%Co-Fe-1r(4,9-4,9-0,2)/
ALQOs xaramm3aTopbIHIAFsl KOHBEPCHS JIopexeci mamameH Oipmeit 6ombim, 95-96%
Kypaznpl, Oyn peakums keneci skarpaimapga xyprizimim: CHa:CO»=1:1, t=800°C,
P=1 arm, GHSV-1000 car™' cyreri Mmen kemiprek ToThiFbiHaH Typarbin H,:CO=1:1
KaTbIHACBIHIA CUHTE3-ra3 Ty3ai. byn karammzatopabiH 10 caraTThIK JKYMBIC iCTey
OapbIChIHIA KaTepci3ieHipyl OaiikanMasbl. PEHTreHIIK KYphUIBIMIIBI Tajjiay JKOHE
TPAHCMHCCHUSIIBIK, DIIEKTPOHIBI MUKPOCKOIHSI 9JIICTEPIMEH JKOFaphl TUCTIEPCTI METAIUT
OONIIeKTEPiHIH JKEHTEKTenyi TaOburaH koK. Co-Fe-Ir kypamapl KaTanm3aTopiIbl
CO,-CH, mapHMKTIK ra3fapabl TYPJIEHAIPY YLIIH JKOFapbl TYPAKTbl XOHE OenceHi
KaTaJu3aTopibl 93ipJeyaiH NepCIeKTUBTI HYCKAChl PETiHe KapacThIpyFa Ooaibl.
Tyiiin ce3aep: MeTaHHBIH KypFaK pu(OpPMUHTi, CHHTE3-Ta3, KOHIbIPbUIFaH

KaTaJn3aTop, KOOAIbT, TEMIp, HPUIHH
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Annoranus. Cyxoit pudopmunr merana (YKM) siBisercst 9 HEKTHBHBIM METOIOM
YTUIM3alUN OCHOBHBIX IMAPHUKOBBIX Ta30B — JHOKCHIA YIJIEpoJa M MeTaHa, IMpH
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9TOM METaH OKa3bIBaeT Jake Oosiee CHIIbHOE MAapHUKOBOE BO3ACHCTBHE, YEM JUOKCHU]L
yrnepoaa. Peakuus mpuBoauT K 0Opa3oBaHMIO CHHTE3-Taza — cMmecu Bopoporda (Hz)
n okcuga yriaepoaa (CO), KOTOpPBIA SBISETCS BaKHBIM CTPOUTEIBHBIM OJOKOM
JUISL XUMHUYECKOW IMPOMBILUIEHHOCTH. XOTS 3TOT IPOLECC HOCTaTOYHO XOPOLIO
W3y4yeH, MOMCKU Oosee d(P(PEKTHBHBIX KaTaau3aTOPOB O CHUX TOP MPOAOJIKAIOTCS.
B nmannoii paboTte OblT CHHTE3MpOBaH HOBBIM KaTanuzarop, coxaepxamuii Co-Fe,
HAHECEHHBIH Ha OKCHJ ATIOMUHHS U MOIM(HUIMPOBAHHBIH HEOOJIBIINM KOJIMYECTBOM
Ir (0,2 wmac.%), oxapakTepu3OoBaHHBIA pPSIOM (PU3UKO-XUMHUECKUX METO/OB,
TAaKMX KaK TpocBeuMBaromas siekTponHas Mmukpockonus (TEM), ckanupyromas
anexTponHas Mukpockonust (SEM), BOT, pentrenoctpykrypHbsiii aHanu3 (XRD) u
TepMonporpaMmmupoBanHoe Bocctanosnenne (He-TIIB), u ucneiTaHHBIN B mporecce
cyxoro pudopmunra MeraHa. beiio 0OHapy»XeHO, YTO KaTaau3arop UMEET BBICOKYIO
AaKTHMBHOCTb M CTAaOWJIBHOCTH B NMPOU3BOACTBE CHHTE3-raza. CTeneHb MpeBpalieHus
METaHa U AUOKCHUJIA YITIEpOJa Ha KaTalu3arope 1O%Co—Fe—Ir(4,9—4,9—0,,2)/A12O3 ObLIa
MIPUMEPHO OAWHAKOBOM M coctaBmia 95-96%, mpu 3ToM 00pa3oBBIBAJICSI CHHTE3-Ta3
¢ coornomenuem H2:CO=1:1 npu cnenyromux ycnosusx peakuuu: CH,:CO,=1:1,
t=800 °C, P=1 atm, GHSV — 1000 u™!. Jle3akTuBamuu 3Toro karaauszaropa 3a 10 yacon
paboTel He HabmOgaI0Ch. MeTogaMu peHTTeHOBCKOM Au(pakiy U MPOCBEUNBAIOIIEH
ANIEKTPOHHOW MHKPOCKOIIMM HE OBLIO OOHApYKEHO CIEKaHUsl BBICOKOJHCIIEPCHBIX
Mertamnudeckux uvactul. Karammzarop cocraBa Co-Fe-Ir MoxxHO paccmarpuBarh
KaK IEpCINEKTHUBHBIA BapHaHT Uil pa3paOOTKH BBICOKOCTAOMIBHOTO U AKTHBHOTO
KaTajamM3aropa Juis KOHBEpCUH napHukoBbix razos CO,-CH,.

KioueBble ciaoBa: cyxoli puOpMHUHT MeTaHa, CHHTE3-ra3, HaHECCHHBIH
KaTaJIu3arop, KoOAJbT, KeJIe30, HpUIAun

@unancuposanue. Paboma evinonuena npu puHancosoti noodepcke no npocpamme
yenesoco gunancuposanus MOH PK UPH BR24992995.

Introduction. The increasing global energy demand due to population growth
and the use of fossil fuels has led to environmental problems such as greenhouse gas
emissions. This has ultimately led to many problems including climate change and global
warming, which will affect people's living standards (Jeffry et al., 2021; Styring et al.,
2023). Many strategies have been proposed to further reduce excessive greenhouse gas
emissions (Su et al., 2022; Yang et al., 2025). Among the most promising methods to
combat global warming, the process of the carbon dioxide conversion of methane, also
called dry reforming of methane (DRM) has attracted considerable attention from both
academia and industry. Carbon dioxide conversion of methane into syngas (a mixture
of H> and CO) is a key initial reaction in a chemical technology production line that has
dual functionality: a highly efficient method for producing intermediate fuel products
and a method for capturing and neutralizing greenhouse gases (Eq.1) (Nguyen et al.,
2024; Sharifnattaj et al., 2025). Dry reforming shows 74.8% lower net CO, emissions
than industrially used steam reforming of methane (SMR). With the increasing carbon
tax, dry reforming becomes the most cost-competitive route (Lee J. et al., 2025).
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CH, + CO, <2CO + 2H, (AH = +247 kJ/mol) (Eq.1)

The main obstacle in the implementation of the DRM process is the high
endothermicity of the reaction (Eq. 1) due to the exceptional stability of CH, and CO,
molecules. To achieve the desired conversion degrees in the DRM process, elevated
temperatures ranging from 700 to 1200°C are required (Olowoyo et al., 2024). DRM is a
complex catalytic process with different reaction mechanisms depending on the catalyst
and reaction conditions. The key step of the reforming process is believed to be the
adsorption and decomposition of methane on the catalyst surface. At low temperatures,
methane decomposition occurs gradually, and at high temperatures, it is completely
decomposed to form carbon. Various experiments confirm that most of the carbon is
formed through the methane decomposition reaction (Eq. 2). Carbon is easily deposited
on the catalyst surface in the dry methane reforming reaction (Chen S. et al., 2020; Sun
et al., 2024). This is the main cause of catalyst deactivation.

CH, <> C + 2H, (Eq.2)

To realize the full potential of the DRM process, significant limitations need to be
overcome, such as the strong endothermic properties and high activation energy of
DRM, as well as coke formation. Suitable catalysts need to be developed to accelerate
the reaction (Escalante et al., 2024). The most active and selective catalysts for DRM
usually contain noble metals: Ir, Pt, Ru, Pd, and Rh, but their high cost makes them
impractical for widespread use (Anil et al., 2020). However, high resistance to coke
formation or the absence of carbonization of noble metals allows them to be used in
small quantities as modifiers to accelerate the DRM (Boleubayev et al., 2023).

Materials and methods such as Co and Ni, with abundant reserves and low prices,
exhibit excellent performance and are widely used as active metals in DRM.
However, nickel has a strong tendency to form coke. At the same time, Co is
characterized by sintering of metal particles, which is one of the main causes of its
deactivation (Zafarnak S. et al., 2024). The coke resistance of catalysts depends on a
number of factors, including the interaction between metals and between metal and
support, the acid-base properties of the support, and the reducing and oxidizing
properties of additives. Therefore, numerous studies are focused on the design of
catalysts with high temperature stability and good thermal conductivity. Attention
should be paid to controlling the particle size of the active metal during the
preparation of the catalysts and their changes during the reaction.

The performance of catalysts used for the dry reforming of methane strongly depends
on the selection of active metals, supports, and promoters. Support plays an important
role in the adsorption and activation of carbon dioxide. Designing an economically viable
catalyst that maintains high catalytic activity and stability can be achieved by exploiting
the synergic effects of combining noble and/or non-noble metals to form highly active
and stable bi- and tri-metallic catalysts (Aramouni et al., 2018; Yentekakis I.,2021). The
secondary metals can modify the electronic and surface properties, thereby enhancing
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catalytic performance and improving coke resistance. By fine-tuning the relationship
between the structural characteristics and the catalytic activity of various metal centers,
a pronounced synergistic effect can be achieved in a multifunctional catalyst system.
This approach can significantly suppress coke formation on the surface and ensure
prolonged catalytic stability (Ma et al., 2024).

The focus is now on more affordable materials as well as improving their properties
through additives and new synthesis methods. Among metals, iron is less studied in
DRM due to its lower activity. However, Fe catalysts have several advantages: they
are resistant to coke formation at high temperatures, are cheaper than others, operate
over a wide temperature range, and are well-suited for Fischer-Tropsch synthesis.
Additionally, the redox properties of Fe species can contribute to improved reducibility,
further enhancing the overall performance of the catalyst (Su et al., 2022).

In this research, the performance of Co-Fe-based catalysts with a mass ratio of Co: Fe
= 1:1, modified with small amounts of iridium (0.2 mass%) and supported on alumina,
was studied in DRM.

Experimental. A polymetallic catalyst containing Co-Fe-Ir was prepared by co-
impregnation of alumina with the corresponding metal salts. The total amount of metals
was 10 mas.%. The Co:Fe ratio was 1:1 and Ir was added to Co-Fe in an amount of 2
mas.%. That corresponds to the composition of 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0,. The
synthesized catalyst was tested in the carbon dioxide conversion of methane (DRM).
The DRM process was carried out in a quartz flow reactor under atmospheric pressure,
a CH,/CO, ratio was 1:1, a gas hourly space velocity (GHSV) was 1000 h™', and varying
temperatures within a range of 400-800°C. The initial and final reaction products were
online analyzed using gas chromatography (GC). The catalyst was characterized by
using transmission electron microscopy (TEM), scanning electron microscopy (SEM),
BET, X-ray diffraction (XRD), and H,-TPR methods.

Results and discussion. The 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst was found to
exhibit high activity in the CO, reforming of methane to produce synthesis gas. Figure
1 demonstrates the effect of temperature on the conversion of CH, and CO, (X, and
X o Tespectively) and the yield of H, and CO (Y, and Y, respectively) under the
following conditions: atmospheric pressure, CH,-CO, ratio — 1:1, gas hourly space
velocity (GHSV) — 1000 h''. In the range of 400-800 °C, methane and carbon dioxide
conversion gradually rises from 1.5 to 95.9% and from 2.9 to 95.3%, respectively, and
the yield of products increases from 0.15 to 13.37 and 0.66 to 13.28 micromoles per 1
gram of catalyst per second (umol/gxs), respectively. In the range of 400-650°C, the
conversion of CO, is slightly higher than the conversion of CH,; however, a further
increase in temperature to 700-800 °C leads to a nonsignificant predominance of CH,
conversion.
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Figure 1 — Effect of temperature on CH, and CO, conversion and the yield of H,, CO over 10%Co-Fe-
1r(4.9-4.9-0.2)/Al1,0, catalyst in DRM (CH,:CO,= 1:1, P= 0.1 MPa, GHSV = 1000 h™)

A similar pattern is shown for the yields of H, and CO, which increase symbatically
with temperature growth. Thus, at a temperature of 600°C, the yields of H, and CO are
6.64 and 7.27 pmol/(gxs), respectively. At 800°C, the yields of H, and CO are 13.37 and
13.28 umol/(gxs), respectively. At lower temperatures, the resulting syngas has a Ho/
CO ratio less than one, whereas with increasing temperature it exceeds one (Table 1).

Table 1 — DRM over 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0, (CH,:CO,=1:1, P=0.1 MPa, GHSV=1000h")

Conversion degree, % Product yield, pmol/gxs
t,°C CH, co, H, co H,/CO
600 54.2 57.6 6.64 7.27 0.91
700 85.1 83.7 11.56 11.54 1.00
800 95.9 95.3 13.37 13.28 1.01

X-ray diffraction (XRD) analysis was performed for fresh (before reaction) and
spent (after DRM) samples of 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0,. Both samples are
X-ray amorphous. Reflexes attributed to the aluminum oxide phase (10-425, ASTM) are
presented in both samples. In the fresh sample, the Co, Fe, and Ir phases are not detected
(Fig. 2). The metallic Co phase appears after operation in DRM (ASTM 15-806). This
can be caused by reductive effect of CO-H, medium, which is formed during the CO -
CH, reaction. That indicates high-dispersed state of metals. TEM analysis confirmed a
high-dispersed state of metals.
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Figure 2 — XRD analysis of fresh and spent samples of 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst

Elemental analysis and morphology of fresh and spent 10%Co-Fe-1r(4.9-4.9-0.2)/
ALQO, catalyst samples were studied using SEM/EDS (scanning electron microscopy
and energy-dispersive X-ray spectroscopy) (Fig.3). The chemical composition of the
catalyst surface was determined using three spectra; the values were normalized and
presented as mass percent. Average elemental composition values for fresh and spent
samples is presented in Table 2.

& -

SEl  20kV WD10mm  SS35 10um
Sample 19312 03 Oct 2024

SEl 20kV wD10mm  $$35 x1,000  10pm  —
Sample 19257 01 Oct 2024
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Table 2 —EDS analysis data of 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0,

Composition, mas. %)
Sample
(0] Al Si Fe Co Ir Total
fresh 43.58 46.76 0 4.16 5.50 0.00 100
spent 39.12 49.54 0.48 4.80 6.06 0.00 100

Figure 3 shows the SEM images of the catalyst surface of the fresh and spent samples
(3% and 3°, respectively) and results of elemental analysis of the fresh and spent samples
(3¢ and 3¢, respectively) of the catalyst. After operation of the 10%Co-Fe-Ir(4.9-4.9-0.2)/
Al O, catalyst in DRM, an increase in iron and cobalt content was observed in the DRM,
which may indicate the surface saturation with the active phase due to exposure to the
reaction medium. This, in turn, causes a decrease in oxygen and aluminum content due
to partial replacement of the oxide matrix by active components. Ir was not detected in
the spectra of both fresh and spent samples, likely due to its low content. The appearance
of silicon in the spent sample can be explained by contamination with quartz, which is
used as an inert catalyst diluent to prevent localized overheating of the catalyst grains.

H,-TPR analysis of the 10%Co-Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst demonstrate
the presence of three peaks at 256, 275, and 376°C (Fig.4). They can be related with
the stepwise reduction of iron (Jabbour et al., 2022) and cobalt (Nguen et al., 2004;
Nurmakanov et al., 2016) oxides (Egs. 3 and 4).

10%Co:Fe:Ir(4.9:4.9:0.2)/A1203
impregnation

256

H, consumption {a.u.)

200 300 400 500 700

Temperature, °C

Figure 4 — H,-TPR spectra of 10%Co-Fe-Ir(4.9-4.9-0.2)/A1,0, catalyst

Fe,O,— Fe,0,— FeO— Fe (Eq. 3)

Co,0,— CoO— Co (Eq.4)

The highest temperature most likely corresponds to the reduction of iron oxide.
Determining precisely which metal oxides are reduced at given temperatures is difficult
due to possible peak overlap and the identical temperature regions for the reduction of
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cobalt and iron oxides. It is known that  incomplete reduction of Fe,O,  iron oxide
into metallic Fe , under hydrogen, is a challenge for iron-based catalysts limiting

)

their industrialization for methane reforming or decomposition (Jabbour et al., 2022).
The reduction temperatures of metal oxides in the studied polymetallic 10%Co-
Fe-Ir(4.9-4.9-0.2)/Al,0, catalyst is quite lower than for individual metals. That is an
evidence of synergetic effect because of Co-Fe-Ir interaction.

Conclusion. A new Co-Fe-Ir containing catalyst supported on alumina exhibits high
activity in the process of carbon dioxide conversion of methane to synthesis gas. The
degree of conversion of methane and carbon dioxide reaches ~ 95% at 800°C over the
10%Co-Fe-1r(4.9-4.9-0.2)/A1,0,. Such particularly outstanding performance of Fe-Co
catalysts modified with a small amount of Ir in DRM is due to their synergistic effects
on activity and stability. Further studies of catalyst are planned in order to scale the
synthesis gas production process using the DRM process.
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Abstract. The article presents the results of extraction of butanol extract from the
aboveground part of the family Asteraceae of genus Symphyotrichum novi-belgii,
growing in the East Kazakhstan region (Altai region) in September 2021, using silica
gel as an effective sorbent in column chromatography and separation of quercetin from
the flavonoid fraction. The purpose of the work is to study the chemical composition
of the plant of the genus Symphyotricum novi-belgii, to develop a method for obtaining
biologically active substances and to establish the structure of individual substances
by using modern physical and chemical methods. The study revealed the quantitative
content of biologically active substances in the composition of a plant of the genus
Symphyotrichum novi-belgii, as a result of which flavonoids amounted to 1.45+0.03 %,
tannins 1.30+0.03%, organic acids 1.43+0.02%, saponins 1.05+0.04%. Extraction of
the flavonoid complex from the plant Symphyotrichum novi-belgii It was carried out
with effective extraction modes (maceration with 80% ethanol, 72 hours, hydromodule
1:8). 47 mg fractions 17-19 were selected from of the flavonoid complex by column
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chromatography on silica gel and qualitative analysis was performed using cerium (IV)
sulfate Ce(SO,), as an eluent in thin-layer chromatography. As a result, the structure
of the isolated individual compound was confirmed by modern methods of 'H-NMR,
BC-NMR and mass spectrometry (EI-MS). As a result, the individual substance was
found to be quercetin (2.1 mg).

Keywords: Asteraceae, Symphyotrichum novi-belgii, maceration method,
biologically active substances, chromatography, NMR, flavonoids, quercetin
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AnHoTtaunus. Makamana llIsreic Kazakcran oombeicsiaaa (AnTaii eHipi) ecetin 2021
JKBUTIBIH KBIPKYHEK afbIHIA )KHHAIIFaH Asteraceae TYKbIMIACKL Symphyotrichum novi-
belgii TekTi O6CIMIIKTIH Kep YCTi OOJIKTEepiHEH KapamaibiM Marepamust 9IiCl apKbUIbI
OyTaHOJJIBI DKCTPAKT allblll, OaraHalibl Xpomartorpadusiaa THIMII COpPOCHT peTiHie
CHJIMKAresib KOJIaHbUIbII, (PJIaBOHOMITHI KSIICHHEH (DPAKIKS aJIbIll, OJlaH KBEPLIETUH/II
0oy HOTIKEJIepi KeNTipiireH. FhUIbIMU JKYMBICTBIH MaKcatol Symphyotrichum novi-
belgii TexTi 6CIMIITIHIH XUMHUSIBIK KYPaMbIH 3€PTTEY, ONOIOTUSIIBIK O€JICeH/I1 3aTTap bl
QITYJIBIH OHTAMIIBI JKOJIJIAPBIH YCBIHY JKOHE JKEKe Ta3a 3aTTap/IbIH KYPbUIBICHIH 3aMaHayH
(bm3uKa-XuMISUTBIK  oficTepMmer, oHbIH imiHme SIMP, UK, VK cekinmi omicrepMmeH
nmonenney OombIl TaObUTambl. 3epTTEY KYMBICHI OapbIchiHma Symphyotrichum novi-
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belgii TekTi ©CIMIIKTIH KypaMmblHaH OWOJIOTHUSIIBIK OCJICEH/II 3aTTapblH MalbI3IbIK
MOJIIIEpl aHBIKTANAbI, AJbIHFAH HOTWKE OoWbIHIIA (uaBoHouarap 1.45 + 0.03
%, Tepi mierim 3attap 1.30 £ 0.03 %, opranukanbik Keimkbuimap 1.43 £+ 0.02 %,
canonunep 1.05 +0.04 % memnmepae 6omnnel. Symphyotrichum novi-belgii ecimairinex
(h1aBOHOMATHI KellleH amy 0apbIChl SKCTPaKIMsUIayAbIH THIMAL TapameTpiepinae (OHBIH
inmiane, mareparus 80 % 3TaHoNMeH, 72 caF, THIPOMOAY/b (IIHKI3aT TICH ePITKIMITIH
KatbiHackl) 1:8) sxkacanapl. Cunnkarenbi OaraHaisl XxpoMarorpadusaa GIaBOHOUATHI
kemreHHeH 47 mr 17 - 19 ¢pakuusap anbIHBIN, KyKa KabaTTbl Xpomatorpadusia
adKpIHgarein petinge uepuii (IV) cynbdarer Ce(SO,), naiiganansli, cananblk Taniay
Kyprizinai. HoTmwkecinae oknaynanFaH *KeKe Ta3a KOChUIBICTBIH KYPBUIBICH 3aMaHayH
¢dm3uka-xuMusuTbIK dnicrepme 'H - SIMP, PC - SIMP xone macc-ciektpomerpust (EI
- MS) apkputbl gonennenai. Hotmxkecinmae xeke Tasa 3aT KBepleTHH (2.1 Mr) ekeHIiri
AHBIKTAJIIBI.

Tyiin ce3nep: Asteraceae, Symphyotrichum novi-belgii, Manepanus oJici,
OuonorusIbIK Oesicenai 3aTTap, xpomarorpadus, AMP, pnaBoHOUATap, KBEPLETHH
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AHHoTanmmsa. B crartke mpencTaBiieHbl pPE3yJbTaThl TONYYCHUS OyTaHOIBHOTO
9KCTpaKTa U3 HaJJ3eMHOH YacTH pacTeHHH ceMeiicTBa Asteraceae pona Symphyotrichum
novi-belgii, npouspacTaroiero B Bocrouno-Kazaxcranckoi oonactu (Anraickuii Kpaii)
coOpaHHBIX B ceHTs10pe 2021 roja, METOIOM MPOCTON Mallepallii ¢ UCTIONIBb30BaHUEM
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cunikarensi B kadectBe 3(pQekTUBHOr0 copOeHTa B KOJOHOYHOW Xpomarorpaduu u
pasneneHus kBepueTrHa u3 aBoHouIHOH ppakuuu. Llensio HayaHoii paboThl SiBIsETCS
H3y4YeHHE XUMHYECKOTO COCTaBa pacTeHus pona Symphyotricum novi-belgii, pazpaboTka
crioco0a Mony4yeHns: OMOJOTMYECKH aKTUBHBIX BELIECTB M YCTaHOBJICHHE CTPOCHUS
OT/ICNIbHBIX BEIIECTB COBPEMEHHBIMU (PH3MKO-XMMHYECKUMH METOJAMHM, TaKUK Kak
SAMP, UK, YO. B xone uccienoBanus ObUIO BBISIBJICHO KOJUYECTBEHHOE COJCPKAHHE
OMONIOTMYECKH aKTHBHBIX BEIECTB B COCTaBE pacTeHHs poaa Symphyotrichum novi-
belgii, B pesynbrate 4yero (uaBonownsl cocraBimsum 1.45 £ 0.03 %, nyOunbHbIC
Bemectna - 1.30 = 0.03 %, opranudeckue KUcIoThl - 1.43 + 0.02 %, canonunsl - 1.05
+ 0.04 %. Dkcrpakuuio (IaBOHOMIHOTO KOMIUIEKCA M3 pacTeHust Symphyotrichum
novi-belgii npoBonuiu npu 3h(HEeKTUBHBIX MapaMeTpax dKcTpakuuu (Mauepamust 80 %
3TaHOJIOM , 72 4, TuApOMOnyIb 1:8). 47 mr 17-19 ppakuuu pasneneH u3 GpraBOHOUIHOTO
KOMIIJIEKCa METOIOM KOJIOHOYHOW Xpomartorpaduu Ha CHIIMKAarene M KayeCTBEHHBIH
aHaJIu3 NPOBOAWIM € MCIOIb3oBaHHMeM cyabdara nepus (IV) Ce(SO,), B kayecTse
9IIIOEHTa B TOHKOCJIOHHOM Xpomatorpaduu. B pesymbrare cTpykTypa BbIIEICHHOTO
MHIMBHIYaJIbHOTO COCIMHEHUS MOATBEP)KICHA cCoBpeMeHHbIMU Metonamu 'H - SIMP,
BC - IMP u macc-cnekrpometpun (EI - MS). B pesynsrare ObU10 YyCTaHOBICHO, YTO
WHAMBUAYaTbHOE BELIECTBO MPEACTaBIsIeT co00i kBepueTHH (2.1 mr).

KaroueBsie cioBa: Asteraceae, Symphyotrichum novi-belgii, meton manepanuu,
OMONOTMYECKU aKTUBHBIE BellecTBa, Xxpomarorpadus, AMP, ¢pnaBoHON b, KBEPLIETHH

Introduction. One of the least studied and widespread plants in the East Kazakhstan
region is Symphyotrichum novi-belgii, a member of the Asteraceae family. Plants of
the Symphyotrichum genus are diverse, differing in the color of their inflorescences
and the structure of the bush. There are more than 100 species of Symphyotrichum
in the world. The flower is native to eastern North America. In Kazakhstan, it grows
from home yards to forest areas. The advantages of the plant are its long flowering
period, high decorativeness, ease of care, and diversity. Due to these properties, the
plant is widely used as a garden culture. The Symphyotrichum novi-belgii plant of the
Asteraceae family is a unique plant that plays an important role in the ecosystem and
is of great importance to humans. The plant is used in medicine, the food industry, and
agriculture (Mohamed et al., 2017).

In addition, the plant has high pharmacological biological activity, and is known
to have antimicrobial, antiviral, and antioxidant effects due to the high content of
polyphenols. It has been shown that the maximum amount of flavonoid aglycones in the
plant is observed at the beginning of the growing season and during the budding period,
and their glycosides - during the flowering period. Thus, in order to obtain plant material
with the maximum amount of flavonoid aglycones (quercetin, 3-methylquercetin,
luteolin), the vegetative mass should be harvested at the beginning of the growing
season, and their glycosides - during the flowering period (Li et al., 2014).

Preparations made from Symphyotrichum novi-belgii are used in folk medicine as
a medicinal herb for the treatment of various diseases such as arthritis, cancer, and
inflammation. Symphyotrichum novi-belgii is also used as a flavoring for various foods,
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salads, and dried foods, as a coloring agent for oils and various liquids (Sagdollina et
al., 2023).

Materials and basic methods. To isolate flavonoids, the above-ground parts
(leaves, stems, inflorescences) of the plant Symphyotrichum novi-belgii, belonging to
the Asteraceae family, growing in the Eastern region of Kazakhstan, were used. Drying
was carried out at room temperature at the Department of Chemistry of Amanzholov
University to create a plant herbarium. The dried leaves, stems, and inflorescences of
the plant Symphyotrichum novi-belgii were crushed to a particle size of 1-2 mm.

working solution -
clgagH Y Hex, Chl, EA, But
I | =
— Iy h__' "“ £
| 1 25°c72n A F-
e § \ filtration
— = -
- raw extractant extract extraction
grinding 1-2 mm measurement /8
sorbent =2
silica gel

Hex. ex. Chl. ex.

it EA.ex. | | But. ex.

Created in BioRender.com bio

Figure 1 - Separation of biologically active substances from Symphyotrichum novi-belgii fruit by the
classical maceration method

Symphyotrichum novi-belgii
raw material

[ 80% Ethanol, 1:8, 72 hrs. ]

A 4

‘ Extract ’

}

v v v v

[ Hexane extract ] [ Chloroform extract ] [ Ethyl acetate extract ] [ Butanol extract ]

v

‘ N-2-S (2.1 mg) H 17-19 ¢p. (47 mg) ’

Figure 2 - An efficient block diagram for obtaining biologically active complexes
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The authenticity of the raw material and the amount of biologically active
substances in its composition were determined according to the 1st edition of the State
Pharmacopoeia of the Republic of Kazakhstan. 100 g of crushed Symphyotrichum novi-
belgii plant raw material was treated with 80% aqueous alcohol in a ratio of 1:8, 3 times,
and an aqueous-alcoholic extract was obtained. During aqueous-alcoholic maceration,
the active biologically active substances contained in the plant passed into the macerate.
The resulting extract mixture was concentrated in a rotary evaporator at 40°C.
Depending on the polarity, it was first treated with hexane, then with chloroform, ethyl
acetate and butanol. The working extracts were concentrated in a rotary evaporator at a
temperature of 50-55°C. Lipophilic substances were determined from the composition
of the separated hexane extract. It is known that the chloroform extract contains steroids,
terpenes, chlorophylls, while the ethyl acetate extract contains carotenoids, terpenoids,
and the butanol extract contains saponins and flavonoids. In order to obtain the flavonoid
complex, the butanol extract was fractionated using silica gel column chromatography.
As a result, 37 fractions were obtained from the butanol extract, and their qualitative
characteristics were determined using thin layer chromatography (TLC) using special
detectors (UV light, Ce(SO,),) (Hassan, et al., 2011).

Results and Discussion. The purity of plant raw materials (moisture content, ash
content, extractives content) and the amount of biologically active substances in the
raw materials (repeated at least 3 times) were determined according to the methodology
given in the 1st edition of the State Pharmacopoeia of the Republic of Kazakhstan. The
results are shown in Table 1.

Table 1 - Raw material purity and content of biologically active substances, %

Authenticity of raw materials and names of biologically Symphyotrichum novi-belgii content, %
active substances
Laughter 10.41+0.02
Humidity 15.13 £0.03
Extractive substances 28.76+0.03
Saponins 1.05 +£0.04
Flavonoids 1.45+0.03
Tanins 1.30 +0.03
Coumarins 0.67+0.02
Organic acids 1.43 +£0.02
Alkaloids 0.55 +0.04

During the analysis of the results of the studied Symphyotrichum novi-belgii plant,
it was determined that flavonoids were 1.45+0.03%, tanins were 1.30+£0.03%, organic
acids were 1.43+0.02%, and saponins were 1.05+0.04%.

A total of 37 fractions were collected by silica gel column chromatography, and each
fraction was concentrated under mild conditions using a rotary evaporator. Fractions
with the same R values were combined in the HPLC, resulting in the isolation of the
N-2-S compound.

Qualitative analysis using Silica gel DC- Alugram 60 UV 254 plates from the
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company MEPCK art. 7739, the presence of a flavonoid complex was determined by
yellow spots when spraying the reagent Ce(SO,), (Tapaxosckuii et al., 2013).

The R, values were compared and identified with the literature data. According to
the analysis results, the R, value was equal to -0.89, which corresponds to quercetin.
Quercetin was qualitatively confirmed by the fact that it gave a rich green color with a
solution of ferric chloride, and turned yellow with concentrated sulfuric acid (Demydiak,
et al., 2023; JImutpuenko, et al., 2012).

The structure was confirmed by physicochemical analysis methods 'H-NMR,
BC-NMR and mass spectrometry (EI-MS) (Feng et al., 2017).

Yellow crystalline substance, molecular formula C, H,,0,, EI-MS, m/z: 303 [M]",
mclting poim=310—315°C, soluble in ethanol, insoluble in water. The analyzed compound
turned green in an aqueous solution of FeCl,, and yellow in an AICI, solution, which is
due to the presence of a free hydroxyl group at positions 3 and 5, indicating that it is a
flavone. The presence of a free hydroxyl group was accompanied by absorption maxima
in the ultraviolet region at short wavelengths of 260 nm, 269 nm and long wavelengths
of 380 nm. In the presence of sodium acetate, a hypsochromic shift occurred, and the
presence of a free OH group at position 3 and a maximum band indicated the presence
of a 3',4'-orthodioxy group in the B ring. During alkaline destruction, phloroglucin and
protocatechuic acid are formed. The absorption bands at 3420 cm™ (—-OH), 2930-2880
cm” (CH,~, CH,=, CH=), 1607 cm™ (-C=0), and 1508 cm™ (aromatic ring) in the IR
spectrum regions identify the functional groups present in the compound (Taniguchi et
al., 2023).

The qualitative reaction of quercetin polymerization (dimers, trimers, etc.) is their
interaction with vanillaldehyde (vanillin) in an acidic environment, resulting in a color
from slightly pink to dark red due to the formation of conjugated bonds in the structure
(Zhusupova, et al., 2019, Demydiak, et al., 2023, Pyrzynska, et al., 2019, Karak, et al.,
2019).

OCH;

H

Figure 3 - Reaction of quercetin with vanillin aldehyde
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'H NMR (400 MHz, DMSO-d,): 5 6.18 (d, 1H, J=1.9 Hz, H-6), 6.38 (d, 1H, J=2.1
Hz, H-8), 12.24 (s, 1H, H-5), 10.91 (s, 1H, H-7), 7.68 (d, 1H, J=2.2 Hz, H-2'), 9.48 (s,
1H, H-3"), 9.30 (c, 1H, H-4'), 6.80 (d, 1H, J=8.5 Hz, H-5"), 7.56 (dd, 1H, J=8.5; 2.2, Hz,
H-6')

15C NMR (100 MHz, Py-d_): § 157.2 (C-2), 134.7 (C-3), 176.9 (C-4), 161.3 (C-5),
99.2 (C-6), 162.9 (C-7), 92.4 (C-8),156.1(C-9), 104.0 (C-10), 122.1 (C-1"), 116.5 (C-2"),
146.6 (C-3"), 116.1 (C-4), 116.8 (C-5'), 121.5 (C-6").

SN ==

MANSHUK / NAZERKE / N-2-S
1H

Figure 4 - IH-NMR spectrum of quercetin (N-2-S)

HEJ-ICCBS
§/17/2022 12:11:13 PM
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Sample: MANSHUK / NAZERKE Date Run: 05-17-2022 (Time Run: 12:03:55)
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Tonization mode: EI+
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Figure 5 - EI-MS mass spectrum of quercetin (N-2-S)
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Conclusion. In conclusion, a phytochemical analysis of the composition of the plant
Symphyotrichum novi-belgii of the Asteraceae family growing in the East Kazakhstan
region was carried out, and the quantitative amount of biologically active substances
was determined. In addition, a butanol extract was obtained by a simple maceration
method, and a flavonoid complex was isolated by silica gel column chromatography.
The structure of the individual substance isolated from the flavonoid fraction was
analyzed using modern '"H-NMR, *C-NMR and EI-MS mass spectrometry. As a result,
it was proven that the individual substance is quercetin.
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Abstract. Polymeric derivatives of crown ethers attract significant research interest
due to their high specificity in complex formation and broad potential applications in
various technological processes. Compared to their low-molecular-weight analogs,
these polymeric macroligands offer advantages such as reusability, ease of separation
from solutions, enhanced sorption and complexation properties. They are used in
sorption, ultrafiltration, sensing, chromatography, and other processes requiring
selective interaction with metal ions. This study investigates the synthesis and
properties of new polysulfones containing crown ether fragments (DB12K4, DB18K®6,
DB24K8, DB30K10), obtained by polycondensation of bis (chlorosulfonyl) derivatives
of crown ethers using Friedel-Crafts catalysts (FeCl,, AlCls, SnCls). The influence of
catalyst type and concentration, temperature, and solvent on the yield and viscosity of
the resulting polymers was examined. The highest yield was achieved using catalytic
amounts of FeCl, at 120°C. IR spectroscopy and thermogravimetric analysis confirmed
the high thermal stability of the synthesized polymers (up to 600°C). Sorption studies
demonstrated that the selectivity and efficiency of alkali metal ion extraction depend
on the size of the crown ether cavity, the nature of the solvent, and the macrocycle
structure. It was shown that polymeric crown ethers exhibit higher complexation ability
than their low-molecular counterparts. Thus, new thermally stable polycrownsulfones
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with high selectivity toward alkali metal ions were successfully synthesized for the
first time, indicating their promising applications in analytical chemistry and separation
technologies.

Keywords: polymeric crown ethers, dibenzocrown ethers, polycondensation,
sorbents, selectivity
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Annorauusi. Kpayn soupnepaid nmoiauMepiik TYBIHIABUIAPH KypAeTi Ty3imyzmeri
JKOFapbl EpEKILENIriMeH JKOHE OPTYpPJIl TEXHOJOTHSUIBIK MpOLECTepAe KOJIAaHy
MYMKIHIITIMEH  3epTTeyLIIepAiH  Ha3apblH aygapaabl. TeMeH  MOJEKyJallbl
aHAJIOTTapMEH CaJNbBICTBHIPFAHAa ONapAblH apTHIKUIBUIBIFBIHA —KaWTanam KoJJaHy
MYMKIHJIT, epiTiHAiaepaeH oHail Oeny, COpOLMSUIBIK JKOHE KEIIeH —TY3y
KacUeTTEepiHiH jKaKcapysl )KaTaasl. MyHaall MakpoJUraHibl KypbulbIMIap copOnusiia,
yAbpTpaduIbTpaysiga, CeHCopiapAa, XxpoMarorpadusga KoHe MeTall HMOHAApBIMEH
TaHAaMaJIbl dceplecyi KaKeT eTeTiH 6acka Ja mpouecTepae KoianaHbuiaapl. KymMeicta
®punenv—Kpapre karanmuzaropnaper  (FeCl,, AICl;, SnCls) xemeriMen kpayH
sduprepain  OucxIopcynbGOHUI TYBIHIABUIAPBIH MOJIMKOHACHCALMATIAY —OMAiCiMEH
anbIHFaH KpayH a¢up ¢pparmentrepi (1b12K4, IB18K6, A1b24KS, 1630K10) 6ap xana
noJucynb()OHIAPABIH CHHTE31 MEH KacueTTepi 3eprrenesi. [lonumepnepaid mbFbIMBI
MEH TYTKBIPJIBIFbIHA KaTaau3aTopAblH TaOUFAThl MEH MOJIIEpiHiH, TeMIepaTypa MeH
epiTKimTiH ocepi aHbIKTaNAbl. FeCls-mbl katanutukaiblk wmedmmiepae >xkoHe 120°C
TemIeparypaaa KoJlAaHFaHIa eH KOFapbl OHIMAUTIIKKE KOJI JKETKI31IeTiHl aHBIKTaIbI.
UK-criekTpockonusi jkoHEe TEPMOTPAaBUMETPHSUIBIK Tajl/ay KOMEIriMeH CHHTE3/ICIreH
MOJMMEPICPAIH KOFapbl TEPMUSUIBIK TYpakThUIbIFl (600°C  neifin) pacTanmbl.
CopOuusnblK KaOIIeTTIMIKTI 3epTTey CUITIII MeTangap HOHAAPBIH IKCTPAKIMSIAYIbIH
TaHAaMaJIbIBIFBl MEH THIMALUIITI KpayH 3(QHp CAKHMHACBIHBIH KYBICHIHBIH MOJIILEpiHe,
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epITKIIITIH TaOUFaThIHA )KOHE MaKPOLMKI KYPBhUIBIMBIHA OaiIaHBICTHI €KEHIH KOPCETTI.
Temen MolleKynajbIK aHAIOT TAPMEH CallbICTBIPFaH/Ia IOIUMEPITi KpayH Ikl 2pupiepain
KeIIeH Ty3y KaOileTi »KoFaphl eKeHAIr aHbIKTanasl. OchUiaiiima, CINTIIK MeTasul
HOHJApblHA JKOFAapbl TAHIAMAJbl, XKAaHA BICTBIKKA TO3IMIl MOJHMKpPayH Cylb(oHIapHI
QIbIHABI, Oy ONapibl aHAJUTUKAIBIK XUMHALA >KOHE Oelly TEeXHOJOrHMsapblHAA
KOJIZIaHy MEePCHEeKTUBAIAPbIH Alllabl.

Tyiiin ce3mep: momumepii kpayH dpupiep, AMOCH30KPOYHIIBI dPUpIEp, TOITUKOH-
JIeHCaIUs, COPOSHTTEP, TaHIAMAJIBLIBIK
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Annotanus. [ToauMepHbie TPOU3BONHBIE KpayH-3(HUPOB NPUBICKAIOT BHUMAaHUE
HccrenoBaTeel Omarogapst IX BICOKOW CIIEMM(PUIHOCTH B KOMITJICKCOOOPAa30BaHUH U
MEPCIEKTHBAM IPUMEHEHHSI B PA3JIMUHBIX TEXHOJOIMUYECKHUX Ipoueccax. Mx npeumy-
LIECTBA MO CPABHEHHUIO C HU3KOMOJICKYISIPHBIMH aHAJIOIaMH BKJIIOYAIOT BO3MOXKHOCTD
MHOTOKPaTHOTO HCIIONIb30BaHUs, yIOOCTBO pa3ieieHus] U3 PaCTBOPOB, YIYUIICHHBIC
COpOIMOHHBIE M KOMILIEKCOOOpa3yrole CBOUCTBA. Takne MakpOIHTaHHBIE CTPYKTY-
PBI HAXOST IPUMEHEHHUE B COPOIIHH, YABTPaQUIBTPAIH, CEHCOPHKE, XpoMaTorpadhuu
U APYIUX IMpoLeccax, TPeOyIOIUX CEJIEKTUBHOTO B3aUMOACHCTBUS C MOHAMU METaj-
70B. B pabote uccinenoBaHbl CHHTE3 U CBOMCTBA HOBBIX MOJHCY/Ib()OHOB, COAEPIKALINX
kpayH-3¢upnbie pparmentsl (Ab12K4, 1Bb18K6, JIb24K8, IB30K10), moxy4yeHHBIX
METOJIOM MOJMKOHICHCAUH OUCXIOPCYNb()OHMIBHBIX TPOU3BOAHBIX KpayH-2(HUPOB ¢
ucnojb3oBanueM karaiauzaropoB Opunens-Kpadrea (FeCls, AICls, SnCls). BoisiBieno
BJIMSTHUE TIPUPOJIBI M KOJTMUYECTBA KaTajlu3aTtopa, TeMIIEpaTypbl U PACTBOPUTEIS Ha BbI-
XOJ ¥ BSI3KOCTh IIOJIMMEPOB. YCTaHOBIJICHO, YTO HAaWOOJBIINI BBIXOI JOCTUIaeTCs MPH
ucnonb3oBanuu FeCls B karanuzatopHbIx KonuuecTBax M Temmeparype 120°C. C no-
Moo MK-cnekTpockonuu u TepMorpaBUMETPHUYECKOTO aHAJIN3a TOATBEPXK/ICHA BbI-
COKasi TepMHYeCKast CTaOMIBHOCTh CHHTE3UPOBaHHBIX oimuMepoB (1o 600°C). Hccne-
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JOBaHHS COPOLIMOHHOM CIIOCOOHOCTH MOKAa3ajH, YTO CEIEKTUBHOCTh U 3()(PEKTUBHOCTD
W3BJICYCHHUSI MOHOB LIECJOYHBIX METAJJIOB 3aBHUCAT OT pasMepa MOJOCTH KpayH-d(up-
HOTO KOJIbLA, IPUPOABI PACTBOPUTEINS U CTPYKTYPBhl MAaKpOLMKIIA. YCTaHOBIEHO, YTO
MOJMMEpPHBIE KpayH-3(Upbl 00Ja1at0T MOBBIIIEHHON KOMILIEKCO00pas3yome crnocoo-
HOCTBIO 110 CPABHEHHIO ¢ HU3KOMOJIEKYJISIPHBIMU aHasioraMu. Takum o0pa3om, moyye-
HBI HOBBIE TEIJIOCTOWKHE MOIUKPayHCYIb(OHBI C BBICOKOH CEJIEKTUBHOCTBIO K HOHAM
LIETIOYHBIX METAJIOB, YTO OTKPBIBACT MEPCIEKTUBBI HX IPUMEHECHHUS B aHATUTHYECKOM
XUMMH U TEXHOJIOTHSX pa3/IesIeHusl.

KioueBble  ciaoBa:  momuMepHble  KpayH-d(UpbL,  TUOEH30KpayH-3(UpEHI,
MOJMKOHJCHCALHSI, COPOCHTHI, CETIEKTUBHOCTh

Introduction. Polymeric crown compounds attract the attention of researchers due
to the wide possibilities of their practical use as effective highly specific complexing
agents. Such polymeric ligands, while retaining all the advantages of their low-
molecular-weight analogs, should have additional advantages associated with their
macromolecular nature: ease of separation from solution, the possibility of multiple
use, higher efficiency and speed of complexation (Duan, 2022; Jonathan, 2022; Borisov
et.al.,, 2023; Huang, 2012). Polymeric macrocycles allow to create reagents of a new
type for ultrafiltration, flotation, reverse osmosis, flocculation, sorption, highly sensitive
sensors for metal ions, where the use of low molecular weight crown ethers is impossible
(Fical et.al., 2010; Bezhin, 2015; Liu, 2012). With their help such practically important
processes as selective separation of metal ions, concentration of microelements, ligand
chromatography, interfacial catalysis, etc. are carried out.

The state and prospects of research development in the field of synthesis and
application of polymeric crown ethers are first summarized in monograph (Yergozhin
et.al.,, 1994; Kurmanaliev et.al., 1997). Special attention is paid to the regularities of
their formation and mechanisms of complexation of macroligands with metal ions and
molecules of some compounds.

There are three main ways to obtain such polymers: polymerization, polycondensation
and polymeranalogous transformations of ready-made molecules, using which a variety
of polymeric crown ethers have been created (Yergozhin et.al., 1995; Gargol et.al.,
2022; Dong, 2013). However, the range of polymeric crown ethers is small. In addition,
many of them have a number of disadvantages that limit the possibilities and spheres of
their application: it is the complexity and multistage of initial monomers, low thermal
and chemical stability, low kinetic and sorption characteristics.

Therefore, we are developing methods for the synthesis of new polymeric
macrocycles based on available compounds with improved physicochemical and
complexation properties. This paper analyzes the results of research on the synthesis
and application of new supramolecular sorbents based on crown ethers. It should be
noted that there are no data on the application of sulfochlorinated derivatives of crown
ethers for these purposes.

Materials and methods. Dibenzo-12-crown-4 (DB12K4), dibenzo-18-crown-6
(DB18K®6), dibenzo-24-crown-8 (DB24K8), dibenzo-30-crown-10 (DB30K10) esters
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produced (Cherkassy, Ukraine).

Bischlorosulfonyl derivatives of crown ethers were prepared according to the
procedure (Yergozhin, et.al. 1991, Abramov, 2000).

Method of polymer synthesis. Polysulfones based on bischlorosulphonyldibenzo-18-
crown-6 and dibenzo-18-crown-6. 0.90 g (0,01 mol) DB18C6 dissolved in nitrobenzene
was charged into three-necked reactor equipped with mechanical agitator, refrigerator,
thermometer, the 0,01 mol of catalyst (AICL,, SnCl, FeCl,) was added. Then 1,39 g (0,01
mol) of BCISDBISC6 were added during few minutes. The reaction mixture was heated
from 25° to 140° C. The reaction was carried out 5 h. The product was precipitated in
methyl alcohol, washed by 10 % solution of hydrochloric acid to remove the catalyst
then it was washed by chlorophorm, distilled by water up to the neutral reaction of
washing water, then it was dried un high vacuum. Yield of polymer was equal to 85 %.

The polycondensation of BChSDB24C8 with DADB24C8 was carried out according
to the same method. The complexation properties were investigated by the limited
solution volume method (Yergozhin et.al. 2020, Voloshina, 2014). Sorption of ions
of alkali metals from aqueous and methanol solutions was studied according to the
following method: weighed polymer (1,0 g) was placed into the flask of 200 ml, then it
was poured by 0,1 M alcohol or aqueous solution of metal salt pf 100ml. The sorbents
were separated for 24h. The concentration of metal ions in the filtrate was determined
by flame spectrophotometry.

The content of metal ions in solution was determined by atomic adsorption method
on a Shimadzu AAC-6650 flame atomization spectrophotometer. Nuclear magnetic
resonance spectroscopy (NMR) spectra were recorded on a Mercury-300 spectrometer
(300 and 100 MHz). Polymer structure studies were carried out by IR spectroscopy on
a «Spectrum Two» IR spectrometer (Perkin Elmer) in the range from 4000 to 450 cm™.
Thermogravimetric analysis of synthesized polymers was carried out on a Perkin Elmer
TGA 4000 derivatograph in air. The temperature rise rate was 10°C/min.

Results and their discussion. It is known that in the presence of Friedel-Crafts
catalysts sulfochlorides easily interact with aromatic hydrocarbons and some of their
derivatives to form compounds containing sulfone bridges and possessing resistance to
thermal and thermo-oxidative degradation (Borisov et.al., 2023). Chemical resistance of
polysulfones is also high: they are resistant to mineral acids, alkalis, salt solutions, carbon
oils. Their features are relatively low moisture absorption and dimensional stability of
products in humid atmosphere (Gargol et.al., 2022). This whole spectrum of properties
should be inherent in kraun-containing polysulfones as well. Therefore, we obtained
such polymers for the first time by polycondensation of bischlorosulfonyl-dibenzo-18-
crown-6 with dibenzo-18-crown-6 in the presence of Friedel-Crafts catalysts (FeClL,
AICL, SnCl,):
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The reaction was carried out in equimolar amounts of the initial monomers, since
the yield of soluble polymer decreased in the presence of excess bischlorsulphonyl
derivatives, possibly due to side processes. The application of large amounts of catalyst
led to the same result.

Table 1 - Effect of the amount of catalysts on the yield and viscosity of crown-containing polysulfones

Catalysts [C_, T, C° Time, hour Cua Yield, % Viscosity,
C., pr dl/g
Ceoa Ceo.m
AlCI, 1,00 50 20 1,50 13 0,06
SnCl, 1,00 50 20 1,40 30 0,09
FeCl, 1,00 50 20 1,22 34 0,12
FeCl, 1,00 120 20 1,21 32 0,28
FeCl, 1,00 120 5 1,19 28 0,26
FeCl, 0,1 120 5 1,10 72 0,33
FeCl, 0,01 120 5 1,00 85 0,58

As can be seen from table 1, the polymer yield depends significantly on the amount
of catalyst used. In its excess, side reactions occur, which create structural irregularities

in the macromolecule:
r/\ 0’\(’3

SG:"—
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The formation of such structures is evidenced by Proton magnetic resonance (PMR)
spectra of the obtained polymers. The character and intensity of signals resonating in
the region of protons of the aromatic ring change, which confirms not trisubstitution,
but more. The duration of syntheses longer than 5 hour does not affect the yield and
viscosity of the resulting polycrownsulfones. Using catalytic amounts of FeCl3 and a
temperature of 120°C, the release of hydrogen chloride ceases and its amount reaches
the calculated amount within 5 hour.

The influence of temperature and nature of the catalyst on the polymer yield was
studied. It was found that the highest degree of transformation was achieved at a
temperature of 100-120 sec, duration of synthesis 5 hour in the presence of solvents
with proton-donor function Comparison of the completeness of the polycondensation
reaction in the presence of Friedel-Crafts catalysts allows us to place them by activity in
the following series: FeCl,>SnCl >AICl,. This change in the activity of the catalysts in
this process can be explained by the stability and activity of the intermediate catalyst-
sulfochloride group complex formed during the reaction. The strength of the catalyst-
sulfochloride group complex increases with increasing shift of the electron cloud from
the donor atom to the acceptor atom, i.e., with increasing polarity of the coordination
bond, which depends on the chemical properties of the catalyst.

The introduction of a strong electron acceptor group SO, promotes the pulling of
electrons from the aromatic ring and leads to a decrease in its sensitivity to electrophilic
attack, so the entry of a second sulfonyl group into the benzene core of the crown
ether becomes unlikely. Apparently, the presence of proton-donating crown rings also
plays an important role. All these factors contribute to the synthesis of linear soluble
polycrownsulfones.

As the temperature of the mixture increases during polycondensation, the polymer
yield increases from 25% at 25°C to 86% at 100°C. At a sufficiently high temperature
of 140°C the yield of the target product does not change significantly, and at 250°C
crosslinked polymers are formed. It is known (Ergozhin, et.al. 1995) that at temperatures
above 250°C sulfochlorides decompose with the formation of radicals, which non-
selectively attacking the benzene ring, contribute to the appearance of first branched and
then cross-linked structures. Therefore, we did not use the method of synthesis in the
melt, which requires high temperatures. Solvents used in the preparation of polysulfones
should dissolve the catalyst and not react with it, be resistant to electrophilic attack of
sulfonyl cations, dissolve the resulting macromolecule. Such solvents include some
chlorinated hydrocarbons (dichloromethane, dichloroethane, chlorinated biphenyl),
nitro compounds (nitrobenzene, nitroethane, chloronitrobenzene) and various sulfones
(dimethylsulfone, sulfolane, 4,4-dimethyldiphenylsulfone).

Dichloroethane and nitrobenzene turned out to be the most suitable medium in our
case. As expected, the reaction of bichlorosulfonyl dibenzo-18-crown-6 with dibenzo-
18-crown-b in DMFA gives worse results, the viscosity of the obtained polymers is lower.
In the IR spectra of polycrown sulfones, the absorption bands (cm™) characteristic of the
crown ether groups at 1130 (C-O-C bonds of the aliphatic series) and duplet frequencies
at 1230, 1250 (C-O bonds at the aromatic ring) are retained. Absorption bands appear in
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the region of 1125, 1340 cm™ relating to symmetric and asymmetric valence vibrations
of SO* groups in sulfones.

Thermogravimetric analysis of polycrownsulfones indicates their high thermal
stability. Loss of polymer mass when heated to 200 °C is 3%, complete decomposition
of samples occurs at 600 °C. Thus, the insertion of macrocycles into the polymer chain
leads to the production of polycrownsulfones, which

can be classified as heat-resistant ones. The selectivity of polymeric crown ethers
in the separation of alkali metal ions depends on the size of the crown-ring cavity. The
results of investigation of complexation properties of synthesized polycrownsulfones
towards alkali metal ions under static conditions from standard solutions show that
regardless of the nature of anions the following sequence of extraction of cations with
DB12K4, DB18K6 and DB24K8 groups Li* > Na*> K> Rb*, K*> Rb"> Na*>Cs"
> Li*u Cs*> Rb">K">Na"> Li", respectively. Polysulfone with DB30K10 groups
does not show selectivity for K*, Na® u Cs* ions (Table 2). Conducting complexation
in alcoholic solutions contributes to an increase in the degree of extraction, which is
associated with less hydration of metal salts in these media. The higher complexation
ability of polycraunsulfone compared to low-molecular analogs is due to the effect of
the polymer chain.

The selectivity of the complexation ability of crown ethers, and consequently, the
efficiency of extraction of a particular metal from solution depend to a large extent on
the correspondence between the size of the cavity diameter of the polyether cycle and
the cation of the extracted alkali metal, the nature of the substituent in the macrocycle,
and the type of donor atoms.

Table 2 - Results of investigation of complexation properties of synthesized polycrownsulfones

Crown ether group | Crown ether group Exchange capacity, mmol/g

content, mmol/g Lit Na* |K* Rb* Cs*
DBI12K4 2,98 0,62 0,54 10,38 0,19 trace amount
DB 18K6 2,36 0,12 0,80 |1,93 1,18 0,62
DB 18K8 1,95 0,08 0,54 [1,00 2,30 1,68
DB 30K10 1,66 0,20 0,48 |1,25 1,27 1,30

Thus, for the first time, the optimal conditions for the preparation of kraun-containing
polysulfones with high thermal stability capable of selectively separating alkali metal
ions were established.

Conclusions. In this study, novel crown ether-containing polysulfones were
successfully synthesized through the polycondensation of bis(chlorosulfonyl)
derivatives of dibenzo-crown ethers in the presence of Friedel-Crafts catalysts. The
influence of various synthesis parameters, including catalyst type and concentration,
temperature, and solvent nature, on the polymer yield and properties was thoroughly
investigated. Optimal reaction conditions were identified, providing high yields and
favorable viscosities of the resulting polymers.

Spectroscopic (IR, NMR) and thermal analyses confirmed the formation of the target
polycrownsulfones and demonstrated their high thermal stability, with decomposition
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temperatures reaching up to 600°C. The synthesized polymers exhibited selective
complexation capabilities towards alkali metal ions, with extraction efficiency depending
on the size of the crown ether cavity and the solvent medium. The use of alcoholic
solutions significantly enhanced metal ion sorption due to reduced hydration effects.
The obtained polycrownsulfones not only maintain the advantageous complexation
characteristics of their low-molecular-weight counterparts but also offer improved
physicochemical stability, reusability, and enhanced extraction efficiency. These
properties make them promising candidates for application in selective ion separation,
analytical chemistry, sensor development, and other advanced separation technologies.
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Abstract. The high protective efficiency of filters used in the ventilation systems of
vehicles, underground mining workings, industrial facilities, and enclosed airtight spaces
(armored vehicles, submarines, spacecraft) is a crucial factor in ensuring the safety of
personnel and crew. This study presents the results of an investigation into the composition,
textural, and sorption properties of a multichannel carbon-based filtering material developed
for air purification from biological (infectious) contaminants. The filter is a cylindrical
multichannel block fabricated via extrusion of a pliable mixture of rice husk char and binders,
followed by firing, activation, and demineralization. The operating principle is based on
air disinfection through contact with a porous material impregnated with broad-spectrum
agents active against bacteria, bacilli, protozoa, and fungi. The high sorption capacity of the
material and the large contact surface area of the filter enhance its purification efficiency.
X-ray diffraction analysis revealed the presence of amorphous carbon with a turbostratic
structure, predominantly containing sp- and sp*hybridized carbon atoms not incorporated
into regular graphene lattices. The operational efficiency of the filter-ventilation system is
evaluated based on the reduction in airborne dust concentration, taking into account its particle
size distribution. The results confirm the potential of the proposed material for application in
air purification and disinfection systems under conditions of elevated biological risk. Future
research should focus on optimizing synthesis conditions and investigating the adsorption
kinetics of pollutants, which will enable broader application in water purification systems
and environmental protection.

Keywords: Sorbent, filter, air purification, carboxymethyl cellulose, rice husk,
ventilation system
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Annoramus. Kenmik KypaljapblHbIH KEJIJIETy KYHelepiHae, >Kep acThIHIAFbI
KEeH OHJIIPY OpBIHIApPbIH/IA, OHEPKACINTIK HBICAHIAp/Aa JKOHE JKaOBIK MepMETHKAIIBIK
KeHicTikTepae  (OpoHeTeXHWKa, CYHTYlp  KaWbIKTap, Fapblll  anmaparTapbl)
KOJIJIAaHBLJIATBIH CY3TUICPAIH JKOFapbl KOPFAHBIII THIMJUII T[EPCOHAT MEH JKEKe
KYpPaMHBIH KayilCI3/iriH KaMTaMachl3 €TY[IIH MaHbI3Ibl IIapThl OOJIBIN TaOBLIAIbI.
Byt 3eprTey ayaHbl 3uUSHIBI Ta3JapMeH JIACTaHy/lIaH Ta3apTyFa apHAJIFaH KOl apHallbl
KOMIPTEKTI CY3ri MarepUalIbIHBIH KYPaMblH, KYPBUIBIMBIH YQHE COPOIMSUIBIK
KACUETTEepiH 3epTTey HOTHKENepiH ychiHaabl. Cy3Ti-IMIHHIPIIK KON apHajbl OJIOK,
OJ1 KYpIlll KaObIFbIHBIH KapOOHU3AThIHBIH TUIACTUKAJBIK KOCHAChIH OaliTaHbICTBIPFBIIII
3aTTapMeH DJKCTPY3WsUIay apKbUIbl JKacajajJbl, CONAH KeWiH KyHuipy, OelceHIipy
XKOHE MUHepalaaHaplpy >kypeni. Cy3riHiH JKYMBIC TPHHLUII KEH CIEKTPIi >KOHE
Oakrepusitapra, Oalnmiuianapra, KapanaibIMAbLIapFa, CaHbIpayKyJIaKTapra Kapcel
OeJiceH 1l 3aTTapMeH UMIIPETrHAIIMSIAHFaH KSYeKTI MaTepuall/IblH OeTiMeH OaiiylaHbICTa
OoJIFaH Ke3/ie aya arbIHBIH JIe3MH(EKIMsIIayFa HEri3leNnreH. MarepuaiblH JKOFaphl
COpOLMSIIBIK KaOlIeTi jKoHe CY3TiHIH YJKEH jKaHacy OeTi ayaHbl Ta3apTy THIMIUIIrIHE
bIKNAN eredi. PeHTreHmik AuQpakuusiIblK Tajljay TYpakThl rpadeH TopiapbiHa
SHIIIPIIMETEH Sp - JKOHE Sp2-OyAaHJACTBIPBUIFAH KOMIPTEK aToMJapbl 0achiM
TypOOCTpaTHKANIBIK KYPbUIBIMIA aMOp(dThl KOMIipTeKTiH Oomybl aHbIKTainbel. Cys3ri
KEJJIETY JKYWEeCIHIH KYMBIC THIMJILIITT OHBIH JTUCTIEPCTi KYPaMBIH €CKEpE OTBIPHII, aya
OpTaCBhIHAAFHI IIaH KOHIIEHTPAIMSACHIHBIH TOMEH/JICY opexkeci OOMBIHINA aHBIKTAA IbL.
Hotmxenep »korapbl OHONOTHSUIBIK Kayill JKarnailblHAa ayaHbl Ta3apTy >KOHE
nesuHpeKnusay Kyheaepinae naiaanany YiliH YChIHBUIFAH MaTepPHAIJIbIH QJICyeTiH
pacraiiipl. Bomamiak 3epTreynepii CHHTE3 KarjaiyiapblH OHTAWIaHABIPyFa >KOHE
JlacTayIlIbl 3aTTapibIH aJCOPOIHs KUHETHKACHIH 3epTTeyre OarbITTay OpBIHIbI, Oyl
OJIapJIbIH CY Ta3apTy JKykenepin/ie )koHe KopIIaraH OpTaHbl KOPFay TEXHOJIOTHsIapbIH/Ia
KOJIZIAHBLTY asiChIH KEHEUTYre MYMKIH/IIK Oepe/ti.

Tyiiin ce3mep: copOeHT, cy3ri, ayaHbl Ta3apTy, KapOOKCUMETHIILIEIUIION03a, KYPIIl
KayBbI3bl, XKEIJICTY JKyHeci
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AunnoTtamusi: Bricokas 3amuTHas 3PQPEKTUBHOCTh (UILTPOB, NPUMEHSEMBIX B
cUCTEeMax BEHTWIAUHM TPAHCHOPTHBIX CPEICTB, MOA3EMHBIX TOPHBIX BHIPaOOTOK,
MPOMBIIIUIEHHBIX 00BEKTOB M 3aMKHYTBIX I€pPMETHYHBIX MPOCTPAHCTB (OpOHETEXHUKA,
MIO/IBOJTHBIE JIOIKH, KOCMUYECKHE aIlliaparhbl), IBJISIeTCS BaYKHBIM YCIIOBHEM 00eCTICUeHHS
0€301acHOCTH MePCOHANa U IMYHOTO COCTaBa. B JaHHOM McCieJOBaHUHU MTPE/ICTABICHBI
Ppe3yabpTaThl U3y4EHHUs COCTaBa, TEKCTYPHBIX M COPOIIMOHHBIX CBOWCTB MHOTOKaHAJIEHOTO
YIIEPOAHOTO (DMIIBTPYIOMIETO Marepualia, pa3padOTaHHOTO ISl OYUCTKH BO3IyXa
oT Ouonornveckux (MHMEKIUOHHBIX) 3arps3HeHui. DwibTp mpencrasisier coOoi
[WIMHAPUICCKUI MHOTOKaHAJIbHBIN OJI0K, H3rOTABIMBAEMbBIN SKCTPY3HEH TTACTUUHOM
cMecH KapOOHM3aTa pUCOBOI IIEIYXH CO CBA3YIOIIMMH BEIIECTBAMH, C MTOCIEAYIOIIIM
00KHIOM, aKTHBAIMEH U neMuHepanu3anuen. [Ipuniun padoTel GuIsTpa OCHOBAH Ha
ne3uH(EKINU MOTOKa BO3AyXa MPHU KOHTAKTE C MOBEPXHOCTHIO MOPUCTOTO MarepHaa
UMIPErHUPOBAHHOTO BEIECTBAMHU OONAJAIONIMMUA IIUPOKUM CIIEKTPOM JIEHCTBHS
U aKTHBHBIX B OTHOIICHWM OakTepwii, Oammiui, NpoCcTeHImX, rpudoB. Bricokas
copOIOHHAasE cIOCOOHOCTH MaTepHrala v OOoNblIas KOHTAKTHAsI IOBEPXHOCTh (pribTpa
crocoOCTBYIOT 3()(HEKTUBHOCTH OYMCTKH BO3IyXa. PEHTreHOBCKUIl Au(paKIMOHHBIH
aHaliM3 BBIABWII HaIW4YMe aMOpP(HOro yriepoaa B TypOOCTpaTHdeckol CTPYKType ¢
npeolialaHueM Sp- U Sp>- THOPUAM30BaHHBIX aTOMOB YIVIEpPOZa, HE BCTPOCHHBIX B
perynspHblie rpadeHoBbIe pemeTkh. Paboyast 3¢ heKTHBHOCTD (QHITBTPOBEHTHIISIIHOHHOM
CUCTEMBI ONpPEENeTCs MO CTENEeHW CHIDKEHUS KOHIEHTPAIH TMbUIM B BO3AYIIHOM
cpene ¢ yu€roM e€ IucrepcHOro cocrasa. [lonmydeHHbIe pe3yabTaThl MOATBEPKIAIOT
MOTEHIMAJ TMpelaraeMoro Marepuaia JAjs UCIOIb30BaHUS B CHCTEMaX OYUCTKH U
ne3uH(EeKInU, BO3/lyXa B YCIOBHSIX MOBBIIIEHHOTO OMOJIOTHYECKOTO pucKa. bymymiue
HCCIIEZIOBAHUS 1€JIECO00Pa3HO COCPEAOTOUNUTh HAa ONTHMHU3ALMU YCIOBUH CHHTE3a U
U3yYeHUHN KUHETUKH aJCOPOLMN 3arpsA3HSIOMINX BEIIECTB, YTO MO3BOJIUT PACHIMPUTH
MOTEHIMAl WX TNPUMEHEHHS B CHUCTEMaxX OUYMCTKM BOJABI U TEXHOJIOTHUSAX OXPAHBI
OKpY’KaroUIel cpebl.

KuroueBbie cj10Ba: COpOSHT, PUIIBTP, OUMCTKA BO3/1yXa, KAPOOKCUMETHIIIIEILTION03a,
pHUCOBOS HIeNTyXa, BEHTUISIIMOHHAS CHCTEMa
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Beenenue. B Bozmyxe armocdepsl Bcerma MPUCYTCTBYIOT pa3iWYHbIE MPHMECH,
KOTOpbIe KIacCUPUUUPYIOTCA Kak (QHU3MYECKHE, MEXaHHYeCKHe M OHOJOrMYecKHe
3arps3HUTENN BO3MyXa. MeXaHMYeCKHe 3arpsi3HEHUS! BKIIOYAIOT TBEPABIC YaCTHLBI
Pa3NIUYHOrO pasMepa M COCTaBa, obnajgaroimiue aOpa3uBHBIMH CBOWCTBaMH (TIBLIb,
YaCTHUIIBI METAJIOB, MUHEpalIbHbIE TpuMecH ). OHU MOTYT 00pa30BBIBATHCS B PE3YbTATEe
MPOIIECCOB TOPEHUS] OPraHWYEeCKOr0 TOIUIMBA, CTPOUTENBHBIX M TOPHONOOBIBAIOIINX
pabor, a Taxke npu noa3eMHbIx onepanuax (Poguonos, 1989). dusnveckue hakTopbl
3arpsi3HEHHs aTMOC(EPhI CBA3aHbI C BO3ACHCTBIEM HCKYCCTBEHHBIX HCTOUHHKOB, TAKKE
K (pu3n4ecKkuM GakTopamM MOKHO OTHECTH TEIJIOBbIE, IIYMOBBIE, 3JICKTPOMAarHUTHBIE U
pannoakTUBHbIE M3TydeHHs. K Ononornueckum 3arpsi3HeHUsIM OTHOCSTCS Pa3MHOKEHUS
MHUKPOOPTraHU3MOB B PE3yJbTaTe aHTPONOTeHHOM e TeIbHOCTH. PasHble 3arps3HeHus
OTJIMYAIOTCSI BO3/IEHCTBUEM U CBOMCTBaMH. K TOKCHYHBIM BemiecTBaM B aTMOC(HEpPHOM
Boszayxe apnsorcs: CO (okcun yrnepona), NO_ (oxkcuapl aszora), SO, (IMOKCH]L CEPBI),
MBIJIEBBIE YaCTHUIIBI, pa3NuuHble yrineBonopoas! (bypenun, 2004).

C y4eToM TOKCHYHOCTH, PaclpoOCTPaHEHHOCTH, a TaKKe OMACHOCTH 3arpsi3HUTEIH
KJ1acCU(UIMPYIOTCS Ha TPYIIIBI: OCHOBHBIE (KpUTEPHAILHBIE ) BEIIECTBA, 3arPS3HAIOLIIE
arMocdepy — 9T0 (OTOXUMHUECKUE OKCHIAHTBI, YIIEBOAOPOABI, TUOKCHI CEpBI,
OKCHJIBI 230Ta, OKCH]I yIIepoAa, TBEPAblE YACTHUIIbI; apOMATHUECKUE MOTULIUKIHNIECKHIE
YIIEBOAOPObI, TECTUIHBI; IOCTOSTHHBIE ra3bl ((PTOPXIOpPMETaHBL, AMOKCH YITIEPOaa 1
Ip.); 3arpsA3HUTEIH, OKA3bIBAIOLINE Pa3HOCTOPOHHEE BO3CHCTBHIE Ha )KUBOM OPraHU3M
(ampmerunpl, 030H, nonuxiaopupoBannsie oudenmnst (I1XbB), HUTpaThl, HUTPO3aMHHBL,
cynbedarsl u mp.) ([lomosa, 2021).

C poCTOM TEXHOJOTHMYECKUX JIMHUKA TNPOMBINUICHHBIX OOBEKTOB, pa3BUTHE
CTPOWMHAYCTPUM M MPOM3BOACTBA, YIIyONeHUs B OOBEKTax MOOBIYM MOJE3HBIX
HCKOTIAEMBIX 3HAYUTEIILHO MOBBICHIIMCH TPEOOBAHHS K CAHUTAPHOHN M TEXHOJIOTMYECKOM
YHCTOTE BO3IyXd, YTO SIBUJIOCH PE3YJIBTaTOM Pa3paboTKH OOHOBIEHHBIX CTAaHAAPTOB
u npyrux gokymentoB (Mutushev, 2025; AramanoB, 2017). CyliecTByIOT HOBBIE
CTaHJapThl OLIEHKH KauecTBa BO3AyIHbIX (unbTpoB B EBpone EN 779-93 u EN 1822-
98, KOTOPBIH SBISETCS CTAHAAPTOM 151 (PUIIBTPOB OUMCTKH BO3/1yXa, YCTAHABINBAEMbIX
B CHCTeMax KOHAWIMOHUPOBAHUS M BEHTHJLSILMHU 3aHUK M COOpYKeHHH. B ycimoBusix
MOA3EMHOM 10OBIY B TOPHOAOOBIBAIOLIEM CEKTOPE, METPO M TYHHEJIECTPOCHHU B
YCIIOBHUSIX OIPaHUYCHHON MPOBETPHBAEMOCTH MOMELICHUU MOSBIAIOTCS BO30YIUTEIH
OMAacCHBIX M 0c000 OMacHbIX MH(EKIMOHHBIX 3a00J€BaHUM, W 3alIuTa PadOTAIOIIETO
MepcoHana OCTAaeTCsl BeCbMa akTyalbHOH mpoOiemoi. OHa TpebyeT MOCTOSHHOTO
COBEPLICHCTBOBAHHS CYLIECTBYIOLINX, & TAK)KE Pa3paOOTKH HOBBIX CPEICTB U METOJOB
oOecrieueHus OMOIIOrHIeCKOi 0€30MacHOCTH.

PemiennemM 5Ttux mpoOmeM ocTaeTcss BEHTWISIMA W TOHMCK JI(PQEKTUBHBIX
(UIBTPYIONIMX MaTepHaoB C LENbl0 HW3rOTOBJICHHS HAa MX OCHOBE HOBBIX
BBICOKOA((PEKTUBHBIX AHTHOAKTEPHATIBbHBIX (UIBTPOB OYHMCTKM Bo3ayxa.  Jlns
BBICOKOA((PEKTUBHON OYMCTKH BO3/IyXa HAaUOOJbIlEe MPUMEHEHNE HAXOIAT (DUIBTPHI
Ha OCHOBE TOHKOBOJIOKHHCTBIX MAarTepUalioB W3 YIBTPAaTOHKUAX CTEKISHHBIX H
CHUHTETHYECKMX BOJIOKOH, METAaJUIOKEPaAMHUKH, a Takke 0a3albTOBOIO CYNEPTOHKOTO
(0,1- 0,4 mxm) Bonokna (Chiang, 2001).
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[lonOop u onTHMHU3anMsg CBOMCTB (UIBTPYIOLIMX MAaTepUalioB OCHOBAHBI Ha
9KCIIEPUMEHTAIILHON OIICHKE HMX 3aIIUTHOH 3((QEKTHBHOCTH C TMOMOIIBIO (HU3IUKO-
XMUMUYECKHX U OHMOJNIOTHUECKUX HHIMKATOPOB. B MHKPOOHMONOTHUYECKON MNpaKTHKE
OOBIYHO HCHONB3YIOTCS  (UIBTPBI, HW3TOTOBICHHbIE HAa OCHOBE BOJOKHHUCTBIX
(GUIBTPYIONIMX MaTepHaloB, UMEIOLINE 3HAUYUTEIbHYIO TOBEPXHOCTb (DUIBTPALUH.
OTevecTBEHHOH NPOMBIIIJICHHOCTBIO CEPUHHO BBITYCKAIOTCS BBICOKOI(D(EKTHBHEIC
($UIBTPBI Ha OCHOBE (DMIIBTPYIOLIETO MaTepuaia u3 MOIUAKPUIHUTPHUIOBOTO BOJIOKHA
JUTSL OYUCTKHM TEXHOJIOTHUYECKOTO BO3/IyXa.

3arpsi3HeHHe aTMOC(HEPHOT0 BO3AyXa - 0THA U3 HAanO0JIee aKTyaIbHBIX SKOJIOTHIECKHX
1 COLMANBHBIX TPOOJIEM COBPEMEHHOCTH. 3arps3HEHHBIN BO3YX COIEPKHUT pa3InvHbIe
TBEPABIC YACTHLIBI, BPEIHbIE XMMUYECKHE I'a3bl, a TAaKXKe OaKTepHH, BUPYCHI U JApyTrHe
BpeIHble MPUMECH. BiMsHue 3THUX 3arps3HAIONIMX BEIIECTB Ha OpraHU3M YesloBeKa
U HKOCHUCTEMBI THIATEJIbHO MU3YYECHO, W JI0KAa3aHO, YTO OHU CHOCOOCTBYIOT Pa3BUTHIO
MHOTOUHUCIICHHBIX 3a00JICBAaHUH W YBEJIMYCHHUIO TIOKa3aTeield MpekIeBPEMEHHOM
CMEpPTHOCTU. ATMOC(HEpHBIN BO3AYX MOXET COAEPKaTh LIMPOKHUN CHEKTP BPEIHBIX
ra3000pa3HbIX MPUMECEH, BKIIOYAs COSIMHEHHUSI CEpbl W a30Ta (Takue Kak JUOKCHUJ
ceprl - SO,, cynbpar-anuonsl - SO >, Hurpar-anuonsl - NOs'), okcuabl ymiepona
(manpumep, yrapusiii ra3 - CO), dopmansaerng (HCOH), a Takxe paznuyHble JeTy4dne
OopraHuyecKue coeinHeHus. B mocieanme ronsl cepbE3Hyto 00€CIOKOEHHOCTD BBI3BIBAET
TaKe paclpocTpaHeHne OaKTEpUil U BUPYCOB, EPENAIOIINXCS BO3AYIIHO-KAeIbHBIM
nyTéM. B cBa3uM ¢ 3THM BO3pacTaeT HeoOXOAMMOCTb B pa3paboTke 3(h(EeKTHUBHBIX H
0e3onacHbIx Bo3aywHbIX (puibTpoB (Cynera, 2001; Ipoznos, 2007).

CoBpeMeHHBIC BO3AYIHBIE PUIBTPBI, HCTIOJIB3YyEMBIE BCUCTEMAaX )KU3HE00E CTICUeHHS,
KaK TpaBUJIO, OCHOBAaHbl HA MEXaHUYECKUX U afCOPOLIMOHHBIX MEXaHU3MaX OYHCTKH.
OnHako B YCIOBHSIX 3aMKHYTBIX MPOCTPAHCTB OPOHETEXHHUKH WX d(PPEKTHBHOCTD MO
WHAKTHUBAIIMK OMOJOTMYECKHX 3arps3HUTENeH, BKItoUas OaKTepUH U BUPYCHI, OCTAETCS
HEIOCTAaTOUYHON. ITO cO31aET PUCK PacIpOCTpaHEHUsI HHPEKIIMOHHBIX areHTOB CPEIH
9KUTaKa, 0COOEHHO MPH JJHUTENILHOM NMPeObIBAaHMHM B FepMETHUHOU cpene. B cBssm
C OTUM aKTyaJbHOM 3amadell siBiseTCsl pa3padoTka (UIBTPYIOMIMX MaTepHalioB ¢
BbIpQ)KEHHBIMH aHTHOAKTEpUATbHBIMI CBOHCTBAMH, CIIOCOOHBIX HE TOJBKO yIaBINBATh
MaTOTeHHbIE MUKPOOPTaHU3MBbI, HO U 3(P()EKTUBHO MOAABIATH UX KU3HEACATEILHOCTD,
[IPU 5TOM OCTaBasiCh YKOHOMUYECKH LenecoodpasubiMu. (Cuadros-Lugo, 2022; Jahan,
2024)

Ha ceromusitamii geHb yrojabHbIe (QHIBTPBI HAXOAAT HIMPOKOE NMPUMEHEHHE KakK B
OBITOBBIX, TaK U B TIPOMBILIJICHHBIX YCIOBHUSX - BKIIIOYas ynajieHue TabauHOro JbIMa,
MapoB JIAKOKPAaCOYHBIX MaTepualoB M XHUMHYECKHX pacTBopureneil. OHM Takxke
HCTIOJIB3YIOTCS. B aBTOMOOMJIBHBIX CHCTEMax BEHTHWIALUUH W KOHIWIMOHUPOBAHHS
Bo3ayxa. CreneHb 3 eKTHBHOCTH TaKHUX (PUIIBTPOB HAITPSAMYIO 3aBUCHT OT MOP]oIoriuu
CTPYKTYPBI, B3aUMOJEHCTBUS MEXIY (QUIBTPYIOIIMMH KOMIIOHEHTaMH U KayecTBa
CBsA3yIOIEro Marepuasa. Vcrnoabp30BaHNe BOJIOKHUCTBIX MIIM HAHOCTPYKTYPHUPOBAHHBIX
CBSI3YIOLIMX TO3BOJISIET YCHIIUTD MMPOYHOCTD (PUIBTPYIONINX CIOEB ¥ TIOBBICUTH CTEIICHD
yJaBJIMBaHUS 3aTrPS3HSIONINX BEIIECTB.

Metonsl 1 MaTtepuaybl. B Xoae SKCHEepHMEHTOB HCMOJIB30BAINCh XUMHUYECKHE
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PEaKTUBBl AHANUTHYECKOH YMCTOTHI 0O€3 JOMONHUTEIBHOH OYMCTKH. YIIIEpOJHbBIE
¢unpTpytone Marepuanbl ObUIM MOJTYYEHBI MyTEM TEPMUYECKOH KapOOHHU3aIMU
PHCOBOH IIeTyXH B cMecH mpomaHa u Oytana mpu Temneparypax ot 300 mo 800°C.
TemneparypHblii peXuM B TpyOduaToM peakTope KOHTPOIHMPOBAJICS C TOMOIIBIO
MIporpaMMHUpPyeMOI JIMHEHHON CHCTEMBI HarpeBa OT KOMHATHOM Temmneparypsl 10 800°C
C BBLICPKKOH NP MakcUMallbHOU Temmeparype 10 120 MUHYT.

B kadecTBe OCHOBHOTO CHIPBsI OblIa BBIOpaHa pHCOBas LIeayxa Oarofgapsi BBICOKOMY
COZICP’KAaHHUIO OPTaHUYECKUX U MHHEPAJIbHBIX KOMIIOHEHTOB - & UMEHHO LEIJUTIOI03bL,
JIUTHMHA, TIEHTO3aHOB M 30JIbI, MOCJEAHAS W3 KOTOPBIX COCTOMT Ha 92-97% wu3
JMOKCHIA KPEMHUS. DTOT MaTepHal KiacCupuuupyercsi Kak ObICTPO BO30OHOBIISIEMBbIi
W OKOJIOTMYECKH YHUCTBIH HMCTOYHHUK Omomacchl. XHWMHUYECKHH COCTaB ChIpbS,
MpeAcTaBIeHHbIH B TabauLe 1, ObLT onpenesiéH MeTogaMu KJIAaCCHYECKOTO («MOKPOTO»)
XMMUYECKOTO aHAIN3a: COlEPKAHUE KUPOB - METOIOM d(PUPHOM HKCTPaKIIHHU, OEITKOB -
IO COZIEPKAHUIO a30Ta C MOCIEeNYIOIUM nepecyéToM o Mmetoay Keenpaans, 3016H0CTh
- [I0 OCTaTKy MOCJIe NPOKATNBAHUS, BIaXKHOCTb - 10 BEJIMYMHE CYXOTO OCTaTKa.

Ta6muma 1 - XuMmudeckuil coctaB pucoBoii menyxu (% mac.):

Kommnonent Conep:xanue, % (mMacc)
Bona 3,75 -24,08
3oina 11,86 — 31,78
Ilenro3an 4,52 -37,0
Hemmonosa 34,32 -43,12
JIurauna 19,2 - 46,97
[Iporenn 1,21 -8,75
Kupst 0,38 — 6,62

Br10op prcoBoii mienryxu 00ycIOBIEH TEM, YTO B COCTaB JAAHHOTO CHIPbs BXOIUT
LIEJUTIONO03a, IMTHAH U MUHEpaJIbHAs 30714, cocTosmas Ha 92-97% u3 nruokcuia KpeMHHS.
ChIphe M3 PUCOBOH IMIETyXH OTHOCHUTCS K OBICTPO BO30OHOBIISIEMBIM HCTOYHHKAM H
SIBJISIETCS] SKOJIOTMYCCKH YHCTHIM.

B pabore Taxxe ucnonssobanuce: Bonopon (mapka A TOCT 3022-80) H, - 99,92%
(O,, CH,, CO,, CO) - 0,08 %, H,O - 0,004%; Ilponan; . Apron (oco6oii uncrorer TOCT
10157-79) Ar - 99,992 %, O, - 0,0007 %, N, - 0,006 %;. Azor N, — 96,30 %, O, - 3,70
%, XJOpreKCUANH OWIITIOKOHAT, AyOmibHas kucnota. Mox ¢ xormenTparmsamu 50-340
MI/JI, pacTBOpbI THOCYyIb(ara Harpus Na,S O, ¢ xonuenrpauuer 0.01 M, kpaxman
(CH,,0)), B xauecTBe CBA3YIOUIETO KOMIIOHEHTA JUIs KapOOHM3aTOB yriepona Obuia
npumenena kapookcumetnmemnmonosa (KM [C.H,O,(OH), - (OCH,COOH), ] ). [lns
YCTaHOBJICHHSI COPOITMOHHBIX PABHOBECHH HCITONB30BAIA KOHUIECKHE KOJIOBI Ha 250 ML

301y, TONY4EHHYIO TIOCIE CXKUTAHWs PHUCOBOHM INENyXHW, Iieliecoo0pa3Ho
JOTIOTHUTEIEHO UCCIIEIOBATh METOIOM peHTreHO(myopecteHTHoro aHamm3a (XRF) mst
OIIPE/ICIICHUST COJICPIKAHUSI KPEMHUSI, KAJIBIUS ¥ JIPYTUX MHHEPAJIbHBIX KOMIIOHEHTOB.
Takoll MOX0/] MO3BOJISET MPOCIEAUTh JUHAMHKY YIallCHUsS KPEMHUsI IpH 00padoTKe
MIEJIOYBI0 W OIEHUTH dPPEKTUBHOCTH MpoIlecca MOAUGHUKAIINA MUHEPATLHON JacTH
CBIPBSL.
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Pucynox 1 - Penmeeno-gnyopecyenmunviii ananuz mamepuaia 0iokKa.

Element Wt% At%
C 86.57 91.06
o 8.92 7.04

Na 0.64 0.35

Mg 0.13 0.07

Al 0.65 0.30

Si 1.75 0.79
Cl 0.29 0.10
K 0.22 0.07

Ca 0.34 0.11

Fe 0.49 0.11

Matrix | Correction | ZAF

Kak BUIHO U3 pe3ybTaToB aHAIM3a MaTepUa COCTOUT
OCHOBHOM H3 yIJIepoJia ¥ OKcHa KpeMHus. B HeOombimom
KOJIMYECTBE TMPHUCYTCTBYIOT KapOOHAThl INEIOYHBIX U
LIEJIOYHO3EMEJIbHBIX METAJLIOB.

XapaKTepUCTUKU MATepHaIoB. [[1Is HM3rOTOBICHUS
¢unbTpa ObLT BEIOPAH yINIEPOJHO-KPEMHHUEBBIN MaTepHuall,
MOJTyYeHHBIN KapOoHHU3aIiel 000I04YKH PUCOBON MICTYXH.
Br16op onpezenuics MOprUCTOCThIO C BHICOKOW yAENbHON
MOBEPXHOCTRI0O M OOBEMOM TMOp MaTepuana, a TaKxke
HaJIM4MEM B €0 COCTABE TOHKO JIUCIIEPIUPOBAHHBIX YACTHIL
yriepoaa u okcuaa kpemuus. [t hopmoBanus Matepuana
B (pMIBTPYIOMIKE OJIOKH C COTOBOM CTPYKTYPOU BBHITTOIHECH
Mo00p CBSA3YIOLIETr0 KOMIIOHEHTA, B KadeCTBE KOTOPOTO
Obuta TpuMeHeHa KapOokcuMerminesutonoza (KMII).
Bapeupys cootHomieHusi KapOOHHU3aTa PHCOBOM IIEIyXH
u KMILI, 6puta monmydeHa IutacTUYHAsh Macca, MPUTOIHAS
IUISL TIOJTY9ICHUST OJIOKOB C COTOBOU CTPYKTYpOH METOIOM

aKCcTpy3uu. M3nenus nocie popMoBaHusl B 3KCTPYyAEPE BHICYIINBAINCH H TTOJIBEPTaIINCh
TEPMOOOPAOOTKE C IEJIbIO MOJTHOW KapOoHu3aluu. JlanpHeiimas 00padoTKa B KUIISIIIIEM
pacTBope TUAPOOKUCH HATPHUS MPOBEJAEHA JJIsl YACTUYHOM JECUIIMKALIMK MaTepuaia u
yBenueHus o0béma nop. [Ipu nocneayromieil pu3nueckoil akTHBAaIMU OJIOKOB B Cpeie
YIIIEKUCIIOTO ra3a MaTepral OJIOKOB MTPHOOPET pa3BUTYIO MaKpO- U MUKPOCTPYKTYPY €
OOIBIIIM 00BEMOM TIOP.
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LHCUoUA MEAYAL [To020mosumenbhblii 00%cuz  Hexodnoe coipué icissaiie HMopowkosas cvech

"
— & /// 2

g el PR s ///
Cenzyioniee seugecneo (KM/ ﬁ

Uenounan decuruxauus

) Axkmusayus Jlumyé noo daenenuem u3 pacnaasa

PuCyHOK 2 - Texnonoauueckas cxema u3eomoeienuss MHO2OKAHAIbHO20 yaaepoanoeo onoxa.

[IpoBepky 3PPEeKTUBHOCTH ATHX THUIIOB (DUIBTPYIOLIMX MAaTEPUATIOB MOXKHO
OCYIIECTBUTh Ha pa3pab0TaHHON HaMHM CTCHJOBOH ycTaHOBKe. lcmblTarenbHas
KOHCTPYKIHMSL  yIIepoAHO-KpeMHueBblX copbeHtoB (YKC) Obma cobpana Ha
JIBYXKAMEPHOW EMKOCTH, KPEIUICHHas W3 OPraHUYeCKOTr0 CTEKJa, OOIIUM OO0BheMOM
25x21x15 cm?®. B kauecTBe aHTHOAKTEPHUATEHOTO KOMIIOHEHTA OBIT B3ST XJIOPTEKCEINH.
CxeMa KOHCTPYKIIMM TOKa3aHa Ha pucyHke 3. [lepenHsisi cTeHKa W3rOTOBJICHA W3
JIUCTOBOTO TOJIMIIPONMIICHA, TJE KpyDible 00paslbl CyOCTpPaTroB M3 YIIEPOIHO-
KPEMHUEBOU TOAJIOKKU JTUaMeTpoM 44 MM W TONIIMHOW 1 cM OBUIM 3aKperuieHbI
B KpyIJIbIE OTBEpCTHUsSl TiepefHel creHKku. J(mamerp nuHEHHO-ckBO3HBIX mop YKC
cocrasisieT nopsaka 0,5-5,0 mxm. Beero takux momioxkek 9 mryk.

KoHcTpyKIHst cOCTOUT U3 JIBYX OJIOKOB, Ha TIEPBOM OJIOKE MOMEIICH OJIOK MUTAHUS
JUIST BEHTWIATOpa. BEHTWIISITOp TMONKIIOUEH K HCTOYHHKY ITOCTOSHHOIO TOKa, €ro
MOIIHOCTh 00ECIEUMBACTCS MOCPEACTBOM IEPEMEHHOTO TOKa ¢ HampspkeHuem 220
B, BBIXO/IHBIC HaNpsKEHUS M TOKM HCTOYHUKA TOKA U BEHTHJISTOPA COBMAJANT U
cocraBitior U~12 B, I~0.7 A, cooTBeTCTBEHHO.

[lepBriii 010K oOOecreuMBAET aKTUBHBIM IMOTOK BO3AYIIHOW arMocepbl uepe3
BO3/yXOBOJI BEHTWJIATOpa KO 2 BropoMy Oyioky. Ha BTOpoM OJioke ycraHaBiIMBaeTCs
pPacTBOp XJIOPIreKCHJMHA, MOMEIIEHHBIH B CHCIHAIBHYI €MKOCTh, C IIOMOIIBIO
HU3KOYaCTOTHOTO MUHHICHEpPAToOpa, HCIYCKAMOIIMN XJIOPIeKCUIUH B BHJE Iapa B
o0beM 2-ro Onoka. [lanee, MOTOK XJIOPreKCHIMHA TO]] JABIICHUEM BO3/yXa IMOCTYIAeT
B 00pasibl YIIEpOJHO-KPEMHHUEBOTO cOpOeHTa. 31ech B COpOCHTAaxX BUPYCHl W
0aKTepuaIbHbIE MUKPOOOBEKTHl UMIIPETHUPYIOTCS B Y3KUX MEMOpaHaX U KICTOYHBIX
CTCHKaX ME3arlOpUCTON CTPYKTYPhI YIIICPUCTO-KPEMHHUEBBIX 00pa3iax.
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bnox 1

IHomoxk 6030yxa

Xnopzerxcuounr

T

Hemounux numanisn

Cyocmpam C-Si

Pucynok 3 - KoHcmpykyus ucnolmamenbHo20 CmeHod 6030YUHO20 HOMOKA Y2NepOOHO-KPEMHUEBIX
copbenmos

Ha Beixone, mocne npoxoxxaenust u3 YKC uMnperanpoBaHHbIe BO3AYIIHBIE MAacChI
pacTBopa XJIOPTEKCHIMHA PACIPOCTPAHSIOTCS B KauecTBE CIpesi aHTHBHPYCHOTO M
AQHTUOAKTEPUIIUIHOTO BEIIECTBA JJISl 3alIUTHl OT MH(PEKIMOHHBIX BUPYCOB, MHKPOOOB
u Oakrepuii. Takum oOpazom, copOeHThl ¢ pasmepamu 0,5-5,0 MKM MpenoTBpaliaoT
MIPOHUKHOBEHNE OaKTepUil M BHUPYCOB HApYXKy, YTO TO3BOJSET yAASATh BpEIHBIC H
ornacHele OakTepuu B Bo3ayxe. J[aHHOE YCTPOWMCTBO TakKe MOXKHO HCIIOJBb30BaTh Kak
Je3UHUIUPYIOIUNA TPUOOpP JUIs TOMAIIHUX M OBITOBBIX IIEJCH, B 3TOM Cily4ae BO
BTOpOM OJIOKE BMECTO XJIOPTEKCHIMHA MOYKHO 3aMEHHUTH APYTHM Je3UH(PUIUPYIOIIM
BEIIECTBOM.

Henocratkom naHHOW Mopenu SBISIETCS TO, YTO CPAaBHHUTENBHO OOJbILIAs YacTh
OYMIIAEMOr0 BO3AyXa MPOXOAUT dYepe3 OOKOBYIO IOBEPXHOCTh (PHUIBTPYIOIIETO
ANIEMEHTA, AJIsl CHIKEHHUS ATOro A QeKra Obla M3roTOBICHA MOJACITh MHUHHATIOPHOM
KOHCTPYKIHMHU YIIIEPOAHO-KPEMHUEBOTO COPOCHTA AJISl TOBCEIHEBHOTO MCIIOIb30BAHHMS
(pucyHOK 4), 0oHAaKO B 3TOM KOHCTPYKIIMM OTCYTCTBYET BEHTHJISLIMOHHAS CHUCTEMa B
OTJINYME OT Pa3paboTaHHOrO yCTPONCTBA Ha PUCYHKE 3.
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V3.
MUHHTEHepaTop

Emzxocts pacteopa

XNOPreKcHIiiHA

Pucynox 4 - Munuamiopnoii Koncmpykyuu yenepooHo-KpeMHUe8020 copbenma 0Jisi HOBCEOHEeBHO20
UCNONL308ANUS

Kak mokazano Ha pucyHke 4, B KOHCTPYKIHH YIJIEPOJKPEMHHEBOTO COpOeHTa
BKITIOUAETCSl CUCTEMa C HU3KOYACTOTHBIM MHHUTEHEPATOpOM. 37€Ch YIIbTPa3BYKOBOM
MUHHTCHEPATOpP UCIOb3YeTCsl B KAYeCTBE MCTOYHMKA PACIBbUICHHS XJIOPTeKCUIMHA H
pacTBOp pacbUISETCS Yepe3 yIIepOAHO-KPEMHUEBBIN COPOCHT Ha OKPYKAFOILYIO CPELY.
Bpewms reHepanyu pactbUICHUs XJIOPTEKCHIUHA 3aBUCHT OT KOJUYECTBA COACPIKAHHS
pacTtBopa B €eMKOCTH. B yacTHOCTH, IPOU3BOAUTENHFHOCTh pabOveil CMEHBI COCTABUIIO
ot 4 1o 10 gacos.

Takum 00pa3oM, BpeMst paboThI TprOOpa 3a OJIMH pa3 JOCTATOUHO JIJISI HEITPEPHIBHOTO
(YHKIIMOHMPOBaHUSI B KadecTBE JCTEKTOpa AHTUBUPYCHOW W aHTUOAKTEPUIUIHON
CHpei-3alIuThl OT UHPEKIIMOHHBIX BUPYCOB, OAKTEPUN U MUKPOOOB IS Ie3HH(EKITIH.
B KoHIle OTMETHUM, 4YTO H3TOTOBJICHHBIE O00pa3lbl  YIJIEPOJAHO-KPEMHHUEBBIX
copOeHTOB ToKa3au 3(h(HEKTUBHYO CIIOCOOHOCTh KaK MMITPETHUPYIOIIUNA MCTOYHHUK
AQHTUOAKTEPUIUIHBIX U aHTUBUPYCHBIX CIPEl [UIsl OKPYKAIOUIMI BO3YIIIHOW CPEIbI.

Pe3yabTathl H 00cyKaeHHE.

CnekTpockonuyeckne HCCIeT0BAHNS IAPAMETPOB YIVIEPOAHBIX GUIBTPOB

VYrieponubie QUIBTPHI CHUMAIKMCh B CIieKTpax MetogoM PDA, kak M ciemoBaio
OXKHJATh IOJyYEeHHbIE YIJEPOAHbIE MaTepHalibl IOJBEPIKEHBI Pa3HOOOPa3HBIM
nckaxxeHusM. Kak mokazano Ha pucyHke4 HabimronaeTcst 1epopMUPYyEMOCTb YIIIEPOAHOTO
KapKaca, 4TO CBSI3aHO C MX BBICOKOH aKTHBHOCTHIO W IOJIBUKHOCTBIO Tpa()eHOBBIX
CTEHOK B YIJIEpOJie, B BUAY CIIa0bIX BaH-JIEP — BaJIbLCOBCKOTO B3aMOJCHCTBUS MEKIY
aToMaMH yTiepoa.

Hudpaxrorpammbl 0T rpadUTONONOOHBIX YINIEH MNPEACTABISIOT COBOKYIHOCTb
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pednexcoB 001 u hk, xoTopbie oTBeyaroT AMPPaKUMOHHBIM d(PPEeKTaM OT aTOMOB,
MPUHAJICKAIUX Pa3HBIM TPa(eHOBBIM CETKaM M PACIIOIIOKECHHBIX B MPEAeiIax OAHOM
U TOM ke rpadenoBoii cetku, coorBercTBeHHO (Christopherson, 2020; Lim, 2018).

Kak mokazano Ha pucyHke 4 OCHOBHBIMH MapamMeTpaMu CTPYKTYPBI YIJIEPOTHOTO
Kapkaca SIBISIIOTCA CpeIHHE pa3Mepbl o0NacTell  KOTepeHTHOTO  pacCesHHs
(OKP), xoTopble accOUMMPYIOTCS C TpaHUTONOJOOHBIMH KpuUcCTauuTamu. Ha
BBILLIETIPUBECHHBIX AH(pakTorpaMmax IMpeAcTaBlIeHbl OJN3KOPACIOIOKEHHbIE, IS
9THX YIJIEPOAHBIX MAaTEpUAIOB MHTEHCHBHBIC MMUKH, OHU YUIMPHIUCH M3-32 HATHYHS
HUCKOKEHUH H MallblX pa3MepoB rpadUTONOf00HBIX KPHUCTAIIIMTOB W CIHIINCH
HACTOJIbKO, YTO MPEICTAaBICHbI ONHOW JIMHUEW, MOCIe OJHOTO WHTCHCHUBHOIO IHKA,
nocnenHui rpaduToBbie peduiekcsl, KoTopble npuodpenu auddysHbii xapakrep. B
LeJIOM TU(paKkTorpaMMa XapaKkTepe3yeTcss HaludueM «aMop(HOro» yriepona, He
BXOJISIILIETO B COCTaB Ipa)€HOBBIX CETOK.

JudpakivoHHBIH aHaNM3 TOKA3blBae€T HAJIMYME 3HAYUTEIBHOTO KOJIUYECTBa
amopdHOro yrinepona, He BXOISILET0 B PeryisipHble rpad)eHOBbIE CTPYKTYphl. Takas
CTPYKTypa TUIHYHA ISl aKTUBUPOBAHHBIX YIJEPOIAHBIX MaTepHasioB, MONYyYEHHBIX
MIPU YCIIOBHSAX, BBI3BIBAIOLINX YAaCTUYHOE paspylleHHe rpad)eHOBBIX IIOCKOCTEH H
00pazoBaHuE ME30TOPUCTOI aMopHO-KpucTaumuecko gassl (Moseenkov, 2023).

6000

Meas. data:N_2 —
5000+ BGdataN 2  —
Calc.dataiN_2 —

Intensity (cps)

T T T T
20 40 60 80

2-theta (deg)

Pucynox 5 - JJughpaxmozepammor om 2papumonododmvix yenepooHsix Mamepuaios

[Mony4yeHHBIE  KOMOWHHMPOBAHHBIA  YINIEPOJHBI  Marepual Ha  OCHOBE
KapOOMETHIIIICIUTIONO03bl M KapOOHHM3aTa PUCOBOH MIeNyXH ObLI UCCIeJ0BAaH METOIOM
Paman criekrpockonuu (pUCYHOK 6).

Kak BumHO m3 pucynka 6 kapbonmsar pucoBoil menyxu ¢ KMIL] umeror 2 nuka
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XapakTepu3yromue 00pa3oBaHUsi HOBOTO YIJEPOJHOTO COCAMHEHMS, HMMEIOIIEro B
CBOEM COCTaBe KOMOMHHPOBaHHYIO YIVICPOAHYIO MaTpHIly U3 KapOOHH3aTa pUCOBON
menyxu 1 KMLI.

OO6pasyemMble 1Ba MHKAa XapaKTEPU3YIOT MPUCYTCTBUE MOPQOJIOTUU yIiepona, HO
3[€Ch CIEeAyeT YUUTHIBaTh OAMH (aKT,uyTO B MpoLecce KapOOHMU3AUUK YIIEPO] MOKET
MOSIBUTHCS M M3 KapOOMETHIILIEIUTIONO03bl, MHBIMH COJIOBAMU MBI BUJIUM YIJICPOAHBIC
MaTepHuaJlbl U30JIMPOBAHHBIE B MaTPUIIE C MPU3BOHBIMU U3 METHUIILIEIITIONIO3bI, U3 YETO
MOYKHO 3aKJTIOUUTb, YTO MOSBISIIOTCS MUKKPOKPUCTAIUINTHI yriiepoaa. B kapOoHu3arax
MPUPOJHOTO W CHUHTETUYECKOTO MPOUCXOKICHUS MHUKPOKPUCTAJUIMTHI yIyiepoaa
pacnonokeHbl HEYMOPAAOUSHHO H 00pasyroT TypOocTpaTHyto cTpyKTypy (Gupta,2020;
Nuraly, 2024).

ATOMBI yI71eposia B TypOOCTpaTHON CTPYKTYpE HE 3aHUMAIOT HJIeallbHBIX TIOJIOKEHUH,
a CMEIEHbI OTHOCUTENBHO IIIOCKOCTH ceTkU B npeaenax 0,14-0,17 A. Takoe cMemieHne
OOBSICHAETCSI TeM, YTO B TypOOCTpaTHOW CTPYKType aTOMBI YIJIepOona HaXOAATCS B
MHOM BaJICHTHOM COCTOSHHH, Ye€M XapakTepuHas s rpadura sp>-ruOpuau3aius.
[Ipu 5TOM 4YacThb aroMOB yIIepona, OCOOEHHO MNEepUPEPUHHBIX, HAXOIUTCS B Sp-
THOPUAHOM COCTOSIHUH. TakuMm 00pa3oM, MOXKHO CHeNaTh BBIBOJA, YTO YIJIEPOAHBIC
MaTepuaibl— 3TO CIOXKHbIE OOBEKTBI, Pa3IMYAIOIINECs KOMIUIEKCOM MEXaHWYECKHX,
(U3UKO-XMMHUYECKUX U WHBIX CBOMCTB, 3aBUCSIIUX OT CTPYKTYPbI HCXOJHOTO CBHIPbS
U crnocoboB ero monydeHus. 1 OLEHKH Halu4uusi B TONYYEHHBIX YIJIEPOIHBIX
copOeHTax peakIUOHHO-CIIOCOOHBIX (DYHKIMOHANBHBIX Tpynn Obuia mpoBeneHa MK-
CHEKTPOCKOIIMYECKHE HccaenoBaHus ¢ ucnoib3oBaHueM HWK-Dypre crnekrpomerp
(pucynox 7).

30. Andor Spectra
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Pucynox 6 - Kapbonusam pucosoti wenyxu ¢ KML] nocne xapoonuzayuu
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W3 UK u3mepennii BuIHO, uTo Ha JInHKUU 3445 cM! mokazanbl ocHoBHBIE C-H cBsi3y,
NPUCYIIHE Ul YIIIEPOIHBIX MOPUCTBIX CTPYKTyp. Ha 1420 cm™' nuHMUM pacTshkeHHs
JIByOKHCH yriiepona, nanee tuaus 875 cm! coorBerctByeT C-C cBsi3u, Ha tuHuu 712,54
cm! cocpenorouensl cBsizu SiC. Takum o6pazom, MK auHMM MOMIOIIEHNUS TOKA3bIBAKOT,
YTO B HOPHCTOM CTPYKType COAEPKaTcsi B OCHOBHOM YIJIEPOJHBIE, KHUCIOPOIHBIE U
KpEMHHUEBBIE CBSI3aHHBIE CTPYKTYPBHI.

142087

4000,0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 4500
em-1

Pucynoxk 7 - UK cnexmp yenepoonvix mamepuanos

OOHapyXeHre TOJOCH TOIJIONICHHS, COOTBETCTBYIOIIEH YIIEpOn-KPEeMHHEBOM
(Si-C) cBs3u B MK-cekTpe kapOOHH3MPOBAHHOTO MaTepHajia IMOCe ero KOHTaKTa
¢ OakTepuanbHON KyJBTypOH, CBHIETEILCTBYET O XHMHYECKOH MOIU(pUKAIIUN
MMOBEPXHOCTH, BEPOSATHO 3a CUYET B3aWMOMACHCTBUS C KPEMHHICOAEPKAIINMU
KOMITOHEHTaMHu cpeabl. Hanmune nanHOW ()YHKIMOHAIBHOW TPYIITBI KOPPETUpyeT ¢
TTOSIBIIEHUEM 30HBI ITOJIABJICHHUS POCTa MUKPOOPTaHU3MOB, UTO ITO3BOJISET PETIONIOKNTh
e€ yuacTre B GOpMUpPOBaHUH aHTHOAKTepHaIbHOTO 3(hpexra. [lomyueHHbIe pe3ynbTaThl
YKa3bIBaIOT HATO, 4TO 00pa3zoBanue Si- C CBA3EH MOJKET OTTOCPEIOBAHHO CTIOCOOCTBOBATH
TTOBBIIIICHUIO OMOLMIHBIX CBOMCTB yIIIEPOIHOTO Marepuaiia 3a CYET W3MEHEHHs ero
MTOBEPXHOCTHBIX XapaKTePHUCTHK, BIHSIOMIAX Ha aIre3ui0 W IKUIHECIOCOOHOCTh
OaKTepHabHBIX KJIETOK. TakuM 00pa3oM, CTereHb WHAKTHBANWW (DYHIIMOHAIBHBIX
TPy, UMIIPETHUPOBAHHBIX OAKTEPUITUAAMHU OTIPEENIeTCs TOTyYeHUEM YIIepOTHON
CTPYKTYpBI, oONangaromield pa3BUTOW TIOPHCTOW CTPYKTYypoil. BhimenaunBanue 30161
THIPOKCHIIOM HATPHS MTO3BOJISET YACTUYHO YIAJIUTh H30BITOUHBI KPEMHHUH, YBETTUINTh
YVAETBbHYI0 TOBEPXHOCTh W JOCTYITHOCTh AKTUBHBIX IEHTPOB, YTO CIOCOOCTBYET
(hopMupoBaHUIO OOJIee BBHIPAKEHHBIX COPOITMOHHBIX W aHTHOAKTEpHUATLHBIX CBOWCTB
MaTepuana.
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Pa6ouasi 3ppeKTUBHOCTH YIJIEPOAMUHEPAIILHOTO 010Kka. OTHIM U3 OTIACHBIX U
BpEIHBIX (DAKTOPOB TPY/A SBIISIETCSI OMOIOTHIECKUH, T.€ TIOSIBIIEHIE MUKPOOPTaHH3MOB,
KOTOpBIE CIIOCOOHBI BBI3BIBATH HE TOJIBKO MH(EKIIMOHHBIE 3a00JIeBaHHS, HO M CHU)KEHHE
00IlIero MMMYHHTETa W, Kak CIIEIICTBHE, POCT INPEIpacHONOKEHHOCTH K OBITOBBIM
nHpeknusaM. OfHaKo, B HACTOsIIIee BpeMsi HE B TIOJIHOW Mepe OIpejielieHa CTEIeHb
OMACHOCTH, OOYCJIOBJIGHHAss KOHTAaKTOM C MHUKPOOpPTraHM3MaMH JUIsi Pa3IMYHbBIX
npou3BoAcTB. HemocratouHo uccienoBaHa MUKpoOHas 00CEMEHEHHOCTh U BHJIOBOM
cocTaB MUKPOQIIOPHI IIOMEIICHUH Pa3IMUHBIX TPEANPUSTHH, KOTOPbIE 00YCIOBIUBAIOT
pPOCT TPEPACIIONIOKEHHOCTH K 3a00JIeBaHUSIM, CHIDKCHHE MPOM3BOAUTEIHLHOCTH
W pe3ylbTaTHBHOCTU Tpyda. He B J0oCTaTOuHOW Mepe MCCIIeOBaHbl TAKKE BOMPOCHI
CaHHMTAPHO-THI'MEHUYECKOH 00paOOTKH MPOU3BOACTBEHHBIX TOMEIIEHHI B 3aBUCIMOCTH
OT CTENeHU OMACHOCTH MUKPOOHOTO (hakTopa.

Onnum u3 Hanbonee YPPEKTUBHBIX METOJOB aHAM3a MOBEPXHOCTHON CTPYKTYPBI
SIBIIIETCS] CKAaHUPYIOIas MeKTpoHHas Mukpockonus (COM). DToT MeTox MOo3BOJISET
BBITIOJTHATh KOJMYECTBEHHBI MOP(OJOTHYECKHI aHAlM3 U TPOBOJUTH W3MEpPEHHS
JUHEHHBIX TapaMeTpOB MHUKPOCTPYKTYpBl MOBEPXHOCTH TBEpAbIX Teil. l3ydenue
(hOPMOIIOTHH H CTPYKTYPBI YACTHI] IIPOBOIMIIOCH METOIOM AIIEKTPOHHOM MUKPOCKOITHH.
C TIOMOIIBIO CKaHUPYIOIIETO 3IEKTPOHHOTO MUKPOCKOIA (PAaCTPOBBIN AJIEKTPOHHBIH
mukpockon (Quanta 3D 2001 Dual system, FEI, KasHY, HHJIOT) 6buta momyuena
MUKpOOTOrpadust YacTHII.

['pyOble mucriepcHbIE CUCTEMBI (MBUThL W3 KOBPOJIAaHA MM OpraHUYecKas MbLIb, U
yTOJIbHAS! TTBUIb) UCCIENOBAINCH € MOMOIIBI0 COM.

Pucynox 8 - Pazmep uacmuy yeonvnoii (a) u opeanuyeckoii noiiu (6) noo Mukpockonom

BusyanbHBIME HM3MEPEHUSIMH OTIPENSISUINCh  (DPAKIMU  YIENBHBIX ariioMeparoB
IbUIA Y IPOLICHT UX HanOOJIBIIIETO coacpIKaHrd OTHOCUTCIIBHO JIPYTIUX (bpaKm/m.

beumm IMMPOBCJACHBI AHAJIMUTUYCCKHUE PpaCUCTbl 110 OIPECACICHHUIO (I)YHKIII/II/I
pacrpeneneHus JacTull IbUIM [0 pa3MmepaM. PacnpeneneHust yacTuil 10 pasMepam
MOTYT OBITH TIPEACTABIICHBI CIEAYIOIeH 3aBHCHMOCTBIO.
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b MPOBCACHBI AHAJIMUTUYCCKHUEC PaACUCThl 10  ONPEACIICHHUIO q)YHKLII/II/I
pacnpeaejacHd 4acTull IbUInA O‘IHUlaeMOﬁ (1)I/IJ'ILTpaMI/I o pasMepam. PaCHpeI[eJ'IeHI/I}l
JacTull I10 pasMepamM MOryT OBITH IpeacTaBICHBI CJ'ICI[yIOH.[CfI 3aBUCHUMOCTBIO.

L g% (dy/dy)
= 2lg” o,
Vam-lg o, (1)

o,
[ne ™™ - ynenbHoe coepkaHue arIioMeparoB ¢ pasMepamu d,

1g%5— cpeHeKBapAaTHIHOE OTKIOHEHHE
lg(d,/d ) morapudm OTHOIIEHHUS YACTHIL K CPEHEMY MJIM MEIMAHHOMY 3HAYEHHIO.
WurerpanbHas KpuBas 3HAYEHHHM C pPACHpENCNICHUEM YacTHUI[ MOXeT OBITh
npeoOpa3oBaHa CICAYIONIHM BBIPAKCHUEM:
]E "-ir
100 gt (dy/dmy)
Rd)=——— | e 2= d(gd)

Vamlg o, (2)
+oo
Ecnu BeIpasuth 3HadyeHus JorapudmoB uepes t = W, TO ypaBHEHHE 2

npeoOpasyercsi B BUJ

100 _t
R(d,) = N [E 2 d(t) )

[IpoBenst pacyeTbl aHATUTHYCCKUX (YHKIHMH paclpelesieHHs YacTHLl IOoJIydyaeMm
MaTeMaTHYeCcKyl0 IUIaTy pacyeTa CHCTEM OYUCTKA BO34yXd, YTO IIO3BOJIUT
aBTOMATH3MPOBATh U MOAOHPATh BPEMEHHbIE MTapaMeTPhl CMEHBI (PHIIBTPa B OUHCTHBIX
(unpTpax.

[IpuHuMas MenuaHHOE 3HAUCHHE YAaCTHLl PABHBIM 5 MKM I10JIy4aeM paclpecieHue
YacTHIl [10 Pa3MepaM, YTO MPUBEACHO B Tabnuue 2.

Tabmuua 2 - PactipeneneHre yacTuIl o pasmepam

[Mbute g lgo lg(d/d ) R(d), cm
OpraHuyeckas 2,5 + -0,301 70,5
30JIbHAS 5 + 0 60,4
YroJbHas 10 + 0,301 40,5

Kak BumHO 13 TabmuIpl 2, opraHudecKkas mbUTh pa3MepoM 2,5 MKM pacrpereneHa
1o 70,5 cM yneiapbHOTO pacrpeneieHns B OTIENBHO B3STOM IIPOCTPAHCTBE -N, 30JIbHAS
1 yronbHas oOnagas 0ojiee MACCHBHBIMU YacTUIIAMH MOTYT uMeTh oT 40,5 most 60,4 cm
YAENBHOTO PACIIPEIEIICHUs] COOTBETCTBEHHO.

Kak mokazanu naHHbIE PUCYHKOB 8 M TaONHIBI 2 CpEAHHUN pa3Mep YacTHIl MBLTH
Bappupyercsa ot 0,65 mo 150 muxpon. Crnegyer otmeTtuts, uro mneumd co 100%
conepxanueM yactul] Oonee 10 MUKpPOH ATO 30JbHAS U YTOJIbHAS ITBLITH.
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3arps3HALIMEe BO3AYyX YaCTUIBI B 3aBUCHUMOCTH OT BJIAKHOCTH, TEMIIEPATYpBHI,
paspexEHHOCTH aTMOC(hepbl MOTYT Pa3IMyaThCsl U 10 CTENEHU AUCIIEPCHOCTH, TO €CTh
0 pa3Mepy YacTHUL, ITOMY (aKTOpy CIOCOOCTBYET arioMeparus NpuMecei.

[Iponyckanue mbuiedl dYepe3 cTeHX C TKaHeBbIM ¢uibTpoM mokazanu 100%
3aJep)KUBAEMOCTh MbUICH pa3MepHOCTH  Bble 15 MHKpoH. D(d(PEeKTUBHOCTD
yJaBJIMBaHUS OpraHUYECKUX MbuIeH BapbupyeTcs oT 74 1o 9,8%, B 3aBUCUMOCTH OT
JUCIEPCHOCTY YacTHUll.

Tabmuma 3 - O4ncTKa MbUIeit pa3IMIHON MPUPOABI U IUCIIEPCHOCTH Yepe3 (QHIBTP

D —nucnepcrocts | CTeneHb OUHUCTKH MBUIH, %o

JaCTHLL IIBLITH Oprannueckas | 3ompHas | YrompHas | [Ibuis o IIbu1b OT HOPOXOBBIX I'a30B
BLTb BLTb IBLITB 3aTOYHBIX | PHEPTOEMKHX COCTABOB

CTAHKOB

5 74 80 90 90 90

15 80 82 100 100 100

20 90 100 100 100 100

25 98 100 100 100 100

s BBISIBII€HUS IUCIIEPCHOTO COCTaBa TBEPBIX 3arPSI3HEHU N TPOU3BOINIICS AaHAIU3
(pakIIMOHHOTO COCTaBa 3arpsi3HEHWH BO3JyXa B 3aBUCHMMOCTH d -JIUCIIEPCHOCTH
YaCTHII MbUIEH OT (pakiroHHOro coctaBa N. dpakiueil npUHUMAIH OTHOCUTEIIBHYIO
JIOJII0 YacCTHIl, pa3Mepbl KOTOPbIX HAXOJUJIUCH B ONPEJIETIEHHOM UHTEPBaJE 3HAUCHUH,
MPUHSTHIX B KAUECTBE HUKHETO U BEPXHETO MPEJIEIIOB.

JlaHHBIC 110 ONPENICTICHUIO JUCIIEPCHOCTEH MBLUTH OT (YPAKIIMOHHOTO PACTIPECIICHHS
MIPEICTaBICHBI HA PUCYHKE 9.

PacnpeneneHine 4acTuil No AUCrepcHocTy

5 B opraHuyeckas neljib
W 30/bHaA MNblilb
W yroabHas noiib

10 15 20 25 30
d - AncnepcHoCcTL YacTul (MKM)

PuCyHOK 9 -ﬂucnec‘Hocmb yacmuy 6 aeucumocmu om d)pakuuormozo cocmasa
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Kak BumHO M3 pucyHka 9 B 3aBUCHMOCTH OT YCIIOBHH, BI2KHOCTH, KOT€3UH H
aryioMepaly B OTAEIBHO B3ATOM 0ObeMe 10 | JuTpa YacTHLBI MBUTM MOTYT UMETb
Pa3HyI0 AUCIIECHOCTD YaCTHII.

B gacTHOCTH, MeIMaHHBIH 30J1bHAS MBLIbL C AUCTIEPCHOCTH 10 MKM MOKET TOCTUTATh
4 % d¢pakuuu, B TO K€ BpeMs yrojbHas IbUIb B OCHOBHOM COCpEIOTOYEHA Ha
aucriepcHocTd 20 MKM H cocTaBisieT 5 % ¢paxuun. Opranunyeckast blib B 3aBUCUMOCTH
OT IPUPOJIBI TPOUCXOKACHHUS IMEIOT MAKCUMAaJIbHBIH 3,5 % mpu qucnepcHoCTH 15 MKM.

PaznuuHas AMCTIEpPCHOCTH 30JbHOM M YTOJBHOW MBUIM MOXET TaKKe OOBACHATCS
Pa3NUYHON MPUPOIOH CMaYMBAEMOCTH, YTOJIbHAs! MBUTh MPAKTUYECKH HE CMAauyUBaETCsl,
B TO BpEMs KaK 30JIbHasl MbLIb MMOJHOCTHIO CMaYMBACTCS MIPHU KOHIICHTPALUK BJIard B
Bo3nyxe oT 0,2 1o 1 % mo o0bémy.

OnHuM 13 BaXHBIX (DAKTOPOB NPH MBUICYJIABIMBAHUN U OYHMCTKE BO3/AyXa SIBISETCS
(U3UKO-XUMHUYECKass COCTABISIOIASl MBLIM, B YAaCTHOCTH JUCIIEPCUOHHBIH COCTaB
HaNpsIMYI0 OIpeIeNsIeT CKOPOCTh YKIIJAKH YaCTHLI ITBLTH, a JAHHBIE T10 OCAKACHUIO MTBLITH
B YACTHOCTH CKOPOCH €€ OCAKICHHUS 3aBHCUT OT YAEIBHOTO Beca IbLIe00pas3yromero
Marepuana u GopMbl YaCTHLI IBLUTH.

Bbutn mpoBeeHbl KCIIEPUMEHTHI 110 OMPEAETICHUIO CKOPOCTH OCAXKICHHS IbLICH
Pa3NUYHON MPHUPOABI OT OPraHMYECKOW A0 TBUIM OT TMOPOXOaBBIX I'a30B, M MbUIb C
COZIEpP’KaHUSMH OKHCIIOB KeJie3a OT 3aTOUHBIX CTAHKOB.

JlaHHBIE TTO CKOPOCTH OCa)KJI€HHS MbUIM B 3aBUCHMOCTH OT JHCIEPCHOCTH YaCTHIIL
CBelleHbI B Talnuie 4.

Tabmuma 4 - CKOpoCcTh OCaX/ICHUSI OPraHUIECKON MbIIN

D —nmucnepcHoCTh CKOpOCTb OCaKACHUS, CM/CEKYHTY
YJacTUIl MbUIM | OpraHuyeckas | 3o/bHast | YroiabHas [T OT IIb11b OT IIbw1b OT
IIBUTB MBUTH IBUTH 3aTOYHBIX neyeil | MOPOXOBBIX ra30B
CTaHKOB DHEProEMKUX
COCTaBOB
5 0,05 0,03 0,04 0,12 0,14 0,13
15 0,23 0,04 0,15 0,24 0,32 0,42
20 0,42 0,07 0,24 0,51 0,45 0,52
25 0,53 0,12 0,35 0,62 0,70 0,62

Kak moxaspiBatoT naHHble TaOMUIBl 4 BO BCceX oOpa3iax HaOlomaeTcs JTHHEHHAs
3aBHCHUMOCTh MEXKAY JHUCIEPCHOCTHI0O M CKOPOCTBIO OCaXjaeHus. Yem BbIme
JUCIIEPCHOCTh YaCTHUI] MbUIN, TEM BBIIIE U CKOPOCTh OCAXIEHHS YACTHII.

Takum 00pas3om, onpeneneHHe pa3MepoB YaCTHIl MMEET BAaKHOE 3HAYCHHE JUIS
ompeneneHuss 3PHEKTUBHOCTH OYUCTKH, MOCKOJIBKY HO (H3MYECKUM IapaMmeTpam
YaCTHUIIBI PAa3MEPOM /10 | MKM OOBIYHO MOT'YT OBITb YJIABIMBATHCS MACCOM M MHEPIIMOHHOM
CWJIOH, a 4acTUIIBI C pa3MepaMu MeHee | MUKPOH - 3JIEeKTPOCTaTUYECKUMHU CHUIIaMH U
CHJIaMHU MEKMOJIEKYIISIPHOTO BO3/IEHCTBUSI.

3axurouenne. B nmaHHOM HccneoBaHMM OBIIM M3YYEHBI CIIEKTPOCKOIMHUYECKHUE
XapaKTEPUCTUKH YTONbHBIX (UIBTPOB Ha OCHOBE KapOOKCHUMETHIILIEIUIIONO3bI
(KML) u xapOoHu3ara, NOIY4YEHHOIO U3 PHUCOBOW INENyXH. PeHTreHoBCcKHi
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T paKIMOHHBIA aHAIN3 MOKa3all, YTO MaTepuasbl 00IaJaroT CIOKHON CTPYKTYPOH,
XapaKkTepH3yolleiics rpa@uTonoJOOHBIMH HAHOKPUCTAIUIUTAME Pa3MepoM OT 2 10 5
HM, a TaKXXe 3HaYMTEIbHOMN aoselt amopdHoro coaepxkanus — 10 60 %. PamaHoBckas
CIIEKTPOCKOIHS ITOATBEpANIa 00pa3oBaHUE KOMOMHUPOBAHHOHN YITIEPOAHON MaTPHILIbL,
cozieprKalleil MUKPOKPUCTAJUINTBL B TypOocTpaTndeckoil crpykrype. CooTHOIIEHHE
uHTeHCUBHOCTEW mmkoB D/G, paBHoe 1,2, yka3blBaeT Ha HajlU4ue CTPYKTYpPHBIX
nedekroB B martepuane. OOpazoBanue Si—C cBs3ell Ha MOBEPXHOCTU MaTepHaia
MOXET WUrpaTh KIIOYEBYIO POJIb B TIPOSIBICHUHM €r0 aHTHOAKTepHAIIbHBIX CBOWCTB,
OTIOCPEIOBAHHO BIHUSS HA T30 N MHAKTHBAILINIO OaKTepHUAIbHBIX KIIETOK.

YcTaHOBIEHO, UTO YroJIbHAS IIBLIb COAEPIKUT HANOOJIBIIYIO IOTI0 MEIKOAUCIICPCHBIX
yacTHL: ipu paszMepe 20 MKM 10515t cocTaBieT 5 %, anpu 15 MkM - 3 %. [l cpaBHEHUS,
y OpraHUYeCcKOW M 30JbHOM MBI 3TU 3HAYeHUs cocTaBisatoT 3-3,5 % u 1,8-2.8 %
COOTBETCTBEHHO. Takue paszauyus B paclpesieleHUH 4acTUIl N0 pa3Mepy YKa3bIBaloT
Ha 0osiee BBIPAKEHHYIO a3pO30JIbHYIO0 aKTUBHOCTH YTrOJbHOW (pakunu. I1o Tpedyer
IIPUMEHEHUSI BBICOKO3(D(DEKTHUBHBIX METOIOB CeNapaluM, CIOCOOHBIX YJIaBIMBAaTh
YaCTHULIbI B JUANIA30HE 10 5 MKM, IJI€ A0JIs1 yTOIbHOM MBUTH TAK)KE MIPEBbIIIAET 3HAUCHUS
st ipyrux o0pasuos (2 % nportus 1-1,2 %).

[Tomy4eHHBIE pe3ynbTaThl CBUACTEIBCTBYIOT O BBICOKOW COPOLIMOHHOM CIIOCOOHOCTH
pa3paboTaHHBIX MaTEepHajiOB, YTO JeNaeT WX MEPCHEKTUBHBIMU KaHIUIATaMHU JIJIs
WCITIOJIb30BaHUSI B KadecTBE (QUIBTPYIONIMX M aJCOPOMPYIOMIMX KOMIOHEHTOB. WX
YHUKaJIbHbIE CTPYKTYpPHBIE U (PU3UKO-XUMHUECKUE XapaKTEPUCTUKHU CIIOCOOCTBYIOT UX
3¢ (eKTUBHOCTH B TIpOIeccax copOIuu.
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Abstract. This study presents an integrated and sustainable technology for producing
nanostructured carbon—silicon composite materials from renewable biomass feedstock
(rice husk) combined with industrial waste residues. The proposed approach aims to
address both waste valorization and the development of advanced functional materials
for next-generation energy storage systems. The synthesis process involves consecutive
stages of carbonization, activation, and demineralization, resulting in the formation of a
highly porous structure with a well-developed specific surface area. Carbonization was
carried out in an inert CO2 atmosphere at temperatures ranging from 300 to 1000 °C,
followed by physical activation in the range of 600 to 1200 °C. Subsequent removal of
mineral impurities was achieved using a modified Soxhlet extraction technique, which
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ensured effective purification of the final product. The obtained silicon dioxide was
predominantly in an X-ray amorphous state, exhibiting a diffuse peak maximum at
20 = 24°, with a specific surface area of 120-150 m?/g and a pore volume of 0.5-0.8
cm®/g. XRF elemental analysis confirmed a SiO: purity level of up to 99.7%. SEM
imaging revealed spherical particles with an average diameter of ~50 nm and a uniform
distribution, while FTIR spectroscopy confirmed the preservation of characteristic
siloxane (Si—O-Si) bonds. The developed approach demonstrates a promising route
for converting low-cost biomass and waste resources into high-value carbon—silicon
materials suitable for use in electrochemical energy storage and other advanced
technological applications.

Keywords: carbon-silicon materials, rice husk, carbonization, activation,
nanostructuring, amorphous silica, waste utilization, energy storage devices
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AHHOTanus1: ¥ CHIHBUIFAH JKYMBICTA YKaHAPTBUIATHIH OCIMIIK TEKTEC HIMKi3aTTaH
(Kypimn KaybI3bIHAH) JKOHE OHEPKOCINTIK KaJAbIKTapJaH HAHOKYPBUIBIMIIBI KOMipTeK-
KPEMHUH KOMIO3UTTIK MaTepuajlapblH alylblH UHTETPALMSUIAHFAH 3P1 AKOJIOTHSIIBIK
OarapiaHFaH TEXHOJOTHSCH CUIaTTa a pl. MyHJail Tociin OMoMaccaHbl )KoHE KaJIbIK
TY3YIII IIHKI3aTThI KEMISH I K9JIETe ’KapaTry MiHAETTepiH HIeNTy TYPFBICBIHAH, COHAAN-
aK Kazipri 3aMaHfbl YHEPreTUKANIBIK J)KOHE TEXHOJIOTHUSJIBIK KOJAaHOaIapaa CypaHbICKa
ne kaHa (YHKUUOHAIJBIK MaTepualfapibl d3ipiey VIIiH ©3eKTi OOJbIl TaObuIabl.
¥YChIHBUIFAH OflicTeME KapOOHM3alMs, AaKTUBALUs JKOHE JEeMUHEpaIN3alsHbIH
Oipi3ai caThUIapblH KaMTHJBI, OJap KEyeKTUNri JaMblFaH KYPBUIBIM MEH >KOFapbl
MEHIIKTI OCTTIH KaJbINTaCyblH KamTamacki3 eteni. KapOowusamuss CO: wuHepTTi
atmocdepaceiaga 300-1000 °C temrepaTypama >KYpri3iimi, ajl aKTHBAIEs IpoIeci
600-1200 °C nmamazoHbIHAA OPBIHAAIABI. MHHEpasl KOCajdapAbl THIMJI KOO
yirie Monudukamusuianran COKCJIET amnmaparbl KOJJAaHbUIAbI, OYJI OHIMHIH Ta3apTy
MOPESKECIH emoyip apTThIpyFa MYMKIHTIK Oepmi. AJBIHFAaH KPEeMHHUH ITHOKCHII
peHTreHoaMopdThI Kyiine 0omabl, OHbIH 20 = 24° MoHiHAE 1] ]y3ABIK IIBIHBI OaKaI b,
MeHIIKTI OetiHiH aymanbl 120—150 m?/r, an keyek kesemi 0,5-0,8 cM?/r Kypajbl.
PDA onicimen anementTik Tangay SiO: tazansirbiH 99,7%-ra neitin pacraasl. COM
MHUKPOCKONMSICHI OpTaria Mesmiepi mamaMed 50 HM OonaThlH OemmmeKTepaiH OipKeki
TapaiybiH KepcerTi, ain MK-crekTpockonus CHIIOKCaH IbIK OaianbicTap e (Si—O—Si)
CaKTallybIH Jouengesi. JlaMbITbuIFaH TEXHOJIOT U ap3aH dpi KOIDKETIMII pecypcTapasl
KaHa MaTepualiapblHa alHAJIABIPYABIH >KOFApbl THIMAUIITIH JKOHE ©MipIIeHIrH
KepceTe/i, oJap AIEKTPOXUMUSUIBIK YHEPTUsl KUHAKTAFBIIITAPbIH/A, KATAJIATHKAIBIK
polecTepe *oHe 0acka Aa 03bIK TEXHOJOTHSUIBIK cajlayiapia KOJIJaHyFa sKapamMiabl.
Ocputaiiia, YCHIHBUIFAH TOCUT JKOJOTHSIBIK MIHIACTTEpAl HICHIYAl KOHE >KOFaphl
KOCBUTFaH KYHBI 0ap (QyHKIIMOHAJIBIK HAHOMAaTepraIIap bl sKacay Il YitecTipeni, Oy
OHBIH Ka3ipTi 3aMaHFbl XHMHUS KOHE dSHEPTeTHKA OHEPKICIOiHIH OPHBIKTHI IaMybl YIIiH
MaHBI3AbIIBIFBIH alKBIHIANIbI.

TyiiiH ce3aep: KOMipTeK—KpEeMHHH MaTepraagapbl, KYpill KaybI3bl, KOMIipICHIIPY,
Oescenaipy, HaHOKYPBUIBIMIAHIBIPY, aMOP(Thl KPEeMHHUH IMOKCH[II, KaJIbIKTap.bl
K9JIeTe yKapary, SJHEPrHsl CaKTay KYPbUIFbLIAPEI
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AHHoTanus: B mpencraBneHHON paboTe ompMicaHa WHTETPUPOBAHHAS M AKOJIOTH-
YEeCKH OPUEHTHPOBAHHAS TEXHOJIOIHS IOJIyYeHHs HAHOCTPYKTYPHUPOBAHHBIX yIIIEPOI-
HO-KPEMHHUEBBIX KOMIIO3UTHBIX MaTe€pUaoB U3 BO30OOHOBIISIEMOTO ChIPhS PACTUTEIBHO-
O IMIPOUCXOXKACHUS (IIeJTyXa puca) U MPOMBIIUICHHBIX OTX0A0B. Takol moaxox sSBIseT-
Csl aKTyaJIbHBIM C TOUKH 3PEHHS PEIICHHMS 3a]a4 KOMIUIEKCHON YTHIIM3aH OMOMAacChl
U OTXO0A000Pa3yIONIETO CHIPhS, a TAKKEe Pa3padOTKU HOBBIX (PYHKIIMOHAJBHBIX Mare-
pHaIoB, BOCTPEOOBAHHBIX B COBPEMEHHBIX SHEPIeTUUECKUX U TEXHOJIOIMYECKUX HpU-
noxeHusx. [Ipeanaraemas MeToauKa BKIIOYAET MOCIIEN0BATENbHbIE CTaAUU KapOOHU-
3alUM, aKTHBALMM U JIEMHHEpaIH3alny, o0ecneunBaromye GopMUPOBaHUE Pa3BUTOM
MOPUCTON CTPYKTYPBI M BBICOKHMX 3HaYE€HHUH yAeabHOW moBepxHOocTH. KapOoHu3aumio
npoBowi B uHepTHOU armocdepe CO: npu temmneparypax 300-1000 °C, mpornecc
aKTHBaIK ocymiecTBisuics B auanazone 600—1200 °C. [{ns sdhdexTrBHOTO yaaneHus
MUHEpaJIbHbIX NpUMecel MpUMeHsUIcs Moau(UIMpoBaHHbIM anmapar Cokciera, 4To
MIO3BOJIMJIO 3HAYUTENILHO MOBBICUTH CTENEHb OUYMCTKH MPOAyKTa. [lomy4yeHHBINH AMOK-
CHJl KPEMHUSI HaXOIWIICS B PEHTTCHOAMOP(HOM COCTOSHMHM ¢ MakcUMyMoM auddys-
HOTO THKa mpu 20 = 24°, obnagast yaensHoi moBepxHOCcThio 120—150 M?/T 1 MOpOBBIM
o0bémom 0,5-0,8 cM?/r. DnemeHTHBIM aHau3 MetooM PDA noareepaui yucrory SiO2
1m0 99,7%. COM-MUKpPOCKOTIHS TTOKa3ajia PaBHOMEPHOE pacIpeeieHHe YacTHI[ CO
cpeanuM pazmepom mnopsigka 50 um, a UK-cnekrpockonusi moATBEpAnIia HaJTu4due CH-
JIOKCaHOBBIX cBs3el (Si—O-Si). PazpaboraHHas TEXHOIOTHS JJEMOHCTPUPYET BHICOKYIO
3G PEKTUBHOCT U MEPCHEKTUBHOCTD MPe00pa3oBaHusl JCMEBBIX U TOCTYIIHBIX Pecyp-
COB B MaTepHaJbl, IPUTOJHBIC Ul NIPUMEHEHHS B IEKTPOXUMHUYECKUX HAKOIUTEISIX
SHEPTUH, KaTATUTHICCKUX MPOLECCax M JPYTHX MePEeJOBbIX TEXHOJIOTHYECKUX 00a-
cTsax. TakuMm 06pazom, IpeacTaBIeHHBIN TTOIXO0/ COYETAET B ce0e perIeHne SKOIornye-
CKHX 3a/ay U co3/1aHue (yHKIMOHAJIbHBIX HAHOMATEPUAJIOB C BBICOKOI 100aBICHHON
CTOMMOCTBIO, UTO MOAYEPKUBAET €r0 3HAYUMOCTH Ul YCTOHYHMBOTO Pa3BUTHsI COBpE-
MEHHOHM XMMUYECKOW M SHEPreTHUECKOM MTPOMBIIIIEHHOCTH.

Ki1ioueBble ci10Ba: yriepoaHO-KpeMHUEBBIE MaTepHalibl, PUCOBas LIeTyXa, Kapoo-
HU3aIMs, aKTHBAILUS, HAHOCTPYKTYpUPOBaHUE, aMOP(HBIH KpEeMHE3eM, YTHIU3aIHs
OTXOZIOB, HAKOMTUTEIH YHEPTUH
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Introduction. In the 21st century, the problem of industrial and biological waste
utilization has acquired strategic importance in the context of sustainable development.
Accordingtointernational analytical agencies, more than 700 million tons of metallurgical
waste are generated annually worldwide, including blast furnace and steelmaking slags,
sludges, and dust fractions containing significant amounts of silicon, aluminum, iron,
and other elements. A large share of these materials is either inefficiently processed or
stockpiled, forming technogenic landscapes that pose a threat of soil, water, and air
pollution with heavy metals and fine particulate matter. Equally urgent is the issue of
biomass processing — agricultural residues, wood waste, and organic by-products of
the food industry. The global volume of biological waste exceeds 3 billion tons per
year, and its uncontrolled burning or decomposition is accompanied by emissions of
greenhouse gases, including methane and carbon dioxide, thereby exacerbating global
climate change.

At the same time, there is a rapid increase in demand for energy storage systems
(ESS), driven by the development of renewable energy, electric transport, portable
electronics, and distributed power grids. According to BloombergNEF forecasts, by
2035 the global ESS market will grow more than 15-fold compared to 2020. This will
require a substantial increase in the production of batteries with high specific capacity,
long service life, and the availability of raw materials.

According to estimates, between 7 and 10 billion tons of waste are generated
globally each year, of which approximately 2 billion tons account for municipal solid
waste (MSW) (Bioenergy International). More recent data confirm that the global MSW
volume in 2019 amounted to between 2.29 and 3.13 billion tons, which is 30-50%
higher compared to 2004-2019 levels (PMC). Other projections suggest that by 2050
this volume could nearly double, reaching almost 4 billion tons if the trend continues
(Statista).

Agricultural residues alone constitute a significant fraction of waste: over 80% of
the biomass from cultivated crops remains unused. For example, about 998 million tons
of agricultural waste are generated annually, including 709.2 million tons of straw and
673.3 million tons of rice straw.

For every ton of steel produced, about 0.15 tons of slag are generated — regardless
of the production technology (Wikipedia). In China, the world’s largest steel producer,
the annual volume exceeds 120 million tons (ScienceDirect). In developed countries,
slag recycling rates exceed 90%, whereas in China they are around 20%.

The United Nations Environment Programme (UNEP) projects that by 2050, waste-
related costs — including biodiversity loss, greenhouse gas emissions, and mortality
— will reach USD 640 billion annually, representing a 75% increase compared to 2020.

Relevance of Waste Recycling for Si—C Material Production

In recent years, increasing attention has been paid to the integrated recycling of
biological and metallurgical waste for the production of carbon-silicon (Si—C)
composites for energy storage systems (ESS). Biomass serves as a sustainable source
of carbon matrices and SiO: precursors, while metallurgical slags and sludges act as
concentrates of SiO: and associated metals. Studies have shown that controlled micro-
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and mesoporosity, optimal interlayer spacing in carbon structures, and core—shell
architectures (Si@C) can enhance reversible capacity, high-rate retention, and structural
stability (Chen et al., 2025; Abe et al., 2022; Wang et al., 2022).

Classical and modern approaches include:

Conversion of SiO2 — Si followed by the formation of C/SiO,/Si composites;

Use of gradient structures and elastic binders to compensate for volumetric expansion;

Post-treatment and doping to optimize electrical conductivity and stabilize the solid—
electrolyte interphase (SEI) (Wang et al., 2025; Jin et al., 2025).

Research Gaps and Challenges

Despite a significant number of studies dedicated to the processing of biomass
and metallurgical waste separately, the integration of these technologies into a unified
process chain remains underdeveloped. Treating the production of carbon and silicon-
containing materials as independent processes limits the potential for the combined
utilization of heterogeneous feedstocks and hinders the implementation of a closed-loop
production concept.

Aim and Objectives of the Study

The aim of this work is to develop and scale up an integrated technology for
processing biological and metallurgical waste to obtain high-performance carbon—
silicon materials for energy storage systems, in accordance with international standards
and sustainability principles.

The research objectives are to:

Analyze and select promising types of biological and metallurgical feedstocks with
high carbon and silicon content.

Develop a laboratory-scale technological process for synthesizing Si—C materials,
including preparation, modification, and composite formation.

Optimize synthesis parameters to achieve high electrochemical performance.

Scale up from laboratory setups to pilot production, assessing process scalability.

Evaluate the industrial potential and economic feasibility of implementing the
technology, including environmental indicators and compliance with international
standards.

Methods and materials.

2.1 Raw Materials

Various types of biowaste with significant potential for recycling and subsequent
industrial application were used as raw materials.

Nut shells (hazelnut, walnut, and others) represent a hard fruit shell with a developed
porous structure and high mechanical strength, making them promising feedstocks for
the production of sorbents and activated carbons. According to research data, after low-
temperature pyrolysis, hazelnut shells exhibit a specific surface area of approximately
19.3 m?%/g with a bulk density of 0.40 g/cm?, while walnut shells have a specific surface
area of 19.7 m?*/g with a density of 0.47 g/cm?. The use of this type of raw material
enables environmentally safe disposal of biodegradable components, reduces the strain
on non-renewable natural resources, and yields effective adsorbent materials (https://
apni.ru/article/1670-svojstva-produktov-retsiklinga-rastitelnikh?utm_source )
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Rice husk is the hard outer shell of the rice grain and consists primarily of amorphous
silica and lignin. The mass fraction of the husk is about 20% of the grain weight, and
the annual global volume of rice husk generation amounts to hundreds of millions of
tons. The high silica content leads to low biodegradability under natural conditions
and renders thermal destruction ineffective, resulting in waste accumulation and
environmental risks. At the same time, rice husk has high technological value: during
processing, an amorphous silica-based nanoporous structure is formed, which can
be used in the production of building materials, fertilizers, sorbents, composites, and
activated carbons. Pyrolysis products include a solid silicon—carbon phase (~50-55%
carbon, ~40-45% silicon dioxide) used as a filler, sorbent, and feed additive, as well as
an organic condensate and a gaseous phase containing valuable chemical compounds
suitable for further utilization.

Wood sawdust is a by-product of the woodworking industry, consisting of small
particles of wood containing approximately 70% polysaccharides (cellulose and
hemicellulose) and about 27% lignin. The elemental composition of sawdust includes
approximately 50% carbon, 6% hydrogen, 44% oxygen, and about 0.1% nitrogen.
Sawdust is a sought-after raw material for the production of biofuels (briquettes and
pellets), serves as a substrate for mushroom cultivation, is used as mulch, animal
bedding, organic fertilizer, and as a feedstock for the manufacture of pressed products.

Table 1- Comparison table

Type of Main components Key Features Possible application
biowaste
Nut shells | Organic matrix, carbon Specific surface area ~19— | Sorbents, activated carbon,
structure 20 m?/g, density 0.4-0.5 g/ | adsorption materials
cm?
Rice husk | Amorphous silicon Nanoporous structure, high | Fillers, sorbents, composites,
dioxide, lignin silicon content fertilizers, bioenergy
Wood waste | Cellulose, hemicellulose, | Polymer composition, Fuel, fertilizers, mycelial
lignin, carbon biodegradation, organic substrates, pressed products
matrix
Metallurgical Waste

Metallurgical slag is a by-product of iron and steel production, representing a complex
mixture of silicate and oxide compounds formed during metal smelting processes. The
chemical composition of slag is determined by the production technology and the raw
materials used.

Blast furnace slags are characterized by a calcium oxide (CaO) content of 29-47%,
silicon dioxide (SiO2) of 27-43%, aluminum oxide (Al>Os) of 4-14%, magnesium oxide
(MgO) of 5-15%, iron oxide (FeO) of 0.2-0.6%, manganese oxide (MnO) of 0.1-9%,
and sulfur of 0.6-2.2%.

Steelmaking (converter) slags contain approximately CaO ~40-55%, SiO2 ~7-18%,
ALOs ~2-6%, MgO ~6-10%, FeO/Fe.0s ~12-28%, MnO ~13-14%, and sulfur ~1—
1.9%.
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The physical characteristics of slags include a true density of about 2900-3000 kg/
m? and bulk density of 2200-2800 kg/m?®. They exhibit increased porosity and frost
resistance. Slag is a multiphase silicate system with variable chemical and mineralogical
composition, often containing metallic inclusions (up to 5%). Steelmaking slags have
relatively low hydraulic activity.

Slags are classified according to their basicity based on the CaO/SiO- ratio: values
below 1 indicate acidic slags, while values above 1 indicate basic slags.

Applications of metallurgical slags include:

Road and civil construction (crushed stone, base layers, and road surfacing);

Cement industry (granulated blast furnace slag as a component of slag Portland
cement, with a share of up to 35% in standard Portland cement and up to 80% in special
blends);

Production of dry building mixes, silicate concretes, and for soil stabilization;

Metallurgical processes (e.g., in open-hearth production) to reduce lime consumption
and lower CO: emissions.

Table 2 - Comparison table

Waste Composition Main characteristics Application

Metallurgical slag | CaO, SiO2, ALl:Os, Density ~2200-3000 kg/ | Roads, cement, building
MgO, Fe/Mn oxides, S | m*; porosity, complex mixtures, soil stabilization

composition

Quartz Almost pure SiO», Size 100-300 um, ultra- | Semiconductor, glass, crystal

concentrates impurities <30 ppm low impurities and quartz technology

Silicon-containing | SiO: + Fe20s, AL:Os High Si content, porous | Agglomerate-blast raw

sludge etc., sometimes >98% | structure material component; moisture
Si regulation; charge; valuable

metals

2.2. Pretreatment Methods

The preliminary preparation of raw materials is an important stage of technological
processes, ensuring uniform composition, improved physicochemical properties of the
materials, and increased efficiency of their subsequent processing.

Mechanical preparation.

Drying reduces the moisture content of the raw materials to the target level,
preventing caking, improving grinding efficiency, and facilitating material transport
(https://burondt.ru/files/TextEtk/EtkDocsFile2228.pdf ). Comminution (crushing and
milling) is carried out in crushers, mills, and other equipment to increase the specific
surface area and enhance reactivity (Wills et al., 2016). Screening is performed using
sieve analysis or air classification to separate fractions with a specified particle size
distribution  (https://publications.rwth-aachen.de/record/444642/files/59 Innovative
approaches.pdf ; https://en.wikipedia.org/wiki/Mineral processing ).

Removal of impurities and dechlorination (for metallurgical waste).

Dechlorination is a thermal treatment of the material in an inert or reducing atmosphere
to remove chlorine-containing compounds, which may form during interactions with
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fluxes and salts (https://chm.pops.int/Portals/0/docs/from_old_website/documents/
meetings/cop_1/meetingdocs/langs/infl_7/INF-7r.pdf ; Hober et al., 2022). Removal of
impurities (heavy metals, iron, aluminum, etc.) is achieved using magnetic separation,
flotation, or hydrometallurgical processing, including reduction roasting followed by
leaching (Binnemans et al., 2020; Faisal et al.,2025; Devi et al., 2021).

Table 3 — Main pretreatment methods for waste

Processing stage Purpose and benefits

Drying Reduction of moisture, improvement of grinding, prevention of caking and
spoilage

Crushing (grinding) Increase of specific surface area, increase of reaction activity

Sorting Optimization of granulometric composition, improvement of homogeneity of

the mixture

Dechlorination Removal of chlorine-containing contaminants, reduction of toxicity
Removal of impurities | Purification from metals and undesirable components, improvement of the
quality of the final raw materials

2.3 Methods for Synthesizing Carbon—Silicon Materials

The synthesis of carbon—silicon (C—Si) materials encompasses a variety of
technologies aimed at producing composites and nanostructures with tailored properties,
such as high porosity, specific functionality, and improved thermal conductivity.

Carbonization / Pyrolysis of Biomass

This method is based on the thermal treatment of organic feedstocks (biomass) in an
oxygen-free environment to obtain a carbon matrix. The processes include pyrolysis,
hydrothermal carbonization (HTC), and fast carbonization, enabling the production
of carbon materials with controlled porosity and structure (https://en.wikipedia.org/
wiki/Hydrothermal carbonization?ysclid=meqnylisfl175057245 ), (Simonenko et al.,
2013). In particular, hydrothermal carbonization (HTC) is carried out under pressure at
around 180 °C, allowing the processing of wet biomass without prior drying (https://
en.wikipedia.org/wiki/Sol%E2%80%93gel process?ysclid=meqo6ake2g520290754 ).

Reduction Reactions and Silicon Modification

C-Si composites can be obtained via carbothermal reduction, in which silica (SiO2)
is reduced with carbon to form silicon carbide (SiC) or silicon-containing structures.
Hybrid approaches are particularly effective, combining preliminary sol-gel preparation
of the initial SiO>—C mixture with carbothermal synthesis at 1200—1500 °C in vacuum
(Molkenova et al., 2015).

Nanostructuring (Sol-Gel, Mechanochemistry, Plasma Chemistry)

Sol-gel method — a wet-chemical technology in which hydrolysis and
polycondensation of alkoxide precursors (e.g., TEOS) form a granular or network gel
structure. Subsequent carbonization and heat treatment can yield nanocrystalline SiC
structures (Bapat et al., 2004).

Mechanochemical activation — involves the use of high-energy ball milling,
resulting in ultra-fine particle size reduction, enhanced chemical reactivity of mixtures,
and further C-Si structure formation without the use of a liquid phase.

266



ACADEMIC JOURNALOF PHYSICAL AND CHEMICAL SCIENCES

Plasma-chemical methods — enable the generation of silicon nanoparticles with
controlled sizes (20—-80 nm) and crystalline orientation through low-temperature plasma
discharges.

Table 4 — Comparison of methods for synthesizing carbon—silicon materials

Method Description

Carbonization / HTC Production of carbon matrix from bio-raw materials. HTC allows working
with wet biomass

Carbothermic reduction | Synthesis of SiC from SiO: and carbon source at high temperatures

Sol-gel + carbothermy | Methods are combined: gel formation and carbonization to control the structure
of the Si—C product

Mechanochemistry High-energy milling accelerates reactions, reduces size and activates the
material
Plasmachemistry Generation of silicon nanoparticles with a narrow size distribution in plasma

2.4 Methods of Analysis and Testing

A comprehensive investigation of carbon-silicon materials requires elemental,
structural, surface, and electrochemical analysis techniques. These methods enable
the assessment of composition, morphology, texture, and functional properties of
synthesized products.

Chemical Analysis

X-Ray Fluorescence (XRF) — a rapid, non-destructive technique for qualitative and
quantitative determination of the elemental composition of samples. Particularly useful
for the analysis of metals, glass, ceramics, and construction materials.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, ICP-AES)
— a highly sensitive method with a broad dynamic range, applicable to various media
(liquids, solids after dissolution), commonly used in mining, metallurgy, and materials
science.

Structural Analysis

X-Ray Diffraction (XRD) — a key method for phase identification, crystallite size
determination, and detection of structural changes in materials.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) — enable visualization of morphology, nanostructures, and, in the case of SEM—
EDS, provide elemental composition at the microscale.

Surface Analysis

Brunauer—Emmett—Teller (BET) method — determines the specific surface area and
porosity of a material based on gas adsorption isotherms.

Fourier-Transform Infrared Spectroscopy (FTIR) and Raman Spectroscopy —
sensitive to chemical bonds and functional groups, complementing each other in
identifying structural and electronic characteristics.

Electrochemical Testing

Cyclic Voltammetry (CV) — used to study electrochemical activity, reaction kinetics,
and determine material capacitance.

Charge—discharge tests, including those at specific currents and potentials, are
employed to assess capacitance, cycling stability, and energy storage efficiency.

Electrochemical Impedance Spectroscopy (EIS) — analyzes system impedance to
evaluate resistances, capacitance, and kinetics in electrode and interfacial processes.
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Table 5 — Analytical Methods and Their Applications

Method Application

XRF Rapid elemental analysis, non-destructive, suitable for a wide range of
samples

ICP-OES High sensitivity, broad dynamic range, requires sample dissolution

XRD Phase identification, crystalline structure determination

SEM / TEM Morphology, nanostructure, elemental composition (SEM—EDS)

BET Specific surface area and porosity measurements

FTIR / Raman Identification of functional groups and chemical bonds

CV, charge—discharge, EIS | Electrochemical activity, capacitance, kinetics, and resistance

Results.

The synthesis process involves three treatment stages.

Carbonization is the first stage, during which carbon—silicon composites (CSCMs) are
typically formed via pyrolysis of the raw material in the temperature range of 600-900
°C under an inert atmosphere (usually nitrogen). The main objective of carbonization
is the removal of volatile components, maximization of the specific content of carbon
and silicon, and the production of a material with sufficiently high specific surface area
and porosity.

Activation is the second stage, involving the exposure of the carbon material to
oxidizing gases such as CO: or steam in the temperature range of 600—1200 °C. This
process removes the more disordered carbon fraction and leads to the formation of a
well-developed porous structure.

To remove mineral impurities, demineralization is carried out using a modified
Soxhlet extractor.

The combination of carbonization, activation, and demineralization processes
ensures the formation of the required structural and physicochemical properties of the
final products.

The synthesis was performed by carbonizing and activating plant-based materials
in a custom-designed furnace at temperatures ranging from 300 to 1000 °C for 30-90
minutes under a CO- atmosphere, without air access. Figures 2 and 3 show the pilot unit
for producing carbonized material from plant feedstock (5 kg h™).

The reactor is designed for the sequential execution of feedstock dehydration,
accompanied by depolymerization and partial decomposition in the temperature range
of 650-800 °C. This stage includes water removal (up to 280 °C) and decarboxylation
with the formation of pyrolysis tars through concurrent dehydration processes.

X-Ray Diffraction (XRD) Analysis

The results of the sample study are presented in Figure 1. The obtained silica powder
is in an X-ray amorphous state, as confirmed by XRD analysis. The X-ray diffraction
patterns exhibit a single broad diffuse peak at 20 = 24°, characteristic of the amorphous
structure of rice husk silica, whereas for amorphous silicon dioxide the maximum of
the diffuse peak is typically observed at 26 = 30°. The observed broad curve (Fig. 1)
with a maximum intensity at 24.0° / 20 further confirms the amorphous structure of the
obtained silica.
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Figure 1 — XRD pattern of SiO: obtained from rice husk

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)

The SEM-EDS results for SiO- derived from rice husk are presented in Figure 2.

The morphology of the silica obtained from pretreated rice husk, as shown in the SEM
images, demonstrates complete transformation of the pretreated husk into an amorphous
nanomaterial with an average particle size of approximately 50 nm. According to the
EDS analysis, the silica contains 34.5 wt.% silicon and 65.2 wt.% oxygen.

Element wt. %
Si 34,5
0] 65,2
Na 0,3

Figure 2 — SEM micrographs of SiO2 and EDS elemental analysis
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Low-temperature nitrogen adsorption

The synthesized SiO: from rice husk exhibited a high specific surface area and
significant pore volume.

The results obtained via low-temperature nitrogen adsorption measurements revealed
that the specific surface area of the silica samples was 120 and 150 m?/g, respectively.

The pore volume of the SiO2-RH1 and SiO2-RH3 samples increased from 0.5 cm?/g
to 0.8 cm?®/g, while the average pore diameter decreased from 26.4 nm to 18.4 nm.

The specific surface areas, pore diameters, and pore volumes of the silica samples
are summarized in Table 6.

Table 6 — Surface area and pore characteristics of silica samples

Sample Surface area Pore characteristics (DFT method)

Sspecific., m2/g Vpore, cm3/g Drop, Hm
SiO2 RH 1 120 0.5 26.4
SiO2 RH 3 150 0.8 18.4

Results and Analysis of Samples by XRF

The elemental composition of the initial rice husk ash (RHA) and the purified SiO-,
determined by X-ray fluorescence (XRF), is presented in Table 7.

The content of all elements is given in weight percent (%).

Table 7 — X-ray fluorescence analysis results for rice husk ash and silica samples

Elemental composition | Rice husk ash Pure SiO2 sample

RHA1 RHA2 | RHA3 | SiO21 Si022 | Si023
Si02 83.8 73.9 84.4 98.2 99.1 99.7
Cl — 3.1 — 1.8 0.8 -
K20 8.6 18.5 4.8 — - 0.1
CaO 6.7 2.8 8.3 — — 0.2
MnO 0.2 0.6 - - -
Fe203 0.6 0.6 25 — 002 |-
ZnO 0.2 0.5 — — 0.1 0.04

Fourier-Transform Infrared Spectroscopy (FTIR) Results

The functional groups in the sample were identified using a Thermo Scientific FTIR
Nicolet 6700 equipped with an attenuated total reflectance (ATR) accessory. Spectra
were recorded with a resolution of 4 cm™* over the range of 4000-400 cm™.

Changes in the functional groups of the samples were studied by analyzing the
FTIR spectra (Figures 3). The absorption peaks located at 1055 cm™ and 1058 cm™ are
attributed to the stretching vibrations of C—OH and siloxane (Si—O-Si) bands, which
were observed in the FTIR spectra of untreated rice husk (RH) samples. The peak at 2921
cm' corresponds to the symmetric and asymmetric stretching vibrations of aliphatic
C—H bonds in —CHs and —CH: groups, originating from cellulose, hemicellulose, and
lignin structures, respectively.
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The FTIR spectra of the extracted silica after preliminary acid washing showed the
same absorption peak at 1055 cm™ as in the raw RH, indicating that the pretreatment
method did not significantly alter the surface properties of the silica.

Discussion. Synthesis of Carbon—Silicon Materials from Biomass, Specifically Rice
Husk

The synthesis of carbon-silicon materials from biomass, particularly rice husk,
has demonstrated high efficiency when employing sequential stages of carbonization,
activation, and demineralization.

In the first stage, carbonization at 600900 °C in a nitrogen atmosphere removed
volatile components and concentrated carbon and silicon in the product, resulting in the
formation of a developed porous structure. The second stage, activation at 600—1200
°C in a CO: atmosphere, further enhanced porosity by removing amorphous carbon and
generating a more ordered microporous architecture. The final stage, demineralization
using a modified Soxhlet extractor, effectively removed mineral impurities, including
potassium, calcium, iron, and manganese compounds, as confirmed by XRF analysis.

X-ray diffraction (XRD) revealed that the obtained silica is X-ray amorphous, as
evidenced by a single broad diffuse peak at approximately 260 ~ 24°, characteristic of
amorphous SiO: derived from plant-based raw materials. This result is consistent with
literature reports indicating that silica from rice husk is predominantly amorphous in its
native form.

Scanning electron microscopy (SEM-EDS) showed that the synthesized silica
possesses a nanostructured morphology with particle sizes of about 50 nm. EDS
analysis indicated a silicon content of 34.5 wt% and an oxygen content of 65.2 wt%,
corresponding to the stoichiometry of silicon dioxide. The presence of sodium and trace
amounts of other elements is attributed to residual minerals not fully removed during
demineralization.

BET surface area analysis demonstrated that the SiO. samples achieved a specific
surface area of up to 150 m?/g, with a pore volume of 0.8 cm?/g and an average pore
diameter of about 18 nm. The reduction in average pore diameter compared with less-
activated samples indicates the development of a more advanced mesoporous structure,
beneficial for use as a matrix for silicon-containing composites in lithium-ion battery
anodes.

XRF analysis confirmed that after acid purification, the silica purity reached 99.7%.
The significant reduction in K-O, CaO, and Fe20Os contents compared with rice husk ash
demonstrates the effectiveness of the pretreatment process.

FTIR spectroscopy identified the main functional groups. Absorption peaks in the
range of 1055-1058 cm™ correspond to the stretching vibrations of Si—O-Si bonds
typical for amorphous silica. The persistence of this peak after acid washing indicates that
chemical purification does not disrupt the primary SiO: structure. The disappearance or
attenuation of peaks associated with C—H vibrations (2921 cm™) indicates the removal
of organic components.

Overall, these results demonstrate that the proposed technological scheme enables
the production of high-purity, nanostructured, amorphous silica with a developed
porous structure, making it promising for the fabrication of carbon—silicon composites
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in electrochemical energy storage devices, as well as in adsorption and catalytic
applications.

Conclusion. In the course of the present study, a technological scheme for producing
high-purity amorphous silica from rice husk was developed and implemented, employing
sequential processes of carbonization, activation, and demineralization. The following
findings were established:

Carbonization in the temperature range of 600-900 °C under an inert atmosphere
effectively removed volatile components, increased the relative content of carbon and
silicon, and facilitated the formation of a well-developed porous structure in the initial
material. Activation with carbon dioxide at 600—1200 °C promoted the development
of micro- and mesoporous structures through the removal of disordered carbon.
Demineralization using a modified Soxhlet extractor ensured the removal of alkali and
alkaline earth metal impurities, enabling an increase in silica purity to 99.7%.

X-ray diffraction confirmed the amorphous state of the obtained SiO-, while SEM-
EDS analysis revealed a nanoscale particle size (~50 nm) and a silicon content of 34.5
wt%.

Low-temperature nitrogen adsorption measurements indicated a specific surface
area of 120—150 m*/g, a pore volume of 0.5-0.8 cm?/g, and an average pore diameter of
18.4-26.4 nm.

The practical significance of the developed technology lies in the potential for
scaling up the processes to pilot-scale units (5 kg/h) and integrating them into industrial
lines for agricultural waste processing. This opens the way for comprehensive waste
utilization with the production of valuable nanostructured materials.

Future research prospects include:

» modification of the obtained silica to improve its electrochemical properties;

* integration of the material into hybrid electrodes for supercapacitors and lithium-
1on batteries;

* optimization of the energy efficiency of the technological processes.
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Abstract. The effect of technical surface preparation on the formation, morphology,
and protective ability of zinc-phosphate coatings on low-carbon steel was studied.
St20 samples were manually ground using 600, 800, and 1000 grit abrasive paper, and
also processed on a grinding machine with 80 grit to simulate industrial roughening.
The coatings were applied from zinc-phosphate solutions (70 °C, pH 3.0) under
constant temperature and continuous stirring to ensure uniform deposition conditions.
The dynamics of coating weight gain, surface morphology (studied by SEM), and
anticorrosive performance (evaluated using the Akimov method) were thoroughly
analyzed. As the abrasive grain size increased from 600 to 1000 grit, surface roughness
decreased, and the final coating weight increased, indicating more complete surface
coverage. However, the protective time according to Akimov was reduced, presumably
due to the formation of a weak auxiliary microcapillary network within the denser
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phosphate layer, which may facilitate faster electrolyte penetration. In contrast, rough
belt grinding produced a mixed plate-needle morphology with more open pores,
resulting in both the highest mass gain and the longest failure time (59 s). The data
show that although overall protective performance variation is limited, the coating's
pore structure and barrier effect can be deliberately influenced by selecting appropriate
and successive surface grinding techniques prior to phosphating.

Keywords: phosphate coatings, mechanical preparation, roughness, surface
morphology
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AnHoTauus. TeMeH KOMIpPTEeKTI OOmaTThIH OeTTIK KabaThlHAAa KOJIAaHBUIATHIH
MBIpBITI-PocdaT KaOBHAAPEIHBIH KaJbIITaCybIHA, MOPGOJIOTHACHHA JKOHE KOpFay
KabieTiHe MeTasuT OSTiH TEXHOJOTHSIIBIK JabIHIayasIH ocepi 3eprrenmai. Ct20 6omar
yarinepi 600, 800 xxome 1000 TpuT TETiCTEYIMITIEH KOJIMEH TETiCTEN I, COHBIMEH KaTtap 80
rpuT abpa3uBTi TACIIAMEH TETICTEY MAITWMHACKIHIA OHICII, OVJI OHEPKICIITIK THITTET1
epecKeNl Ta3zapTymbl Moxpenpnemi. Docdarray TepMoCTaTTaaFaH MBIPHIII-Pochar
epitiamiciage (70 °C, pH 3,0) y3mikci3 apanacTeIpy Ke3iHAe KYPTi3iami, OV )KepTiTiKTi
IPaJMEHTTEPl JKOKKA MIBIFAp/bl JKOHE KaWTalaHAThIH TYHJABIPY KaraaiiapbiH
KamTamacsi3 eTTi. Omap docdar xa0bIHBI MacCACHIHBIH 6CY TMHAMUKACHIH, OHBIH COM
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MaiMeTTepi OolbIHIIA OETKI MOP(OIOTHICHIH )KOHE AKMMOBTBIH JKEACIACTIATEH 9JIiCi
OolbIHIIA KOPpO3HsFa Kapchl TYPaKTBUIBIFBIH 3epTTedi. AOpa3uBTi OemexTepaiH
MeduepiHiH azatobiMer (600 — 1000 rput) xegip-Oyablp TOMEHAE] KoHE )KaObIHHBIH
COHFBI MEHIIIKTI CalMarbl apThill, CyOCTPAaTTBHIH THIFBI3 KOHE OipKeJKi »KaObLTybIH
pactagpl. OcblFaH KapamacTaH, AKUMOB OOWBIHIIA KOpFay YaKbIThl KbICKApHII,
ANEKTPOJUTTIH MeTan OeTiHe eHyiH TEe3AeTeTiH iKi KadaTThl MUKpPOKAMMIUISAPIBIK,
XKeNmiHiH maiga OomybiHa OaibinmanbicTel Oonabl. Kepiciniie, epecken CTaHOKTHI
terictey (80 rpuT) ambIK KeyekTUliri Oap apanac IiacTHHA-MHE MOP(OIOTHSICHIH
KaJBINTACTBIPABI; MYHAAl >kaObIH Oip yaKbITTa €H YJIKeH CajMaKleH >KOHE iCTeH
LIBIFYABIH MakCHUMalJbl YakpIThIMeH (59 c) cunartanapl. HoTwxenep wmHTerpasiusl
KaJIBIHABIKTBIH aybITKYbl a3 OONFaHbIMEH, Terictey Oosyabl HeMece Maiiibl KolgaHap
angbplHAa Tepl TECIiTiHIH TOMOJOTHsChIHA JKoHEe (ocdar KaOaTbIHBIH THIMIUTIrIHE
MaKCarTThl TYpAE dcep €Tyl MYMKiH €KeHiH KepceTell. ¥ CHIHBUIFaH HOTWKENep oaeou
JepEeKTeP/Ii TONBIKTHIPAIBI )KOHE MeTaIlT OeneKTepin ¢pocdarramac OypbiH aOpa3uBTi
OHJICY PEKUMIIEPIH TYy3€Ty MYMKIHIITIH KOpPCETEi.

Tyiiin ce3nep: docdar xa0dbIHIAPEI, MEXaHUKAJIBIK JalbIHIBIK, KeIip-OyIbIPIIbIK,
XKaObIH MOP(OTOTHSICHI
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AnHoTanusi. V3yueHO BIMSHHE TEXHOJIOTHYECKOH IOATOTOBKH METAJUTMYECKOM
MOBEPXHOCTH Ha (opMUpOBaHKE, MOP(OJIOTHIO W 3AIMUTHYIO CIIOCOOHOCTH IMHK-
(ocdaTHBIX MOKPHITUI, HAHOCUMBIX Ha HU3KOYIJIEPOIUCTYIO cTajb. OOpasisl cTanu
C120 mudoBanu BpyuHyro HaxkaadHoi Oymaroii sepanctoctbio 600, 800 1 1000 rpur,
a Takxke o0padaThIBaIM HA JICHTOYHO-IUTU(OBATBHOM CTaHKe abpa3uBHOH JeHToH 80
TPUT, YTO MOJEIMPOBAJIO IPyOyI0 3a4MCTKY NpOMBILIIEHHOrO Tula. PocdarupoBanue
MPOBOAMIM B TEPMOCTAaTHMPOBAaHHOM LMHK-(pocarHom pactBope (70 °C, pH 3,0)
IPU HENPEPHIBHOM NEPEMEUIMBAHUM, YTO HCKIIOYAJO JIOKAJbHBIE TPAaIUCHTBl H
o0ecrevrBano BOCIPOU3BOJUMBIE YCIOBUS OcakaeHus. M3yyanu TuHaMUKy IpUpOCTa
Macchl (hocgaTHOroO MOKPBITHS, €T0 TOBEPXHOCTHYIO MOP(OI0TrHIo 1o faHHBIM COM n
AQHTUKOPPO3HOHHYIO CTOMKOCTH MO YCKOPEHHOMY MeToay AkuMoBa. C yMEHbIIEHHEM
pa3mepa abpasuBHbIXx Yactury (600 — 1000 rpur) mIEpOXOBaTOCTh CHHU3WIACH, a
KOHEUHBIH yAETbHbIM TPUBEC MOKPBITHS BO3pacTaj, MOATBEpXkaas Ooiee IMIOTHBIHN
U paBHOMEpHBII OXBAT MOUIOKKU. TeM He MeHee 3alluTHOE BpeMs M0 AKHMOBY
COKpAIlaJIOCh, BEPOATHO U3-3a 00pa30BaHMs BHYTPUCIONHON MUKPOKATHIUIIPHOM CETH,
YCKOPSIIOIIEH MPOHUKHOBEHHUE AIIEKTPOIUTA K METAIUTMYECKOM TOBEpXHOCTH. HanpoTus,
rpybas cranounas nutngoka (80 rpuT) GopMupoBaia CMEUIaHHYIO TIACTUHYATO-
UTOJIBYATYI0 MOPQONOTHi0 ¢ 0oee OTKPBITOH MNOPHUCTOCTHIO; TaKoe MOKPBITHE
XapaKTEepU30BaJIOCh OJHOBPEMEHHO HauMOONBIINM MPHUBECOM M MaKCHUMaJbHBIM
BpemeHeM 10 oTkaza (59 c). IlomyueHHble NaHHbIE IEMOHCTPUPYIOT, YTO XOTA
KoJI€0aHMsl HHTETPAIbHOM TONLIMHBI HEBETIHKH, IUTH(OBKON MOKHO LieJIeHAIIPABICHHO
BJIMATH Ha TOTOJIOTHIO TIOP U 3PPEeKTUBHOCTH (OoCc(aTHOTrO ciosi mepes HaHeCeHUEM
Kpacku uwin Macia. [IpeacraBneHHble pe3yabTaThl JOMOMHSIIOT JUTEPAaTyPHbIC JaHHbIE
W yKa3blBalOT Ha BO3MOXKHOCTh KOPPEKTHPOBAHHS PEKHUMOB abpa3HBHON 00pabOTKH
nepen pocdarupoBaHUEM METAUTMIECKUX JeTaIeH.

KioueBble cioBa: ¢docdarHble MOKPHITHS, MeXaHH4YeCcKas MOATOTOBKA,
LIEPOXOBATOCTh, MOP(OIOTHSI MOKPHITUS

Paboma ewinonnena npu unancoeoli nodoepicke no npozpamme Yenesoco
¢unancuposanuss MOH PK BR24992812 «Paspabomka mamepuanios u mexHonro2ui,
HANPAasLeHHbIX HA KOMIIAEKCHYI0 NPOMUBOKOPPOIUOHHYIO 3AWUMY MEXHOI0SULECKO20
000py00BaHUsT 8 HehMEXUMUYECKOU, MAUUNHO- U NPUOOPOCIPOUMENbHOU OMPACIIAX
NPOMBIUTEHHOCTIUY

BBenenue. Meton docharupoBanusi kak 00pabOTKM METaUIMYECKUX MOBEPXHO-
CTeil ¢ oOpa3zoBaHMEM TBEPABIX (ocharconepKaliux MOKPBITHH 0CTaércs OAHON u3
HauOoJIee pacpOCTPAHEHHBIX TEXHOJIOTUN TOATOTOBKH MOBEPXHOCTH YIICPOAMCTHIX,
HU3KOJISTUPOBAHHBIX U Psijia [IBETHHIX MeTAIIOB. KiTtoueBklie nmperMyiecTBa MeToia —
TEXHOJIOTUYECKAs POCTOTA, HU3KAsi CTOMMOCTh U OTCYTCTBUE BBICOKOTOKCHYHBIX pea-
renToB (Statsyuk et al., 2020; Narayanan, 2005; [1aniupos, 2018). Kak npaBwuiio, st mo-
sydeHust ochaTHBIX MOKPBITHH UCIIONIB3YIOT IIMHKCOAEpIKaIye pocdaTrHbie pacTBOPHI
¢ 100aBIeHHUEM T.H. colii «Maxe]» — cMeCcH HUTPATOB IIUHKA, JKeJIe3a U MapraHIia — C
JN00aBJICHUEM HUTPHUTA U HUTPATa HATPUs, a TAKXKE Pa3HOOOPa3HBIX JOOABOK — YCKOPH-
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TeJell OpraHn4eckoro ¥ HeopraHudeckoro npoucxoxaenus, IIAB u T.n. B nuteparype
onucaHo 0OJbIIOE KOINYECTBO CaMbIX Pa3HOOOpa3HBIX PeLENTyp (HUTPAThl, HUTPHUTHL,
H,0,, X1opartsl, rUMOXJIOPUTHI, XPOMAThl, IEPMAHTaHAThI, HEPCYIIb(AThI), COENMHEHNH
METaJIIOB, O0JIee MOJIOKUTENBHBIX, ueM xkene3o (Cu, Ag, Ni, Co, W, Mo), BocctaHOBH-
Tenei (cyabpuaoB, GochoprcToil KHCIOTHI U €€ Coel, ZNn-IbUIN), a30TCOACPIKAIUX 1
JOPYTHX OPraHUYeCcKUX COeNMHEHUH (aHWIMHA, XMHOJIMHA, OCH3albernaa, MUPUANHA,
MUKPUHOBOM KUCIOTHI U Ap.). B MpON3BOACTBEHHBIX YCIOBHAX B KAUECTBE YCKOPUTEIEH
MPEASIOKEHBl OKUCIUTENN U COJHM TSDKENBIX METAJUIOB, HAlPUMeEp, TaKuX, KaK Me/Ib
nukenb (Narayanan, 2005; Burduhos-Nergis et al., 2023; CrapukoBa u ap., 2020).

docdarHas mIeHKa Ha MOBEPXHOCTH MeETajjla COCTOMT W3 BHYTPEHHETO CIOs,
HETOCPEACTBEHHO CBA3aHHOTO C METAJJIOM M CLEIJICHHOTO C HUM. DTOT BHYTPEHHHM
CJIOH TaK e CBsI3aH C BHEIIHUM MPOYHBIM CJIOEM U3 OKPHCTAIUTM30BAaHHBIX BTOPUYHBIX
U TpeTHUHBIX (ocdaToB, KOTOPHIE M ONPEACISIOT 3aIUTHBIE CBOHCTBA MOKPBITHSL.
[lo mepe yTonmmieHUs TJICHKa HAaYMHAET HW30JIMPOBATh METAUIMYECKYIO MOAJIONKKY,
YTO NPHUBOAUT K 3aMEIUICHUIO M TOJHOM OCTAaHOBKM Iporecca (ocaTupoBaHusl.
Tak kak mpouecc ¢GocdaTupoBaHHs MPOUCXOOUT B KUCIOH cpele, TO HabmomaeTcs
TaKk >ke OoOpaTHbIM Tpouecc pacTBopeHus MieHkd. Korma »tm oba mpouecca
ypaBHOBEIIMBAIOTCS, POCT (GocdaTHON IUICHKH TNpeKpaliaercs, T.e. NPU HU3KUX
3HaueHHUAX pH oHa YacTUUHO pacTBOPSETCS, MPH ATOM HAYWHAETCS IIPOLIECC TPABICHHS
MeTaluia ¢ morepeit Beca oopasua (Jiang et al., 2020; Herbath et al., 2023; Rumyantseva
et al., 2021). Takum ob6paszom, npouecc GocharupoBaHrss HOCUT CIOXKHBIN XapakTep,
U CKOpOCTh (hopMupoBaHust (pochaTHOro MOKPBITHS ONPEEIIIETCS PSAOM apaMeTpoB
— Temmeparypoii, BesmunHoW pH, ckopocTpio mnepememmBaHus W T.. Cpemu
MHOTOUYHUCIICHHBIX (DAKTOPOB, OMPEEISIONINX KaYeCTBO MOKPHITHH, PEIIAONIyI0 POJIb
UrpaeT TNpenBapuTeNbHas MeXaHWdecKas o0paboTKa METalTMu4ecKOro IOKPBITHS,
ocymiecTiasiemMass 700 Bpy4YHYIO, JHOO TOCPEACTBOM aBTOMATH3MPOBAHHOTO
nporecca (eckocTpyiHas/mpodectpyiinas oopadorka) (Narayanan, 2005; Ilanupos,
2018). B aroii cBsi3u B naHHOW paboTe OBUIO PacCMOTPEHO BIHMSIHUE MEXaHHYECKOH
00pabOTKH ¥ CBSI3aHHBIX C HEH MapaMeTpoB MOKPHITHS (IIEPOXOBATOCTh) HAa KAYE€CTBO
¢dopmupyromuxcst pochaTHbIX MOKPHITHH.

MarepuaJibl 1 OCHOBHbIE METO/BI.

Mamepuanvi:

B pamkax mcciieoBaHusi UCIIOIB30BATNCH METANTMUECKUE TIACTUHBI M3 3 MapoK
cramu: C120, 0912C u 12X18HI10T. IIpu cuntese dpocdarHoro pacTBopa HCHONIb30Ba-
JIMCh CIIENYIONINE PEaKTUBBL:

— IIMHK a30THOKHUCIIBIN Zn(NO3)2‘6H20 («a.m.a.», TOCT 5106-77);

— kucnora pocdopuas H,PO, («x.u.», FTOCT 6552-80);

— xucnora azotHas HNO, («x.4.», TOCT 4461-77);

— Hukenb a30THOKUCIbIA Ni(NO,), 6H,0 («a.x1.a.», TOCT 4055-78).

Memoowi:

[IpeasapurenbHas 00pabOTKa MOBEPXHOCTH MPOBOIMIACH IUTH(OBaHUEM OyMaroi ¢
paznuuHoii 3eparcTocThio (600, 800 1 1000 rpuT) B Teduenue 15 mun. [{nst noctmxeHus
HYXXHOH CTENeHM MNIepOXOBAaTOCTH MPOBOAMWIOCH MOCIENOBaTeNbHOE HUIM(POBAHHE
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OyMaramu ¢ MeHbIIEH 3epHUCTOCTBIO, TOCIIE Yero —Oymaroii c Tpe0yeMoi 36 pHUCTOCTHIO.
Psa oOpasiioB mouseprajics o0paboTke Ha JieHTouHOM nutndoBanbHoM cTanke JET,
000pyI0BaHHOM JIEHTOH ¢ 3epHUCTOCTHIO 80 rpuT. YacTh 00paboTaHHBIX TAKUM 00pa3oM
IUTACTHH MOABEPranach JOMOJHUTENBHOW pydHol numudoBke. B kaxmoM ciyuae s
o0ecrnieueHus JOCTOBEPHOCTH PE3YJIbTaTOB MPOBOAMIIN O /1BAa M3MepeHus. B cioyuae
00pa3oB, nuIM(OBAHHBIX HA CTAHKE, BBUAY HEOOXOANMOCTH yUeTa aHU30TPOIIHH, BEJIN
M3MEepeHHe B/I0JIb U MOTIEPEK HAIPaBIEHHsI, COOTBETCTBYIOIIETO JBMKEHHUIO JIEHTHI IPU
nUTH(OBKE Ha CTAHKE.

Cunres ocdaTHbIX MOKPBITHH OCYIIECTBIISUICS B TEPMOCTaTUPOBAHHON YCTaHOBKE
¢ mnepememuBanueMm (ocdartupyromero pactBopa. B xome docdarupoBanus
peructpupoBanuck BenuuuHsl pH u Temmneparypel ¢ ucnonb3oBaHueM pH-merpa
pH-150MU («U3meputenvHas TexHuka», PD) ¢ KOMOMHUPOBAHHBIM 3JIEKTPOIOM M
TEPMOJIaTUNKOM.

HlepoxoBatocTs 00paOOTaHHBIX IUIACTMH ONpEAEsUIach C  HCIOJIb30BaHUEM
nopraruBHOoTo Tpodminomerpa (Surface Roughness Tester TR220, Shandong IPRE
Inspection Technology, KHP). Jlns npoBenenust n3amepeHuii npubop ycTaHaBIHBaICs
Ha H3MepseMYyIO IIOBEPXHOCTb, IIPUOOPOM PErHCTPUPOBAIUCH MHUKPOHEPOBHOCTH IO
Mepe JBMKEHUS JaT4hKa 1o nosepxHocTH. [lepen nmpoBeaeHnem naMepeHuid mpudop
MIpeIBapUTEIbHO KaIMOpoBasics 1o KBapiieBoi tuiacture (1,257 Mxm).

Jus  wuccnmemoBaHuWsl CTPYKTYphl 00pasmoB  wmetomom COM  umcmomb3oBajics
HU3KOBaKYyMHBIN CKaHUPYIOIIMH 3JIEKTPOHHBIH pacTpoBbIi MuKpockon JSM-—
6610LV (JEOL, Smonus) c TpHCTaBKOW [UII MHUKpOAHAIM3a ¥ JIOKAJTHHBIM
PEHTIeHO(ITI00PECLEHTHBIM aHAIM30M JIEMEHTHOTO COCTaBa IIOBEPXHOCTH.

J1g ucbITaHus MTOTyYeHHBIX MOKPBITHH Ha KOPPO3HMOHHYIO CTOWKOCTH MCIONb30-
Basica peaktuB AkumoBa (82 r/n CuSO,, 15 r/n NaCl, HCI) (Statsyuk et al., 2020).

Pe3ynbrarbl u 00cy:kaeHne. B paMkax mpenBapuTEIbHON OIEHKH OBLT MPOBEICH
[IPEABAPUTEIBHBINA aHAIN3 3JIEMEHTHOIO COCTaBa MCXOAHBIX METAUIMYECKUX IIIACTHH
METOZIOM CKAHHPYIOUIEH 3JIEKTPOHHOW MHUKPOCKONMH. Pe3ynbTaThl HCCIeqoBaHUS
3NIEMEHTHOTO COCTaBa IJIACTUH cBesieHbl B Tabmume 1.

Tabmuma 1 — DieMeHTHBIIH COCTaB HCXOAHBIX 00pa3ioB 1mo JanHsM COM

Mapxka CozepxaHue 31eMeHTa, Macc. %
(6] Al Si Mn Fe Cr Ni
C120 — 0,32 0,28 0,38 99,02 — —
0912C — 0,21 0,43 1,28 98,09 — —
12X18H10T 2,22 0,67 0,48 1,43 68,21 18,82 | 8,18

MOoXHO BUAETH, YTO XHMHYECKHH COCTaB BBIOPAHHBIX MapoOK CYIIECTBEHHO
pa3TuyacTCs 1O COACP)KAHUIO JICTHPYIOMHUX 37eMeHToB. Hm3koyrmepoaucras Ct120
MPAKTHYECKN JIMINIEHA JICTHPOBAHHBIX 00aBOK; HampotuB, ctanb 0912C comepxut
MOBBIILICHHYIO 00 Mapranna (~ 1,3% Mn), 4ro oGecnieunBaeT OOJBIIYIO CKIOHHOCTD
MMOBEPXHOCTH K [TACCUBAIIMHU B KMCIBIX cpeniax. Hepaxaseromas crans Mapku 12X18H10T
coaepxut 18% Cr u 10% Ni, 00pa3yronux miIoTHYO NaCCUBHYIO IUIEHKY, [TOATOMY IS
He€, CTPOro TroBOpsi, HE TpeOyeTcs JTOTIOTHUTENbHAS MEeXaHUIeCKast aKTUBAIHS Tepe
HaHECEHUEM MOKPBITHI.
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B mensix ycTaHOBIEHHS MOIXOMSALIUX YCIOBUN MOATOTOBKH [UIsl JadbHEHIEro
HaHeceHUs (oChaTHBIX MOKPHITHI ¢ TPEOYEMBIMHU XapaKTEPUCTHKAMH OBLIO ITPOBEICHO
WCCJIC/IOBAaHUE BIIUSHUS CIIOCO0A MOATOTOBKHM UCXOHOW CTAJH, JJIs YETO MOrOTOBIICH
PAI IIACTUH U3 PA3IMYHBIX MAPOK CTAJIU U C PA3IMYHON MPEABAPUTEIHHOM MOATOTOBKOM
noBepxHoctu (BpyuHyro — 600, 800 u 1000 rput, Ha cranke — 80 rput). Pesynbrars
HCCJIC/IOBAaHUS IIEPOXOBATOCTH 00PA3IIOB MpecTaBieHbl B Tadmuie 2.

TaGJ'II/IHa 2— Pe3yJ'H)TaTI)I HccJieJ0BaHus NICPOXOBATOCTU I_HJ'II/I(I)OBaHHI)IX TJIaCTUH

Mapka ctanu Oo6paborka Hanpasnenune [llepoxoBaToCTh, MKM

Ompit 1 Ot 2 Cpennee

C120 600 — 0,696 0,454 0,575

600 — 0,595 0,592 0,594

800 — 0,505 0,505 0,505

1000 — 0,180 0,162 0,171

80 BIIOJIb 1,720 2,158 1,939

omnepex 4,033 3,412 3,723

80 + 800 BIIOJTb 1,490 1,512 1,501

TIOTIepeK 3,419 3,009 3,214

80 + 1000 BIOJIb 0,873 0,673 0,773

TOTIepPeK 1,833 2,139 1,986

091r2C 600 — 0,823 0,730 0,777

600 — 0,654 0,753 0,704

800 — 0,228 0,239 0,234

80 BIOJIb 1,920 1,103 1,512

oTepex 2,555 2,691 2,623

80 + 800 BJIOJTb 1,277 0,729 1,003

TIOTIEPEK 2,513 3,187 2,850

80 + 1000 BJIOJIb 0,397 0,595 0,496

TOTIEPEK 1,007 1,831 1,419

12X18HI0T 6/00p. — 0,156 0,250 0,203

1000 — 0,206 0,220 0,213

Ha Pucynke 1 mpencraBieHsl Mukpodortorpagun o0pasioB, IOTyYCHHBIE METOIOM CKaHHPYIOUIeH
UIEKTPOHHON MUKPOCKOIHH.

- 7 /
SElI  20kV WD8mm S$520
Sample 19802 27 Fab 2025
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Pucynok 1 — Muxpogororpadun o6pasios nosepxunoctr (*300) mactun mapku C120 mocie
obpaborku: Bpyunyto, 600 rpur (a); 800 rpur (b); 1000 rput (c); Ha cranke, 80 rpur (d)

KonuuecTBeHHYIO CBsI3b MEXIy MOp(dosiorueli MOBEPXHOCTH U 3€PHUCTOCTHIO
MPUMEHSIEMOM IIIM(OBaIbHON OyMard WUIIOCTPUPYIOT PE3yNbTaThl W3MEPEHUS
IIEPOXOBATOCTH: TI0 MEPE YBEIMUCHUS 3ePHUCTOCTH OyMaru mpu py4dHOM 00paboTke
IEPOXOBATOCTh yMeHbInaeTcs (PucyHok 2).

s o o
[o8) BN [,
T T T

[lepoxoBarocTb, MKM

L
o
T

071 1 1 1 1 1
600 700 800 900 1000

3epHHUCTOCTE NUTH(HOBAIBHON 6GyMaru (TpHUT)

PucyHOK 2 — BinstHie 3epHUCTOCTH UITH(OBAIBHON OyMaru Ha IepoXOBaTOCTb ITOBEPXHOCTH
o0pasnoB Mapku C120, 00pabOTaHHBIX BPYYHYIO

HauGonee peskoe ymenwinenne Ra (~ 60%) Habmromaercs npu goBoxake mo 1000
rput; nepexon 600 — 800 rput cHMKaeT MepoxoBaTocTh Ha ~ 15 %.

B cnywae npoBenenust npenBaputenbHoro numndosaHus Ha craHke (80 rpuT) Ha
MTOBEPXHOCTH 00pa3loB 00pas3yloTcss TITyOOKHe OOpO3/bl, BBI3BAaHHBIE TPEHHUEM O
Oymary Tpu BBICOKOH CKOpOCTH. DTH O0pO31bl, apajuleIbHble IBUKEHUI0 OyMaru Ha
CTaHKe, 00pa3yroT NTyOOKHe BITaIMHBI HA TOBEPXHOCTH 00Pa3IoB, Bels K TOBBIIIICHHOMN
IIEPOXOBAaTOCTH B Pa3IMYHBIX HampapieHusx. O0paboTka Ha cTaHKe OOyCIIaBIHBaeT
TaKKe BBICOKUE 3HAYEHUSA KOI(POUIMEHTOB aHU30TPONHMH K , paCCUMTHIBAEMBIX KaK:
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Ka=RaH/Ral, 1)

e Ra, — ImepoxoBaToCTh BIOIb HANPABNCHUS MPOKATKH, Ra, — IIEPOXOBATOCTH
MOTIEPEK MPOKATKH.

Ha Pucynkax 3 u 4 npuBeaeHbl 3HAYE€HHUS LIEPOXOBATOCTH B 3aBHCHMOCTH OT
3ePHUCTOCTH MpHUMEHseMol nutrdoBanbHONH Oymard mpu pydHoi oOpaboTke mocie
UCXOIHOW 00pabOTKM Ha cTaHke, Ha PUCyHKe 5 mpHBeAeHBl yCpEIHEHHBIC 3HAUCHHS
KO3((UIMEHTOB aHU30TPONUM B 3aBHCUMOCTH OT 3E€PHHUCTOCTH IPHUMEHIEMOM
g oBanbHON OyMaru npu py4Hoi 00padoTKe mociie HCXOAHOH 00paboTKM Ha CTaHKe.

2.5 3,5
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T e 0912C |5,
20F .
s
- =1
E 25 5
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51or 120 5
o [}
= =
B 3
Si10b 1 115 2
o o
& 153
EI 41,0 El
05|
H05
O’O 1 1 1 1 1 0,0
0 200 400 600 800 1000

3epHuCTOCTH NUTN(HOBATBHON OyMaru (TpuT)

Pucynoxk 3 — Biusaue 3epaucroctu OymMaru Ha HIepOXOBaTOCTh MOBEPXHOCTH 00pa3LoB MapoK
C120 1 09T2C, 06paboTaHHBIX HAa CTaHKE C MOCIEAYIONIeH 00paboTKOI BpyUYHYIO, BAOJIb HAIIPABICHHUS

MIPOKATKU

4,5 5,5

= C120 <0

4,0 b e 09I2C 7™

- J4,5
g” Jao E
= 30L 1
- 435 4
& 5
g 25 F —43,0 S
g 2,0 F $ 12,5 %
b >
- (=]
0_8,' 15t 2,0 g

41,5
- Lor 1,0 :

05r H0,5

0‘0 1 1 1 1 1 0’0

0 200 400 600 800 1000

3epHUCTOCTD NUIMGOBAIBHON OyMaru (rpurt)

Pucynok 4 — Briisinue 3epHUCTOCTH OyMary Ha IepoXoBaTOCTh ITOBEPXHOCTH 00pa3oB Mapok C120
n 09I"2C, oOpaboTaHHBIX HA CTAaHKE C MOCiIeayomieii 00paboTKON BPYUHYIO, ONEPEK HAPaBICHHS
MPOKATKH
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3epHucTocTh HUIHGOBaNBHOM OyMmaru (rpur)

Pucynok 5 — BiusiHue 3epHUCTOCTH HUTH(OBaIbHON OyMard Ha KOd()(HIUESHT aHU30TPOITHH
IIEPOXOBATOCTH MTOBEPXHOCTH 00pa3loB, 00paboTaHHBIX HA CTAHKE C MOCIeayomIeil 00padoTKon

BPYUHYIO

BepositHoe yBenmuenne kodhGuIrenTa aHU30TPOIIHH MEPOXOBATOCTH TOBEPXHOCTH
C POCTOM 3EpHHCTOCTH MUIM(OBATBHOW OyMaru OOBSICHSETCS Pa3InYHON NPUPOION
00paboTku: 00pa3oBaHHBIE TPU 00PAOOTKEe HA CTAHKE HATPaBJIEHHBIE CTPYKTYPHI MPH
nepexone Ha Ooiee 3epHUCTYI0O Oymary CINIaXHBArOTCS, HO, KaK CBHJIETEIHCTBYIOT
mukpodotorpaduun COM  (Pucynoxk 1), B 3HAUMTETHLHO MEHBINECH CTECHH B
MIPOIOJIEHOM HAMpaBJICHNH, T.K. ’TOMY MeIIaeT 00pa3oBaHHbIN Ha cTaHke penbed. [pn
rpyooii 00paboTke Ha cTaHKe 00pabOTKa MIET 3a CUET CPEe3aHus MPHUIOBEPXHOCTHBIX
CIIOEB MaTepuayia, a TMpH MEITKO3epHUCTOM JOBOAKE — 3@ CYET IUIACTHYECKOI
nedopMaliy MOBEPXHOCTH, M MEJIKHE a0pa3uBbl HE CHUMAIOT MaTepuall paBHOMEPHO,
HO BBIPABHUBAIOT IOBEPXHOCTH B OJHOM HAIPABICHUM, YCHIIMBAsS aHU30TPOIHIO.
Bennunna xoddduiimenTa aHu30TPOIMH MO TIOTYYEHHBIM JAHHBIM HE 3aBUCHT OT THUIIA
MIPUMEHSAEMOH CTaJIH.

B cnywae mepxaseromed cramu (12X18HI0T) mcxomHas NOBEPXHOCTh HMeEET
MEHBIITYIO CPEIHIOI0 IIEPOXOBATOCTh, YeM IMpHu oOpabdoTke gake mpu 1000 rput. Oto
00yCIIaBIMBAET OTCYTCTBUE HEOOXOAMMOCTH €€ 00paOOTKH.

Jia mpoBepKkH BIMSHUS MEXaHWYECKOH 0OpabOTKM Ha CBOICTBAa MOKPBITUH BETH
(docharupoBanre TOATOTOBICHHBIX ONHMCAHHBIM BBIMIE OOpPa30M METAITMICCKUX
mwractu (crams C120; 600, 800, 1000 u 80 rpuT) M UCMOIB30BaHUEM CTaHIAPTHOTO
docdarupyromero pactopa (4,10 r/kr Zn(NO,),-6H,0, 1,47 mu/kr 85% H,PO,, 0,30
mi/kr 65% HNO,, 0,52 r/kr NaOH, ocranbnoe — Bona). Temneparypa HaHeceHus —
70°C, mauanpHas BenmmunHa pH — 3,00, mpomomkuTensHOCTh HaHeceHus — 10-15
MuH. DocdarHble TOKPBITHS XapaKTEpPU30BalM TPABHUMETPUYECKUM METOJIOM C
WCTIOJIb30BaHNUEM DJIEKTPOHHBIX BecoB (1ieHa fenenus 0,001 r, Tpu u3mMepeHus: Macchl).
BenuunHbl npuBeca MOKPHITHH OTHOCHIIH K pacdeTHoW moBepxHocTH mactuH (0,0025
M? IS TTACTHH pasMepoM 5,0%2,5 cm).

Pesynbrarsl n13MepeHus: Macc MOKPBITHH B BHJIE YACTHHBIX IIPUBECOB IIACTHH JaHbI
Ha Pucynxke 6.
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PucyHok 6 — YaenbHbI ipuBec HOCATHBIX MTOKPHITHI BO BpEMEHH B 3aBUCHMOCTH OT
TpeNBapUTENBHON MexaHuIeckol 00pabortku mactun (70°C, pH, 3,00, 1000 06/muH, mmactunbt 2,5%5,0
cM)

Habmonaembie poduiin M3MEHEHHUsI TpUBEca MPU Pa3HBIX criocobax oOpaboTKu
IUTACTHH HOCAT CXOXKUH Xapaktep. KpuBble MOXXHO YCIIOBHO TOAPA3ICIUTbh HA JABE
CTaJ1H: HauaJIbHAasl CTaHs 3apOABIILICOOpa30BaHMs, HA KOTOPOU BO3HUKAIOT KPHUCTAJLIIbI
(docdarHbIX cojeil Ha MOBEPXHOCTH, U MOCIEAYIOWasi CTaus pOCTa KPUCTAIJIOB [0
JOCTIDKCHHS JUHAMHUYECKOTO PaBHOBECHS MEXKIY BO3HMKHOBEHHEM KPUCTAJUIOB H
ux nepepactsopenueM (Narayanan, 2005; Jiang et al., 2020, Herbath et al., 2023). B
obmeM Bujae HaOmomaeMble KPHUBBIE XOPOILO OMHMCHIBAIOTCS 3KCIIOHEHIMAIbHBIMU
3aBUCUMOCTSIMU.

MoxkHo HaOmIOAaTh, YTO B Cllydyae pY4YHOM 0OpaOOTKHM HCXONHBIX IJIACTHH
Mg oBaNIbHON OyMaroil KpUBBIC HOCST HMICHTUYHBIA XapakTep 3a HCKIIOYEHHUEM
M3MEHCHUS MPEIE/IbHOM BEIMYMHBI YISIbHOTO mpuBeca: ot 2,8 r/m? st 600 rpur 10
4,1 t/m* anst 1000 rput. Poct 3T0i BEIMYMHBI C YBEIHYCHHEM 3€PHHCTOCTH IIKYPKH
U, COOTBETCTBEHHO, YMEHBIICHHEM MIEPOXOBATOCTU OOBSCHSETCA TEM, YTO MEJIKHE
MOTIEPEUHBIC LAPANMHbI, 00pa3yeMble MPU PYYHOH MIIM(OBKE, 1AIOT HA OBEPXHOCTH
IUIOTHYIO ceTh MUKpoaedekToB (PucyHok 1), KOTOpbIE SBISIOTCS] XOPOLIMMHU LIEHTPaMH
3apopleoOpa3oBaHust. YeM MeEHbLIE LIEPOXOBATOCTb, TEM MEJbUe ATH LEHTPHI H,
COOTBETCTBEHHO, TE€M OoJiee IJIOTHBIA CIIOW MOKPBITHS 00pasyeTcs. DTOT pe3yibTar
XOPOIIIO coracyercs ¢ naHnHbIMU Jiutepatypsl (Hivart et al., 2003; Kim et al., 2020).

O6paboTka riiacTH Ha cranke (80 rpuT) BeAeT K pe3Koi aeopManny HOBEPXHOCTH
3a cYeT BO3HUKHOBEHMS «3aJUPOB» — oOpasyercst TpyOblil penbed ¢ 3aMKHYTHIMH
BraanHamy, rae pH Oonblee BpeMsi COXpaHsEeT CPaBHUTEIBHO HU3KHUE 3HAUYCHUS, U
peaxknys HAuYMHACTCSl HECKOJbKO mo3aHee. [Ipyroil BO3MOXHON NPUUMHON HAaJIMUUS
HHAYKOUOHHOTO 3(¢eKTa, BEPOSITHO, SBISCTCS MAaCCHUBALUS HMOBEPXHOCTH (HAKJICI)
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mocie MexaHudeckoi gedopmarmu. ITocie MPOXOKICHUS WHAYKIIMOHHOTO MEPUOIa
HAYMHACTCSI PE3KHI POCT MPUBECA MOKPBITHUS 10 00J1e€ BEICOKOTO MPEIEIbHOTO 3HAUCHHST
(4,7 t/m?), uto 0OYCIOBICHO, MPEAMOIOKUTEILHO, OONee BBHICOKOH MOBEPXHOCTHIO
00pa30BaHHOTO TOKPHITHS JaXe TMOCIE Pa3pyIICHUs HAKJena W, COOTBETCTBEHHO,
OOJBIIIM YUCIIOM 3aPOJIBIIICH Ha ¢TUHUILY MACCHI.

It OOBEKTHBHOW OIEHKH 3allUTHBIX CBOWCTB CHOPMUPOBAHHBIX TUIEHOK OBLT
MPUMEHEH OBICTPBIA KAMHMILIIPHO-KOPPO3UOHHBIN TECT MO AKHMOBY, HMHTHPYOIHI
JICWCTBUE BIAXHON aTMochepbl: BpeMs BH3YalIbHOTO TOSBICHHUS TISITEH MU
MPUHUMAETCS 32 MOMEHT «TIPOPBIBA» M XapaKTEPU3YET CTOHKOCTH C(HOPMHUPOBAHHOTO
MOKPBITUS. TakoW MOAXOM YUyBCTBUTENCH K MOP(HOIOTHH U TOPUCTOCTH CJIOS, a HE
TOJBKO K €r0 MHTETPATbHOW TONIIMHE. Pe3ynbTaTel MCCICI0BAaHHUS MPEICTABICHBI B
Tabnuue 3.

Tabmuma 3 — Pe3ynbrarhl HCCIENOBaHMS CBOWCTB MOKpHITUH 10 MeTtoxy Akmmosa (70°C, pH, 3,00,
1000 o6/muH, mmactussl 2,5%5,0 cM)

Obpasern CTOMKOCTD 110 AKHMOBY, C
600 rpur 43
800 rput 46
1000 rput 30
80 rpur, cTaHOK 59

CormocrapneHre TONyYeHHBIX JaHHbIX YKa3bIBaeT Ha TO, YTO BEJIMYMHA MIPUBECA HE
SIBIISICTCSI TPSIMBIM MHMKATOPOM KOpPpO3uOHHOIM croiikocTd. O6pasen 1000 rput numeet
HanOOJBIINK MpUBEC Cpelr 00pasloB, 00pabOTaHHBIX BPYUYHYIO, HO MHHHMAJIbHOE
BpeMs 10 TpopbiBa o AkuMoBy (30 ¢). JloBojka moBepXHOCTH HUTH(OBATBHOM OyMaroi
¢ 3epauctocTbio 600 1 800 rpuT AaeT GonblIMe 3HAYCHHUSI BpEMEHH JI0 IPOPBIBA, XOTS U
MEHBIINE BEJINYMHBI HHTEIPAILHOTO IIPHUBECa.

JUist aHanu3a IOMyYEHHBIX 3aKOHOMEPHOCTEH M 0ObsACHEHHs HaOI0gaeMoro
HECOOTBETCTBHUSI PE3YJIbTATOB IPABUMETPHUUECKOT0 METOIA M METO/Ia AKUMOBA, COTTIACHO
KOTOPBIM TMOKPBITUS ¢ OOJBILEH Macco XapaKTepU3YIOTCS MEHbBINEH CTOHKOCTBIO K
KOPpO3HH, OBbLIO POBEJCHO MCCIIE0BAaHHE TOBEPXHOCTH CHOPMUPOBAHHBIX TOKPBITHIHA
metonom COM (Pucynok 7).

{
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Pucynok 7 — Muxkpogororpaduu o6pasios nosepxsHoctu (x1000) mmactun mapku Ct20 mocie
obpabotku u pocharupoBanus: Bpyunyio, 600 rput (a); 800 rpur (b); 1000 rpur (c); Ha cTanke, 80 rput
(d)

Ha wukpodororpapuun  COM  00pasioB, TOATOTOBIEHHBIX BpPYYHYIO C
WCTIONI30BaHNEM NLTH(OBAIBHON OymMaru pa3nudHoii 3epHucroct (Pucynok 7, a—c),
HaOIONAIOTCS XapaKTepHbIE MPOTSHKEHHBIE 00pa30BaHUs JTUCTOBOH (DOPMBI: B CITydae
600 rput onu coctaBmsaoT 10-40 Mxm B mmHy U 1-2 MxkM B TonmuHy. [lepexom k
800 1000 TpuUT COOTBETCTBEHHO BEJET K YBEITMUEHHUIO YHCIIa YaCTHI] C YBEITHUECHHEM
VX JJUHBl U YMEHBIIEHHEM AMaMeTpa 3a CYeT POCTa aHW30TPOIHH IIEPOXOBATOCTH.
IIpu 1000 rput oOpasyercs TIIOTHOE CIUIOIIHOE MOKPHITHE M3 MEIKHUX KPHUCTAIIIOB,
MIPENONIOKUTEIBHO, BBHUAY YBEIWYCHHS YHCIA IEHTPOB 3apoAableoOpa3oBaHusl.
BeposTHO, TaHHOE MOKPBITHE JAeT MHUKPOKAMUULSIPHBINA CIIOM, XapaKTepU3yHOIIMICs
MEHBIIIeH YCTOMYUBOCTHIO 1T0 AKMMOBY, Ye€M TOKPBITHS, TOATOTOBIeHHBIE Tipr 600 1
800 rpur.

B ommume OT TOKpBHITHHA, TOATOTOBICHHBIX BpPYYHYIO, B Cllydae oOpasia,
MTOJITOTOBJIGHHOTO Ha CTaHKe, Ha MukKpodororpaduu (Pucynox 7, d) mabmiomaercs
00pa3oBaHNe HECKOJBKO OTIMYAIOMIETOCS TOKPHITHS, 00Pa30BAHHOTO OAHOBPEMEHHO
TOHKFUMH WTONBYATBIMA KPUCTAIUIAMH W YacCTHIIAMH YelTyHdaTo-TUIaCTHHYATON
(hopMBI. DTO MOXKET OOBSICHATHCS MPEATIOYTHTEILHEIM (DOPMHUPOBAHUEM KPHUCTAJIIIOB
oTIpeNielIeHHON MOP(OJIOTHH B PAa3HBIX MECTAaX MOKPBHITHA 32 CUET HAJIWYHS TOJICTBIX
00pO3, OTTPEIEIAIONINX HaTTMYHe 30H JIOKATbHBIX [TEPECHIIIEHNH COOTBETCTBEHHO Ha THE
6oposa u Ha TpebHsX. [IpenmnonoXuTeTbHO, TOCTUTHYTas TAKUM 00pa3oM MOpQOIOTHs
TTOKPBITHS 00ECTIEYUBAET OONBIIYIO €T0 YCTOWIMBOCTD 3@ CUYET OTCYTCTBHS OTKPBITHIX
KaHaJIOB K MOBEPXHOCTH METAIIa, YTO TIO3BOJISIET CYAUTH O BOBMOYKHOCTH yTIPABICHUS
KadgecTBOM (PochaTHBIX IMOKPHITHH 3a CUET MPEIBAPUTEIEHON MEXaHNIeCKOM 00pabOTKH
WCXOJHBIX IJIACTHH MeTallja.

3akaouenne. B xome paboThl yCTaHOBIEHO, YTO TOCJENOBATENbHAS pydyHAas
numrdoska ot 600 mo 1000 rpuT moHIKaeT mepoxoBarocTs ctanu Ct20, oqHOBpEMEHHO
yBeMMYWBas TOBBIMIAS YAENbHBI TpuBec (ocdarnoro cios. Hecmorps Ha poct
MacChl, CTOHKOCTh MO0 METOAYy AKHMOBA YMEHBIIIAETCS, YTO CBA3AHO C TEPEXOIOM OT
pa3pexEHHON IIACTHHYATON MOP(OIOTHH K MEITKOITOPUCTON Iy0uaToil TOBEpXHOCTH,
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YTO YCKOPSIIOT KalWJUIIPHOE MPOHMKHOBEHUE JSJIEKTPOJIUTA B XOAE HCIBITAHHUS MO
AxumoBy. Ipybas cranouynas oOpaborka (80 rpuT) (opmHupyeT HampaBiCHHbIE
60po3npl; mpu GochaTupoBaHUN B 3TOM Cllydae 3apOKICHUE KPUCTAJUIOB IPOTEKAeT
MPEUMYIIECTBEHHO Ha TpeOHsX, 00pa3ysd KpyIHbIE IUIACTHHBI U TOJY3aMKHYTHIE
nojocty. Takoe coderanwe oOecreunBacT MaKCUMAalbHBIH NPHBEC MOKPBITHS TPH
HanOOJbIIEH CTOHKOCTH MO0 AKMMOBY. /3 MONyueHHBIX NaHHBIX MOXKHO YTBEP)KIATh,
YTO KJIIOYEBBIM (akTopoM (HOPMHPOBAHMSI CTOMKHX aHTUKOPPO3HOHHBIX MOKPBITHH
SIBIISIETCSL. TOTOJIOTUSI TIOP, KOTOPYIO MOXKHO PEryJaupoBaTh € TOMOIIBIO METOIUKH
U OBAHHUS.
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